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ABSTRACT

The differentiation of uterine stromal fibroblasts into decidual
cells is critical for establishing pregnancy. This process, called
decidualization, requires the reorganization of the actin
cytoskeleton, which mainly depends on actin dynamics and
the phosphorylation status of the myosin light chain. We
manipulated actin dynamics with jasplakinolide (100 nM) and
latrunculin B (1 lM), both of which significantly inhibited the
synthesis of decidualization markers induced by 6 days of
treatment with embryo-mimicking stimulus interleukin 1beta
(IL1B) and steroid hormones (SHs; 17beta-estradiol and me-
droxyprogesterone acetate) in the human uterine fibroblast
(HuF) in vitro model. However, only jasplakinolide had long-
lasting effects on the G-actin:F-actin ratio and prevented
decidualization induced by the artificial stimulus cAMP (and
SHs). Actin-binding protein cofilin mainly colocalized with G-
actin in the nucleus as well as the cytoplasm. Only some spots of
colocalization between cofilin and F-actin were detected in the
cytoplasm. Brief extraction of cytosolic proteins from living cells
revealed that in cells treated with IL1B or cAMP (and SHs) for 6
days, cofilin was mainly detected in the nucleus. The translo-
cation of cofilin from cytosol to nucleus was also detected in
HuFs treated for 12 days with SHs, IL1B and SHs, and cAMP and
SHs. The same significant translocation was confirmed in
primary baboon stromal uterine fibroblasts. We conclude that
changes in actin dynamics, particularly the stabilization of F-
actin, have a significant negative impact on decidualization, and
the translocation of cofilin to the nucleus is a key feature of this
process in the primate.

actin dynamics, baboon, cofilin, cytoskeleton, decidua,
decidualization, human, uterus

INTRODUCTION

The cytoskeleton plays a crucial role in basic cellular
processes, such as mitosis, growth, motility, aging, smooth
muscle contraction, and apoptosis (see review in Ayscough and
Winder [1]). Decidualization (the differentiation of uterine
fibroblasts into decidual cells) is critical to the successful
establishment and maintenance of pregnancy in humans. It
represents a complex cell transformation that requires morpho-
logical and functional changes in cell structure and physiology
and involves the reorganization of the cytoskeleton. Proper
cytoskeletal organization and function depend on cytoskeletal

dynamics—that is, the interactions between actin and myosin
II. Cytoskeletal dynamics have been implicated previously in
decidualization [2–4]. Downregulation of alpha-smooth muscle
actin was demonstrated in stromal cells undergoing decidual-
ization at the early implantation site in the baboon (Day 15 of
pregnancy), which is in close contact with the conceptus [2]. It
also has been shown that the disruption of actin filaments by
cytochalasin D leads to a significant enhancement of
decidualization in vitro [3]. We have demonstrated recently
that changes occur in cytoskeletal proteins during decidualiza-
tion and that upregulation of myosin light chain (MLC)
phosphorylation prevents in vitro decidualization of human
stromal fibroblasts [4]. Furthermore, a decrease in MLC
phosphorylation precedes decidualization induced by an
exogenous stimulus (cAMP), whereas decidualization induced
by a stimulus of embryonic origin, interleukin 1beta (IL1B),
appears to depend on changes in actin dynamics [4].

Actin dynamics—the interactions between actin polymeri-
zation and depolymerization—are also regulated by actin-
binding proteins, such as cofilin. Cofilin binds to both
monomeric (G) and filamentous (F) actin, and its major known
function is the depolymerization of F-actin (see review in
Paavilainen et al. [5]). The ability of cofilin to bind to actin is
regulated by its phosphorylation, which depends on at least two
enzymes: serine-threonine-specific LIM kinases 1 and 2
(LIMK1 and LIMK2) [6]. The mRNAs for LIMK1 and
LIMK2 have been detected during rat development in the
extraembryonic structure containing the maternal decidual
membrane [7], suggesting the involvement of the LIMK-cofilin
pathway during decidualization. Phosphorylation and dephos-
phorylation of cofilin could enable the cell to respond rapidly
to signals and to remodel the actin cytoskeleton (see reviews in
Paavilainen et al. [5] and dos Remedios et al. [8]). Therefore,
we hypothesized that cofilin might play an important role in the
changes in actin dynamics during decidualization. The aim of
this study was to investigate the importance of actin dynamics,
particularly the involvement of cofilin, in decidualization
induced by a widely used exogenous stimulus (cAMP) and by
a stimulus of embryonic origin (IL1B) in the in vitro primate
decidualization model.

MATERIALS AND METHODS

Materials

Recombinant human IL1B was obtained from R & D Systems Inc.
(Minneapolis, MN). Jasplakinolide and latrunculin B were purchased from
Biomol (Plymouth Meeting, PA). Monoclonal clone AC 15 beta-actin
antibody, the rabbit polyclonal cofilin antibody used for immunofluorescence,
and N6,20-O-dibutyryladenosine 30,50-cyclic monophosphate (cAMP) were
purchased from Sigma Chemical Co. (St. Louis, MO). Rabbit polyclonal
antibodies to cofilin and phosphocofilin used in Western blot detections were
from Cell Signaling Technology Inc. (Beverly, MA). Deoxyribonuclease I
Texas Red conjugate (DNAse I), rhodamine-conjugated phalloidin, Prolong
Antifade mounting medium containing 40,60-diamidino-2-phenylindole (DA-
PI), and all cell culture supplies were purchased from Invitrogen (Grand Island,
NY). Other reagents of cell culture grade were purchased from Fisher Scientific
(Itasca, IL) or Sigma (St. Louis, MO).
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Cell Culture

Human placenta tissue was obtained from the Human Female Reproductive
Tissue bank in the Center for Women’s Health and Reproduction at the
University of Illinois at Chicago. All studies were approved by the Institutional
Review Board of the University of Illinois. Baboon endometrial tissue
(midsecretory phase, 9–12 days after ovulation) was obtained from adult female
baboons (Papio anubis) by endometriectomy or after hysterectomy (n¼3). The
animal study was approved by the Animal Care Committee at the University of
Illinois at Chicago.

Human uterine fibroblasts (HuFs) were isolated from the decidua parietalis
dissected from placental membranes after normal vaginal delivery at term, as
described previously [9]. These cells represent a proliferating population of
nondifferentiated fibroblastic cells, which are maintained in the decidualized
uterine endometrium and closely resemble endometrial stromal cells [10, 11].
Although HuFs are not identical to stromal cells isolated from human
endometrium, an advantage lies in their easy availability from term placenta,
their robust proliferative abilities, and their confirmed use as a model for in
vitro decidualization in several studies [4, 9–13].

Baboon uterine fibroblasts were isolated from baboon endometrial tissues
according to a similar protocol described in detail previously [14].

Cells were cultured in RPMI-1640 medium supplemented with 10% heat-
inactivated and charcoal-stripped fetal bovine serum (SFBS), 0.1 mM sodium
pyruvate, and 1% penicillin-streptomycin. At confluence, cells were
trypsinized, propagated, and used for experiments in the first passage (baboon
uterine fibroblasts) or in passage numbers three to five (HuF cells). Cell purity
was assessed by immunocytochemistry using antibodies against cytokeratin
(Dako, Glastrup, Denmark) and vimentin (Zymed Laboratories Inc., San
Francisco, CA). The purity of fibroblast cells used in the studies was greater
than 97%.

Treatment of Cells

Treatment with decidualization stimuli. Decidualization studies were
carried out in RPMI-1640 with 2% SFBS. Confluent cells were subjected to
vehicle treatment (control) or were treated for 6 days or 12 days with the
decidualization stimuli: 10 ng/ml IL1B or 0.1 mM cAMP, both in the presence
of hormones. The word ‘‘hormones’’ in this article indicates treatment with a
mix of (final concentration) 36 nM 17beta-estradiol and 1 lM medroxypro-
gesterone acetate (steroid hormones [SHs]). Cell culture medium was changed
every 2 days.

Treatment with inhibitors. All drug experiments were carried out at 80%–
90% cell confluence in six-well plates in serum-free RPMI-1640 supplemented
with sodium pyruvate and penicillin-streptomycin. The HuF cells were
pretreated for 1 h with 100 nM jasplakinolide or 1 lM latrunculin B. After
the pretreatment with inhibitors, medium was exchanged for RPMI-1640 for 24
h or for RPMI-1640 with 2% SFBS, and the cells were treated with
decidualization stimuli as described above. After 24 h of incubation, cells were
subjected to G-actin and F-actin fractionation. In the decidualization
experiments, the medium was collected on Day 6 of treatment and frozen at
�708C until further analysis. All experiments were repeated a minimum of three
times, and each experiment was done in triplicate.

Detection of IGFBP1 and Prolactin in Cell Supernatants

IGFBP1 and prolactin concentrations were measured in cell media collected
as described above using ELISA kits (R & D Systems).

Actin Dynamics as Evaluated by G-actin:F-actin Ratio

Human uterine fibroblasts were plated into six-well plates at the density 1 3

105 cells/well and cultured until 80%–90% confluency. After decidualization
treatments as described above, fractionation of cells into G-actin and F-actin
fractions was performed using the G-actin:F-actin in vivo assay kit (catalogue
no. BK037; Cytoskeleton, Denver, CO). Western blots for beta-actin were used
to estimate the amounts of actin in each fraction. The immunoreactive bands
were detected by enhanced chemiluminescence, digital images were captured
by Quantity One 1-D analysis software on a ChemiDoc XRS System (Bio-Rad,
Hercules, CA), and the G-actin:F-actin ratio was calculated.

Isolation of Nuclear and Cytosolic Fractions

Human uterine fibroblasts grown in 100-mm plates were subjected to
decidualization stimuli for 6 days. The cells were scraped into ice-cold PBS and
washed three times. The pellet was resuspended in buffer A (10 mM HEPES,
pH 7.9; 1.5 mM MgCl

2
; 10 mM KCl; 1 mM dithiothreitol [DTT]; and protease

inhibitor cocktail set III [EMD Chemicals Inc., San Diego, CA]). After 10 min
of incubation in buffer A, the homogenate was centrifuged at 10 000 3 g for 10
min at 48C. The supernatant was collected and considered the cytosolic
fraction. The pellet was resuspended in buffer C (20 mM HEPES, pH 7.9; 330
mM NaCl; 1.5 mM MgCl

2
; 25% v/v glycerol; 1 mM DTT; and protease

inhibitor cocktail), incubated for 15 min at 48C, and centrifuged at 10 000 3 g
for 10 min at 48C. The supernatant was collected and considered the nuclear
extract fraction. Equal volumes of the nuclear and the cytosolic fractions were
loaded and separated by 4%–20% SDS-PAGE, and the amounts of p-cofilin
and cofilin were detected by Western blot analysis. After the transfer onto
polyvinylidene difluoride membranes, the blots were probed with specific
antibodies against cofilin, p-cofilin (Cell Signaling Technology), and beta-actin
(Sigma) according to the protocols provided by the manufacturers. The
immunoreactive bands were detected by enhanced chemiluminescence, and
digital images were captured by Quantity One 1-D analysis software on a
ChemiDoc XRS System (Bio-Rad).

Immunofluorescence Staining

Cells grown on glass coverslips and exposed to decidualization treatments
for 6 and 12 days were fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100, and then blocked with 5% bovine serum albumin at room
temperature. Incubations with the primary antibody against cofilin (1:1000)
were conducted at 48C overnight, followed by incubation for 1 h with
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies (1:100).
For double staining of cofilin and F-actin or G-actin, rhodamine-conjugated
phalloidin or DNAse I, respectively, were included with a secondary FITC-
conjugated antibody. Coverslips were mounted with Prolong Antifade
containing DAPI and were examined using a Zeiss LSM 510 laser confocal
microscope.

Extraction of Cytosolic Proteins from Living Cells

Human uterine fibroblast cells grown on glass coverslips and treated with
decidualization stimuli for 6 days were subjected to an extraction of soluble
cytosolic proteins according to a modification of the previously described
protocol [15]. Briefly, cytosolic proteins were extracted from living cells
growing on coverslips with an exactly 1-min immersion in extraction solution
(0.5% Triton X-100, 4% polyethylene glycol 40 000) in PEM buffer (100 mM
PIPES, pH 6.9; 1 mM ethylene glycol tetraacetic acid; and 1 mM MgCl

2
) with

protease inhibitor cocktail (EMD Chemicals Inc.) at room temperature,
followed by fixation in 4% paraformaldehyde and staining as described
above.

Evaluation of Cofilin Translocation

The intensity of nuclear and cytosolic staining of cofilin after decidualiza-
tion treatments was quantified in at least 50 cells from each treatment group in
three independent experiments by ImageJ software (National Institutes of
Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij). Translocation of
cofilin into the nucleus was expressed by the cytosol:nucleus ratio of
densitometric units of staining.

Statistical Analysis

Statistical analyses were performed using SPSS 15.0 (SPSS Inc., Chicago,
IL). Results are expressed as mean 6 SD. One-way ANOVA was used to test
the null hypothesis of group differences, followed by a two-tailed t-test for
pairwise comparison or by post hoc tests using Tukey and Bonferroni
correction for multiple comparisons.

RESULTS

The Effect of Changes in Actin Dynamics
on Decidualization In Vitro

We have demonstrated previously that stabilizing the
cytoskeleton by increasing MLC phosphorylation leads to a
significant decline in decidualization in vitro [4]. Because actin
and myosin work together to provide and maintain proper
cytoskeletal organization and function, we investigated the role
of actin dynamics in the process of the transformation of HuFs
into decidual cells in our current study.
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First, we analyzed whether manipulation of actin polymer-
ization might affect the process of in vitro decidualization in
the HuF model system. Two drugs regulating actin dynamics
were used: jasplakinolide, an actin-stabilizing drug causing de
novo polymerization of F-actin, and latrunculin B, an actin-
depolymerizing drug. After 1 h of pretreating HuF cells with
either jasplakinolide or latrunculin B, the drugs were
removed, and decidualization treatments in 2% SFBS
continued for 6 days. Measurement of the synthesis of
biochemical markers for decidualization, insulin-like growth
factor-binding protein 1 (IGFBP1; Fig. 1) and prolactin (data
not shown), revealed that both drugs inhibited decidualization
induced by IL1B and SHs (Fig. 1A). On the other hand,
cAMP (and SH)-induced decidualization was inhibited only
by jasplakinolide pretreatment, with latrunculin B failing to
have any effect (Fig. 1B). These data demonstrate that
increasing/stabilizing actin polymerization significantly de-
creases the process of decidualization in vitro.

Because both latrunculin B and jasplakinolide affect actin
dynamics, the ratio of monomeric actin (G-actin) to filamen-
tous actin (F-actin) was measured: 1) immediately after 1 h of
drug treatment in serum-free medium (Fig. 2A, upper blot); 2)
after 1 h of drug treatment followed by 24 h of recovery of the
cells in 2% SFBS (Fig. 2A, lower blot); and 3) after 1 h of drug
treatment followed by 6 days of decidualization treatment (as
seen for jasplakinolide treatment in Fig. 2B). Treatment with

FIG. 1. Effect of actin dynamics drug manipulation on decidualization.
Human uterine fibroblast cells were pretreated for 1 h with latrunculin B
(Latr B; 1 lM), jasplakinolide (Jas; 100 nM), or vehicle control (Ctr),
followed by treatment for 6 days with (A) IL1B and hormones (IL1B þ H)
or (B) cAMP and hormones (cAMP þ H). The IGFBP1 protein released into
the medium was measured using ELISA. Note that although pretreatment
with both inhibitors caused a significant decrease in the synthesis of
IGFBP1 in HuFs undergoing decidualization induced by IL1B and
hormones (A), only jasplakinolide decreased the level of IGFBP1 in HuFs
treated with cAMP and hormones (B) compared with HuFs with vehicle
control pretreatment (Ctr). *P , 0.05.

FIG. 2. Effect of latrunculin B and jasplakinolide on actin dynamics in
HuF cells. A) The densitometric evaluation of the G-actin:F-actin ratio
(labeled as G-/F-actin ratio) in HuF cells pretreated with latrunculin B (Latr
B; 1 lM) or jasplakinolide (Jas; 100 nM) and either harvested immediately
after 1 h of treatment with the drugs (1 h; white bars) or collected after 1 h
of treatment with the drugs followed by incubation with 2% SFBS-RPMI for
24 h (1 h/24 h; black bars). The G-actin:F-actin ratio in untreated cells (Ctr)
was set as 1, and other treatments were compared with the control. The
blot at the top shows representative immunoblots of the distribution of
beta-actin (ACTB) in the G-actin and F-actin fractions of HuF cells
detected after 1 h of treatment with the drugs (1 h; upper blot) and after 1 h
of treatment with the drugs followed by incubation with 2% SFBS-RPMI for
24 h (1 h/24 h; lower blot). B) The densitometric evaluation of the G-
actin:F-actin ratio (labeled as G-/F-actin ratio) in HuF cells pretreated for 1
h with jasplakinolide (Jas; black bars) or with vehicle control (Ctr; white
bars), followed by the treatment for 6 days with hormones (H), IL1B and
hormones (IL1B þ H), cAMP and hormones (cAMP þ H), or untreated
controls (Ctr). The blot at the top shows representative immunoblots of the
distribution of ACTB in the G-actin and F-actin fractions of HuF cells
treated with jasplakinolide (Jas; lower blot) or without pretreatment (upper
blot) as detected after 6 days of decidualization treatment of the cells.
Note the overall decrease in the G-actin:F-actin ratio detected after 6 days
of decidualization treatment in HuF cells pretreated with jasplakinolide
compared with HuFs without pretreatment.

224 IHNATOVYCH ET AL.

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



latrunculin B caused an increase in the G-actin level after 1 h of
treatment (Fig. 2A, upper blot); however, the levels of G- and
F-actin returned to levels comparable to the control after 24 h
of cell recovery (Fig. 2A, lower blot). The effect of latrunculin
B was completely diminished after 6 days of decidualization
treatment (data not shown). On the other hand, treatment with
jasplakinolide for 1 h resulted in a significant decline in G-
actin, suggesting that more actin is kept in the F-actin form
(Fig. 2A, upper blot). This trend of G-actin decline was still
evident even after 24 h of cell recovery (Fig. 2A, lower blot)
and, truly remarkably, it was still noticeable after 6 days of
treatment with decidualization stimuli (Fig. 2B, lower blot,
Jas). Decidualization treatment itself did not affect the G-
actin:F-actin ratio (Fig. 2B, upper blot). These results
demonstrate that although both drugs change the G-actin:F-
actin ratio, only jasplakinolide, an actin-stabilizing drug, has a
long-lasting effect.

Association of Cofilin with G- and F-Actin During
In Vitro Decidualization

The dynamics between actin polymerization and depoly-
merization are regulated by actin-binding proteins. Because the
actin-binding protein cofilin is known to bind to both
monomeric and filamentous actin, we next investigated its
association with G- and F-actin in HuF cells during
decidualization. Double staining with cofilin and DNAse I
(which binds to G-actin with a K

d
between 10�8 and 10�10 M

and to F-actin with a K
d

between 10�3 and 10�6 M [16])
demonstrated a strong colocalization of cofilin and G-actin
both in the nucleus and the cytoplasm in all groups of cells
(Fig. 3). In contrast, the spots of colocalization between cofilin
and F-actin were barely detectable in control cells or in HuFs
undergoing decidualization for 6 days (Fig. 4A). The analysis
of cofilin and phalloidin colocalization was significantly
complicated because of the high level of monomeric actin
and cytoskeletal-binding proteins present in the cytoplasm. To
increase the resolution of polymeric actin and to improve the
detection of cofilin associated with it, we used a fast extraction
(1 min) of live cells’ cytosolic proteins with a solution of
Triton X-100 and polyethylene glycol. Immunofluorescent
staining of cofilin and phalloidin in HuFs after extraction
revealed that some fraction of endogenous cofilin was not
extracted from the living cells and remained colocalized with
phalloidin. Several spots of cofilin-phalloidin colocalization
were detected in control cells and in HuFs treated with SHs for
6 days (Fig. 4B, two upper rows, please see arrows in detail
images). In contrast to these two groups of cells, no cofilin-
phalloidin colocalization was detected in the cytoplasm of
HuFs treated with IL1B and SHs and with cAMP and SHs
(Fig. 4B, two lower rows). Also, there was noticeably less
cofilin left in the cytoplasm after the extraction. In HuF cells
undergoing decidualization by IL1B and cAMP, cofilin was
detected mainly in the nucleus (Fig. 4B, two lower rows, green
staining for cofilin).

Subcellular Redistribution of Cofilin in HuFs
During Decidualization

Cofilin localization and activity (its ability to bind to
monomeric and filamentous actin) depend on its phosphor-
ylation. Phosphorylated cofilin becomes inactive and is
translocated from the nucleus into the cytosol [17]. To study
changes in cofilin distribution and phosphorylation during
decidualization, we detected cofilin and phosphocofilin (p-
cofilin) in the cytosolic and the nuclear extract fractions of the

cells. Immunoblotting data revealed increased amounts of p-
cofilin in cytosolic fractions of HuFs treated for 6 days with
IL1B plus SHs as well as with SHs alone compared with
untreated controls (Fig. 5A, upper blot). As a result of the
translocation of p-cofilin from the nucleus into the cytosol,
the cytosol:nuclear extract ratio for p-cofilin notably
increased after these treatments (Fig. 5B, upper blot),
although it did not reach statistical significance. In contrast,
cAMP plus SH-treated HuFs at this time point (6 days) did
not display a change in the subcellular distribution of p-
cofilin, and thus this ratio was not affected (Fig. 5, A and B,
upper graph).

Interestingly, the cytosol:nuclear extract ratio for total
cofilin significantly decreased after cAMP treatment in
comparison with untreated controls (Fig. 5B, lower graph).
The change in the cytosol:nuclear ratio for cofilin suggested
that there was more active (localized in the nucleus) cofilin
after cAMP treatment for 6 days. Redistribution (visible
translocation to the nucleus) of cofilin after this treatment
was further confirmed by immunofluorescence (Fig. 6A). The
treatment with cAMP resulted in the faster appearance of
decidualization markers than did IL1B and hormonal treatment.
Although there was no visible translocation of cofilin after 6
days of SH (Fig. 6A) or IL1B and SH (Fig. 6A) treatment, clear
translocation was noticed after 12 days in all treatment groups
except the untreated controls (Fig. 6B). On Day 6 of treatment,

FIG. 3. Association of cofilin with monomeric actin. Confocal micros-
copy of double-immunofluorescent staining for G-actin (visualized with
DNAse I Texas Red dye; DNAse I; middle column) and cofilin (green;
cofilin; left column) of HuF cells treated with hormones (H), IL1B and
hormones (IL1B þ H), cAMP and hormones (cAMP þ H), or vehicle
control (Ctr) for 6 days. Merged image is shown in the right column. All
images were taken at the same magnification. Bar¼ 20 lm.
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FIG. 4. Association of cofilin with fila-
mentous actin during cell decidualization
and after extraction of cytosolic proteins. A)
Confocal microscopy of double-immuno-
fluorescent staining for F-actin (visualized
with rhodamine-conjugated phalloidin [red;
Phalloidin column]) and cofilin (green;
Cofilin column) in vehicle-treated HuF cells
(Ctr) and in HuFs treated for 6 days with
hormones (H), IL1B and hormones (IL1B þ
H), or cAMP and hormones (cAMP þ H).
Images in rightmost column provide higher-
magnification detail of areas close to
arrowheads on merge images (Detail). Bar
¼ 20 lm. B) Confocal microscopy (after a 1-
min extraction of the soluble cytosolic
proteins in live cells) of double-immuno-
fluorescent staining for F-actin (visualized
with rhodamine-conjugated phalloidin (red;
Phalloidin column]) and cofilin (green;
Cofilin column) in vehicle-treated HuF cells
(Ctr) and in HuFs treated for 6 days with
hormones (H), IL1B and hormones (IL1B þ
H), or cAMP and hormones (cAMP þ H).
Images in rightmost column (Detail) provide
higher-magnification detail. Arrows in de-
tails indicate cofilin-phalloidin colocaliza-
tion. Bar ¼ 20 lm.
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the translocation of cofilin into the nucleus as expressed by the
cytosol:nucleus ratio of densitometric units was significantly
decreased with cAMP treatment. However, on Day 12 of
treatment, a significant decrease in this ratio was observed in
all treatment groups (Fig. 6C).

To confirm that decidualization accompanied by the
translocation of cofilin from the cytosol into the nucleus is
typical not only for the HuF model system, we used primary
baboon (P. anubis) stromal fibroblasts isolated from the
endometrium of the midsecretory phase of the menstrual cycle
as an additional primate model. As in HuFs, after 12 days of
treatment cofilin was mainly localized in the nucleus in all
treatment groups except the controls in baboon stromal
fibroblasts (Fig. 7).

DISCUSSION

The current study analyzes the role of actin dynamics and
the involvement of cofilin in particular during in vitro
decidualization in the human model of HuF cells as well as
primary baboon endometrial stromal fibroblasts. Our data
demonstrate for the first time that the stabilization of F-actin
prevents decidualization and that the translocation of cofilin
from the cytosol to the nucleus is a key common feature of in
vitro primate decidualization.

Initiation of the decidualization process in stromal fibro-
blasts is detected by their ability to synthesize biochemical
markers. Two primary markers of primate decidualization are
IGFBP1 and prolactin. The signaling pathways leading to
decidualization induced by embryonic origin stimulus IL1B
and exogenous stimulus cAMP (both in the presence of SHs)
are different [4, 9]. The synthesis of decidualization marker
IGFBP1 protein by the second messenger cAMP is much faster
(detectable after 2–3 days of treatment) than the synthesis
induced by IL1B (detectable after 6 days and in approximately
100-fold lower amounts than with cAMP, with maximal levels
at 12 days). The presence of IL1B increases the effect of SHs,
treatment with which appears to result in detectable levels of
biochemical decidualization markers after 12 days. The time
course of IL1B action in the in vitro model is reminiscent of the
time frame seen during the decidualization response in vivo in
humans. We have described previously the ability of IL1B to
contribute to in vivo decidualization in the baboon model of
simulated pregnancy [2]. However, the IL1B and cAMP
pathways do not work in synergy, because we reported
previously that the addition of IL1B antagonizes the ability
of cAMP to induce decidualization in vitro [9]. In our present
study, we investigated how changes in actin dynamics would
affect decidualization. We again noticed the differences and
similarities between IL1B- and cAMP-induced decidualization.
Although IL1B-induced decidualization (initially dependent on
intact cytoskeleton organization to transduce signals and
initiate differentiation) was significantly inhibited by both
actin polymerization-destabilizing and actin polymerization-
stabilizing drugs (latrunculin B and jasplakinolide, respective-
ly), only jasplakinolide negatively affected second messenger
cAMP-induced decidualization.

It is generally recognized that the organization of the actin
cytoskeleton in most mammalian cells is regulated by the RHO
guanosine triphosphatases (GTPases; RHO, RAC, CDC42) and
their downstream effectors [18]. It was suggested that RHOA is
important in decidual cells during implantation [19]. Further-
more, IL1B has been described as activating small GTPases
[20, 21]. RHOA/RHO kinase signaling also results in focal
adhesion kinase (FAK, official symbol PTK2) activation [22,
23]. We noticed previously the activation of PTK2 during

decidualization of HuF cells with IL1B (and hormones) [4].
Also, cAMP was described through protein kinase A activation
to regulate RHOA and LIMK/cofilin activity [24]. LIMK
expression was detected in rat embryo Embryonic Day 12
extraembryonic tissue containing the decidual membrane [7],
and the LIMK-cofilin pathway has been shown to be involved
in differentiation processes, such as spermatogenesis [25] and
differentiating layers of epidermis [26].

The activity of cofilin depends on its phosphorylation at a
conserved N-terminal serine, Ser3 [27]. The phosphorylation of
cofilin is regulated by the balance between the activities of its

FIG. 5. Changes in phosphorylation and localization of cofilin during
decidualization. A) Distribution of p-cofilin and cofilin in the cytosolic (c)
and nuclear extract (n) fractions of HuFs treated for 6 days with hormones
(H), IL1B and hormones (IL1B þ H), cAMP and hormones (cAMP þ H),
and vehicle controls (Ctr) as detected by Western blotting with specific
antibodies. The cytosolic:nuclear fraction ratio in untreated cells was set
as 1, and other treatments were compared with the control. B) The
densitometric evaluation of the cytosol:nuclear extract ratio (labeled as
Cyt./Nucl. extr) for p-cofilin (pCofilin; upper graph; white bars) and cofilin
(lower graph; black bars) in HuFs treated for 6 days with hormones (H),
IL1B and hormones (IL1B þ H), cAMP and hormones (cAMP þ H), and
vehicle-treated controls (Ctr). The ratio in untreated cells was set as 1, and
other treatments were compared with the control. Note the significant
decrease (*P , 0.05) in the cytosol:nucleus ratio for cofilin in HuFs treated
for 6 days with cAMP and hormones in comparison with Ctr.
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known kinases (LIMKs and testicular kinase) and its recently

described phosphatases: slingshot and chronophin (see review

by Huang et al. [28]). Early studies revealed that cofilin in its

phosphorylated form is unable to bind actin and that

dephosphorylation of this site reactivated the actin-depolymer-

izing potential of cofilin [29], thus providing a simple
phosphoregulatory mechanism for actin reorganization.

The difference in the signaling pathways between IL1B-
and cAMP-induced decidualization was noticed in the
subcellular localization of cofilin and p-cofilin. Whereas

FIG. 6. Localization of cofilin in HuF cells treated with decidualization stimuli. A and B) Confocal microscopy of immunofluorescent staining of cofilin
(green; left columns) in vehicle-treated HuF cells (Ctr) and in HuFs undergoing decidualization for 6 days (A) and 12 days (B) induced by hormones (H),
IL1B and hormones (IL1B þ H), and cAMP and hormones (cAMP þ H). Nuclear staining with DAPI (blue; middle columns) and merged images (right
columns) are shown. Bar ¼ 20 lm. C) The densitometric evaluation of the ratio of immunofluorescent staining of cofilin in the cytosol to
immunofluorescent staining of cofilin in the nucleus in vehicle-treated HuF cells (Ctr) and in HuFs undergoing decidualization for 6 days (white bars) and
12 days (black bars) induced by hormones (H), IL1B and hormones (IL1B þ H), and cAMP and hormones (cAMP þ H). Note the significant decrease (*P ,

0.05) in the cytosol:nucleus ratio (labeled as Cyt./Nucl.) for cofilin staining in HuFs treated for 6 days with cAMP and hormones in comparison with
control, and for cofilin staining in all 12-day decidualization-inducing treatments in comparison with control.
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decidualization induced by 6-day treatment with IL1B (and
hormones), as well as by hormones alone, was accompanied by
the translocation of p-cofilin to the cytosol, decidualization
induced by 6-day treatment with the much faster exogenous
stimulus (cAMP and hormones) was characterized by the
translocation of cofilin to the nucleus. Importantly, 12-day
treatment with all decidualization stimuli led to a notable
translocation of cofilin to the nucleus, suggesting similar
endpoints of the signaling pathways leading to decidualization
and emphasizing the role of cofilin in this process. The HuF
cells provide an excellent in vitro model for decidualization [9–
13]. However, their origin in the decidual tissue of term
placenta and the recently described presence of pluripotency
markers and mesenchymal stem properties [30] might raise
questions about the accuracy of this model for early pregnancy
decidualization. Therefore, we used stromal cells isolated from
the midsecretory-phase endometrium of a close nonhuman
primate model, baboon (P. anubis), to confirm the transloca-
tion of cofilin into the nucleus during decidualization. The
similarity of this model with decidualization in primary human
uterine endometrium fibroblasts was confirmed in earlier
studies [14], and we have used them previously to study the
decidualization process [9, 31].

The translocation of cofilin during decidualization is similar
to the previously noticed translocation from cytosol to nucleus
in T lymphocytes after accessory receptor stimulation [32]. For
that model system, it was suggested that this translocation may
play an important role in the ‘‘decision’’ between T-cell
activation and T-cell unresponsiveness [32]. Modulation of the
equilibrium between monomeric globular and filamentous actin
has been known to occur during cell transformation [33, 34].
Also, increasing cellular G-actin in rat peritoneal mast cells
caused the translocation of both actin and cofilin into the nuclei
[35]. The translocation of cofilin was also noticed to be
promoted by a variety of adverse cellular conditions, including
heat shock [36, 37], or by ATP depletion [35].

We hypothesize that one of the reasons for cofilin
translocation during decidualization is to stop cofilin activity
in the cytosol once the reorganization of actin, which is
necessary for the change to decidual cells, is accomplished.
Another reason cofilin translocates during decidualization may
be to transport G-actin to the nucleus, and thus contribute to
actin action in the nucleus. Although evidence of actin action in
the nucleus remains controversial, actin appears to be involved
in the regulation of gene expression [38, 39], chromatin
remodeling [40], and the nuclear export of protein [41] and
mRNA [42]. Our data demonstrate that cofilin also colocalizes
with G-actin in the nucleus of HuF cells. Because the actin
sequence lacks a nuclear translocation signal and cofilin has a
nuclear import sequence, it is likely that actin enters the
nucleus as a complex with cofilin. A recent study analyzing the
interactions of cofilin and G-actin within the nucleus and
cytoplasm determined that in Vero African green monkey
fibroblasts, almost all G-actin in the nucleus is bound to cofilin,
whereas about one half is bound in the cytoplasm [43]. These
data suggest that there is significantly more cofilin in a
complex with G-actin and less free cofilin in the nucleus than
in the cytoplasm [43].

In conclusion, the presented results further expand and
confirm our previous finding that stabilization of the actin
cytoskeleton, either by increasing MLC phosphorylation [4] or
by the stabilization of F-actin (this study), prevents the
differentiation of HuFs into decidual cells. The translocation
of cofilin to the nucleus seems to be a universal feature of in
vitro decidualization in the primate.
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