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Abstract 1 

Elastin breakdown in the walls of uterine spiral arteries during early pregnancy facilitates 2 

their transformation into dilated, high-flow, low-resistance channels. Elastin-derived peptides 3 

(EDP) can influence cell migration, invasion and protease activity, and so we hypothesised 4 

that EDP released during elastolysis promote EVT invasion and further elastin breakdown. 5 

Treatment of the trophoblast cell line SGHPL4 with the elastin-derived matrikine VGVAPG 6 

(1µg/ml) significantly increased total elastase activity, promoted migration in a wound 7 

healing assay and increased invasion through Matrigel-coated transwells compared to vehicle 8 

control (0.1% DMSO) or the scrambled sequence VVGPGA. Furthermore, treatment of first 9 

trimester placental villous explants with this EDP significantly increased both the area of 10 

trophoblast outgrowth and distance of migration away from the villous tips. Primary first 11 

trimester cytotrophoblast exposed to VGVAPG (1µg/ml) for 30 minutes showed increased 12 

phosphorylation of eNOS and activation of the MAPK pathway, events also associated with 13 

tumour cell migration and invasion. These in vitro observations suggest liberation of 14 

bioactive EDP during induction of elastolysis in the uterine spiral arteries may orchestrate a 15 

positive feedback loop that promotes EVT invasion and further elastin breakdown, 16 

contributing to the process of vascular remodelling. 17 

 18 

 19 

Key Words: Elastase activity / Extravillous Trophoblast / First-trimester / Human placenta / 20 

Intracellular signalling 21 

22 
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Introduction 23 

Remodelling of the uterine spiral arteries during the first twenty weeks of pregnancy ensures 24 

maternal blood is delivered to the placenta at rate of flow that allows it to meet an increasing 25 

requirement for nutrients and oxygen, and enables the developing fetus to attain its full 26 

growth potential (Burton et al. 2009). Incomplete remodelling leads to poor placental 27 

perfusion,  a recognised feature of  pre-eclampsia (Kadyrov et al. 2003; Pijnenborg et al. 28 

2006), which affects 2-8% of pregnancies and is a major cause of maternal and perinatal 29 

morbidity and mortality worldwide (Ghulmiyyah and Sibai 2012). However, the etiology of 30 

pre-eclampsia remains poorly understood and delivery of the placenta is currently the only 31 

effective treatment. It is therefore important to understand the regulation of spiral artery 32 

remodelling and identify possible therapeutic targets. 33 

 34 

In normal pregnancy, the process of uterine spiral artery remodelling involves extravillous 35 

trophoblasts (EVT), which detach from anchoring placental villi and invade the decidua and 36 

myometrium of the uterine wall (interstitial invasion) or migrate through the uterine spiral 37 

arteries as far as the inner third of the myometrium (endovascular invasion). The interaction 38 

of EVT with the spiral arteries results in specific changes to vessel wall structure (Kaufmann 39 

et al. 2003), with temporary loss of vascular endothelium and disappearance of underlying  40 

vascular smooth muscle cells (VSMC) (Ashton et al. 2005; Smith et al. 2009); VSMC are 41 

replaced by EVT embedded in an amorphous fibrinoid matrix (Pijnenborg et al. 1983). The 42 

molecular triggers of remodelling are not known, but specific "trophoblast-independent" and 43 

"trophoblast-dependent" stages can be identified (Smith et al. 2009). 44 

 45 

Catabolism and reorganisation of the vessel extracellular matrix (ECM) is also fundamental 46 

for successful spiral artery transformation. ECM components found in the arterial wall 47 
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include collagen, elastin, glycoproteins (e.g. laminin), and proteoglycans. During the 48 

remodelling process, the internal elastic lamina and musculo-elastic media of the spiral 49 

arteries are degraded, a prerequisite for the formation of dilated, high-flow, low-resistance 50 

channels that lack vasomotor control (Khong et al. 2003; Harris and Aplin 2007). As 51 

incomplete arterial remodelling observed in pre-eclampsia is characterised by the persistence 52 

of narrow bore arteries retaining elastic, muscular walls, particularly within the myometrium 53 

(Khong et al. 1986), we hypothesized that degradation of elastin represents a rate limiting 54 

step during vascular transformation. There is evidence to suggest that uterine natural killer 55 

cells (uNK) and macrophages, which mediate trophoblast-independent remodelling events 56 

prior to the arrival of EVT (Robson et al. 2012), produce enzymes capable of elastolysis 57 

(Craven et al. 1998; Smith et al. 2009). However, uNK cells are uncommon in the 58 

myometrium (Pijnenborg 2002), and elastin breakdown is positively associated with the 59 

presence of endovascular EVT (Pijnenborg et al. 1999), rather than macrophages (Reister et 60 

al. 1999). First-trimester EVT synthesize and secrete the elastolytic proteases matrix 61 

metalloproteinase-2 (MMP-2), MMP-7, MMP-9, MMP-12, cathepsin B, and cathepsin L 62 

(Laszlo et al. 1990; Staun-Ram et al. 2004), and can engulf elastin fibres in vitro (Harris et al. 63 

2010). It is also likely that VSMC-derived elastases contribute to the remodelling process, as 64 

cultured vascular VSMC display robust elastase activity (Harris et al. 2010). Thus we 65 

propose that EVT, VSMC, uNK cells and macrophages cooperatively effect elastolysis in 66 

remodelling spiral arteries, and that EVT- and VSMC are more influential in the myometrial 67 

vessel segments where immune cells are sparse. Understanding the mechanisms underlying 68 

EVT invasion and elastolysis within the myometrial spiral arteries will be helpful to our 69 

understanding of the pathogenesis of pre-eclampsia. 70 

 71 
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Elastin contains hydrophobic domains rich in nonpolar amino acids such as glycine (G), 72 

valine (V), proline (P), and alanine (A), which occur in repeats of three to six peptides such 73 

as GGVP, GVGVP, or VGVAPG. As previously observed in other remodelling tissues 74 

including the skin, lung and atherosclerotic arteries (Houghton et al. 2006; Almine et al. 75 

2012; Maurice et al. 2013), we hypothesize that elastolysis in the spiral arteries by EVT, 76 

VSMC, and uNK cell elastases will release these elastin-derived peptides (EDP). Short 77 

bioactive peptides liberated by partial proteolysis of ECM are termed “matrikines” (Maquart 78 

et al. 2004), and the hexapeptide VGVAPG is well known for its chemotactic activity 79 

towards monocytes, fibroblasts and tumour cells, and its ability to upregulate MMP 80 

expression and activity (Duca et al. 2004). MMP-9 and MMP-12-mediated cleavage of 81 

elastin can generate VGVAPG (Taddese et al. 2009; Heinz et al. 2010), and EVT, VSMC, 82 

uNK cells and macrophages are sources of these enzymes (Naruse et al. 2009; Smith et al. 83 

2009; Harris et al. 2010; Hazan et al. 2010; Anacker et al. 2011). We propose that initiation 84 

of ECM catabolism during spiral artery remodelling may orchestrate a positive feedback loop 85 

through the generation of EDP to promote invasion and further elastin breakdown within the 86 

myometrial vessel segments. Here we test the hypothesis that the matrikine VGVAPG 87 

enhances VSMC and EVT elastase activity and migration, and promotes EVT invasion. 88 

89 
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Materials and Methods 90 

Ethical Approval: First-trimester placenta (6–10 weeks gestation) was obtained after 91 

surgical or medical termination of pregnancy for psychosocial reasons. Tissue was obtained 92 

with written informed consent, as approved by the North West Research Ethics Committee 93 

(REC Ref: 08/H1010/28). Human placental tissue was used in accordance with the principles 94 

set out in the Declaration of Helsinki. 95 

 96 

Materials: Unless stated otherwise, all other materials used were obtained from Sigma-97 

Aldrich (Poole, UK). 98 

 99 

Methods: 100 

Preparation of elastin-derived peptide 101 

Peptide sequences VGVAPG (representing bioactive EDP) and VVGPGA (a scrambled 102 

sequence included as a negative control) were synthesised by Insight Biotechnology, UK. 103 

Peptides were reconstituted to a concentration of 1mg/ml in DMSO and then diluted in 104 

culture medium. EDP occur in human blood in a wide range of concentrations, from 10
–6

 to 105 

10
–2

mg/ml (Fulop et al. 1990). Here we examined the effects of 0.1-10µg/ml EDP assuming 106 

higher concentrations within this physiological range are present locally in vivo at the site of 107 

active spiral artery remodelling. A vehicle control (0.1% DMSO) was included in all 108 

experiments. 109 

 110 

Cell Culture 111 

SGHPL-4 cells (derived from primary human first trimester extravillous trophoblasts 112 

transfected with the early region of SV40, previously known as MC418) were cultured in 113 

Ham’s F10 medium. Human aortic SMCs (HASMCs) were cultured in Kaighn’s modification 114 
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of Ham’s F12 medium. Medium was supplemented with 10% FBS, L-glutamine (2 mmol/L), 115 

penicillin (100 IU/ml), and streptomycin (100 µg/ml). First trimester primary CTBs were 116 

cultured in 1:1 Dulbecco’s modified Eagle’s medium/Ham’s F12 supplemented with 10% 117 

FBS, L-glutamine (2 mmol/L), penicillin (100 IU/ml), and streptomycin (100 µg/ml). 118 

Isolation of primary CTBs was performed as previously described (Harris et al. 2006). CTB 119 

isolates were plated onto Matrigel-coated plastic (BD Biosciences, San Jose, CA, USA; 120 

diluted to 1µg/ml in serum-free medium) to promote a more advanced extravillous 121 

phenotype. All cells were incubated with 95% air and 5% carbon dioxide at 37°C in a 122 

humidified incubator. 123 

 124 

Total Elastase Activity Assay 125 

Following culture of SGHPL-4 cells and HASMCs in the presence or absence of peptides, 126 

cell lysates were generated by treatment with 0.1% (vol/vol) Triton X100 in PBS for 30 min. 127 

This process induced cell lysis, release of intracellular elastases, and dissociation of 128 

membrane-associated elastases. Extracts were centrifuged to remove any cellular debris, and 129 

the resulting supernatant, which contained both intracellular and membrane-associated 130 

elastases, was retained for analysis. No elastase activity was detected in the pellets. 131 

Supernatants (50 µl) were incubated with 150 µl of N-succinyl-(L-alanine)3-p-nitroanilide (1 132 

mmol/L) dissolved in Tris-HCl (200 mmol/L; pH 8.0) for 2 hours at 37°C in a 96-well plate. 133 

On cleavage by elastase this substrate absorbs at 405 nm. After addition of 5 µl of glacial 134 

acetic acid, the A405 of each sample was determined and compared to a calibration curve 135 

prepared using porcine pancreatic elastase. The protein concentration of each sample was 136 

measured using a BioRad protein assay with a standard curve prepared using bovine serum 137 

albumin. Elastase activity data were expressed as activity per mg of protein. 138 

 139 
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Migration assay 140 

SGHPL-4 cells were seeded into 6-well plates (2.0-2.5 x 10
5
 cells/well). After 24 hours when 141 

the cells had reached confluence, a wound area was carefully created by scraping a cross in 142 

the cell monolayer with a sterile 200µl pipette tip. The wounded cell monolayer was then 143 

washed twice with medium to remove any floating cells or cell debris and photographed 144 

using an inverted microscope. Four fields of view were captured per treatment; north, south, 145 

east and west of the cross point. The cells were cultured for a further 24 h in the presence of 146 

absence of peptide, before being photographed again. Cell migration was assessed by 147 

counting the number of cells that had moved into the wound area. 148 

 149 

Matrigel invasion assay 150 

Cell invasion was determined by the ability of cells to cross Matrigel-coated polycarbonate 151 

membrane Transwell inserts (8 and 12 µm pore size for SGHPL-4 and primary CTBs 152 

respectively; Costar, Costar, Cambridge, MA, USA). Briefly, the inserts were coated with a 153 

thin layer of Matrigel (1 mg/ml, BD Biosciences, San Jose, CA, USA), achieved by 154 

dispensing 30 µl onto the membrane and leaving briefly before removing any excess. 155 

Matrigel was allowed to gel at 37 ˚C for at least 30 min. Cells were placed in the upper 156 

chamber (5 x 10
4
 and 6.5-7.5 x 10

4
 cells per insert for SGHPL-4 and primary CTBs 157 

respectively, in 500µl medium), while the lower chamber was loaded with 500 µl culture 158 

medium. After overnight culture at 37 ˚C to allow cells to adhere, the medium was replaced 159 

and cells were cultured in the presence or absence of peptide. 160 

 161 

Immunocytochemistry of invading cells 162 

After 24 hours (SGHPL-4) or 48 hours (primary CTBs) of culture in Transwell inserts, non-163 

invasive cells on the upper surface of the filter were gently wiped away with a cotton-tipped 164 
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swab, and cells on the lower surface were fixed in 4% (vol/vol) paraformaldehyde in PBS. 165 

SGHPL-4 cells were stained with hematoxylin for 10 min at room temperature whereas 166 

primary CTBs were immunostained for cytokeratin 7 to confirm their identity as follows: 167 

cells were washed with PBS then incubated for 10 min with 3% (v/v) H2O2 in distilled water 168 

to quench endogenous peroxidase. Following a second wash step, cells were incubated at 169 

room temperature for 30 min with blocking solution (5% BSA in PBS). Primary antibody 170 

(monoclonal mouse anti-human cytokeratin 7 Clone OV-TL 12/30; Dako; 1:500 dilution in 171 

PBS) was then applied overnight at 4˚C. Unbound primary antibody was removed by 172 

washing with PBS. Cells were incubated for 30 min at room temperature with biotinylated 173 

goat anti-mouse secondary antibody (Dako, diluted 1:200 in PBS), washed again with PBS, 174 

and then incubated for a further 30 min at room temperature with avidin-peroxidase. 175 

Following another wash with PBS, cytokeratin 7 was detected by colour development with 176 

diaminobenzidine-hydrogen peroxide (DAB) and the cells were counterstained with Harris’ 177 

haematoxylin. Membranes were mounted onto glass slides using CC/Mount aqueous 178 

mounting medium. The number of invading cells was quantified by counting four random 179 

fields. 180 

 181 

TUNEL  182 

SGHPL-4 cells were seeded onto glass coverslips in 12-well plates (5 x 10
4
 cells/well), 183 

allowed to adhere and cultured in the presence or absence of peptides for 24h. Cells were 184 

fixed using 4% (v/v) paraformaldehyde in PBS for 20 min at room temperature, washed in 185 

PBS (2 X 5 min) and labelled with an In Situ Cell Death Detection kit (TUNEL; Roche): cells 186 

were treated with permeabilisation solution (0.1% (v/v) Triton in 0.1% (w/v) sodium citrate 187 

in H2O; 8 min), washed in PBS (3 X 5 min), and covered with 50 µl of TUNEL reagent, 188 

which was prepared according to the manufacturer’s instructions, although the TUNEL 189 
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enzyme provided was diluted 1:5 with PBS to reduce background fluorescence.  Coverslips were 190 

incubated in a humidified chamber at 37°C for 1 h in the dark, then were washed in PBS (3 X 5 min).  191 

Coverslips were mounted using Vectashield mounting medium containing DAPI (Vector 192 

Laboratories) and were stored at 4°C in the dark. Five randomly selected fields of view were captured 193 

using a Zeiss AxioVision fluorescence microscope.  Quantification of the number of TUNEL-positive 194 

cells was performed blind; the number of positive/negative cells in each image were counted and used 195 

to determine a mean percent of TUNEL positive cells per coverslip. 196 

 197 

EDP-mediated intracellular signalling profiling in primary first-trimester trophoblast 198 

Phosphorylation of intracellular proteins following EDP treatment was determined using a 199 

Human Phospho-Kinase Antibody Array Kit (R&D Systems) following manufacturer’s 200 

instructions. Freshly isolated primary CTBs were plated onto Matrigel-coated plastic to 201 

promote an extravillous phenotype and cultured overnight at 37 ˚C. Medium was replaced 202 

and cells were exposed to either 1µg/ml EDP or 0.1% DMSO (vehicle control) for 30 min 203 

before lysing in buffer supplied with the kit. The protein concentration of each sample was 204 

measured using a Pierce BCA Protein Assay Kit (Thermo Scientific). Lysates from 3 separate 205 

cell preparations were pooled for analysis (70µg protein from each) and incubated overnight 206 

with the membranes provided. The Array kit utilises a streptavidin-HRP and 207 

chemiluminescent detection system. Image J software was used to quantify signal intensity.  208 

 209 

Extravillous trophoblast outgrowths 210 

First-trimester placental tissue (6–10 weeks gestation) was washed in warmed 1:1 mix of 211 

DMEM and Ham's F12 containing L-glutamine (2 mmol/L), penicillin (100 IU/ml), and 212 

streptomycin (100 µg/ml). Terminal portions of villi with trophoblast cell columns were 213 

selected and separated under a dissecting microscope as previously described (Aplin et al. 214 
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1999). Villous tips were seeded onto collagen gels prepared in advance using 1ml of rat tail 215 

collagen (4mg/ml; BD Biosciences, Oxford, UK) mixed with 50µl of serum-free culture 216 

medium, followed by 100µl of 7.5% NaHCO3. As the collagen polymerised, 100µl was 217 

aliquoted into each well of a 24-well culture plate and left to set at 37°C for 30min. One 218 

villous tip was transferred to the gel surface using fine forceps, surrounded by culture 219 

medium, and incubated overnight with 95% air and 5% carbon dioxide at 37°C in a 220 

humidified incubator. Attachment was confirmed at ~16 h by the appearance of radial stress 221 

lines in the collagen gel, at which point 1ml of medium (+/- peptide) was added to cover each 222 

villous tip before photographing using a Nikon Coolpix 990 digital camera and Nikon Eclipse 223 

TE 200 inverted microscope (Nikon, Tokyo, Japan). Villi were photographed again at 24 and 224 

48 h. Each villous explant, in the process of being assessed and photographed, was exposed 225 

to ambient air outside the incubator for up to 30 min. Overlapping images from each time 226 

point were aligned using Microsoft Powerpoint, and trophoblast outgrowth area and distance 227 

migrated (mean of 6 trajectories per explant) were measured using ImagePro Plus software. 228 

The same explant was assessed serially throughout the culture period allowing changes in 229 

outgrowth and migration to be recorded. 230 

 231 

Placental explant culture 232 

First trimester mesenchymal villous placental fragments (2-3 mm
3
) were dissected under 233 

sterile conditions in serum-free DMEM/F12 and transferred to 24-well tissue culture plates 234 

pre-coated with 1% (w/v) agarose. Explants were maintained in serum-free DMEM/F12 in 235 

the presence or absence of peptide for 24 h in 20% O2 at 37°C. 236 

 237 

Immunohistochemistry of placental explants 238 
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First trimester placental villous explants were fixed in 10% neutral buffered formalin 239 

overnight at 4°C before thorough washing in Tris buffered saline (TBS) and paraffin 240 

embedding. Tissue sections (5µm) were dewaxed and rehydrated before antigen retrieval was 241 

performed by microwaving the slides for 2 x 5 min at 800W in 0.01M citrate buffer (pH6.0). 242 

Non-specific staining was prevented by quenching endogenous peroxidase activity with 3% 243 

aqueous H2O2, and was followed by a 30 min blocking step with 5% (wt/vol) BSA in TBS. 244 

Primary antibodies, diluted to working concentration with 0.05 mol/L TBS (phosphorylated 245 

eNOS (phospho- S1177), 1:200, Abcam, UK; phosphorylated p38 MAPK (phospho-246 

Thr180/Tyr182), 1:100, Cell Signalling, UK; phosphorylated ERK (phospho-247 

Thr202/Tyr204), 1:200, Cell Signaling, UK; control IgG, 1:1000, Sigma Aldrich, UK) were 248 

applied to the tissue sections, which were incubated overnight at 4°C in a humidity chamber. 249 

Following repeated washes with TBS, antibody binding was detected by sequential 250 

application of biotinylated swine anti-rabbit IgG (Dako: Ely, UK. 1:200 dilution) and avidin-251 

peroxidase (20ng/ml), with the chromogen diaminobenezidine, to produce a brown 252 

precipitate. Sections were counterstained with Harris’ haematoxylin, dehydrated and mounted 253 

with DPX. Images of EVT columns were captured using a Leitz 22 microscope in 254 

conjunction with a QI Cam Fast 1394 camera and Image ProPlus software. Staining intensity 255 

was assessed by two independent blinded observers using a scale of 0-4. 256 

 257 

Statistical Analyses 258 

Statistical analyses were performed using GraphPad Prism software version 5 (GraphPad 259 

Software, San Diego, CA). Nonparametric data are represented by median and range and was 260 

analyzed using a Kruskal–Wallis test with appropriate post hoc analysis. Values in the 261 

Results text refer to the median. Data represent at least three independent experiments. 262 

Significance was taken as P ≤ 0.05. 263 
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Results 264 

Differential response of trophoblast and HASMCs to VGVAPG 265 

To investigate whether biologically active EDP promote events involved in the process of 266 

spiral artery remodelling, we analysed trophoblast and HASMC elastase activity and 267 

migration following incubation with VGVAPG (0.1-10µg/ml), as compared to vehicle control 268 

(0.1% v/v DMSO). Elastase activity in SGHPL-4 was increased following incubation for 48h 269 

with 1µg/ml VGVAPG (0.056µg/mg vs 0.007µg/mg in vehicle controls, p<0.05; Figure 1a).  270 

Incubation of SGHPL-4 cells with 1µg/ml VGVAPG for 24h increased repopulation of the 271 

denuded area of a wounded cell monolayer (38 migrated cells vs 15 migrated cells in vehicle 272 

controls, p<0.05; Figure 1b). Transwell invasion of SGHPL-4 was also significantly 273 

increased following 24h incubation with 0.5µg/ml and 1µg/ml VGVAPG (12 and 17 invasive 274 

cells respectively vs 4 invasive cells in vehicle controls, p<0.05 and p<0.01 respectively; 275 

Figure 1c); the scrambled peptide VVGPGA had no effect.  The bell-shaped curves obtained 276 

in these assays indicate that effects diminish at higher VGVAPG concentration. A 3 fold 277 

increase in the number of TUNEL positive cells was observed following incubation of 278 

SGHPL-4 cells with 10µg/ml VGVAPG compared to all other treatments (Figure 1d). This 279 

observation indicates the decreased effects of VGVAPG at higher concentrations on active 280 

cell processes may be due to onset of apoptosis.  281 

VGVAPG did not enhance elastase activity or migration of HASMC at any of the 282 

concentrations tested (Figure 2). The scrambled peptide VVGPGA (1µg/ml), which was 283 

included as a negative control, did not significantly alter migration or elastase activity.  284 

These experiments established that the concentration of VGVAPG that induced a maximal 285 

biological response was 1µg/ml. Therefore, this concentration was used for subsequent 286 

experiments using first trimester primary CTBs and placental villous explants. 287 

 288 
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VGVAPG enhance invasion and migration of primary first-trimester EVT 289 

Invasion assays across Matrigel-coated Transwell inserts were carried out using first trimester 290 

CTB exposed to VGVAPG for 48h (Figure 3a).  Cytokeratin 7 immunostaining of cells that 291 

had crossed the insert membrane confirmed their identity as trophoblasts. Invasion increased 292 

following VGVAPG treatment in all 5 experiments performed (47 invasive cells vs 30 293 

invasive cells in vehicle treated controls) but the data did not reach statistical significance. 294 

However, in a more physiologically relevant model, EVT migration from trophoblast cell 295 

columns of placental villous explants (Figure 3b,c) was significantly increased following 24h 296 

incubation with VGVAPG (1µg/ml). There was a significantly greater increase in both EVT 297 

outgrowth area (61µm
2
 vs 11 µm

2
) and distance migrated from the villous tips (5.2µm vs 298 

1.4µm) compared to explants cultured with vehicle control (0.1% v/v DMSO; Figure 3b: 299 

p<0.01, and Figure 3c: p<0.05 respectively). 300 

 301 

Identification of VGVAPG-mediated intracellular signalling events in primary first-trimester 302 

EVT 303 

To detect intracellular signalling pathways initiated by VGVAPG, site-specific 304 

phosphorylation of 43 kinases and 2 related total proteins was compared by antibody array 305 

following acute exposure (30 minutes) of primary first-trimester EVTs to VGVAPG (1µg/ml) 306 

or vehicle control (0.1% v/v DMSO). As shown in Table 1, phosphorylation of eNOS was 307 

increased just over 3-fold. In agreement with this observation, immunohistochemical analysis 308 

of first trimester explants treated for 24 hours with VGVAPG (1µg/ml) demonstrated an 309 

increase of phosphorylated eNOS compared to vehicle control (Figure 4). Phosphorylation of 310 

Akt, a molecule upstream of eNOS, was unaffected after 30 minutes of exposure to 311 

VGVAPG (Table 1). Examining earlier time points following EDP treatment is likely to 312 

reveal increased phosphorylation of Akt. VGVAPG also increased phosphorylation in the 313 
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mitogen activated protein kinase (MAPK) pathway of targets that included p38α, MEK 1/2, 314 

and MSK 1/2 (Table 1 and Figure 4). Phosphorylation of effectors further down the pathway, 315 

such as ERK 1/2 and p53, was unaltered after 30 minutes of exposure to VGVAPG; 316 

immunohistochemical analysis of first trimester explants confirmed that VGVAPG treatment 317 

for 24 hours did not increase ERK phosphorylation (Figure 4).  β-catenin, a signal transducer 318 

in the Wnt pathway, was also increased by VGVAPG; upstream of β-catenin however there 319 

was decreased phophorylation of GSK3α/β. Other signalling proteins with decreased 320 

phosphorylation were TOR and Src (Table 1). Phosphorylation of JAK/STAT was unaffected 321 

by VGVAPG, suggesting this pathway is not involved in initiation of signal transduction 322 

following exposure of EVT to EDP. 323 

324 
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Discussion 325 

Our data demonstrate that the elastin-derived peptide VGVAPG promotes EVT migration 326 

and invasion in vitro, and that the biological effects of VGVAPG are mediated via 327 

phosphorylation of eNOS and activation of the MAPK pathway. This is the first study to 328 

demonstrate a role for a matrikine in the regulation of EVT behaviour in human pregnancy 329 

and our findings suggest that induction of ECM elastolysis during spiral artery remodelling 330 

could establish a positive feedback loop that promotes deeper EVT invasion of the 331 

myometrium and further elastin breakdown.  332 

 333 

Promotion of EVT invasion, migration and elastase activity by EDP has previously been 334 

reported in other cell types, including fibroblasts, macrophages and tumour cell lines (Senior 335 

et al. 1982; Maeda et al. 2007; Pocza et al. 2008; Coquerel et al. 2009). The bell-shaped 336 

response to VGVAPG seen in SGHPL-4 cells has also been observed in other cell types 337 

(Senior et al. 1982; Shiratsuchi et al. 2010), and may be explained by our finding that higher 338 

concentrations of VGVAPG induce apoptosis. Indeed, it has been previously shown that 339 

concentrations of EDP above 1µg/ml can induce cell death in lymphocytes (Peterszegi et al. 340 

1999). If these observations hold true in vivo, they suggest that high local EDP concentrations 341 

could halt EVT invasion and act as an efficient regulatory system to limit further ECM 342 

breakdown and maintain blood vessel integrity during the remodelling process. EDP have 343 

also been shown to stimulate proliferation of human skin fibroblasts (Shiratsuchi et al. 2010); 344 

however, in preliminary studies, proliferation of cytotrophoblast in first trimester placental 345 

explants was unaffected by VGVAPG treatment (data not shown).  346 

 347 

VGVAPG did not influence HASMC elastase activity and migration in vitro. We have 348 

previously shown elastase activity in cultured HASMC (Harris et al. 2010); however, MMP-349 
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12 expression in human spiral artery segments was upregulated by EVT-conditioned medium 350 

(Harris et al. 2010), suggesting that soluble factors released by EVT, rather than EDP,  351 

upregulate VSMC elastase activity. Thus, resident VSMC may initiate elastin breakdown in 352 

distal myometrial spiral arteries prior to EVT colonisation, or alternatively, may cooperate 353 

with EVT to achieve efficient elastin catabolism. Our data also suggest that migration of 354 

VSMC into the decidual stroma during the remodelling process is not regulated by EDP; as 355 

elastin is virtually absent from decidual arterioles (unpublished observations), the 356 

concentration of EDP within the decidua is likely to be minimal. 357 

 358 

Studies in a wide range of cell types, not including the placenta, have shown that the effects 359 

of EDP are mediated by three cell surface receptors: integrin αvβ3, galectin 3 (Gal3), and 360 

elastin receptor/elastin binding protein complex (ERC) (Pocza et al. 2008). At present our 361 

analysis of receptor function in the response of trophoblast to VGVAPG is incomplete 362 

because analytical tools are still in development, but we discuss briefly here the candidate 363 

pathways. As integrin αvβ3 is expressed on trophoblasts within cell columns, and on the 364 

surface of interstitial and endovascular EVT (Zhou et al. 1997) this may act as a receptor for 365 

EDP in trophoblast. One study has reported that Gal3 is also highly expressed in EVT cell 366 

columns of anchoring villi but is absent from invasive interstitial EVTs during the first 367 

trimester (Vicovac et al. 1998); however, another has demonstrated Gal3 expression in cell 368 

columns and in interstitial and endovascular EVT (Maquoi et al. 1997). Despite this 369 

controversy, Gal3 protein expression in primary cytotrophoblast isolated from first trimester 370 

placenta was predominantly intracellular (Kolundzic et al. 2011). Therefore it is unlikely that 371 

EDP mediates a biological response via Gal3 in EVT. Functional studies in the JEG3 372 

choriocarcinoma cell line show ERC knockdown significantly inhibits basal invasion and 373 
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migration (Wang et al. 2013), supporting a role for the ERC as a mediator of EDP-stimulated 374 

trophoblast invasion. 375 

 376 

EDP signalling can occur via a number of pathways depending on cell type and the receptor 377 

involved. In the current study, eNOS was the most highly phosphorylated protein following 378 

acute VGVAPG treatment of EVT, along with components of the MAPK pathway including 379 

p38α, MEK 1/2, and MSK 1/2. Phosphorylation downstream of MAPK, in ERK 1/2 and p53, 380 

were unaffected after 30 minutes’ exposure to VGVAPG. Increased phosphorylation of 381 

eNOS and p38 MAPK persisted after 24 hours’ treatment with VGVAPG, suggesting these 382 

signalling events are relevant to the functional assays performed at the same time point. 383 

eNOS and MAPK signalling have been shown to mediate EDP effects in other non-placental 384 

cell types (Robinet et al. 2007; Garczorz et al. 2011) and are also regulators of tumour cell 385 

migration (Jadeski et al. 2003). 386 

 387 

eNOS is expressed in EVT (Martin and Conrad 2000) and previous studies have shown that 388 

nitric oxide (NO) production can influence MMP activity (Brown et al. 2004; McCarthy et al. 389 

2008) and regulate trophoblast function (Harris et al. 2008).  EDP-mediated MMP production 390 

occurs via ERK1/2 in skin fibroblasts (Duca et al. 2007) and activation of MMP in other cell 391 

types is also regulated by MAPK (Dodd et al. 2011). In a similar timeframe to our 392 

observations, EDP have been shown to trigger NO production in human endothelial cells via 393 

the PI3K/Akt/eNOS pathway after a 20 minute exposure, leading to an increase in MMP 394 

expression via MEK 1/2 (Fahem et al. 2008; Garczorz et al. 2011). Thus the observed 395 

increases in EVT migration and invasion observed in our study are likely to correlate, at least 396 

in part, to the observed increases in elastase activity. 397 

 398 
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Akt-dependent phosphorylation of mTOR is thought to play a critical role in trophoblast cell 399 

migration (Busch et al. 2009). However, we found no evidence for activation of this pathway 400 

by VGVAPG in EVT. VGVAPG treatment of EVT led to a loss of GSK3 phosphorylation on 401 

serine residues -9 in GSK3β and -21 in GSK3α. Phosphorylation of these sites inhibits the 402 

activity of GSK3 (Jope et al. 2007) suggesting VGVAPG increases GSK3 activity in EVT. 403 

Both GSK3α and GSK3β are in an activated state during the most active phase of epithelial 404 

cell migration (Farooqui et al. 2006). However, VGVAPG also increased β-catenin, a protein 405 

which is degraded through the action of GSK3. Degradation of β-catenin requires pre-406 

phosphorylation by a priming kinase and association of scaffolding proteins before GSK3 can 407 

act. It is therefore possible that this β-catenin destruction complex was not adequately 408 

assembled and this would explain our conflicting observations. Squamous cell carcinoma 409 

overexpressing β-catenin exhibit significantly higher invasion/migration capacity (Iwai et al. 410 

2010). 411 

  412 

Our previous work has implicated MMP-12 as the major elastase utilised by EVT (Harris et 413 

al. 2010). As MMP-12-mediated cleavage of elastin generates EDP containing XGXXPG 414 

motifs (Taddese et al. 2009), trophoblasts are equipped to produce these bioactive peptides as 415 

well as respond to them. Therefore, we believe that in healthy pregnancy, products of elastin 416 

catabolism further enhance EVT invasion and elastolysis in the spiral arteries. As elastin 417 

catabolism is impaired in the myometrial spiral arteries in pregnancies complicated by 418 

preeclampsia (Khong et al. 1986), we predict that elastase activity and EDP release is also 419 

impaired. Interestingly, first trimester chorionic villous biopsies from women who go on to 420 

develop pre-eclampsia showed a dramatic reduction in MMP-12 mRNA expression (Founds 421 

et al. 2009). Furthermore, ERC expression (Kurdoglu et al. 2011) and eNOS activity is 422 

reduced in placentas from pre-eclampsia compared to healthy controls (Morris et al. 1995; 423 
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Xiang et al. 2005). As EDP have been shown to be protective against ischemia/reperfusion 424 

injury in an ex vivo heart model (Robinet et al. 2007), reduced EDP formation in pre-425 

eclampsia could potentiate the damaging effects of ischemia at the maternofetal interface. 426 

 427 

Our data support a model whereby breakdown of elastin within myometrial spiral arteries 428 

liberates EDP that promote elastase activity, migration, and invasion of EVT. This feedback 429 

loop could have an important role in the successful completion of spiral artery remodelling 430 

during early pregnancy. Other matrikines could have similar roles; the laminin sequence 431 

LGTIPG as well as peptides from type IV collagen both enhance cell migration (Pasco et al. 432 

2004). There is evidence to suggest generation of collagen XVIII fragments by trophoblast-433 

derived proteases could play a role in the regulation of trophoblast invasiveness (Pollheimer 434 

et al. 2005). Due to their bioactivity toward many different cell types, matrikines have been 435 

identified as playing a major role in regulating both physiological and pathological processes. 436 

Further research to establish the importance of these peptides in the process of uterine spiral 437 

artery remodelling and the implications for development of pre-eclampsia could contribute to 438 

our understanding of disease development. 439 
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Figure Legends 

Figure 1. EDP treatment of SGHPL-4 cells increases a) elastase activity, b) migration, and c) 

invasion. a) Elastase activity in cell supernatants was assessed using the substrate N-succinyl-(L-

alanine)3-p-nitroanilide, which absorbs strongly at 405nm upon cleavage. b) Number of migrating 

cells into the denuded area of a wound healing assay. c) Number of invading cells assessed using a 

Transwell assay. Line represents median, n=5: * p<0.05, ** p<0.01 vs 0.1% DMSO vehicle control; # 

p<0.05 ## p<0.01 vs 10µg/ml EDP VGVAPG; + p<0.05 vs 1µg/ml scrambled sequence VVGPGA. 

Kruskal-Wallis with Dunn’s post hoc test. d) Percentage of SGHPL-4 cells that are TUNEL-positive. 

Includes DMSO vehicle controls: 0.1% (V-low) and 1% (V-high). Line represents median, n=3.  

 

Figure 2. EDP does not affect HASMC a) elastase activity and b) migration. a) Elastase activity in 

cell supernatants was assessed using the substrate N-succinyl-(L-alanine)3-p-nitroanilide, which 

absorbs strongly at 405nm upon cleavage. b) Number of migrating cells into the denuded area of a 

wound healing assay. Vehicle: 0.1% DMSO, VVGPGA: scrambled sequence, VGVAPG: EDP. Line 

represents median, n=4. 

 

Figure 3. EDP enhances invasion and migration of first trimester extravillous trophoblast. a) 

Transwell invasion of cytokeratin 7 positive cells (brown) and number of invading cells following 

48hr treatment with 1µg/ml EDP VGVAPG or vehicle (0.1% DMSO). Line represents median, n=5.  

b&c) Extravillous trophoblast outgrowths from first-trimester villous explants following 24hr 

treatment with 1µg/ml EDP VGVAPG or vehicle (0.1% DMSO). b) Outgrowth area (outlined in red), 

n=5, and c) distance migrated (red arrow lines), n=4, were calculated using Image ProPlus software. * 

p<0.05, ** p<0.01 vs vehicle. Line represents median, Mann Whitney U test. 

 

Figure 4.  Immunohistochemical analysis of EDP-mediated intracellular signalling in EVT. a) 

Expression of phosphorylated eNOS, phosphorylated p38 MAPK, and phosphorylated ERK was 

examined using the streptavidin-biotin-peroxidase complex technique in formalin-fixed, paraffin-
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embedded sections from first trimester villous explants cultured for 24h with 1µg/ml EDP VGVAPG 

(right hand column) or vehicle control (0.1% DMSO; left hand column). Inset: Rabbit IgG negative 

control. b) The intensity of staining in EVT cell columns was scored between 0 and 4, using a 

semiquantitative scale (n=3). 

 

Table 1. EDP-mediated intracellular signalling in primary first-trimester EVT. 

Fold change in the relative phosphorylation of selected signalling molecules following 30 minutes 

exposure to 1µg/ml EDP VGVAPG compared to vehicle controls. Pooled samples, n=3. 

Page 23 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

24 

 

References 

Almine JF, Wise SG and Weiss AS. Elastin signaling in wound repair. Birth Defects Res C Embryo Today 

2012; 96(3): 248-57. 

Anacker J, Segerer SE, Hagemann C, Feix S, Kapp M, Bausch R and Kammerer U. Human decidua and 

invasive trophoblasts are rich sources of nearly all human matrix metalloproteinases. Mol 

Hum Reprod 2011; 17(10): 637-52. 

Aplin JD, Haigh T, Jones CJ, Church HJ and Vicovac L. Development of cytotrophoblast columns from 

explanted first-trimester human placental villi: role of fibronectin and integrin alpha5beta1. 

Biol Reprod 1999; 60(4): 828-38. 

Ashton SV, Whitley GS, Dash PR, Wareing M, Crocker IP, Baker PN and Cartwright JE. Uterine spiral 

artery remodeling involves endothelial apoptosis induced by extravillous trophoblasts 

through Fas/FasL interactions. Arterioscler Thromb Vasc Biol 2005; 25(1): 102-8. 

Brown DJ, Lin B, Chwa M, Atilano SR, Kim DW and Kenney MC. Elements of the nitric oxide pathway 

can degrade TIMP-1 and increase gelatinase activity. Mol Vis 2004; 10: 281-8. 

Burton GJ, Woods AW, Jauniaux E and Kingdom JC. Rheological and physiological consequences of 

conversion of the maternal spiral arteries for uteroplacental blood flow during human 

pregnancy. Placenta 2009; 30(6): 473-82. 

Busch S, Renaud SJ, Schleussner E, Graham CH and Markert UR. mTOR mediates human trophoblast 

invasion through regulation of matrix-remodeling enzymes and is associated with serine 

phosphorylation of STAT3. Exp Cell Res 2009; 315(10): 1724-33. 

Coquerel B, Poyer F, Torossian F, Dulong V, Bellon G, Dubus I, Reber A and Vannier JP. Elastin-

derived peptides: matrikines critical for glioblastoma cell aggressiveness in a 3-D system. 

Glia 2009; 57(16): 1716-26. 

Craven CM, Morgan T and Ward K. Decidual spiral artery remodelling begins before cellular 

interaction with cytotrophoblasts. Placenta 1998; 19(4): 241-52. 

Dodd T, Jadhav R, Wiggins L, Stewart J, Smith E, Russell JC and Rocic P. MMPs 2 and 9 are essential 

for coronary collateral growth and are prominently regulated by p38 MAPK. J Mol Cell 

Cardiol 2011; 51(6): 1015-25. 

Duca L, Blanchevoye C, Cantarelli B, Ghoneim C, Dedieu S, Delacoux F, Hornebeck W, Hinek A, 

Martiny L and Debelle L. The elastin receptor complex transduces signals through the 

catalytic activity of its Neu-1 subunit. J Biol Chem 2007; 282(17): 12484-91. 

Duca L, Floquet N, Alix AJ, Haye B and Debelle L. Elastin as a matrikine. Crit Rev Oncol Hematol 2004; 

49(3): 235-44. 

Fahem A, Robinet A, Cauchard JH, Duca L, Soula-Rothhut M, Rothhut B, Soria C, Guenounou M, 

Hornebeck W and Bellon G. Elastokine-mediated up-regulation of MT1-MMP is triggered by 

nitric oxide in endothelial cells. Int J Biochem Cell Biol 2008; 40(8): 1581-96. 

Farooqui R, Zhu S and Fenteany G. Glycogen synthase kinase-3 acts upstream of ADP-ribosylation 

factor 6 and Rac1 to regulate epithelial cell migration. Exp Cell Res 2006; 312(9): 1514-25. 

Founds SA, Conley YP, Lyons-Weiler JF, Jeyabalan A, Hogge WA and Conrad KP. Altered global gene 

expression in first trimester placentas of women destined to develop preeclampsia. Placenta 

2009; 30(1): 15-24. 

Fulop T, Jr., Wei SM, Robert L and Jacob MP. Determination of elastin peptides in normal and 

arteriosclerotic human sera by ELISA. Clin Physiol Biochem 1990; 8(6): 273-82. 

Garczorz W, Francuz T, Gminski J, Likus W, Siemianowicz K, Jurczak T and Strzalka-Mrozik B. 

Influence of elastin-derived peptides, glucose, LDL and oxLDL on nitric oxide synthase 

expression in human umbilical artery endothelial cells. Acta Biochim Pol 2011; 58(3): 375-9. 

Ghulmiyyah L and Sibai B. Maternal mortality from preeclampsia/eclampsia. Semin Perinatol 2012; 

36(1): 56-9. 

Harris LK and Aplin JD. Vascular remodeling and extracellular matrix breakdown in the uterine spiral 

arteries during pregnancy. Reprod Sci 2007; 14(8 Suppl): 28-34. 

Page 24 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

25 

 

Harris LK, Keogh RJ, Wareing M, Baker PN, Cartwright JE, Aplin JD and Whitley GS. Invasive 

trophoblasts stimulate vascular smooth muscle cell apoptosis by a fas ligand-dependent 

mechanism. Am J Pathol 2006; 169(5): 1863-74. 

Harris LK, McCormick J, Cartwright JE, Whitley GS and Dash PR. S-nitrosylation of proteins at the 

leading edge of migrating trophoblasts by inducible nitric oxide synthase promotes 

trophoblast invasion. Exp Cell Res 2008; 314(8): 1765-76. 

Harris LK, Smith SD, Keogh RJ, Jones RL, Baker PN, Knofler M, Cartwright JE, Whitley GS and Aplin JD. 

Trophoblast- and vascular smooth muscle cell-derived MMP-12 mediates elastolysis during 

uterine spiral artery remodeling. Am J Pathol 2010; 177(4): 2103-15. 

Hazan AD, Smith SD, Jones RL, Whittle W, Lye SJ and Dunk CE. Vascular-leukocyte interactions: 

mechanisms of human decidual spiral artery remodeling in vitro. Am J Pathol 2010; 177(2): 

1017-30. 

Heinz A, Jung MC, Duca L, Sippl W, Taddese S, Ihling C, Rusciani A, Jahreis G, Weiss AS, Neubert RH 

and Schmelzer CE. Degradation of tropoelastin by matrix metalloproteinases--cleavage site 

specificities and release of matrikines. Febs J 2010; 277(8): 1939-56. 

Houghton AM, Quintero PA, Perkins DL, Kobayashi DK, Kelley DG, Marconcini LA, Mecham RP, Senior 

RM and Shapiro SD. Elastin fragments drive disease progression in a murine model of 

emphysema. J Clin Invest 2006; 116(3): 753-9. 

Iwai S, Yonekawa A, Harada C, Hamada M, Katagiri W, Nakazawa M and Yura Y. Involvement of the 

Wnt-beta-catenin pathway in invasion and migration of oral squamous carcinoma cells. Int J 

Oncol 2010; 37(5): 1095-103. 

Jadeski LC, Chakraborty C and Lala PK. Nitric oxide-mediated promotion of mammary tumour cell 

migration requires sequential activation of nitric oxide synthase, guanylate cyclase and 

mitogen-activated protein kinase. Int J Cancer 2003; 106(4): 496-504. 

Jope RS, Yuskaitis CJ and Beurel E. Glycogen synthase kinase-3 (GSK3): inflammation, diseases, and 

therapeutics. Neurochem Res 2007; 32(4-5): 577-95. 

Kadyrov M, Schmitz C, Black S, Kaufmann P and Huppertz B. Pre-eclampsia and maternal anaemia 

display reduced apoptosis and opposite invasive phenotypes of extravillous trophoblast. 

Placenta 2003; 24(5): 540-8. 

Kaufmann P, Black S and Huppertz B. Endovascular trophoblast invasion: implications for the 

pathogenesis of intrauterine growth retardation and preeclampsia. Biol Reprod 2003; 69(1): 

1-7. 

Khong TY, Adema ED and Erwich JJ. On an anatomical basis for the increase in birth weight in second 

and subsequent born children. Placenta 2003; 24(4): 348-53. 

Khong TY, De Wolf F, Robertson WB and Brosens I. Inadequate maternal vascular response to 

placentation in pregnancies complicated by pre-eclampsia and by small-for-gestational age 

infants. Br J Obstet Gynaecol 1986; 93(10): 1049-59. 

Kolundzic N, Bojic-Trbojevic Z, Kovacevic T, Stefanoska I, Kadoya T and Vicovac L. Galectin-1 is part of 

human trophoblast invasion machinery--a functional study in vitro. PLoS One 2011; 6(12): 

e28514. 

Kurdoglu M, Kurdoglu Z, Ozen S, Kucukaydin Z, Bulut G, Erten R and Kamaci M. Expression of laminin 

receptor 1 in human placentas from normal and preeclamptic pregnancies and its 

relationship with the severity of preeclampsia. J Perinat Med 2011; 39(4): 411-6. 

Laszlo A, Sohar I, Falkay G, Kovacs A, Halmos V and Szabo J. Physiological values of cysteine and 

metalloproteinase activities in chorionic villi. Acta Obstet Gynecol Scand 1990; 69(5): 397-8. 

Maeda I, Mizoiri N, Briones MP and Okamoto K. Induction of macrophage migration through lactose-

insensitive receptor by elastin-derived nonapeptides and their analog. J Pept Sci 2007; 13(4): 

263-8. 

Page 25 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

26 

 

Maquart FX, Pasco S, Ramont L, Hornebeck W and Monboisse JC. An introduction to matrikines: 

extracellular matrix-derived peptides which regulate cell activity. Implication in tumor 

invasion. Crit Rev Oncol Hematol 2004; 49(3): 199-202. 

Maquoi E, van den Brule FA, Castronovo V and Foidart JM. Changes in the distribution pattern of 

galectin-1 and galectin-3 in human placenta correlates with the differentiation pathways of 

trophoblasts. Placenta 1997; 18(5-6): 433-9. 

Martin D and Conrad KP. Expression of endothelial nitric oxide synthase by extravillous trophoblast 

cells in the human placenta. Placenta 2000; 21(1): 23-31. 

Maurice P, Blaise S, Gayral S, Debelle L, Laffargue M, Hornebeck W and Duca L. Elastin fragmentation 

and atherosclerosis progression: the elastokine concept. Trends Cardiovasc Med 2013; 23(6): 

211-21. 

McCarthy SM, Bove PF, Matthews DE, Akaike T and van der Vliet A. Nitric oxide regulation of MMP-9 

activation and its relationship to modifications of the cysteine switch. Biochemistry 2008; 

47(21): 5832-40. 

Morris NH, Sooranna SR, Learmont JG, Poston L, Ramsey B, Pearson JD and Steer PJ. Nitric oxide 

synthase activities in placental tissue from normotensive, pre-eclamptic and growth 

retarded pregnancies. Br J Obstet Gynaecol 1995; 102(9): 711-4. 

Naruse K, Lash GE, Innes BA, Otun HA, Searle RF, Robson SC and Bulmer JN. Localization of matrix 

metalloproteinase (MMP)-2, MMP-9 and tissue inhibitors for MMPs (TIMPs) in uterine 

natural killer cells in early human pregnancy. Hum Reprod 2009; 24(3): 553-61. 

Pasco S, Ramont L, Maquart FX and Monboisse JC. Control of melanoma progression by various 

matrikines from basement membrane macromolecules. Crit Rev Oncol Hematol 2004; 49(3): 

221-33. 

Peterszegi G, Texier S and Robert L. Cell death by overload of the elastin-laminin receptor on human 

activated lymphocytes: protection by lactose and melibiose. Eur J Clin Invest 1999; 29(2): 

166-72. 

Pijnenborg R. Implantation and immunology: maternal inflammatory and immune cellular responses 

to implantation and trophoblast invasion. Reprod Biomed Online 2002; 4 Suppl 3: 14-7. 

Pijnenborg R, Bland JM, Robertson WB and Brosens I. Uteroplacental arterial changes related to 

interstitial trophoblast migration in early human pregnancy. Placenta 1983; 4(4): 397-413. 

Pijnenborg R, Vercruysse L and Hanssens M. The uterine spiral arteries in human pregnancy: facts 

and controversies. Placenta 2006; 27(9-10): 939-58. 

Pijnenborg R, Vercruysse L, Verbist L and van Assche FA. Relative contribution of interstitial and 

endovascular trophoblast to elastica breakdown in placental bed arteries. Am J Obstet 

Gynecol 1999; 180: S43. 

Pocza P, Suli-Vargha H, Darvas Z and Falus A. Locally generated VGVAPG and VAPG elastin-derived 

peptides amplify melanoma invasion via the galectin-3 receptor. Int J Cancer 2008; 122(9): 

1972-80. 

Pollheimer J, Husslein P and Knofler M. Invasive trophoblasts generate regulatory collagen XVIII 

cleavage products. Placenta 2005; 26 Suppl A: S42-5. 

Reister F, Frank HG, Heyl W, Kosanke G, Huppertz B, Schroder W, Kaufmann P and Rath W. The 

distribution of macrophages in spiral arteries of the placental bed in pre-eclampsia differs 

from that in healthy patients. Placenta 1999; 20(2-3): 229-33. 

Robinet A, Millart H, Oszust F, Hornebeck W and Bellon G. Binding of elastin peptides to S-Gal 

protects the heart against ischemia/reperfusion injury by triggering the RISK pathway. Faseb 

J 2007; 21(9): 1968-78. 

Robson A, Harris LK, Innes BA, Lash GE, Aljunaidy MM, Aplin JD, Baker PN, Robson SC and Bulmer JN. 

Uterine natural killer cells initiate spiral artery remodeling in human pregnancy. Faseb J 

2012; 26(12): 4876-85. 

Page 26 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

27 

 

Senior RM, Griffin GL and Mecham RP. Chemotactic responses of fibroblasts to tropoelastin and 

elastin-derived peptides. J Clin Invest 1982; 70(3): 614-8. 

Shiratsuchi E, Ura M, Nakaba M, Maeda I and Okamoto K. Elastin peptides prepared from piscine and 

mammalian elastic tissues inhibit collagen-induced platelet aggregation and stimulate 

migration and proliferation of human skin fibroblasts. J Pept Sci 2010; 16(11): 652-8. 

Smith SD, Dunk CE, Aplin JD, Harris LK and Jones RL. Evidence for immune cell involvement in 

decidual spiral arteriole remodeling in early human pregnancy. Am J Pathol 2009; 174(5): 

1959-71. 

Staun-Ram E, Goldman S, Gabarin D and Shalev E. Expression and importance of matrix 

metalloproteinase 2 and 9 (MMP-2 and -9) in human trophoblast invasion. Reprod Biol 

Endocrinol 2004; 2: 59. 

Taddese S, Weiss AS, Jahreis G, Neubert RH and Schmelzer CE. In vitro degradation of human 

tropoelastin by MMP-12 and the generation of matrikines from domain 24. Matrix Biol 2009; 

28(2): 84-91. 

Vicovac L, Jankovic M and Cuperlovic M. Galectin-1 and -3 in cells of the first trimester placental bed. 

Hum Reprod 1998; 13(3): 730-5. 

Wang L, Zhang D, Yu Y, Guan H, Qiao C and Shang T. RNA interference-mediated silencing of laminin 

receptor 1 (LR1) suppresses migration and invasion and down-regulates matrix 

metalloproteinase (MMP)-2 and MMP-9 in trophoblast cells: implication in the pathogenesis 

of preeclampsia. J Mol Histol 2013. 

Xiang W, Chen H, Xu X, Zhang M and Jiang R. Expression of endothelial nitric oxide synthase traffic 

inducer in the placentas of women with pre-eclampsia. Int J Gynaecol Obstet 2005; 89(2): 

103-7. 

Zhou Y, Fisher SJ, Janatpour M, Genbacev O, Dejana E, Wheelock M and Damsky CH. Human 

cytotrophoblasts adopt a vascular phenotype as they differentiate. A strategy for successful 

endovascular invasion? J Clin Invest 1997; 99(9): 2139-51. 

 

 

Page 27 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

  

 

 

 

394x868mm (300 x 300 DPI)  

 

 

Page 28 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

  

 

 

 

281x361mm (300 x 300 DPI)  

 

 

Page 29 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly
vehicle VGVAPG 1µµµµg/ml

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

N
u

m
b

er
 o

f 
in

v
a
d

in
g
 c

el
ls

Vehicle VGVAPG 1µµµµg/ml
0

10

20

30

40

50

60

70

80

90 **

in
cr

ea
se

 i
n

 o
u

tg
ro

w
th

 a
re

a
 (

µµ µµ
m

2
)

Vehicle VGVAPG 1µµµµg/ml
1

2

3

4

5

6 *

in
cr

ea
se

 i
n

 o
u

tg
ro

w
th

 d
is

ta
n

ce
 (

µµ µµ
m

)

a)

b)

c)

Figure 3

VGVAPG

vehicle

Figure 3.pzf:Figure 3 - Mon Aug 04 15:59:35 2014

Page 30 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

  

 

 

 

192x178mm (300 x 300 DPI)  

 

 

Page 31 of 32

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



For Review
 O

nly

Target protein Phosphorylation site              Fold change

eNOS S1177 3.05

p38α T180/Y182 1.84

MEK 1/2 S218/S222, S222/S226 1.43

MSK 1/2 S376/S360 1.34

β-Catenin  - 1.26

ERK 1/2 T202/Y204, T185/Y187 1

Akt S473 1

Akt T308 1

STAT5 α/β Y694/Y699 1

TOR S2448 0.68

Src Y419 0.59

GSK 3α/β S21/S9 0.56
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