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Abstract

Inadequate or inappropriate implantation and placentation during the establishment of human pregnancy is thought to
lead to first trimester miscarriage, placental insufficiency and other obstetric complications. To create the placental blood
supply, specialized cells, the ‘extravillous trophoblast’ (EVT) invade through the differentiated uterine endometrium (the
decidua) to engraft and remodel uterine spiral arteries. We hypothesized that decidual factors would regulate EVT function
by altering the production of EVT membrane and secreted factors. We used a proteomics approach to identify EVT
membrane and secreted proteins regulated by decidual cell factors. Human endometrial stromal cells were decidualized in
vitro by treatment with estradiol (1028 M), medroxyprogesterone acetate (1027 M) and cAMP (0.5 mM) for 14 days.
Conditioned media (CM) was collected on day 2 (non-decidualized CM) and 14 (decidualized CM) of treatment. Isolated
primary EVT cultured on MatrigelTM were treated with media control, non-decidualized or decidualized CM for 16 h. EVT CM
was fractionated for proteins ,30 kDa using size-exclusion affinity nanoparticles (SEAN) before trypsin digestion and HPLC-
MS/MS. 43 proteins produced by EVT were identified; 14 not previously known to be expressed in the placenta and 12
which had previously been associated with diseases of pregnancy including preeclampsia. Profilin 1, lysosome associated
membrane glycoprotein 1 (LAMP1), dipeptidyl peptidase 1 (DPP1/cathepsin C) and annexin A2 expression by interstitial EVT
in vivo was validated by immunhistochemistry. Decidual CM regulation in vitro was validated by western blotting:
decidualized CM upregulated profilin 1 in EVT CM and non-decidualized CM upregulated annexin A2 in EVT CM and pro-
DPP1 in EVT cell lysate. Here, non-decidualized factors induced protease expression by EVT suggesting that non-
decidualized factors may induce a pro-inflammatory cascade. Preeclampsia is a pro-inflammatory condition. Overall, we
have demonstrated the potential of a proteomics approach to identify novel proteins expressed by EVT and to uncover the
mechanisms leading to disease states.
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Introduction

During the establishment of pregnancy, a human blastocyst

must implant into the uterine endometrium to facilitate the

formation of a functional placenta. Inadequate or inappropriate

implantation and placentation is thought to lead to first trimester

miscarriage, placental insufficiency and other obstetric complica-

tions [1,2]. To form a functional placenta, specialized cells, the

‘extravillous trophoblast’ (EVT) engraft and remodel uterine spiral

arteries, creating the placental blood supply at the end of the first

trimester [3].

The local endometrial environment is likely to play a key role in

regulating trophoblast invasion [3]. Prior to implantation and in

preparation for pregnancy, stromal cells of the human uterine

endometrium undergo ‘decidualization’. Decidualization describes

the dramatic differentiation of endometrial stromal cells into

decidual cells, which become rounded with altered secretory and

ECM expression [4]. Decidualization involves the categorical

reprogramming of endometrial stromal cells such that different

genes are expressed at different stages of the differentiation process

[5]. In women, decidualization begins spontaneously in stromal

cells adjacent to spiral arterioles during the mid-secretory phase of

the menstrual cycle (5th–10th day after luteinizing hormone surge)

in response to progesterone and regardless of the presence of a

functional blastocyst. If implantation occurs, decidualization

intensifies and continues to form the decidua of pregnancy [6].

The decidua is thought to regulate trophoblast invasion and

placental formation by regulating expression of locally produced

factors including cytokines, integrins and major histocompatibility

complex factors [4]. The critical importance of decidualization for

the formation of a functional placenta in mice has been

unequivocally demonstrated by genetically-modified mouse studies

where decidualization defects lead to unregulated trophoblast

invasion [7] and/or pregnancy failure [7,8,9]. However, unlike
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women, in mice decidualization is initiated by blastocyst

implantation, thus the systems are not analogous. Regardless,

recent evidence in women indicates that decidualization is also

important in the formation of a functional placenta, with impaired

decidualization associated with recurrent miscarriage, preeclamp-

sia (PE) and placenta accreta [10,11,12].

The mechanisms by which the decidua might regulate EVT

function are not well understood. Many studies have examined the

role of leukocytes, particularly uterine natural killer cells in EVT

function [13,14], however the role of decidual cells themselves is

understudied. In vitro, conditioned medium from isolated cells of

1st trimester decidual explants impairs invasion of HTR8SV/neo

cells (immortalized human EVT [15]) compared to culture media

alone [16]. Conditioned media collected from decidual stromal

cells isolated from 1st trimester decidua demonstrates concentra-

tion dependent invasion of B6Tert cells (immortalized human

cytotrophoblast cells [15]) [17]. This invasive capability correlated

with the MMP2 activity in these cells [17]. However, in neither of

these studies was the control media conditioned with control cells.

Recently, Godbole [18] reported enhanced invasion of the

choriocarcinoma cell lines JEG-3 and ACH-3P [15] following

treatment with conditioned media from primary stromal cells

decidualized in vitro compared to the pre-decidualized cells.

Further, AC1M88 (fusion of JEG-3 and term trophoblasts [15])

spheroids showed enhanced expansion when cultured on top of

primary stromal cells decidualized in vitro compared to non-

decidualized cells [19]. These studies strongly indicate that

decidualized stromal cells regulate EVT function, however they

are not conclusive and importantly, do not utilize primary EVT.

We hypothesised that decidual factors regulate EVT function by

altering the production of EVT membrane and secreted proteins.

We aimed to identify and validate EVT membrane and secreted

proteins regulated by decidualized stromal cells. To our knowl-

edge, this is the first study to investigate how decidual cell

secretions regulate trophoblast protein production.

Materials and Methods

Tissue collection
This study was approved by the Southern Health Human

Research and Ethics Committee (#09317B; #06014C). Written

and informed consent was obtained from each patient before

surgical intervention.

Trophoblast isolation. Normal first trimester placental

tissue was collected from healthy women undergoing elective

termination of pregnancy (amenorrhea: 7–12 weeks). Tissues were

washed in 0.9% saline and transferred to DMEM/F12 Ham

media (D8437, Sigma-Aldrich) before transportation to the

laboratory for further processing.

First trimester primary cytotrophoblast were isolated as

previously described [20]. The isolated cytotrophoblast were

plated on growth factor reduced MatrigelTM (1:5 dilution in

serum-free media; BD Biosciences # 356230) to induce the EVT

phenotype [21]. The purity of the isolated EVT was confirmed by

immunohistochemistry for HLAG. Briefly, cells were grown on

chamber slides coated with Matrigel for 72 h before being fixed in

70% ethanol for 10 min and allowed to air dry. Cells were re-

hydrated in dH2O for 5 min before exogenous peroxidise blocked

by incubation in 3% (v/v) H2O2 for 15 min. Cells were blocked in

10% normal horse serum, 2% normal human serum for 30 min

before primary antibody (HLAG, 0.5 mg/ml, Pharminagen,

#557577) was applied in block overnight at 4uC. Cells were

washed in Tris buffered saline (TBS) before incubation with a

biotinylated horse anti-mouse IgG (1:200; Vector) secondary

antibody for 30 min at RT. This was followed by 30 min

incubation with streptavidin-biotin-peroxidase complex ABC

(Vector) before HLAG visualized using diaminobenzidine tetra-

hydrochloride substrate (Dako). Cells were counterstained with

Harris haematoxylin (Sigma). This isolation method resulted in

80–95% EVT (HLAG positive cells; Figure 1A&B).

Stromal cell isolation. Endometrial biopsies were collected

by dilatation and curettage from fertile women scheduled for tubal

ligation or undergoing testing for tubal patency during days 8–21

of a normalised 28 day menstrual cycle. Tissues were assessed by a

pathologist and had no obvious endometrial pathology. The

women had no steroid treatment or other medication for at least 2

months before the collection of tissue.

Human endometrial stromal cells (HESC) were isolated by

enzymatic digestion and filtration as described previously [22],

resulting in a 97% pure stromal cell culture.

In vitro decidualization. HESC (cultured from individual

endometrial biopsies) were grown to confluence (maximum time to

confluence 5 days) in a T25 culture flask (NUNC) in medium

(DMEM/F12 [Gibco] supplemented with 10% charcoal stripped

Fetal Calf Serum [csFCS; Gibco,], 1% antibiotics and antimycotic

[penicillin, streptomycin, amphoceterin B; Gibco] and 1% L-

glutamine [Sigma]) in a 5% CO2 incubator at 37uC.

Once confluent, the medium was replaced (experimental day

[D] 0) with low-serum medium (DMEM/F12+2% csFCS, 1%

antibiotics and antimycotic and 1% L-glutamine). Under these

conditions cell proliferation is minimal [23,24,25]. Cells were

Figure 1. Purity of isolated extravillous trophoblast (EVT) and
prolactin secretion by human endometrial stromal cells
following decidualization treatment. A. HLAG immunolocalization
in isolated EVT. B. Negative (IgG) control for isolated EVT. C. Prolactin
secretion by human endometrial stromal cells induced to decidualize in
vitro (estrogen [1028 M], medroxyprogesterone acetate [1027 M] and
cyclic adenosine monophosphate [0.5 mM]) for 2 (non-decidualized)
and 14 (decidualized) days. Conditioned media from decidualized
samples containing ,1.5 mIU/mg or .5 mIU/mg prolactin (dotted line)
were excluded from further studies.
doi:10.1371/journal.pone.0031418.g001
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decidualized by treatment with 1028 mol/L estradiol 17b (Sigma),

1027 mol/L medroxyprogesterone acetate (MPA; P-0130, Sigma)

plus 0.5 mM cyclic adenosine monophosphate (cAMP; Sigma) for

14 days. The media containing treatments was replenished on D2,

4, 7, 9 & 12. Conditioned media (CM) was collected on D2 (non-

decidualized CM) and D14 (decidualized CM), centrifuged at

1606g to remove any non-adherent cells and stored at 280uC. On

D14 cells were lysed and homogenized in ice-cold universal lysis

buffer (50 mM Trizma Base [Sigma] pH7.4, 150 mM NaCl,

2 mM EDTA, 2 mM EGTA, 25 mM NaF, 0.2% Triton X-100

[Sigma], 0.3% Nonidet P-40 [Sigma]) containing Protease

Inhibitor Mixture Set III (1:500; Calbiochem) and stored at

280uC. The protein concentration was assayed by commercial kit

(BCA, Pierce). HESC prolactin (PRL) secretion was quantitatively

measured in conditioned media by ELISA (Bioclone Aust. Pty Ltd,

Marrickville, NSW, Australia) and the level of PRL secretion was

taken as a measure of decidualization [26]. PRL secretion by non-

decidualized HESC was undetectable (Figure 1C). PRL secretion

by decidualized HESC was 3.10661.362 mIU/mg with a range

of 0.4714–6.676 mIU/mg (Figure 1C). Decidualized HESC

secreting ,1.5 and .5 mIU/mg PRL were excluded from further

experiments to standardise the level of decidualization across

cultures.

EVT treatment with HESC CM
EVT cultured in a 6 well plate on top of matrigel were treated

overnight (16 h) with 500 ml low-serum media or non-decidualized

(D2) or decidualized (D14) HESC CM. As a control, each of

treatments was also incubated for 16 h in wells coated with

Matrigel. These controls were also subjected to the proteomics

analysis detailed below to allow exclusion of proteins expressed by

the decidua. The EVT/Matrigel CM was centrifuged at 1606g to

remove cell debris and stored at 280uC. Cell lysates were collected

and protein quantified as described above.

Conditioned media fractionation. Proteins in the CM with

a molecular weight of ,30 kDa were fractionated from the

remaining media using size-exclusion affinity hydrogel

nanoparticles (SEAN) as previously described [27]. Briefly, total

protein was precipitated from the CM by incubation in 100%

acetone (1 CM : 3 acetone) at 220uC overnight. The protein pellet

was resuspended in 10 mM 2-(N-morpholino) ethanesulfonic acid,

pH 6 before addition of 3 mg SEAN and incubation at RT for

20 min followed by centrifugation to pellet the SEAN. After

washes, the fractionated proteins were eluted from the SEAN and

concentrated in a centrifugal vacuum concentrator (Eppendorf).

Protein identification. Proteins eluted from the SEAN were

reduced with 10 mM DTT (Calbiochem) at 56uC for 30 minutes

and then thiol groups alkylated with 50 mM iodoacetic acid

(Fluka) 30 minutes at RT. Proteins were digested overnight at

37uC with 375 ng trypsin (Worthington). The extracted peptide

solution (0.1% formic acid) were then concentrated to

approximately 10 ml by centrifugal lyophilisation using a

SpeedVac AES 1010 (Savant). Extracted peptides were then

injected and fractionated by nanoflow reversed-phase liquid

chromatography on a nano LC system (1200 series, Agilent,

USA) using a nanoAcquity C18 150 mm60.15 mm I.D. column

(Waters, USA) developed with a linear 60-min gradient with a flow

rate of 0.5 ml/min at 45uC from 100% solvent A (0.1% Formic

acid in Milli-Q water) to 100% solvent B (0.1% Formic acid, 60%

acetonitrile, (Mallinckrodt Baker, Phillipsburg, NJ, USA) 40%

Milli-Q water). The nano HPLC was coupled on-line to an LTQ-

Orbitrap mass spectrometer equipped with a nanoelectrospray ion

source (Thermo Fisher Scientific) for automated MS/MS. Data

dependent MS analysis was performed by acquiring one FTMS

scan followed by MS2 on the top five most intense ions. Dynamic

exclusion was enabled at repeat count 1, exclusion list size 500,

exclusion duration 180 s, and exclusion mass width+/21.5 m/z.

Collision induced dissociation was performed by setting the ion

isolation width at 2 m/z, normalized collision energy at 35%,

activation Q at 0.25 and an activation time at 30 ms.

Spectra were exported in mascot generic file format (.mgf) and

analyzed using the Mascot search engine. Standard search

parameters included a peptide mass tolerance of 1.5 Da, peptide

fragment tolerance of 0.8 Da, peptide charge of +2 or +3 and up to

1 missed cleavage allowed.

Identified proteins were cross-checked between the 6 groups

(EVT treated with media alone, EVT treated with ND CM, EVT

treated with D CM, media alone, ND CM and D CM). Proteins

identified in the media alone control were identified as proteins in

the media or expressed by matrigel and excluded from all other

groups. Proteins identified in the ND or D CM controls were

identified as proteins expressed by HESC and excluded from all

other groups. Proteins identified in EVT treated with media

alone were identified as proteins expressed by EVT in vitro

regardless of treatment and excluded from all other groups.

Proteins identified in EVT treated with both ND and D CM were

identified as proteins expressed by EVT in response to CM and

excluded.

Validation
Immunohistochemistry. Formalin-fixed decidua and

placenta sections (5 mm) on poly-l-lysine (Sigma) coated glass

slides were dewaxed in histosol (2610 min) and rehydrated in

ethanol. Antigen retrieval in 0.01 M Citrate buffer (pH 6, profilin

1, annexin A2, LAMP1) or 1.25% Trypsin (DPP1) before proteins

were co-localized with HLAG using EnVisionTM G|2 Doublestain

System (Rabbit|Mouse, DAKO, #K5361) as per the

manufacturer’s instructions. The primary antibodies were

incubated at 37uC for 10 min at the following concentrations:

profilin 1 0.6 mg/ml (Santa Cruz Biotechnology, sc-137236);

annexin A2 0.1 mg/ml (Abcam, #ab41803); DPP1 5 mg/ml

(Abcam, #ab49233); LAMP1 3.3 mg/ml (Biolegend, #328602);

HLAG 1 mg/ml (Pharmingen, #557577). Negative controls of

mouse or rabbit IgG (both DAKO) were applied at the same

concentration as the primary antibodies.

Western blotting. EVT cell lysates (n = 6) were treated,

collected and assayed for total protein as described above. 15 mg

total protein (or 1 mg for annexin A2) or conditioned media

(28 ml/well, or 10 ml for annexin A2) was resolved on a 1.5 mm

11% SDS/PAGE gel, transferred to Hybond-P PVDF membranes

(GE Healthcare) and blocked in 0.1% Tween, 5% skim milk in

TBS. Membranes were incubated overnight at 4uC with the

primary antibody (all 1:1000), except GAPDH (HRP-conjugated,

Cell Signaling Technology, #3683S, 1:2000) which was incubated

for 1 h at RT. After washes in TBS and 0.1% Tween-20 (BioRad)

TBS, HRP-conjugated secondary antibody (profilin 1: sheep anti-

mouse, Amersham, 1:3000, annexin A2 and DPP1, goat anti-

rabbit, 1:5000, secondary antibody not required for GAPDH) was

applied, washed again, then the ECL Plus Detection System (GE

Healthcare) was applied. Membranes were exposed to

autoradiography film (Hyperfilm ECL; GE Healthcare) for

between 10 sec and 5 min. Films were scanned and

densitometry was performed using Adobe Photoshop. To

account for the fact that total protein varied between treatments

and a loading control cannot be assigned for conditioned media,

the densitometry of the conditioned media was normalized to total

cellular protein.

Decidual Factors Alter Trophoblast Proteins
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Statistics
All statistical analyses were performed using GraphPad Prism.

Densitometry of western blot data was analysed by paired t-test.

Results

Proteomics identified unique proteins in EVT CM in response
to treatment with non-decidualized or decidualized CM

Mass spectrometry revealed 43 proteins produced by EVT

following the various treatments (Table S1). Of 18 proteins

produced by EVT in vitro, 2 were previously unknown to be

expressed by cells of the placenta, including EVT (Table S1). Two

of the 16 known proteins have previously been associated with

pregnancy pathologies (Table S1 [28,29]).

13 unique proteins were found expressed by EVT in response to

treatment with non-decidualized CM, 6 were previously unknown

to be expressed by EVT (Table S1) and of the 7 known proteins, 4

are dysregulated in preeclampsia and 1 is associated with

endometrial cancer (Table S1 [30,31,32,33,34]). EVT treated

with decidualized CM expressed 12 unique proteins; 6 previously

Table 1. Proteins chosen for validation by immunohistochemistry and western blot.

Protein
Accession
Number MW (kDa)

Known
placenta

Detected by
proteomics in

Unique
peptides
(#)

Sequence
coverage
(%)

Profilin 1 P07737 15 N

Media CM 1 11.4

ND CM 2 20.0

D CM 4 41.4

Annexin A2 P07355 38 Y

ND CM 7 25.4

Dipeptidyl peptidase 1 P53634 51 N

ND CM 1 3.02

Lysosome-associated membrane
glycoprotein 1

P11279 44 Y D CM 2 4.8

doi:10.1371/journal.pone.0031418.t001

Figure 2. Profilin 1 (brown) and HLAG (pink) co-localization in placental villous (A–C) and decidua basalis (D–F). A. Profilin 1 localized
to cells within the stroma of the villous tip, but not the syncytiotrophoblast (s). B. Profilin 1 localized to leukocytes (arrowheads) in the villous tips. C.
Profilin 1 and HLAG co-localilzed to extravillous trophoblast (EVT, arrow) in the cell column (cc). D. Profilin 1 localized to the glandular epithelium (ge),
and HLAG positive cells (EVT, arrows) surrounding blood vessels (bv) and HLAG negative cells (arrowheads) in the decidua basalis. E. Profilin 1
localized to the ge, EVT (arrows) and HLAG negative cells (arrowheads) in the decidua basalis. F. Profilin 1 and HLAG co-localizaation to EVT (arrows) in
the decidua basalis. Profilin 1 was also expressed on leukocytes (HLAG negative cells, arrowheads). G. Negative (IgG) control for placental villous
tissue. H. Negative (IgG) for decidua. Scale bar: 50 mm.
doi:10.1371/journal.pone.0031418.g002
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unknown to be expressed by EVT and 5 of the 6 known proteins

are dysregulated in either preeclampsia (3), IUGR (1) or in IVF

and ICSI pregnancies (1; Table S1 [35,36,37,38,39]).

Four identified proteins were chosen for validation (Table 1).

These proteins were chosen as they are all secreted and have

known functions in other cell types which are likely important

during EVT invasion into the decidua.

Profilin 1
Profilin 1 localised to iEVT in decidua basalis. Profilin 1

immunolocalized to leukocytes (Figure 2A&B) and EVT in the cell

column (Figure 2C) but not to cytotrophoblast or

syncytiotrophoblast in the placental villous. Profilin 1 localized

to the uterine glandular epithelium (Figure 2D&E), iEVT

surrounding remodelled blood vessels (Figure 2D–F) and

leukocytes in the decidua (Figure 2E&F).

Decidual CM increased profilin 1 secretion. Profilin 1

was detected in EVT cell lysates and CM by western blot

(Figure 3A&B). Profilin 1 levels in EVT CM were significantly

higher in decidualized CM treated EVT compared to non-

decidualized CM treated (Figure 3B&C; p,0.05). Profilin 1 was

not detected in HESC CM (data not shown). No effect of the week

of gestation from which the EVT were isolated was observed.

Annexin A2
Annexin A2 localized to iEVT in decidua basa-

lis. Annexin A2 localized to the syncytiotrophoblast

(Figure 4A&B) and some EVT in the cell column (Figure 4C),

but not to cytotrophoblast or leukocytes in the placental villous.

Annexin A2 localized to endothelial cells in blood vessels

(Figure 4D&E) and iEVT in the decidua (Figure 4E&F).

Non-decidualized CM increased annexin A2 secre-

tion. Annexin A2 was detected in EVT cell lysates and CM

by western blot (Figure 5A&B). HESC CM treatment had no

effect on annexin A2 protein levels in EVT cell lysates (Figure 5A).

Two bands of annexin A2 (33 and 36 kDa) were observed in CM

of EVT isolated from weeks 7 and 8 of gestation but not in CM of

EVT isolated from weeks 10 and 11 of gestation (Figure 5B).

Secreted annexin A2 protein (36 kDa) in EVT CM was

significantly higher (p,0.05) following treatment with non-

decidualized CM compared to control (media alone), however

the variability between samples was large (n = 6; Figure 5C). Our

data suggests the effect of non-decidualized CM was found mainly

in EVT isolated from weeks 10 and 11 of gestation (Figure 5B).

Dipeptidyl peptidase 1 (DPP1)
DPP1 localized to iEVT in decidua basalis. DPP1 immu-

nolocalized to some areas of the syncytiotrophoblast

(Figure 6A&B), leukocytes (Figure 6B) and to cohorts of EVT in

the cell column (Figure 6C) but not to cytotrophoblasts. In the

decidua, DPP1 localized to the glandular epithelium

(Figure 6D&E) and to iEVT surrounding blood vessels

(Figure 6D,F&G). Glandular epithelial and iEVT localization

was cytoplasmic, although in EVT the cytoplasmic localization

was predominantly around the nucleus.

Non-decidualized CM increased proDPP1 produc-

tion. DPP1 could not be detected in EVT CM by western

blotting (data not shown). In EVT cell lysates 5 bands were visible

(Figure 7A); 52 kDa and 51 kDa (pro-), 34 kDa (mature), 24 kDa

(active) and 7 kDa (mature cleavage) DPP1. By densitometry we

found a significant increase in proDPP1 protein in EVT cell lysate

following treatment with non-decidualized CM (Figure 7B;

p,0.05), but not decidualized CM (p.0.05) compared to media

control. There was no effect of HESC CM on mature or active

DPP1 (25 kDa; Figure 7C&D). The mature cleavage form of

DPP1 (7 kDa) was only observed in EVT cell lysates from two of

three women following treatment with HESC CM: in both women

the mature cleavage form was present following treatment with

non-decidualized CM and in only one woman it was found

following treatment with decidualized CM (Figure 7A). All three

samples were from EVT isolated from weeks 7–8 of gestation.

Lysosome associated membrane glycoprotein 1 (LAMP1)
LAMP1 localized to iEVT in decidua basalis. LAMP1

immunolocalized to the syncytiotrophoblast (Figure 8A&B) and

leukocytes (Figure 8B) in the placental villous and to EVT in the

cell column (Figure 8C). In the decidua, LAMP1 localized to

occasional cells in the glandular epithelium (Figure 8D), HLAG

(EVT marker) negative cells surrounding the glandular epithelium

and unremodelled blood vessels (Figure 8D&E) and iEVT

surrounding remodelled blood vessels (Figure 8F&G).

LAMP1 could not be detected in EVT CM or cell lysates by

western blotting (data not shown).

Discussion

Here, for the first time, we identified proteins expressed by EVT

in response to HESC-secreted factors. Our novel in vitro model

identified proteins previously associated with diseases of pregnancy

including preeclampsia suggesting our model can identify factors

likely to be important in the pathogenesis of these diseases. Our

Figure 3. Profilin 1 in extravillous trophoblast cell lysate and
conditioned media following treatment with media alone (M),
non-decidualized (ND) or decidualized (D) human endometrial
stromal cell conditioned media (n = 5). A. Western blot showing
profilin 1 and GAPDH loading control in EVT lysates. B. Western blot
showing profilin 1 in EVT conditioned media. C. Densitometry of profilin
1 from conditioned media. The ratio of profilin 1:total cellular protein
has been normalized to media control. *, significant difference to ND,
p,0.05.
doi:10.1371/journal.pone.0031418.g003

Decidual Factors Alter Trophoblast Proteins
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Figure 5. Annexin A2 in extravillous trophoblast cell lysate and conditioned media following treatment with media alone (M), non-
decidualized (ND) or decidualized (D) human endometrial stromal cell conditioned media (n = 6). A. Western blot showing annexin A2
and GAPDH loading control in EVT lysates. B. Western blot showing annexin A2 in EVT conditioned media. Shown are representative blots of annexin
A2 in EVT isolated from gestational weeks 7–8 (n = 3) and 10–11 (n = 2). Two bands (36 & 33 kDa) for annexin A2 were observed in the conditioned
media from EVT isolated from gestational weeks 7–8. C. Densitometry of annexin A2 from conditioned media (all weeks of gestation; n = 6). The ratio
of annexin A2:total cellular protein has been normalized to media control. *, signficant difference to M, p,0.05.
doi:10.1371/journal.pone.0031418.g005

Figure 4. Annexin A2 (brown) and HLAG (pink) co-localization in placental villous (A–C) and decidua basalis (D–F). A. Annexin A2
localization in the placental villous. B. Annexin A2 localized to the syncytiotrophoblast (s). C. Annexin A2 and HLAG co-localilzed to extravillous
trophoblast (EVT, arrows) in the cell column (cc). D. Annexin A2 localization in the decidua basalis. E. Annexin A2 localized to endothelial cells of blood
vessels (bv) and to iEVT (arrow) in the decidua basalis. F. Annexin A2 and HLAG co-localizaation to EVT (arrows) in the decidua basalis. G. Negative
(IgG) control for placental villous. H. Negative (IgG) for decidua. Scale bar: 50 mm.
doi:10.1371/journal.pone.0031418.g004
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model also identified many proteins not previously known to be

expressed by EVTs. We demonstrated that EVT expression of

profilin 1, annexin A2 and proDPP1 was altered following

treatment with HESC CM, suggesting that the degree of

decidualization is critical for decidual-EVT crosstalk during

EVT invasion. Further, our data suggests that non-decidualized

factors may provoke EVTs to initiate a pro-inflammatory cascade,

providing a potential mechanism for the pro-inflammatory state

observed in preeclampsia.

Recent studies have suggested that women with preeclampsia

have impaired decidualization [12]. Our identified proteins

suggest that decidual regulation of EVT protein expression may

be associated with the development of preeclampsia, however,

future studies are required to validate the regulation of these

proteins and their function. By fractionating our sample to identify

proteins ,30 kDa in size, we aimed to identify functional and

regulatory proteins. The main functional groups of proteins

identified by our proteomic approach were proteases/enzymes,

membrane bound proteins, metal ion binding proteins, and

proteins involved in redox regulation. Interestingly, treatment with

decidualized CM was associated with an increase in the number of

cell membrane proteins expressed by EVT (Table S1) whereas

treatment with non-decidualized CM was associated with an

increase in the number of proteases expressed by EVT (Table S1).

A recent study showed CECAM1 (CD66a) expression by

AC1M88 spheriods is enhanced following co-culture with

decidualized HESC [19], however to our knowledge this is the

first study to suggest that non-decidualized factors regulate

protease expression by EVTs.

The EVT proteins identified here included secreted proteins

(profilin 1, annexin A2) and cell surface proteins (profilin 1,

annexin A2, DPP1, LAMP1). We expected to find cell surface

proteins in our CM [40,41] as our methodology did not exclude

cell debris or exosomes given the likely importance of membrane

proteins in the regulation of trophoblast invasion. While proteomic

analysis of purified EVT plasma membrane would be ideal, we

were limited by cell number; isolating purified plasma membrane

from primary EVT requires a prohibitively large number of cells.

The decidualization CM used in this study was chosen to reflect

the degree of decidualization found in HESC during the 1st

trimester; when EVT invade through the decidua and into the top

3rd of the myometrium. Decidual biopsies from weeks 8–10 of

gestation secrete 0.3 mIU/mg prolactin in 24 h [42]. Here,

prolactin secretion was 3.1 mIU/mg over 48 h, however it should

be noted that this was from a purified population of HESC; in a

decidual biopsy, less than 50% of the tissue is decidual cells; the

tissue includes leukocytes (40% of cells), endothelial cells, smooth

muscle and connective tissue. To standardize the degree of

decidualization we also excluded under- and over-decidualized

CM (,1.5, .5 mIU/mg).

Profilin 1 is an G-actin-binding protein which regulates actin

dynamics on the plasma membrane [43] by regulating actin

polymerization [44]. Profilin 1 is critical for normal cell

proliferation and differentiation and is vital for actin-based cell

motility, cytokinesis, neuronal differentiation and regulation of

membrane trafficking and nuclear transport [44]. Here, decid-

ualized CM up-regulated profilin 1 levels in EVT CM, suggesting

that decidualized CM induced profilin 1 secretion. Profilin 1

Figure 6. Dipeptidyl peptidase 1 (DPP1; brown) and HLAG (pink) co-localization in placental villous (A–C) and decidua basalis (D–
G). A. DPP1 localization in placental villous. B. DPP1 localized to some areas of syncytiotrophoblast (s). C. DPP1 and HLAG co-localilzed to extravillous
trophoblast (EVT) in the cell column (cc) (arrows). DPP1 staining was predominantly peri-nuclear in EVT. DPP1 localized to leukocytes in the placental
villous stroma (arrowheads). D. DPP1 localization in the decidua. E. DPP1 localized to the glandular epithelium (ge), with peri-nuclear localization
observed in some cells (*). F. DPP1 localized to iEVT (arrows) surrounding remodelled blood vessels (bv). G. DPP1 localization in iEVT (arrow). DPP1
localization in iEVT was predominantly peri-nuclear. H. Negative (IgG) control for placental villous. I. Negative (IgG) control for decidua. Scale bar:
50 mm.
doi:10.1371/journal.pone.0031418.g006
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secretion by mesenchymal stem cells increases during ionizing

radiation induced senescence [45]. In vivo, EVT are non-

proliferative; perhaps decidual factors induce senescence in

EVT. Certainly, profilin 1 is thought to be a tumor suppressor:

it is downregulated in aggressive forms of cancer compared to

normal cells [46,47] and inhibits cell functions required for

metastasis including proliferation and migration [46,48,49,50].

EVT are also highly motile and as an actin-binding protein,

profilin 1 regulates cell motility, however the exact function of

profilin 1 in the regulation of motility is not clear. Although

profilin 1 inhibits migration in breast cancer cells, profilin 1

stimulates migration of HUVEC and mesenchymal stem cells

[51,52,53] and is enriched at the dynamic plasma membranes of

migrating or spreading cells [43]. It remains to be determined how

the up-regulation of profilin 1 induced by decidualized CM

modulates EVT function; the literature currently suggests profilin

1 regulates motility differently between cancerous and normal

cells.

Annexin A2 is a calcium-dependent phospholipid binding

protein which is present in intracellular, membrane and secreted

forms [54]. It has roles in membrane fusion and signal

transduction [55] and is over-expressed in a variety of cancers

[56,57]. Secreted and surface annexin A2 interacts with cell matrix

and proteases to regulate cell migration and adhesion [57,58,59]

and it is involved in macrophage activation [60,61]. Induction or

redistribution of annexin A2 has been demonstrated in response to

heat shock, hypoxia, cell redox state, mechanical stress and mild

osmotic shock [61]. Annexin A2 has previously been identified in

the syncytiotrophoblast in vivo [58,62] and in vitro it is up-

regulated by hypoxia in cytotrophoblasts [63] and syncytializing

BeWo cells [55], leading to the suggestion that it is part of a

defence system against hypoxia [55].

This study is the first to identify annexin A2 in EVT. We found

that non-decidualized CM up-regulated secreted/cell surface

annexin A2 in EVT isolated from weeks 10 and 11 of gestation.

Cell surface expression of annexin A2 is required for invasion and

metastasis in cancer [57,64]. In monocytes and macrophages,

surface and soluble annexin A2 (in a tetramer with S100A10) acts

as a receptor for plasmin(ogen), which binds then cleaves annexin

A2, initiating downstream signalling via multiple pathways

including JAK/STAT, MAPK and NF-kb [60,65]. This results

in the up-regulation of proinflammatory cytokines [60,65] and

thus an inflammatory response [61]. Here we found the cleaved

form of annexin A2 (33 kDa) present in CM from EVT isolated

from weeks 7 and 8 of gestation but not from weeks 10–12 of

gestation, suggesting that plasmin was only active in EVT from

weeks 7 and 8 of gestation. Overall our data suggests that surface

expression of annexin A2 was normal in EVT from weeks 7 and 8

and likely involved in regulating EVT cell invasion as occurs in

uNK cells [66], but that in weeks 10 to 11, annexin A2 surface

expression may be an indicator of stress induced by the non-

decidualized CM. Certainly, the amount of surface annexin A2

detected by western blot was considerably lower in weeks 10 and

11 compared to 7 and 8. Since plasmin is expressed by eg. uNK

cells [66], aberrant surface expression of annexin A2 could lead to

abnormal proinflammatory signalling cascades.

DPP1, also known as cathepsin C, is a cysteine protease

involved in the activation of pro-inflammatory serine proteases

[67,68], the processing of lysosomal cathepsins and the degrada-

tion of intracellular proteins [69]. DPP1 function is best

characterised in the immune system: DPP1 deficient mice and

human immune cells show reduced NK and T-cell cytotoxic

activity [70,71]. DPP1 activity is highest in lymphocytes with

cytolytic potential and myeloid cells [72]. DPP1 activation of

granzymes [67] and perforin is thought important in ‘involuntary

apoptosis’, whereby target cells are killed without activation of

death receptors on the target cell surface [73]. Activation of serine

Figure 7. Dipeptidyl peptidase 1 (DPP1) in extravillous
trophoblast cell lysate following treatment with media alone
(M), non-decidualized (ND) or decidualized (D) human endo-
metrial stromal cell conditioned media (n = 6). A. Western blot
showing DPP1 and GAPDH loading control in EVT lysates. B.
Densitometry of the 52 & 51 kDa DPP1 band from EVT cell lysates
(n = 3). The ratio DPP1:GAPDH was normalized to media only control. C.
Densitometry of the 34 kDa DPP1 band from EVT cell lysates (n = 3). The
ratio DPP1:GAPDH was normalized to media only control. D.
Densitometry of the 25 kDa DPP1 band from EVT cell lysates (n = 3).
The ratio DPP1:GAPDH was normalized to media only control. *,
significant difference to M, p,0.05.
doi:10.1371/journal.pone.0031418.g007
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proteases by DPP1 also degrades extracellular matrix, and thus,

DPP1 has functions in cell invasion and inflammation [71]. DPP1

transcript has been identified in the placenta [74] however this is

the first study to identify DPP1 protein in the placenta. Here we

found 5 distinct bands for DPP1: 52 and 51 kDa, the pro-form of

DPP1 [75]; 34 kDa, the mature form of DPP1 [76,77]; 25 kDa,

the active form of DPP1 [67] and 7 kDa, the mature cleavage

form of DPP1. In this study, proDPP1 was up-regulated by

treatment with non-decidualized CM and the mature cleavage

form (7 kDa) was found only following treatment with HESC CM.

Capthesins are typically localized to lysosomes in the perinuclear

region [71] – which we observed here in iEVT and glandular

epithelial cells. During cancer development, cathepsins are often

translocated to the cell surface or are secreted where they can act

as proteases [71]. This has not been demonstrated for DPP1,

however it is interesting in light of our proteomics observation that

DPP1 was found only in CM following treatment with non-

decidualized CM. Certainly, treatment with non-decidualized CM

upregulated DPP1 in EVT cell lysates; we were unable to detect

DPP1 in EVT CM by western blotting and thus were unable to

confirm the regulation of cell surface DPP1 by non-decidualized

CM. Overall, our data suggests that the protease activity of DPP1

may be enhanced by non-decidualized CM.

LAMP1, also known as CD107a, was recently identified in

EVT [78] where its expression correlated with the ability of EVT

to resist infection from Listeria monocytogenes [78], suggesting that

EVT may have a bactericidal phenotype. Certainly, NK cells

which express LAMP1 are ‘degranulating’, ie. they are secreting

antimicrobial cytotoxic molecules [79,80]. Our co-localization

data showed HLAG negative, LAMP1 positive cells in the

decidua, particularly surrounding un-remodelled blood vessels

and the glandular epithelium. These cells did not co-localize with

CD45 or CK7 (data not shown), suggesting that these cells are

not leukocytes or HLAG negative trophoblast cells. It is

interesting to speculate that these cells may be decidual cells

involved in the removal of smooth muscle from around spiral

arteries.

Here, using a novel in vitro and proteomics approach we have

identified a number of proteins which were previously unknown to

be expressed by EVT. This approach also identified a number

proteins previously associated with diseases of pregnancy, in

particular preeclampsia, suggesting that this approach can identify

proteins which may have diagnostic or therapeutic potential for

targeting these diseases. Previous studies have demonstrated that

proteins which are produced at the fetal-maternal interface and

regulate trophoblast invasion can be detected and in fact are

dysregulated in maternal serum prior to disease onset [81,82].

Profilin 1, annexin A2 and DPP1 were identified for the first time

in EVT and immunolocalized to interstitial EVT in 1st trimester

decidua and placental villous (n = 5/6 per group). Further, the

expression of profilin 1, annexin A2 and proDPP1 was regulated

by HESC CM, indicating that the degree of decidualization may

be important for EVT protein production. Interestingly, the two

proteins identified as being up-regulated by non-decidualized CM

(annexin A2 and DPP1) are both associated with the activation of

serine proteases and both induce a pro-inflammatory response,

indicating that impaired decidualization may cause excess

inflammation during iEVT invasion.

Overall, we have demonstrated that our unique culture method

coupled with a proteomics approach has significant potential to

Figure 8. Lysosome associated membrane glycoprotein 1 (LAMP1; brown) and HLAG (pink) co-localization in the placental villous
(A–C) and decidua (D–F). A. LAMP1 localization in placental villous. B. LAMP1 localized to the cell column (cc), syncytiotrophoblast (s) and
leukocytes in the villous stroma (arrowhead). C. LAMP1 co-localized with HLAG positive cells (arrows) in the cell column (cc). D. The decidual glandular
epithelium (ge) was predominantly negative for LAMP1, but LAMP1 immunocolalized to the occasional glandular epithelial cell (*) and to HLAG
negative cells in the stroma (arrowhead). E. LAMP1 localized to HLAG negative cells surrounding unremodelled blood vessels (bv). F. LAMP1 localized
to EVT (arrows) surrounding remodelled blood vessels (bv). G. LAMP1 and HLAG co-localization (arrows) in the decidua basalis. H. Negative (IgG)
control for placental villous. I. Negative (IgG) control for decidua. Scale bar: 50 mm.
doi:10.1371/journal.pone.0031418.g008
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identify novel proteins expressed by EVT and to uncover the

mechanisms leading to disease states.

Supporting Information

Table S1 Proteins identified in EVT conditioned media.

(DOC)

Acknowledgments

The authors would like to thank Sister Judi Hocking and Virginia Lay for

their excellent assistance. EMM received travel support from The CASS

Foundation. PHI Data Audit 11–23.

Author Contributions

Conceived and designed the experiments: EMM ED AS KLM AR.

Performed the experiments: EMM NL ALW PL JY KLM AR. Analyzed

the data: EMM NL ALW. Contributed reagents/materials/analysis tools:

KLM AR. Wrote the paper: EMM ED.

References

1. Aplin JD (2010) Developmental cell biology of human villous trophoblast:

current research problems. International Journal of Developmental biology 54:

323–329.

2. Knofler M (2010) Critical growth factors and signalling pathways controlling

human trophoblast invasion. International Journal of Developmental Biology 54:

269–280.

3. Burton GJ, Jauniaux E, Charnock-Jones DS (2010) The influence of the

intrauterine environment on human placental development. International

Journal of Developmental biology 54: 303–312.

4. Lunghi L, Ferretti M, Medici S, Biondi C, Vesce F (2007) Control of human

trophoblast function. Reproductive Biology and Endocrinology 5: 6.

5. Popovici RM, Kao L-C, Giudice LC (2000) Discovery of New Inducible Genes

in in vitro Decidualized Human Endometrial Stromal Cells Using Microarray

Technology. Endocrinology 141: 3510–3515.

6. Dimitriadis E, Menkhorst EM, Salamonsen LA, Paiva P (2010) Review: LIF and

IL11 in trophoblast-endometrial interactions during the establishment of

pregnancy. Placenta 24: S99–S104.

7. Robb L, Li R, Hartley L, Nandurkar HH, Koentgen F, et al. (1998) Infertility in

female mice lacking the receptor for interleukin 11 is due to a defective uterine

response to implantation. Nature Medicine 4: 303–308.

8. Tsai C-Y, Chou C-K, Yang C-W, Lai Y-C, Liang C-C, et al. (2008) Hurp

deficiency in mice leads to female infertility caused by an implantation defect.

Journal of Biological Chemistry 283: 26302–26306.

9. Benson GV, Lim H, Paria BC, Satokata I, Dey SK, et al. (1996) Mechanisms of

reduced fertility in Hoxa-10 mutant mice: uterine homeosis and loss of maternal

Hoxa-10 expression. Development 122: 2687–2696.

10. Khong TY (2008) The pathology of placenta accreta, a worldwide epidemic.

Journal of Clinical Pathology 61: 1243–1246.

11. Salker M, Teklenburg G, Molokhia M, Lavery S, Trew G, et al. (2010) Natural

selection of human embryos: impaired decidualization of endometrium disables

embryo-maternal interactions and causes recurrent pregnancy loss. PLoS One 5:

e10287.

12. Founds SA, Conley YP, Lyons-Weiler JF, Jeyabalan A, Hogge WA, et al. (2009)

Altered global gene expression in first trimester placentas of women destined to

develop preeclampsia. Placenta 30: 15–24.

13. Hu Y, Eastabrook G, Tan R, MacCalman CD, Dutz JP, et al. (2010) Decidual

NK cell-derived conditioned medium enhances capillary tube and network

organization in an extravillous cytotrophoblast cell line. Placenta 31: 213–221.

14. Lash GE, Naruse K, Robson A, Innes BA, Searle RF, et al. (2011) Interaction

between uterine natural killer cells and extravillous trophoblast cells: effect on

cytokine and angiogenic growth factor production. Human Reproduction 26:

2289–2295.

15. Hannan NJ, Paiva P, Dimitriadis E, Salamonsen LA (2009) Models for Study of

Human Embryo Implantation: Choice of Cell Lines? Biology of Reproduction

82: 235–245.

16. Graham CH, Lala PK (1991) Mechanism of control of trophoblast invasion in

situ. Journal of Cellular Physiology 148: 228–234.

17. Zhu XM, Han T, Sargent IL, Wang YL, Yao YQ (2009) Conditioned Medium

from Human Decidual Stromal Cells has a Concentration-dependent Effect on

Trophoblast Cell Invasion. Placenta 30: 74–78.

18. Godbole G, Suman P, Gupta SK, Modi D (2010) Decidualized endometrial

stromal cell derived factors promote trophoblast invasion. Fertility and Sterility

95: 1278–1283.

19. Gonzalez M, Neufeld J, Reimann K, Wittmann S, Samalecos A, et al. (2011)

Expansion of human trophoblastic spheroids is promoted by decidualized

endometrial stromal cells and enhanced by heparin-binding epidermal growth

factor-like growth factor and interleukin-1b. Molecular Human Reproduction

17: 421–433.

20. Cartwright JE, Kenny LC, Dash PR, Crocker IP, Aplin JD, et al. (2002)

Trophoblast invasion of spiral arteries. Placenta 23: 232–235.

21. Genbacev O, Schubach SA, Miller RK (1992) Villous culture of first trimester

human placenta - model to study extravillous trophoblast (EVT) differentiation.

Placenta 13: 439–461.

22. Dimitriadis E, Robb L, Salamonsen LA (2002) Interleukin 11 advances

progesterone-induced decidualization of human endometrial stromal cells.

Molecular Human Reproduction 8: 636–643.

23. Nilsson U, Johns TG, Wilmann T, Gao Y, Whitehead C, et al. (2010)

Combination methotrexate and epidermal growth factor receptor inhibition as a
novel medication-based cure of ectopic pregnancies. Reproduction, Fertility and

Development 22: 71.

24. Dimitriadis E, Stoikos C, Baca M, Fairlie WD, McCoubrie JE, et al. (2005)

Relaxin and prostaglandin E2 regulate interleukin 11 during human endometrial

stromal cell decidualization. Journal of Clinical Endocrinology and Metabolism
90: 3458–3465.

25. Dimitriadis E, Stoikos C, Tan Y-L, Salamonsen LA (2006) Interleukin 11
signaling components Signal Transducer and Activator of Transcription 3

(STAT3) and Suppressor of Cytokine Signaling 3 (SOCS3) regulate human
endometrial stromal cell differentiation. Endocrinology 147: 3809–3817.

26. Maslar IA, Riddick DH (1979) Prolactin production by human endometrium
during the normal menstrual cycle. American Journal of Obstetrics and

Gynecology 135: 751–754.

27. Rainczuk A, Meehan K, Steer D, Stanton P, Robertson D, et al. (2010) An

optimized procedure for the capture, fractionation and proteomic analysis of
proteins using hydrogel nanoparticles. Proteomics 10: 332–336.

28. Gilabert J, Estelles A, Aznar J, Espana F, Andres C, et al. (1990) Contribution of
platelets to increased plasminogen activator inhibitor type 1 in severe

preeclampsia. Thrombosis and haemostasis 63: 361–366.

29. Tranquilli AL, Landi B, Corradetti A, Giannubilo SR, Sartini D, et al. (2007)

Inflammatory cytokines patterns in the placenta of pregnancies complicated by
HELLP (hemolysis, elevated liver enzyme, and low platelet) syndrome. Cytokine

40: 82–88.

30. Carty DM, Siwy J, Brennand JE, Zurbig P, Mullen W, et al. (2011) Urinary

proteomics for prediction of preeclampsia. Hypertension 57: 561–569.

31. Centlow M, Hansson SR, Welinder C (2010) Differential proteome analysis of

the preeclamptic placenta using optimized protein extraction. Journal of

Biomedical Biotechnology 2010: 458748.

32. Li Z, Huang C, Bai S, Pan X, Zhou R, et al. (2008) Prognostic evaluation of
epidermal fatty acid-binding protein and calcyphosine, two proteins implicated

in endometrial cancer using a proteomic approach. International Journal of

Cancer 123: 2377–2383.

33. Shibata E, Ejima K, Nanri H, Toki N, Koyama C, et al. (2001) Enhanced

protein levels of protein thiol/disulphide oxidoreductases in placentae from pre-
eclamptic subjects. Placenta 22: 566–572.

34. Sun LZ, Yang NN, De W, Xiao YS (2007) Proteomic analysis of proteins
differentially expressed in preeclamptic trophoblasts. Gynecol Obstet Invest 64:

17–23.

35. Grobman WA, Kazer RR (2001) Serum insulin, insulin-like growth factor-1, and

insulin-like growth factor binding protein-1 in women who develop preeclamp-
sia. Obstetrics and Gynecology 97: 521–526.

36. Jarvenpaa J, Vuoristo JT, Savolainen ER, Ukkola O, Vaskivuo T, et al. (2007)
Altered expression of angiogenesis-related placental genes in pre-eclampsia

associated with intrauterine growth restriction. Gynecological Endocrinology 23:
351–355.

37. Mellembakken JR, Aukrust P, Olafsen MK, Ueland T, Hestdal K, et al. (2002)
Activation of leukocytes during the uteroplacental passage in preeclampsia.

Hypertension 39: 155–160.

38. Sifakis S, Soufla G, Koukoura O, Soulitzis N, Koutroulakas D, et al. (2010)

Decreased annexin A5 mRNA placental expression in pregnancies complicated
by fetal growth restriction. Thrombosis Research 125: 326–331.

39. Zhang Y, Zhang Y-L, Feng C, Wu Y-T, Liu A-X, et al. (2008) Comparative
proteomic analysis of human placenta derived from assisted reproductive

technology. Proteomics 8: 4344–4356.

40. Dowling P, Clynes M (2011) Conditioned media from cell lines: A

complementary model to clinical specimens for discovery of disease specific

biomarkers. Proteomics 11: 794–804.

41. Paule SG, Meehan K, Rainczuk A, Stephens AN, Nie G (2011) Combination of
hydrogel nanoparticles and proteomics to reveal secreted proteins associated

with decidualization of human uterine stromal cells. Proteome Science 9: 50.

42. Ng LC, Goh HH, Yeoh SC, Ratnam SS (1994) Quantitative comparison of

prolactin production by decidua compacta and spongiosa from first trimester

elective termination of pregnancy. Placenta 15: 201–207.

43. Jockusch BM, Murk K, Rothkegel M (2007) The profile of profilins. Reviews of

physiology, biochemistry and pharmacology 159: 131–149.

Decidual Factors Alter Trophoblast Proteins

PLoS ONE | www.plosone.org 10 February 2012 | Volume 7 | Issue 2 | e31418



44. Yarmola EG, Bubb MR (2009) How depolymerization can promote

polymerization: the case of actin and profilin. BioEssays 31: 1150–1160.

45. Wang D, Jang D-J (2009) Protein kinase CK2 regulates cytoskeletal

reorganization during ionizing radiation-induced senescence of human mesen-

chymal stem cells. Cancer Research 69: 8200–8207.

46. Zou L, Ding Z, Roy P (2010) Profilin-1 overexpression inhibits proliferation of

MDA-MB-231 breast cancer cells partly through p27kip1 upregulation. Journal

of Cellular Physiology 223: 623–629.

47. Gronborg M, Kristiansen TZ, Iwahori A, Chang R, Reddy R, et al. (2006)

Biomarker Discovery from Pancreatic Cancer Secretome Using a Differential

Proteomic Approach. Molecular & Cellular Proteomics 5: 157–171.

48. Roy P, Jacobson K (2004) Overexpression of profilin reduces the migration of

invasive breast cancer cells. Cell Motility and the Cytoskeleton 57: 84–95.

49. Bae YH, Ding Z, Zou L, Wells A, Gertler F, et al. (2009) Loss of profilin-1

expression enhances breast cancer cell motility by Ena/VASP proteins. Journal

of Cell Physiology 219: 354–364.

50. Janke J, Schluter K, Jandriq B, Theile M, Kolble K, et al. (2000) Suppression of

tumorigenicity in breast cancer cells by the microfilament protein profilin 1.

Journal of Experimental Medicine 191: 1675–1686.

51. Ding Z, Lambrechts A, Parepally M, Roy P (2006) Silencing profilin-1 inhibits

endothelial cell proliferation, migration and cord morphogenesis. Journal of Cell

Science 119: 4127–4137.

52. Ding Z, Gau D, Deasy B, Wells A, Roy P (2009) Both actin and polyproline

interactions of profilin-1 are required for migration, invasion and capillary

morphogenesis of vascular endothelial cells. Experimental Cell Research 315:

2963–2973.

53. Yun SP, Ryu JM, Jang MW, Han HJ (2011) Interaction of profilin-1 and f-actin
via b-arrestin-1/JNK signaling pathway involved in prostaglandin E2-induced

human mesenchymal stem cells migration and proliferation. Journal of Cellular

Physiology 226: 559–571.

54. Yap J, Foo C, F.H, Lee MY, Stanton PG, Dimitriadis E (2011) Proteomic

analysis identifies interleukin 11 reguated plasma membrane proteins in human

endometrial epithelial cells in vitro. Reproductive Biology and Endocrinology 9:

73.

55. Hu R, Jin H, Zhou S, Yang P, Li X (2007) Proteomic Analysis of Hypoxia-

Induced Responses in the Syncytialization of Human Placental Cell Line BeWo.

Placenta 28: 399–407.

56. Zheng L, Foley K, Huang L, Leubner A, Mo G, et al. (2011) Tyrosine 23

phosphorylation-dependent cell-surface localization of annexin A2 is required

for invasion and metastases of pancreatic cancer. PLoS ONE 6: e19390.

57. Sharma M, Ownbey RT, Sharma MC (2010) Breast cancer cell surface annexin

II induces cell migration and neoangiogenesis via tPA dependent plasmin

generation. Experimental and Molecular Pathology 88: 278–286.

58. Paradela A, Bravo SB, Henriquez M, Riquelme G, Gavilanes F, et al. (2005)

Proteomic analysis of apical microvillous membranes of syncytiotrophoblast cells

reveals a high degree of similarity with lipid rafts. Journal of Proteome Research
4: 2435–2441.

59. Yan G-R, Ding W, Xu S-H, Xu Z, Xiao C-L, et al. (2011) Characterization of

phosphoproteins in gastric cancer secretome. OMICS A Journal of Integrative

Biology 15: 83–90.

60. Li Q, Laumonnier Y, Syrovets T, Simmet T (2007) Plasmin Triggers Cytokine
Induction in Human Monocyte-Derived Macrophages. Arteriosclerosis, Throm-

bosis, and Vascular Biology 27: 1383–1389.

61. Swisher JFA, Burton N, Bacot SM, Vogel SN, Feldman GM (2010) Annexin A2

tetramer activates human and murine macrophages through TLR4. Blood 115:

549–558.

62. Kaczan-Bourgois D, Salles JP, Hullin F, Fauvel J, Moisand A, et al. (1996)

Increased content of annexin II (p36) and p11 in human placenta brush-border

membrane vesicles during syncytiotrophoblast maturation and differentiation.

Placenta 17: 669–676.

63. Hoang VM, Foulk R, Clauser K, Burlingame A, Gibson BW, et al. (2001)

Functional proteomics: examining the effects of hypoxia on cytotrophoblast
protein repertoire. Biochemistry 40: 4077–4086.

64. Zheng L, Foley K, Huang L, Leubner A, Mo G, et al. (2011) Tyrosine 23

Phosphorylation-Dependent Cell-Surface Localization of Annexin A2 Is
Required for Invasion and Metastases of Pancreatic Cancer. PLoS ONE 6:

e19390.
65. Laumonnier Y, Syrovets T, Burysek L, Simmet T (2006) Identification of the

annexin A2 heterotetramer as a receptor for the plasmin-induced signaling in

human peripheral monocytes. Blood 107: 3342–3349.
66. Naruse K, Lash GE, Bulmer JN, Innes BA, Otun HA, et al. (2009) The

urokinase plasminogen activator (uPA) system in uterine natural killer cells in the
placental bed during early pregnancy. Placenta 30: 398–404.

67. Pham CTN, Ley TJ (1999) Dipeptidyl peptidase I is required for the processing
and activation of granzymes A and B in vivo. Proceedings of the National

Academy of Sciences 96: 8627–8632.

68. Adkison AM, Raptis SZ, Kelley DG, Pham CTN (2002) Dipeptidyl peptidase I
activates neutrophil-derived serine proteases and regulates the development of

acute experimental arthritis. The Journal of Clinical Investigation 109: 363–371.
69. Methot N, Rubin J, Guay D, Beaulieu C, Ethier D, et al. (2007) Inhibition of the

Activation of Multiple Serine Proteases with a Cathepsin C Inhibitor Requires

Sustained Exposure to Prevent Pro-enzyme Processing. Journal of Biological
Chemistry 282: 20836–20846.

70. Meade JL, Wilson EB, Holmes TD, de Wynter EA, Brett P, et al. (2009)
Proteolytic Activation of the Cytotoxic Phenotype during Human NK Cell

Development. The Journal of Immunology 183: 803–813.
71. Gocheva V, Joyce JA (2007) Cysteine cathepsins and the cutting edge of cancer

invasion. Cell Cycle 6: 60–64.

72. McGuire MJ, Lipsky PE, Thiele DL (1992) Purification and characterization of
dipeptidyl peptidase I from human spleen. Archives of Biochemistry and

Biophysics 295: 280–288.
73. Podack ER (1999) How to induce involuntary suicide: The need for dipeptidyl

peptidase I. Proceedings of the National Academy of Sciences 96: 8312–8314.

74. Rao NV, Rao GV, Hoidal JR (1997) Human Dipeptidyl-peptidase I. Journal of
Biological Chemistry 272: 10260–10265.

75. Muno D, Ishidoh K, Ueno T, Kominami E (1993) Processing and transport of
the precursor of cathepsin C during its transfer into lysosomes. Archives of

Biochemistry and Biophysics 306: 103–110.
76. Agudo M, Perez-Marin MC, Sobrado-Calvo P, Lonngren U, Salinas-

Navarro M, et al. (2009) Immediate Upregulation of Proteins Belonging to

Different Branches of the Apoptotic Cascade in the Retina after Optic Nerve
Transection and Optic Nerve Crush. Investigative Ophthalmology & Visual

Science 50: 424–431.
77. Methot N, Guay D, Rubin J, Ethier D, Ortega K, et al. (2008) In vivo inhibition

of serine protease processing requires a high fractional inhibition of cathepsin C.

Molecular Pharmacology 73: 1857–1865.
78. Zeldovich VB, Robbins JR, Kapidzic M, Lauer P, Bakardjiev AI (2011) Invasive

extravillous trophoblasts restrict intracellular growth and spread of Listeria

monocytogenes. PLoS Pathogens 7: e1002005.

79. Liu D, Bryceson YT, Meckel T, Vasiliver-Shamis G, Dustin ML, et al. (2009)
Integrin-Dependent Organization and Bidirectional Vesicular Traffic at

Cytotoxic Immune Synapses. Immunity 31: 99–109.

80. Aktas E, Kucuksezer UC, Bilgic S, Erten G, Deniz G (2009) Relationship
between CD107a expression and cytotoxic activity. Cellular Immunology 254:

149–154.
81. Tjoa ML, Oudejans CB, van Vugt JM, Blankenstein MA, van Wijk IJ (2004)

Markers for presymptomatic prediction of preeclampsia and intrautrine growth

restriction. Hypertension in Pregnancy 23: 171–189.
82. Laverriere A, Landau R, Charvet I, Irion O, Bischof P, et al. (2009) GRP78 as a

marker of pre-eclampsia: an exploratory study. Molecular Human Reproduction
15: 569–574.

Decidual Factors Alter Trophoblast Proteins

PLoS ONE | www.plosone.org 11 February 2012 | Volume 7 | Issue 2 | e31418



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Menkhorst, EM;Lane, N;Winship, AL;Li, P;Yap, J;Meehan, K;Rainczuk, A;Stephens,
A;Dimitriadis, E

Title:
Decidual-Secreted Factors Alter Invasive Trophoblast Membrane and Secreted Proteins
Implying a Role for Decidual Cell Regulation of Placentation

Date:
2012-02-16

Citation:
Menkhorst, E. M., Lane, N., Winship, A. L., Li, P., Yap, J., Meehan, K., Rainczuk, A.,
Stephens, A. & Dimitriadis, E. (2012). Decidual-Secreted Factors Alter Invasive Trophoblast
Membrane and Secreted Proteins Implying a Role for Decidual Cell Regulation of
Placentation. PLOS ONE, 7 (2), https://doi.org/10.1371/journal.pone.0031418.

Persistent Link:
http://hdl.handle.net/11343/253826

License:
CC BY

http://hdl.handle.net/11343/253826
CC%20BY

