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ABSTRACT

This study investigated the protein kinase C (PKC) and matrix metalloproteinase-2 (MMP-2) in the development of deciduomata in
pseudo-pregnant and pregnant rats. The results showed that the expression of MMP-2 was significantly increased from day 2 to day 5 in
pseudo-pregnancy and from day 7 to day 9 in pregnancy. To further investigate the correlation between MMP-2 and protein kinase Ca (PKCa),
the expression of MMP-2 in the 12-0-tetradecanoylphorbol 13-acetate (TPA)-treated organotypic culture of decidual tissue was determined.
The results showed that the active form of MMP-2 was significantly increased in the TPA-treated cultures. Moreover, this response was
inhibited by the PKC inhibitor H7, the PKCa specific inhibitor G6-6976 and the translation inhibitor cycloheximide, but not by the
transcription inhibitor actinomycin D or the replication inhibitor mitomycin C. In addition, TPA also reversed the MMP-2 expression after by
progesterone pretreatment in the primary decidual cells. These findings indicate that PKCa may play an important role in the regulation of the
MMP-2 expression during decidualization. J. Cell. Biochem. 108: 547-554, 2009. © 2009 Wiley-Liss, Inc.
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D ecidualization has been attributed to the destruction
of extra-cellular matrix and basement membrane by
proteases in the substantial remodeling of the endometrium [Osteen
et al., 1994]. Cysteine proteinases, serine proteinases, and matrix
metalloproteinases (MMPs) may participate in this destructive
process [Osteen et al., 1994; Nuttall and Kennedy, 1999]. MMPs are
zinc-requiring enzymes that can degrade components of the extra-
cellular matrix and are implicated in tissue remodeling. Their role in
the onset of menstruation in vivo has been proven; however,
the expression and functions of MMPs and tissue inhibitors
of metalloproteinases (TIMPs) in vascular structures are poorly
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understood. Based on immunocytochemistry, MMPs have been
considered to be the most important proteases involved in the
reduction of the concentration of the extra-cellular matrix at
implantation sites [Whiteside et al., 2001]. Among the MMPs,
MMP-2 (gelatinase A) and MMP-9 (gelatinase B) have been reported
as taking part in tissue regeneration and angiogenesis [Freitas et al.,
1999]. Although these two MMP members present similar amino
acid sequences, they have significant differences in their regulatory
factors and structures. Moreover, the increased activity of these
MMP members has also been demonstrated as playing an important
role in decidualization [Zhao et al., 2002].
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MMP-2 may be involved in the matrix remodeling during
decidualization [Das et al., 1997]; it has been demonstrated to be
secreted consistently by endometrial stromal cells in culture and
enhanced by the withdrawal of progesterone from cultures of
decidualized endometrial stromal cells [Salamonsen et al., 1993].
Recently, the amount of this member of the MMPs has been reported
to be increased by the reduction of cytosolic estrogen receptor/
estrogen action during decidualization [Spencer et al., 1998]. It has
also been demonstrated that the MMP-2 activated by membrane-
type-1 matrix metalloproteinase (MT1-MMP) is associated with
the attenuation of the progesterone level [Zhang et al., 2000].
Our previous studies have found that protein kinase C (PKC) is
considered to activate the deciduoma development [Liu et al., 1998].
Several reports have demonstrated that MMP-2 activation may be
induced by the PKC signaling pathway process in cultures of many
cell lines [Uhm et al., 1996; Husain et al., 2005; Mountain et al.,
2007]. However, whether the activation of PKC correlates with
MMP-2 activation in decidualization remains unclear. This study
employed the organotypic culture technique and quantitative
gelatin zymography to evaluate the effects of various PKC activators
and inhibitors, as well as transcription and translation inhibitors, on
the expression of MMP-2 in endometrial decidualized tissue.

CHEMICALS

12-0-tetradecanoylphorbol (TPA), Go6-6976, 1-(5-
isoquinolinesulfonyl)-2-methylpiperazine (H7), calphostin C, col-
lagenase type III, progesterone, and deoxyribonuclease (DNase) were

13-acetate

purchased from Sigma Chemical Co. (St. Louis, MO). Dulbecco’s
minimum essential medium (DMEM), Ham’s F12 medium, fetal
bovine serum (FBS) and antibiotics were purchased from Invitrogen
Co. (Carlsbad, CA).

ANIMAL TREATMENT

Virgin Sprague-Dawley rats (National Science Council Animal
Center, Taipei, Taiwan), weighing from 180 to 300 g, were kept at a
constant temperature (24°C) and illuminated for 12 h daily (lights on
from 05:00 to 17:00). After 7-day maintenance for adaptation to the
new environment, vaginal smears were taken at 08:00-09:00 every
morning. Only those rats showing two consecutive 4-day cycles
were used for all animal experiments.

Pseudo-pregnancy was induced by vagino-cervical vibration
with a glass rod for 1 min on the morning of estrus [Defeo, 1963].
The day of estrus was designated as day O of pseudo-pregnancy.
Uterine decidualization was induced by endometrial scratching,
twice, on the morning of day 4 of pseudo-pregnancy [Finn and Keen,
1963]. Therefore, day 4 of pseudo-pregnancy was designated
as day O of decidualization. On days O, 1, 2, 3, 5, 7, and 9 of
decidualization, the decidualized uterine horn was removed,
weighed, and quickly frozen on dry ice for tissue extraction.

For pregnancy, the female rats were placed with the males of
proven fertility on 17:00-18:00 of the proestrus day of the third
consecutive cycle. The conclusion of successful pregnancy was
those found with vaginal sperm on the following morning. Each
experiment was duplicated. The animals were decapitated on days 5,

7,8,9, 11, and 13 of pregnancy. On the indicated days of pregnancy
the two uterine horns with conceptus were removed, weighed, and
quickly frozen on dry ice for tissue extraction.

ORGANOTYPIC CULTURE

Three pieces (4 x 4 mm?) of decidual tissue obtained from day 3 or 5
of pseudo-pregnancy were placed into each well of a 24-well culture
plate containing 1ml of DMEM. The tissues were cultured in a
5% CO, incubator at 37°C for 1h and the cultured medium
was discarded after incubation. In addition to incubating a well of
cultured tissue with 1 ml DMEM as a control, the remaining ones
were separately treated with PKC activators (TPA), inhibitors (H7,
calphostin C or G6-6976) or their combinations. The cultured
medium was collected into vials and stored at —70°C, and the tissue
was weighed and stored at —70°C.

QUANTITATIVE GELATIN ZYMOGRAPHY ASSAY

Since the weights of the specimen in each well of culture plates were
not equal, the cultured medium (1 ml) was calibrated to contain
the secretion from 100 mg of tissue from the phosphate-buffered
saline (PBS) buffer. Gelatin zymography analysis were carried out as
described previously [Wu et al.,, 2004] by loading 10l of the
calibrated cultured media, the cytosol and the particulate fractions
onto 8% SDS-PAGE containing 0.1% gelatin and then electro-
phoresed at 150V for 2.5 h. Enzymes on the gels were re-natured by
washing twice in a 2.5% (v/v) Triton X-100 solution with shaking for
30min. The gels were then incubated in 200 ml reaction buffer
(40 mM Tris-HCl, pH 8.0; 10 mM CaCl,; 0.01% NaN,) at 37°C for
16 h and then stained with 0.25% Coomassie brilliant blue R-250 for
30 min. The extract of a randomly chosen human breast cancer
biopsy was used as a marker. After de-staining, quantitative analysis
was performed by using an Alpha Imager 2000 densitometer (Alpha
Innotech, San Leandro, CA). The total MMP-2 activity are calculated
by active MMP-2 (62 kDa) plus proMMP-2 (72 kDa). The percent of
MMP-2 activation was calculated by active form divided by total
MMP-2. The results of MMPs expression were analyzed using
analysis of variance (ANOVA), and the Student’s -test was used
in group comparison, and P<0.05 was considered statistically
significant.

TISSUE EXTRACTION

All procedures were performed at 4°C. On days 3, 5, 7, and 9 of
decidualization in pseudo-pregnant rats, the decidualized uterine
tissues were slit open and the deciduomata were removed from the
myometrium by gentle scraping with a glass slide. The deciduomal
and myometrial tissues were homogenized separately. On days 0, 1,
and 2 of decidualization, the deciduomal tissue could not be
removed individually, and whole uterine tissues were homogenized.
Besides, on days 9, 10, 11, and 13 of pregnancy, the conceptuses
were collected and slit open. The trophoblast and fetus were
removed. The decidual tissues were separated from the myometrium
by gentle scraping with a glass slide. Both decidual and myometrial
tissues were then homogenized separately. On days 5, 7, and 8 of
pregnancy, the decidual tissue could not be removed individually,
and whole uterine tissues were homogenized as above. All tissues,
including decidual, myometrial, and cultured tissues, were homo-
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genized in the PBS (0.14M NaCl, 3mM KCl, 1.4mM KH,PO,,
14mM K,HPO,) at a concentration of 100 mg tissue/ml PBS. The
homogenates were then placed on ice for 10min and then
centrifuged at 10,000g for 30 min. The supernatant was collected
and designated as the cytosol fraction. The precipitant was
homogenized in a sodium dodecyl sulfate (SDS) buffer (20 mM
Tris-HCl, pH 6.8; 1% SDS; 10% glycerol; and 0.01% bromophenol
blue) at a concentration of 100mg tissue/ml SDS buffer.
The homogenates were centrifuged at 10,000¢ for 30 min. The
supernatant was collected and designated as the particulate fraction.
All the fractions were stored at —70°C.

PRIMARY CELL CULTURE

Cells were prepared from endometrial tissue as described previously
[Arslan et al.,, 1995]. The endometrial tissue was digested with
collagenase type III at a concentration of 45 U/ml, in the presence of
3.5 wg/ml DNase in calcium- and magnesium-free PBS, for 40 min at
37°C. The resultant digest was then filtered sequentially through 45
and 10 mm nylon filters to remove glands, and erythrocytes were
removed by centrifugation on Ficoll-Paque. The resulting cells were
re-suspended in a 1:1 mixture of DMEM and Ham'’s F12 medium
with 10% charcoal-stripped FBS and antibiotics (penicillin,
streptomycin, and fungizone) and transferred into 24-well plates
(2 x 10° cells for each well) with or without the progesterone (1 wM).
The medium was changed every 48 h. After 2 weeks, cells were
photographed and treated with TPA after an additional 2 days. The
TPA-treated medium was collected and stored at —20°C for
subsequent analysis. This experiment was performed with three
individual cell cultures.

INCREASE OF MMP-2 DURING THE DEVELOPMENT OF
DECIDUOMATA IN VIVO

In pseudo-pregnancy, the deciduomata was unable to separate from
the uterus before day 2. For this reason, whole uterine tissue extract
was used for MMP-2 activity assay during day O to day 2. The
activation of MMP-2 in developing deciduomata, whole uterine
tissues (Ut) (days O, 1, and 2), deciduomata (De), and myometrium
(My) (days 3, 5, 7, and 9), was investigated by gelatin zymography
assay. According to the previous study [Wu et al., 2004], three bands
of gelatin hydrolytic activity at 92, 72, and 62kDa represented
proMMP-9, proMMP-2, and active form of MMP-2, respectively.
During deciduomata development, as shown in Figure 1A,B,
activation of MMP-2 significantly increased from day O to day 2
and then decreased. Moreover, the expression of activated MMP-2
during day 3 to day 9 was higher than on day 0. The total activity of
MMP-2 also increased after trauma stimulation and reached
maximum on day 2 (Fig. 1C).

In pregnancy, the activation of MMP-2 in developing deci-
duomata significantly increased from day 7 to day 9, and then
decreased (Fig. 2A,B). The total activity of MMP-2 also rapidly rose,
and reached maximum on day 8.
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Fig. 1. The expression of MMPs in decidual uterine tissue during pseudo-
pregnancy. A: The samples on days 0, 1, 2, 3, 5, 7, and 9 in the uterine tissues
(Ut), deciduomata (De), or myometrium (My) were processed for zymography.
The indications of 92, 72, and 62 kDa were marked. B: The quantitative data of
the activation of MMP-2 were represented. C: The quantitative data of the
total activity of MMP-2 were represented. Data are expressed as mean + SEM
for 3-5 measurements. “P< 0.05 versus the control of day 0.

THE EFFECT OF TPA OR/AND PKC INHIBITORS ON THE EXPRESSION
OF MMP-2 IN ORGANOTYPIC CULTURE OF DECIDUOMATA

The above findings indicate that the activation of MMP-2 may be
associated with the development of deciduomata and parallels the
down-regulation and activation of protein kinase Ca (PKCa) which
has been found in previous studies [Liu et al., 1998; Shyu et al.,
1999]. For investigating the correlation between PKCs and MMP-2
in deciduomata development, the experiment compared the
activation and total activity of MMP-2 under PKC activator (TPA)
or inhibitor (H7 and calphostin C) treatments [Parodi et al., 1990;
Rotenberg et al., 1995]. As shown in Figure 3, both on day 3 and day
5, in decidual tissues, MMP-2 activation was dose-dependently
increasing in TPA treatments. Under co-treatment with TPA and H7,
the activity of MMP-2 was reserved in decidual tissues (day 3 and
day 5), but this reservation did not present in the decidual tissues
co-treated with TPA and calphostin C. In contrast, an increase in
total activity of MMP-2 was shown in treatment only with
calphostin C (day 5).

It has been demonstrated that the isoenzyme PKCa is activated in
decidual tissues from both pseudo-pregnant and pregnant rats [Liu
et al., 1998; Shyu et al., 1999]. Here, whether PKCa affected MMP-2
activation in decidual tissues was tested. The results showed that
only TPA-induced secretary MMP-2 activation was inhibited by a
specific PKCa inhibitor, G6-6976; however, the inhibition was
diminused when G6-6976 concentration was in 1 nM and lower then
1nM (Fig. 4A,B). Moreover, G6-6976 dose-dependently inhibited
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Fig. 2. The expression of MMPs in decidual uterine tissue during pregnancy.
A: The samples on days 5, 7, 8, 9, 10, 11, and 13 in the uterine tissues (Ut),
deciduomata (De), or myometrium (My) were processed for zymography. The
indications of 92, 72, and 62kDa were marked according to previous
study. M is the extract of breast cancer tissue and defined as a marker.
B: The quantitative data of the activation of MMP-2 were represented. C: The
quantitative data of the total activity of MMP-2 were represented. Data are
expressed as mean & SEM for 3-5 measurements. “P < 0.05 versus the control
of day 5.

TPA-induced total activity of MMP-2 in secretary, cytosolic and
particulate fraction (Fig. 4C). Accordingly, it is suggested that
activation of PKCa might play an important role in MMP-2
activation.

THE EFFECT OF TPA OR/AND TRANSLATION AND TRANSCRIPTION
FACTORS ON THE EXPRESSION OF MMP-2 IN ORGANOTYPIC
CULTURE OF DECIDUOMATA

This study demonstrated that activation of PKCa was involved in the
activation of MMP-2 and the increase of MMP-2 total activity in
decidual tissues. The increase of MMP-2 total activity suggested that
the enzyme may be different with regard to a requirement for protein
synthesis. To evaluate this possibility, this experiment tested
the effects of cycloheximide (CHX), actinomycin D (Act D), and
mitomycin C (MMC), which inhibit protein synthesis, RNA
transcription and DNA replication, respectively [Kirk, 1960;
Kersten and Rauen, 1961; Obrig et al, 1971]. As shown in
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Fig. 3. The effect of TPA and/or PKC inhibitor (H7 and calphostin C) on the
secretion of MMP-2 in organotypic cultures of deciduomal tissue obtained
from the pseudo-pregnant rats on day 3 and day 5. A: The samples of the
cultured medium were processed for zymography. The indications of 92, 72,
and 62 kDa were marked according to previous study. M is the extract of breast
cancer tissue and defined as a marker. B: The quantitative data of the activation
of MMP-2 were represented. C: The quantitative data of the total activity
of MMP-2 were represented. Data are expressed as mean+ SEM for
3-5 measurements. “P < 0.05 versus the control of lane 1.

Figure 5, CHX almost completely inhibited TPA-induced MMP-2
activity in secretary, cytosolic and particulate fraction. In contrast,
no significant variation of TPA-induced MMP-2 activity was
monitored by Act D and MMC (Fig. 5).

THE EFFECT OF TPA OR/AND PROGESTERONE ON THE EXPRESSION
OF MMP-2 IN PRIMARY CULTURE OF DECIDUAL CELL

Progesterone is essential for the development of endometrial
receptivity for pregnancy maintenance. Many studies demonstrated
that progesterone restrains endometrial tissue breakdown by
inhibiting the stimulation of MMPs, which implies that the hormone
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Fig. 4. The effect of TPA and/or PKC inhibitor (G6-6976) on the secretion of
MMP-2 in organotypic cultures of deciduomal tissue obtained from the
pseudo-pregnant rats on day 3. A: The samples of the cultured medium were
processed for zymography. The indications of 92, 72, and 62 kDa were marked
according to previous study. M is the extract of breast cancer tissue and defined
as a marker. B: The quantitative data of the activation of MMP-2 were
represented. C: The quantitative data of the total activity of MMP-2 were
represented. Data are expressed as mean+SEM for 3-5 measurements.
*P < 0.05 versus the control of lane 1.

impedes the invasion of trophoblast cells into endometrial tissue
[Goffin et al.,, 2003; Hashizume et al., 2003; Goldman and
Shalev, 2006]. This study found that rat endometrial cells
treated with 1M progesterone resulted in longer and thinner
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Fig. 5. The effect of TPA and/or translation inhibitor (cycloheximide—
CHX), transcription inhibitor (actinomycin D—Act D), and replication
inhibitor (mitomycin C—MMC) on the secretion of matrix metal-
loproteinases (MMP) in organotypic cultures of deciduomal tissue on day 3.
A: The samples of the cultured medium were processed for zymography.
The indications of 92, 72, and 62kDa were marked according to
previous study. M is the extract of breast cancer tissue and defined as a
marker. B: The quantitative data of the activation of MMP-2 were represented.
C: The quantitative data of the total activity of MMP-2 were represented.
Data are expressed as mean == SEM for 3-5 measurements. “P < 0.05 versus the
control of lane 1.

phenotype of decidual cells after 2 weeks (Fig. 6). By using
zymography assay, the activation of MMP-2 in rat decidual cells was
inhibited by progesterone, and the total activity of MMP-2 was
reduced. In contrast, co-treatment with progesterone and TPA
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Fig. 6. Morphological change in the progesterone-treated rat decidual cells.

triggered activation of MMP-2 and increased total MMP-2 activity
(Fig. 7).

The expression of activated MMP-2 in the uterine decidual
tissue was significantly increased from day 2 to day 5 in pseudo-
pregnancy (Fig. 1) and from day 7 to day 9 in pregnancy (Fig. 3).
The difference in the times of the MMP-2 expression between
pseudo-pregnant and pregnant is due to the different period
of decidualization. It is suggested that this enhanced expression
of activated MMP-2 in pregnancy and pseudo-pregnancy was
probably the result of the spread of decidual cells [Hurst and Palmay,
1999]. The decidual cells provide protection to the embryo after
implantation and supply it with nutrients in the sequential event
[Golander et al., 1981]. Thus, the results confirm that the expression
of MMP-2 in this period may be associated with maintaining
deciduomata development.

In previous studies, the down-regulation and activation of
PKCa has been found to be associated with the development of
deciduomata [Liu et al., 1998; Shyu et al., 1999]. In this study, we
found that the activation of MMP-2 is paralleled with the activation
of PKCa in decidualization. Moreover, PKC activator TPA enhances
the expression and activation of MMP-2 in organotypic culture. PKC
inhibitors, especially the PKCa specific inhibitor G6-6976, inhibit
this enhanced expression. Thus, it is suggested that the activation of
PKC may be involved in the regulation of the expression of MMP-2
in decidualization.

Besides, the activation of MMP-2 by TPA was not inhibited in
the decidual tissues co-treated with calphostin C. In addition, an
increase in total activity of MMP-2 was observed in treatment
only with calphostin C. This phenomenon dose not support the
previous report that the MMP-2 activity could be inhibited by the
treatment of human gliomas cells with calphostin C [da Rocha
et al., 2000]. However, Gamou and Shimizu [1994] reported that
calphostin C does not inhibit PKC and induces the epidermal growth
factor (EGF) receptor phosphorylation in the EGF receptor-
hyperproducing squamous carcinoma cell line NA. These results
suggest that calphostin C may appear a novel signal transduction

Alcohol

pathway which involves MMP-2 activation, but further studies are
needed.

The study indicates that the TPA-enhanced expression of MMP-2
is inhibited by the translation inhibitor CHX but not by the
transcription inhibitor Act D or the replication inhibitor MMC
(Fig. 5). Similarly, Matsumoto et al. [2009] reported that the MMP
expression during the decidualization is not regulated by their
mRNA expression after the treatment with the decidual stimuli,
but by the activation of MMPs. Sharma et al. [2007] reported that
in a PKC-induced, or activated, internal ribosome entry site (IRES)-
trans acting factors regulate GATA-4 IRES activity and protein
synthesis during vasopressin-induced cardiac hypertrophy. Xu and
Grabowski [2005] reported that acid B-glucosidase mRNA transla-
tion is modulated by PKC signaling pathways that are mediated
through an 80kDa mammalian cytoplasmic translational control
protein in HepG2 cells. In the present data, we suggest that the
MMP-2 regulated by PKC in decidual tissue may be affected by the
process of translation.

It is considered that progesterone could transform stromal cells
into decidual cells during the decidualization of the endometrium
[Tang et al., 1994]. Zhang et al. [2000] reported that progesterone
inhibits the activation of MMP-2 in the endometrium. This study
found that TPA treatment is able to reverse the inhibition, thus we
suggest that it would secrete a hormone to induce the activation of
PKCa after the formation of decidual cells by progesterone, and then
promote the expression of MMP-2 to enhance the proliferation of
decidual cells.

Gonthier et al. [2009] reported that the addition of the PKCa/B
inhibitor G6-6976 is sufficient to abolish the class 3 semaphorins
(Sema3A) growth promoting effect and the increase of MMP-2
protein level and activity in cortical dendrites. It is suggested that
the selective recruitment and activation of MMP-2 in response
to Sema3A requires a PKCa dependent mechanism. In contrast,
the PGF2a- and latanoprost-acid-induced MMP-2 secretion and
activation in human ciliary muscle cells is blocked by the MEK
inhibitor PD-98059, the broad-range PKC inhibitor chelerythrine
chloride, and the PKCe translocation inhibitor, but is not blocked by
PKCa/B inhibitor G6-6976, suggesting that prostanoid F receptors
activation leads to an increase in the secretion and activation of
MMP-2 through PKCa-independent pathways [Husain and Crosson,
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defined as a marker. B: The quantitative data of the activation of MMP-2 were
represented. C: The quantitative data of the total activity of MMP-2 were
represented. Data are expressed as mean +SEM for 3-5 measurements.
“P < 0.05 versus the control of alcohol-treated group.

2008]. However, although the mechanism of MMP-2 activation in
decidualization remains discussed, this study demonstrates that
MMP-2 is activated and increasingly expressed in early decid-
ualization, and suggests that PKC, especially PKC«, may be involved
in the activation and expression of MMP-2 in decidual cells.
Moreover, PKCa may regulate the expression of MMP-2 in the
translation process.
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