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ABSTRACT

Proper placental development and function is crucial for a healthy pregnancy, and there has been
substantial research to identify markers of placental dysfunction for the early detection of
pregnancy complications. Low first-trimester levels of a disintegrin and metalloproteinase 12
(ADAM12) and pregnancy-associated plasma protein-A (PAPP-A) have been consistently associated
with the subsequent development of preeclampsia and fetal growth restriction. These molecules
are both metalloproteinases secreted by the placenta that cleave insulin-like growth factor binding
proteins (IGFBPs), although ADAM12 also has numerous other substrates. Recent work has
identified ADAM12, and particularly its shorter variant, ADAM12S, as a regulator of the migration
and invasion of trophoblasts into the lining of the uterus, a critical step in normal placental
development. While the mechanisms underlying this regulation are not yet clear, they may involve
the liberation of heparin-binding EGF-like growth factor (HB-EGF) and/or IGFs from IGFBPs. In
contrast, there has been relatively little functional work examining PAPP-A or the IGFBP substrates
of ADAM12 and PAPP-A. Understanding the functions of these markers and the mechanisms
underlying their association with disease could improve screening strategies and enable the
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development of new therapeutic interventions.

Placental development and adverse pregnancy
outcomes

Abnormal placental development and function threaten
the health and wellbeing of both the fetus and the
mother, causing conditions such as fetal growth restric-
tion and preeclampsia. These complications affect 5-7%
of pregnancies and are leading causes of perinatal and
maternal mortality.' Both of these conditions are
thought to be caused, at least in part, by deficiencies in
processes critical to placental development, such as the
migration and invasion of trophoblast cells into the
maternal lining of the uterus (decidua) and the uterine
wall (myometrium). Following the implantation of the
blastocyst, cytotrophoblast cells proliferate and form col-
umns at sites where the placental villi, the site of mater-
nal-fetal nutrient exchange, come into contact with the
maternal uterine stroma. Cytotrophoblasts at the distal
portions of cell columns detach, migrate and invade into
maternal tissue; invasive trophoblasts are collectively
referred to as extravillous trophoblasts (EVTs). EVTs
invade the maternal tissue via both interstitial and endo-
vascular routes. Interstitial EVTs, together with uterine

natural killer cells, break down the smooth muscle sur-
rounding maternal spiral arteries while endovascular
EVTs replace the endothelium of the maternal blood ves-
sels. This spiral artery remodeling extends into the myo-
metrium, and the removal of the smooth muscle
increases vessel diameter and precludes vasoconstriction,
thereby ensuring adequate blood flow required for oxy-
gen and nutrient delivery to the placenta (Fig. 1).”

There have been enormous efforts to identify markers
of placental dysfunction that can predict the develop-
ment of complications such as preeclampsia and fetal
growth restriction early in pregnancy, before symptoms
develop. Such predictive tools would enable earlier detec-
tion, closer monitoring and potentially preventative
treatment. Most of this work has focused on associations
between levels of specific proteins in the maternal circu-
lation in the first trimester and the subsequent develop-
ment of complications.>* More recently, other potential
markers in the maternal circulation have also been exam-
ined, including microRNAs and cell free fetal DNA. Cur-
rently, there is no established first trimester screening for
complications arising from placental dysfunction
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Figure 1. Trophoblast invasion and the roles of ADAM12, PAPP-A
and PAPP-A2, which are expressed in the syncytiotrophoblast,
extravillous trophoblasts and, in the case of ADAM12 and PAPP-
A, decidual cells. cCT, columnar cytotrophoblast; eEVT, endovas-
cular extravillous trophoblast; iEVT, interstitial extravillous tropho-
blast; IS, intervillous space; ST, syncytiotrophoblast; vCT, villous
cytotrophoblast.

because the predictive value of known markers is not suf-
ficiently high, perhaps due to the heterogeneous nature
of these conditions."” For example, recent work examin-
ing placental gene expression at delivery has identified
subclasses of preeclampsia at a molecular level.®

Individual first trimester markers have poor specificity
and sensitivity for the prediction of subsequent compli-
cations, whereas combinations of circulating markers
and other measures of placental performance are more
promising.* Understanding the functions of potential
markers and the mechanisms underlying associations
between markers and disease would enable markers to
be combined in an informed way to distinguish between
subtypes of disease and to improve predictive value.” In
addition to allowing earlier identification of at-risk preg-
nancies, understanding the underlying mechanisms
could also enable the development of new therapeutic
interventions.

Proteins in the first trimester maternal circulation that
have been associated with preeclampsia and/or fetal
growth restriction most frequently include activin A, A
disintegrin and metalloproteinase 12 (ADAM12), free
human chorionic gonadotrophin, inhibin-A, placental
growth factor, placental protein 13, pregnancy-associated
plasma protein-A (PAPP-A), soluble endoglin, and solu-
ble fms-like tyrosine kinase 1.>*” Some of these mole-
cules likely influence the migration and invasion of
extravillous trophoblasts, potentially playing a causal
role in placental pathology. However, while the regula-
tion of extravillous trophoblast invasion is an area of
intense research, some proteins showing consistent asso-
ciations between first trimester levels and subsequent
development of disease have received little attention.

This commentary will focus on 2 related proteins,
describing recent advances in our understanding of the
functions of ADAM12 in extravillous trophoblast migra-
tion and invasion, and arguing that the functions and
regulation of PAPP-A deserve similar attention.

Diverse proteases coordinate invasive
trophoblast biology

Extravillous trophoblasts share many molecular signa-
tures with invasive tumor cells, and not surprisingly, uti-
lize many of the same processes that tumor cells use to
invade and “de-differentiate” from well-organized epi-
thelial structures into senescent migratory mesenchy-
mal-like cells.” Establishment of a microenvironment
conducive for initiating and controlling extravillous tro-
phoblast differentiation is complex and necessitates
interactions with multiple cell subtypes within the mater-
nal-fetal interface. For instance, invasive trophoblasts
interact with uterine decidualized stroma and uterine
glandular epithelia, multiple immune cell subtypes of
both innate (e.g., uterine natural killer) and adaptive
lineage, and smooth muscle and endothelial cells of the
uterine vasculature.” Trophoblast-derived proteases play
central roles in the remodelling and degradation of the
uterine extracellular matrix (ECM) that are required for
cell invasion. To this end, both matrix metalloproteinases
(MMPs) and plasmins are major protease families
expressed by invasive trophoblasts that, similar to inva-
sive tumor cells, direct trophoblast invasion via direct
degradation of uterine ECM.® The importance of MMP
activity in placentation has been shown recently in mice
where MMP9 deficiency leads to impaired trophoblast
invasion, aberrant placental development, and the acqui-
sition of clinical features resembling preeclampsia.’

In contrast to proteases that directly degrade ECM
components, groups of specialized proteases modulate
diverse cellular processes through proteolytic cleavage of
substrates leading to activation or inhibition of pathways
involved in cell growth and invasion. Notably, protease-
directed cleavage of membrane bound, soluble and
ECM-tethered substrates affects multiple cellular path-
ways, including growth factor/receptor availability, cell-
cell adhesion competency, and cytokine network activa-
tion. ADAMI12 and PAPP-A, 2 related metzincin pro-
teases highly expressed in the developing placenta,
function primarily in controlling growth factor ligand
accessibility and activity. Although ADAM12s role in
controlling tumor proliferation, survival and invasion is
known,'® the functions and mechanisms of ADAM12
and PAPP-A in directing trophoblast differentiation into
invasive cell subsets required for healthy placental func-
tion are not well described.



ADAM12

A disintegrin and metalloproteinase (ADAM) proteins are
multidomain molecules structurally defined by an N-termi-
nal signal sequence, a prodomain, a metalloproteinase
domain, a disintegrin domain containing a cysteine-rich
region, an epidermal growth factor-like domain, a transmem-
brane domain and a cytoplasmic tail."" Predictably, ADAMs
affect multiple processes fundamental in promoting cell inva-
sion, migration, proliferation and survival. ADAMI2,
expressed as 2 alternatively spliced gene variants, a long trans-
membrane isoform (ADAM]12L) and a short secreted variant
(ADAM12S), is restrictedly expressed in regenerating and
developing tissues, tissues linked to chronic disease states,
and in specialized cells, defined in part by their abilities to
fuse to form multinuclear structures (e.g., bone, muscle and
placenta). For example, gene-targeting strategies in mice indi-
cate ADAMI2 as a key regulator in myogenesis'> and adipo-
genesis,”” while in vitro studies have assigned roles for
ADAMI12 in promoting cell fusion in osteoclasts'* and troph-
oblasts."” ADAMI12 also positively associates with, and in
some cases promotes, the progression of chronic disease
states including multiple subtypes of cancer,'"® fibrosis,"”
and cardiac hypertrophy.”® The secreted variant, ADAMI2S,
strongly links with cancer progression where serum levels are
elevated in patients with highly-invasive metastatic breast
cancer, while ADAMI2S over-expression promotes breast
cancer cell invasion.”! In these diverse systems, little is known
about the regulatory mechanisms controlling ADAMI2
activity, however studies have indicated that Notch signaling
can either promote'”** or restrain®> ADAMI2 expression.
Multiple ADAMI2 substrates have been described, includ-
ing insulin-like growth factor binding proteins 3 and 5
(IGFBP-3 and -5), heparin-binding EGF-like growth factor
(HB-EGF) and certain ECM components such as fibronectin
and type IV collagen.'” Moreover, ADAM12 has recently been
shown to cleave several cell adhesion molecules and compo-
nents of the Notch signaling pathway, including vascular
endothelial cadherin, vascular cell adhesion molecule 1, E-cad-
herin and delta-like ligand-1 (DLL1) (Fig. 1).!>162* Taken
together, proteolytic processing of diverse soluble and mem-
brane-anchored substrates position ADAM]12 as a candidate
protease important in regulating healthy placenta develop-
ment by controlling cell migration and invasion signaling net-
works essential for placental establishment in early pregnancy.
ADAMI12 spatially localizes to multiple trophoblast
populations within placental villi, and importantly local-
izes to trophoblasts in distal anchoring columns as
well as to invasive matrix-degrading extravillous tropho-
blasts.>>*® Consistent with the notion that ADAMI2
plays a role in healthy placenta development, a func-
tional role for ADAM12 in promoting trophoblast inva-
sion and migration has been recently shown.*>*°
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Although the mechanism(s) central to ADAMI2-
directed trophoblast invasion are not fully elucidated,
Biadasiewicz et al did show that ADAMI2S promotes
spreading via a B1-integrin dependent effect.” While the
secreted variant, ADAMI12S, may be the dominant iso-
form in promoting trophoblast invasion, a definitive role
for ADAMI2L has yet to be shown. Studies examining
ectopic expression of ADAMI12L in tumor cells and acti-
vated fibroblasts highlight a role for ADAMI2L in con-
trolling matrix metalloproteinase-14 activation and
localization to actin-rich structures.””*® Consistent with
these observations, ectopic expression of ADAMI12L in a
trophoblast model promoted cell invasion.*® However, it
is important to note that in these examples ADAMI2L
was expressed as a truncated variant lacking its cyto-
plasmic tail, thereby complicating the interpretation of
the role of wild-type ADAMI2L in promoting invasion.
Nonetheless, a functional role for ADAMI2L in regulat-
ing cell motility is still conceivable, in part due to
ADAMI2L’s proline-rich sequences within its cyto-
plasmic tail that facilitate Src homology domain 3 inter-
action with ¢-Src and integrin/actin-rich filaments at the
leading edge of migratory cells. Components of
ADAMI12’s extracellular domain may also affect cell
migration through proteolytic-independent mechanisms,
as both its disintegrin and cysteine-rich regions interact
with and activate pro-migratory S1-integrins expressed
on the cell surface.***

Proteolytic events directed by ADAM12 that may play
central roles in promoting trophoblast invasion involve
cleavage of membrane-bound pro-HB-EGF, or cleavage
of IGFBP-3 and -5; proteolysis of either protein results
in liberation of HB-EGF or IGF-I/II and interaction with
and activation of their cognate receptors, leading to the
activation of invasion pathways. Soluble HB-EGF pro-
motes trophoblast invasion in vitro,” and IGF signaling
also plays an important role in trophoblast biology
(described below). ADAMI12 may also regulate tropho-
blast motility via effects on ectodomain cleavage of the
Notch receptor ligand, DLLI1, resulting in subsequent
Notch inactivation.”* Lastly, paracrine effects of
ADAMI2 in regulating growth factor signalling and
invasion in trophoblasts is also possible as ADAMI2 is
expressed by decidual cells (activated uterine stroma).*?

PAPP-A

Like ADAM12S, PAPP-A is a secreted metalloproteinase
that is expressed by both invasive trophoblasts and
decidual stromal cells, although the known substrates of
PAPP-A are much more limited: IGFBP-4 and -5
(Fig. 1). IGFBPs regulate the availability of IGF-I and
IGF-II, which play important roles in placental
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development, promoting trophoblast proliferation, extra-
villous trophoblast migration, hormone secretion, glu-
cose and amino acid uptake, and reducing apoptosis.*
For example, deletion of a placental specific transcript of
the Igf2 gene in mice reduces placental nutrient trans-
port, as well as placental and fetal growth.” The IGFs
exert their effects on trophoblast invasion and migration
through activation of the ERK1/2, PI3K-Akt and FAK-
Rho-ROCK pathways,”” acting through both the type-I
and -IT IGF receptors.” Given the importance of IGF sig-
naling in placental function, it is tempting to speculate
that the association between low ADAM12 and PAPP-A
levels in the first trimester and the increased risk of sub-
sequent complications reflects causation, whereby
reduced PAPP-A levels lead to increased IGFBP levels,
and therefore reduced IGF availability and impaired pla-
cental development and function. However, in addition
to sequestering the IGFs, IGFBPs may also increase their
half-life, concentrate them in particular regions and/or
potentiate their effects.”> Furthermore, IGFBPs have
been found to have IGF-independent effects.’”*® There-
fore, PAPP-A is not necessarily expected to simply
reduce levels of intact IGFBP-4 and -5 and increase IGF-
mediated migration and invasion. Furthermore, it is not
clear to what extent PAPP-A would affect IGF availabil-
ity given that it does not proteolyse IGFBP-1, the most
abundant IGFBP in decidual cells.”> Moreover, it has
recently been proposed that PAPP-A may also have non-
proteolytic functions,” although these have not been
studied in the placenta. The mechanisms underlying
associations between low PAPP-A and ADAMI2 levels
and adverse pregnancy complications may therefore be
much more complex than simple changes in IGF
availability.

Remarkably, despite the consistent associations
between pregnancy complications and circulating PAPP-
A, the mechanistic function of PAPP-A in the placenta
remains unstudied. At a clinical level, there is evidence
of associations between low PAPP-A levels and ultra-
sound measures of placental function and morphology.”®
Apart from understanding its function, identifying fac-
tors that affect its regulation and cause it to be downre-
gulated in complicated pregnancies would help to
distinguish between subtypes of disease. The regulation
of PAPP-A expression in the placenta appears complex.
Peroxisome proliferator-activated receptor-y (PPARy),
which limits trophoblast invasion, inhibits the expression
and secretion of PAPP-A in primary cultures of extravil-
lous (i.e., invasive) trophoblasts, but not in trophoblasts
of villous origin.’® The inhibition of PAPP-A by PPARy
would be expected to reduce IGFBP proteolysis and
therefore reduce IGF availability, thereby limiting inva-
sion. Similarly, IGF-II decreases PAPP-A expression in

endometrial stromal cells, but not trophoblasts.*® These
observations are consistent with a negative feedback loop
whereby IGF-II reduces PAPP-A expression in the
decidua, thereby reducing IGFBP proteolysis and reduc-
ing IGF availability, potentially representing a mecha-
nism by which the decidua controls invasion. In
contrast, progesterone increases PAPP-A expression in
endometrial stromal cells®® and trophoblastic cells,
increasing the proliferation and adhesion of the latter to
uterine epithelial cells.*!

The function of the IGFBP substrates of ADAMI12
and PAPP-A in the placenta have also received little
study. In cell line models of extravillous trophoblasts,
IGFBP-4 and -5 have inhibitory effects on IGF-stimu-
lated migration.***> IGFBP-3 reduces IGF-stimulated
proliferation of cytotrophoblasts in placental explants,
and also reduces proliferation through IGF-independent
mechanisms.”® First trimester levels of an IGFBP-5 pro-
tease paralogous to PAPP-A, PAPP-A2, are elevated in
pregnancies that subsequently develop preeclampsia,**
perhaps in response to hypoxia.*>*® Consistent associa-
tions between IGFBP proteases and pregnancy complica-
tions emphasize the need to understand the functions of
the IGFBPs in migration and invasion, and suggest that
the IGFBPs themselves are worthy of investigation as
candidate markers.*’

Conclusion

This commentary has focused on ADAMI12 and PAPP-
A, although there are undoubtedly other proteolytic
mechanisms driving trophoblast differentiation along
the invasive pathway. Despite consistent associations
between first trimester levels and subsequent develop-
ment of disease, there has been relatively little study of
the roles of these proteins and those of their IGFBP sub-
strates in migration and invasion, their regulation, and
the mechanisms underlying their associations with dis-
ease. ADAMI12 and PAPP-A may serve as markers of
healthy trophoblasts, and so a better understanding of
these issues will help to distinguish the different etiolo-
gies of preeclampsia, and to combine markers based on
function to develop screening strategies with improved
predictive ability to allow earlier intervention. In particu-
lar, understanding the factors influencing the secretion
of these molecules in various trophoblast populations
may allow screening strategies to distinguish impairment
in different types of trophoblasts." Currently, there are
no cures for conditions resulting from placental dysfunc-
tion such as preeclampsia and fetal growth restriction
other than inducing delivery, which has long-lasting
effects on offspring health in the case of early-onset com-
plications. However, in the future it may be possible to



identify placentae with impaired function early in preg-
nancy and to intervene pharmacologically.

Abb

reviations

ADAMI2 A disintegrin and metalloproteinase 12

DLL1 Delta-like ligand-1

ECM Extracellular matrix

EVT Extravillous trophoblast

HB-EGF  Heparin-binding epidermal growth factor-
like

IGFBP Insulin-like growth factor binding protein

MMP Matrix metalloproteinase

PAPP-A  Pregnancy-associated plasma protein-A

PPARy Peroxisome proliferator-activated receptor-
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