THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 17, pp. 1519515204, April 29, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Protocadherin-12 Cleavage Is a Regulated Process Mediated

by ADAM10 Protein

EVIDENCE OF SHEDDING UP-REGULATION IN PRE-ECLAMPSIA™

Received for publication, February 14,2011 Published, JBC Papers in Press, March 14,2011, DOI 10.1074/jbcM111.230045

Stéphanie Bouillot'*¥, Emmanuelle Tillet**", Guillaume Carmona*"", Marie-Héléne Prandini**",

Anne-Sophie Gauchez!, Pascale Hoffmann**, Nadia Alfaidy*"**, Francine Cand*", and Philippe Huber

+592

From the *Laboratoire d’Angiogenése et Physiopathologie Vasculaire, CEA, 38054 Grenoble, France, SINSERM U882,
38054 Grenoble, France, “FINSERM U878, 38054 Grenoble, France, "Université Grenoble 1, 38041 Grenoble, France, and
Départements de ”Biologie Intégrative and **Gynécologie, Obstétrique et Médecine de la Reproduction, Centre Hospitalier

Régional Universitaire de Grenoble, 38043 Grenoble, France

Protocadherins are a group of transmembrane proteins with
homophilic binding activity, members of the cadherin super-
family. Apart from their role in adhesion, the cellular functions
of protocadherins are essentially unknown. Protocadherin
(PCDH)12 was previously identified in invasive trophoblasts
and endothelial and mesangial cells in the mouse. Invalidation
studies revealed that the protein was required for optimal pla-
cental development. In this article, we show that its human
homolog is abundantly expressed in various trophoblast sub-
types of the human placenta and at lower levels in endothelial
cells. We demonstrate that PCDH12 is shed at high rates in
vitro. The shedding mechanism depends on ADAMI10 and
results in reduced cellular adhesion in a cell migration assay.
PCDH12 is subsequently cleaved by the y-secretase complex,
and its cytoplasmic domain is rapidly degraded by the protea-
some. PCDH12 shedding is regulated by interlinked intracellu-
lar pathways, including those involving protein kinase C, PI3K,
and cAMP, that either increase or inhibit cleavage. In endo-
thelial cells, VEGF, prostaglandin E,, or histamine regulates
PCDH12 shedding. The extracellular domain of PCDH12 was
also detected in human serum and urine, thus providing evi-
dence of PCDH12 shedding in vivo. Importantly, we observed an
increase in circulating PCDH12 in pregnant women who later
developed a pre-eclampsia, a frequent pregnancy syndrome and
a major cause of maternal and fetal morbidity and mortality. In
conclusion, we speculate that, like in mice, PCDH12 may play an
important role in human placental development and that pro-
teolytic cleavage in response to external factors, such as cyto-
kines and pathological settings, regulates its activity.

The cadherin superfamily is composed of membrane pro-
teins with Ca®*-dependent cell adhesion properties and
homologous sequence repeats located in their extracellular
domains (1-3). These repeats are responsible for the homo-
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philic adhesive behavior of members of the cadherin family.
Four groups of cadherins have been identified so far: the “clas-
sical” type I and type II cadherins; the desmosomal cadherins;
and the most recently discovered protocadherin family. Proto-
cadherins were initially discovered by PCR cloning using cad-
herin homology sequences (4). With genome sequencing, more
than 70 different protocadherin genes have been identified
altogether. This makes protocadherins the largest subgroup
within the cadherin superfamily (5). Most protocadherin genes
are clustered in three loci: protocadherin (Pcdh)® «, B, and v.
Clustered protocadherins are mainly expressed in the brain,
whereas unclustered protocadherins display original tissue
distributions.

The functions of classical cadherins in cell-cell adhesion,
their links to the cytoskeleton, and their participation in intra-
cellular signaling have all been extensively studied (1). In con-
trast, the function(s) of protocadherins remain elusive.
Although all of the protocadherins studied so far were found to
display homophilic adhesion properties, their cytoplasmic
domains do not interact with the cytoskeleton or do so very
weakly (2, 3). What is known of their functions derives mainly
from in vivo studies. Protocadherins have been shown to be
involved in cellular migration and cell sorting (6 —10), establish-
ment of neuronal circuits and synapses (11), cell survival (12,
13), and inhibition of cell growth (14, 15). Mutations of some
protocadherin genes have been linked to human diseases. This
is the case for PCDH1S5, mutations of which cause Usher syn-
drome type 1F (16, 17), PCDH19, for which mutations were
directly linked to epilepsy and cognitive impairment (18), and
PCDH10, whose deletion was linked to some forms of autism
(19).

However, the cellular and molecular functions of protocad-
herins are essentially unknown and are suspected to be highly
variable between protocadherins. In this paper, we focus on
PCDH12 (also called VE-cadherin 2). This protein was origi-
nally described in mouse endothelioma cell lines where it con-
centrates at cell-cell junctions (20). Its extracellular domain
contains five cadherin domain repeats that promote homo-

3 The abbreviations used are: PCDH or Pcdh, protocadherin; CTF, C-terminal
fragment; Fsk, forskolin; HUVEC, human umbilical vein endothelial cell; PE,
pre-eclampsia; PGE,, prostaglandin E,; PMA, phorbol 12-myristate 13-ace-
tate; Cter, C-terminal; EC, endothelial cell(s).
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philic adhesion. Its cytoplasmic domain is not homologous to
classical cadherins or other protocadherin family members and
does not interact with the cytoskeleton. Unlike classical cad-
herins, Pcdh12 ectopic expression was unable to inhibit cell
migration from a confluent monolayer of transfected cells (20).
In the mouse, Pcdh12 is highly expressed in several cell types: (i)
in a specific type of trophoblast called the “glycogen cells” that
emerge in the placenta and invade the maternal decidua; (ii) in
the mesangial cells of kidney glomeruli; and (iii) in angiogenic
endothelial cells, whereas its expression is reduced in resting
endothelium (21, 22). Pcdh12-deficient mice were alive and fer-
tile but showed alterations in placental development that
resulted in embryonic growth retardation (23). In the absence
of Pcdh12, placentas were smaller and showed limited angio-
genesis and mis-segregation of the labyrinthine and intermedi-
ate layers, likely attributable to cell migration defects.

In the present study, we characterized human PCDH12. We
observed its expression in several tissues and organs, including
villous and extravillous trophoblasts. In transfected CHO cells,
we observed a high degradation rate caused by a cascade of
proteolytic events. This proteolysis was initiated by the cleav-
age of PCDH12 by ADAM10 (a disintegrin and metalloprotease
10) metalloprotease, resulting in shedding of its extracellular
domain. Shedding was followed by secondary cleavage by the
y-secretase complex and the subsequent proteasomal degrada-
tion of its cytoplasmic domain. We were able to show that
PCDH12 shedding in endothelial cells was regulated by VEGF,
histamine, and prostaglandin E, (PGE,) probably through PKC
and cAMP pathways. PCDHI12 degradation has functional
implications because it modulates the cell migration rate in a
monolayer wound assay. In addition, we provide evidence that
these phenomena are also in play in vivo, as evidenced by the
detection of circulating PCDH12 in both serum and urine. We
found that seric levels of PCDH12 were up-regulated in pre-
eclampsia (PE), which is a leading cause of maternal and fetal
mortality and morbidity that complicates 2— 8% of pregnancies
(24, 25). Altogether, our results indicate that PCDH12 cell sur-
face expression is highly dependent on protease-dependent
shedding, a process regulated by cytokines and probably mod-
ified in pathological pregnancies.

EXPERIMENTAL PROCEDURES

Reagents—Phorbol 12-myristate 13-acetate (PMA), the
y-secretase inhibitor L685,458, 1,2-dipalmitoylphosphatidyli-
nositol 3,4,5-trisphosphate, LY294002, genistein, forskolin
(Fsk), PGE,, and histamine were from Sigma-Aldrich. VEGF
was from Peprotech (Rocky Hill, NJ). The metalloprotease
inhibitor GM6001 was from BioMol (Villeurbanne, France).
The ADAM inhibitors GI254023X and GW280264X were gen-
erous gifts from Prof. Andreas Ludwig (Aachen, Germany).

Cell Culture and Treatments—CHO cells were grown in
a-minimum essential medium (Invitrogen) with 10% FCS
(Lonza, Levallois-Perret, France). HEK-293 were grown in Dul-
becco’s modified Eagle’s medium with 5% FCS. HUVECs were
purchased from Lonza, grown in complete EBM-2 medium
(Lonza), and used at passages 3—5. All of the pharmacological
molecules were solubilized in Me,SO, which was added at sim-
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ilar concentrations in control experiments. Molecules were
applied on confluent cells in serum-free medium.

Plasmid Construction and Cell Transfection—The human
PCDHI12 cDNA, obtained from ImaGenes (Berlin, Germany),
was cut by Spel and Nhel and inserted into pCDNA3.1 Hygro
(Invitrogen) linearized by Xbal. The resulting construct was
transfected into CHO cells. Stable transfectants were selected
with 200 pwg/ml hygromycin, and individual clones were picked.

Antibodies—For production of anti-PCDH12 EC antibody,
the entire extracellular domain of human PCDHI12 (amino
acids 1-718) was produced in 293-EBNA cells according to
described procedures (26) and injected into rabbits. Briefly,
PCDH12 ¢cDNA was amplified by PCR, which allowed the addi-
tion of a sequence coding for six C-terminal histidine residues
and cloned into the episomal PCEP4 expression vector. After
transfection, the cells were selected with hygromycin, and con-
ditioned serum-free medium was collected for PCDH12 EC
purification using DEAE ion exchange followed by nickel affin-
ity chromatography. After immunization, PCDH12 antibodies
were purified from antisera using antigen affinity chromatog-
raphy. For production of PCDH12 Cter antibody, a peptide
(KSRGSSSSSRCL), corresponding to PCDH12 C terminus
sequence, was coupled to ovalbumin and injected into rabbits.
PCDH12 Cter antibodies were purified using peptide affinity
chromatography. -Catenin antibodies were from Transduc-
tion Laboratories. N-cadherin antibodies for immunoprecipi-
tation (clone 32) and for Western blot (3B9) were from BD
Biosciences (Pont de Claix, France) and from Zymed Laborato-
ries Inc. (San Francisco, CA), respectively. Tubulin antibodies
were from Sigma-Aldrich. ADAMI10 antibodies were from
Merck-Calbiochem (Nottingham, UK). C3 polyclonal antibod-
ies were a generous gift from MB Villiers.

Immunoprecipitation and Western Blot—Cell or tissue
extracts were obtained using a lysis buffer containing 0.5%
Nonidet P-40. Protein concentration was measured using the
MicroBCA kit from Thermo Scientific (Rockford, IL). Cell
supernatants were collected after culture of confluent cells in
serum-free medium. HUVEC supernatants were concentrated
on Amicon Ultra 4 (Millipore, Billerica, MA). Immunoprecipi-
tation experiments were performed using standard procedures.
Briefly, proteins were extracted from placenta (1 mg) or CHO-
PCDH12 (300 pg) with 1% Nonidet P-40 and 0.25% sodium
deoxycholate. The extracts were incubated with 4 ug of
PCDHI12 Cter or N-cadherin antibodies, and the complex was
coupled to protein G-Sepharose beads (Sigma-Aldrich). The
proteins were electrophoresed in polyacrylamide gels and
transferred onto Immobilon-P membranes (Millipore, Bed-
ford, MA). Dot blots were performed with a PR600 from Hoefer
Scientific Instruments (San Francisco, CA). The membranes
were incubated in presence of primary antibodies and horse-
radish peroxidase-coupled secondary antibodies (Jackson
Immunoresearch Laboratories, Suffolk, UK). Antibody interac-
tions were revealed using the luminol substrate ECL-Plus
(PerkinElmer Life Sciences). Signals were revealed by autora-
diography, films were scanned, and signal intensity was mea-
sured using Bio-Profil software from Vilber Lourmat (Marne-
la-Vallée, France). Alternatively, signals were captured with a
Fusion-FX7 camera from Vilber-Lourmat.
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FIGURE 1. PCDH12 localization in human placenta. Human 12-week placenta was cryosectioned and immunolabeled with anti-PCDH12 Cter antibody and
observed at low magnification (A) or high magnification (B, C). Syncytiotrophoblasts (arrows) and villous cytotrophoblasts (arrowheads) exhibited strong
labeling at the cell membrane. Extravillous cytotrophoblasts (evt) showed rather diffuse staining, whereas intravillous vessels (v) harbored only occasional
staining. Controls with secondary antibody alone yielded no signals (data not shown). ivs, intervillous space.

Immunofluorescence—12-week-old placentas from non-
pathological abortions were obtained from Grenoble Univer-
sity Hospital after full consent of the patients and approval of
the university hospital ethics committee. The placentas were
embedded in OCT compound and snap frozen. 10-um cryosec-
tions were prepared using a cryomicrotome (Leica Microsys-
tems, Wetzlar, Germany). The cells were grown on coverslips.
Tissue sections or cells were fixed with formaldehyde, permea-
bilized with Triton X-100 0.5%, saturated with 2% bovine serum
albumin, and incubated with primary antibodies and Cy3- or
alexa 488-conjugated secondary antibodies from Jackson
Immunoresearch Laboratories and Molecular Probes (Cergy
Pontoise, France), respectively. The samples were further incu-
bated for 3 min in Hoechst 33258 (Sigma) for nuclear staining.
Fluorescent slides were mounted in Fluorsave reagent (Calbi-
ochem). Immunofluorescence labeling was observed with an
Axioplan 2 Zeiss microscope or a confocal microscope (Leica
Microsystems TCS SP2).

siRNA—For RNA interference of ADAMIO0 expression, the
following siRNAs from Dharmacon were used: 5'-GAAGGA-
AGCUUUAGUCAUG-3’, 5'-CCAAAGUCUCUCAUAUUA-
3’, 5'-GCAGAGAGAUACAUUAAAG-3’, and 5'-GAAUUG-
CCCUGAUCAUGUU-3’ as an equimolar mixture of all. For
negative control, an siRNA was used that does not target any
known mammalian gene (5'-UAGCGACUAAACACAUCAA-
3’). CHO-PCDHI12 were transfected with 1.6 ug of siRNA
using nucleofection (Amaxa Biosystems) according to the man-
ufacturer’s instructions. The cells and conditioned media were
harvested at 48 h post-transfection.

Subcellular Fractionation—Lipid raft isolation was per-
formed using established procedures. Briefly, CHO-PCDH12
cells were lysed in 50 mm Hepes, pH 7.4, 150 mm NaCl, 5 mm
EGTA, 1% Triton X-100. After a brief centrifugation, the lysates
were adjusted to 40% sucrose, placed at the bottom of a 5-30%
sucrose gradient, and centrifuged for 17 h at 40,000 rpm.
Twelve 1-ml fractions were collected from the top and analyzed
by Western blotting with anti-PCDH12 Cter and anti-flotillin
antibodies.

Cell Migration Assay—Assay was performed as described
previously (27). Confluent cells were scratched, and either
Me,SO or GM6001 was added to complete medium. Phase
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contrast images were obtained under a Cell-R inverted micro-
scope (Olympus, Hamburg, Germany) with controlled temper-
ature and CO,, and using 10X objective. Measurement of cell
invasion in the wounded area was performed with Image]J
software. Statistic differences were established through Stu-
dent’s ¢ test.

Human Sera and Urine—Human sera of healthy donors were
obtained from the Grenoble blood center (Etablissement Fran-
cais du Sang). Sera were depleted in albumin using the Vivapure
anti-human serum albumin, affinity resin from Sartorius
(Aubagne, France). Urine from a healthy donor was concen-
trated 40 times, using Amicon ultrafiltration devices; retentate
was subjected to two cycles of dilution with water and recon-
centration to remove salts. Sera from pregnant women were
collected at Grenoble University Hospital and kept frozen until
use. The study protocol was approved by the university hospital
ethics committee, and written informed consent was obtained
from each participant. Serum samples were obtained once the
legal conservatory period of the sanitary bank of maternal
serum markers was ended (see Table 1 for clinical records). PE
was defined as systolic pressure of =140 mm Hg and/or dia-
stolic blood pressure of 90 mm Hg, occurring beyond the 20th
week of amenorrhea associated with a proteinuria (>0.3 g/24 h)
also arising beyond the 20th week of amenorrhea.

RESULTS

Human PCDH12 Characterization—Human PCDH12 was
characterized in various tissues at the mRNA (supplemental
Fig. S1), as well as the protein levels (supplemental Fig. S2),
using antibodies directed either against its extracellular domain
“PCDH12 EC” or against the 12-amino acid C-terminal peptide
“PCDH12 Cter.” Both antibodies revealed a single band at 145
kDa in PCDH12-transfected cells; no reactivity was observed in
control cells, as expected (supplemental Fig. S2, A and B).

PCDHI12 was detectable in HUVECs (endothelial cells) by
both Western blot and RT-PCR (supplemental Fig. S2, Cand D)
but not by immunofluorescence (not shown). These results
indicate that PCDH12 is only weakly expressed by this cell type.
PCDH12 expression was not detectable by RT-PCR or Western
blotting in other cell types of epithelial origin, including MCEF?7,
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HeLa, and Caco2 cells (supplemental Fig. S2D and data not
shown).

PCDH12 was also detected in human term placenta (supple-
mental Fig. S2E). Cryosections of 12-week human placenta
were strongly immunostained, in particular at the borders of
syncytiotrophoblast and cytotrophoblast cells, which make up
the outer layer of placental microvilli (Fig. 1, A and B). A more
diffuse staining pattern was detected in extravillous tropho-
blasts, forming cell columns at the end of placental villi (Fig. 1,
A and C). Some rare intravillous vessels were also labeled
(Fig. 1B).

As opposed to the mouse, human PCDHI12 could not be
detected by immunofluorescence in either glomeruli or endo-
thelium of the kidney (not shown). Altogether, PCDH12
appeared to be weakly expressed by endothelial cells and
strongly by syncytiotrophoblasts and cytotrophoblasts.

In PCDHI12-transfected CHO cells (CHO-PCDH12),
PCDH12 was located at cell-cell junctions, in membrane ruf-
fles, or in intercellular filopodia (supplemental Fig. S3A). This is
consistent with the homophilic binding activity of cadherin
superfamily members.

Evidence of PCDHI12 Cleavage and the Mechanism Involved—
PCDHI12 stability was investigated by incubating CHO-
PCDH12 with the translation blocking drug cycloheximide.
Our data revealed a very short half-life in the range of 1.35-1.39
h (Fig. 2, A and B), thereby suggesting a very high degradation
rate. Because PCDH12 instability at the cell membrane may be
related to external proteolytic cleavage, we analyzed the release
of its extracellular domain into cell supernatants. Fig. 2C shows
that PCDH12 extracellular domain was indeed detected in
CHO-PCDH12-conditioned medium. A similar fragment was
also observed in HUVEC supernatants but only after concen-
tration, indicating that it is present at very low levels (Fig. 2C).
The apparent molar mass of the protein (90 kDa) revealed by
PCDH12 EC antibody indicates that the protein is probably
cleaved close to the membrane. Release of PCDH12 extracellu-
lar domain into the cell culture medium was significantly inhib-
ited by the metalloprotease inhibitor GM6001 (Fig. 2, D and E).
In addition, incubation of CHO-PCDH12 with either GM6001
or the proteasome inhibitor lactacystin resulted in a striking
enhancement of PCDH12 immune labeling in these cells (Fig.
2F). Thus, these data suggest that PCDH12 is cleaved by met-
alloproteases and that the proteasome plays a role in its degra-
dation. The <y-secretase complex may also play a role in
PCDHI12 degradation. It is known to cleave target proteins
within their transmembrane domain, liberating the cytoplas-
mic domain into the cytosol, where it is subsequently degraded
by the proteasome (28).

To determine the precise molecular mechanisms of PCDH12
cleavage, the cells were incubated with inhibitors of metallo-
proteases (GM6001), of y-secretase (L685,458), and of the pro-
teasome (lactacystin), either separately or in combination (Fig.
3A). Two clones of CHO-PCDHI12 with different PCDH12
expression levels were used. Protein extracts were analyzed by
Western blotting with PCDH12 Cter antibody to detect C-ter-
minal fragments (CTFs). Lactacystin blocked the degradation
of a 50-kDa fragment (CTF2), which probably corresponds to
the entire PCDH12 cytoplasmic tail. When 7y-secretase was
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FIGURE 2. Instability of PCDH12 protein at the cell surface. CHO-PCDH12
were incubated in presence of cycloheximide (100 wg/ml). A, cells were har-
vested at indicated times, and protein extracts were analyzed by Western
blotting using PCDH12 and tubulin antibodies. B, intensities of PCDH12 sig-
nals from three independent experiments were plotted, and protein half-lives
(T.,,) were deduced. C, cell conditioned media of confluent CHO-PCDH12
(CHO-P12; 40 wl) or HUVECs (HUV; 40 pl after 40X concentration) were har-
vested after 24 h of incubation and analyzed by Western blot with anti-
PCDH12 EC antibody. Unconditioned medium (M) was run as control. D, cell
conditioned media of CHO-PCDH12, cultured for 24 h in presence (+) or
absence (—) of 10 ug/ml of metalloprotease inhibitor GM6001, were analyzed
as in C but with a longer exposure of autoradiographic film. E, quantitative
analysis of three experiments performed as in D. Histogram shows the
means * S.D.; p < 0.001. F, images show PCDH12 immunofluorescence of
CHO-PCDH12 cultured in regular medium or treated with either lactacystin 5
um or GM6001 10 wg/ml, as indicated.

inhibited, two larger fragments were detected at 60 (CTF1) and
80 (CTFO) kDa. The electrophoretic pattern for these frag-
ments was identical with or without lactacystin treatment. It is
therefore likely that these fragments escaped degradation by
the proteasome because they were still embedded in the mem-
brane. Thus, vy-secretase converts the 80-kDa (CTF0) and
60-kDa (CTF1) fragments to a 50-kDa (CTF2) fragment that
can then be rapidly degraded in the proteasome. Inhibition of
metalloproteases alone did not modify the electrophoretic
profile of C terminus-containing fragments compared with
untreated cells. However, when +y-secretase and metallopro-
tease inhibitors were added together, CTFO intensities re-
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FIGURE 3. Sequential processing of PCDH12 protein. Two different clones of CHO-PCDH12, called LC1 and CB2, were treated for 16 h with 5 um lactacystin,
5 um L685,458, and 10 wg/ml GM6001, either alone or in combination, as indicated. A, protein extracts were analyzed by Western blotting using anti-PCDH12
Cter antibody to visualize the full-length (FL) protein and the CTF, called CTFO, 1, and 2, that accumulate after inhibition of proteases. The fragment at 100 kDa
(*), not regulated by pharmacological inhibitors, is an artifact of secondary antibody. The low abundance fragment at 38 kDa may represent a minor proteolytic

event. B, scheme of PCDH12 proteolytic cleavage summarizing the above data.

mained similar, but CTF1 levels were significantly reduced
compared with when cells were treated by the y-secretase
inhibitor alone. Thus, metalloprotease cleavage mainly yields
CTF1, whereas CTFO is due to a different cleavage mechanism;
nevertheless, both fragments are substrates for +y-secretase.
Results on PCDH12 cleavage are summarized in Fig. 3B.

ADAMI0 Cleaves the Extracellular Domain of PCDHI12—
Activation of PKC by phorbol esters has been shown to pro-
mote shedding of several transmembrane proteins. This shed-
ding seems to be a characteristic of metalloproteases from the
ADAM family (29, 30). PMA treatment enhanced PCDH12
release into the cell supernatant (Fig. 44). Furthermore, PMA
rapidly and transiently reduced the cellular PCDH12 concen-
tration in CHO-PCDHI12 (Fig. 4, B and C). Thus, activation of
PKC increases PCDH12 proteolytic cleavage.

Among metalloproteases, ADAM10 and ADAM17 are the
principal sheddases (29, 30). To test whether these proteases
might be responsible for PCDH12 shedding, we used two selec-
tive pharmacological inhibitors: GW280264X, which has been
shown to block both ADAM10 and ADAM17; and GI254023X,
which specifically inhibits ADAM10 (31). Both inhibitors dra-
matically inhibited PCDH12 release into the cell supernatant
(Fig. 5, A and B), which suggests that PCDH12 metalloprotease
cleavage is mainly mediated by ADAM10.

To further demonstrate the participation of ADAMI10 in
PCDHI2 cleavage, we transfected cells with siRNAs to knock
down ADAMI0 expression. PCDH12 stability in cell extracts
and its release into cell supernatants were then analyzed.

APRIL 29,2011 +VOLUME 286+NUMBER 17

ADAM10siRNAs dramatically decreased ADAM10 expression
levels compared with control siRNAs (Fig. 5C). This correlated
with an increase in PCDH12 levels in cell extracts (Fig. 5C) and
adecrease of PCDH12 EC in cell supernatants (Fig. 5D). There-
fore, ADAMI10 knockdown strikingly improves PCDH12
stability.

ADAM17 is sequestered in lipid rafts, and its substrates seem
to be restricted to proteins present in these microdomains. In
contrast, the majority of ADAMI0 is excluded from lipid rafts
(32). We therefore examined the membrane localization of
PCDH12 by subcellular fractionation using sucrose density gra-
dients. Although flotillin, a lipid raft component, was mainly
located in fractions 2 and 3, PCDH12 and ADAM10 were exclu-
sively located in fractions 8 —12, containing the nonlipid raft
proteins (Fig. 5E). Likewise, PCDH12 was found in the same
membrane compartment as ADAM10, but not in the same as
ADAM17. Taken together, these data indicate that PCDH12 is
cleaved by ADAM10.

Signaling Molecules Regulate PCDHI12 Cleavage—We next
wondered whether PCDHI12 processing was regulated in
response to the activation of various signal transduction path-
ways. To study this, diverse pharmacological activators or
inhibitors of general signaling pathways were used (Fig. 6, A and
B). Both Fsk, an activator of adenylate cyclase that raises intra-
cellular levels of cAMP, and the general tyrosine-kinase inhib-
itor genistein inhibited PCDH12 shedding. In contrast, 1,2-
dipalmitoylphosphatidylinositol 3,4,5-trisphosphate, which
activates the PI3K-Akt pathway, resulted in increased PCDH12
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FIGURE 4. Induction of PCDH12 cleavage by phorbol esters. A, cell super-
natant of CHO-PCDH12 was harvested after 24 h of treatment with PMA (0.1
rg/ml) and analyzed by Western blotting (WB, PCDH12 EC) together with that
of noninduced cells (N/) and unconditioned medium (M). B, PCDH12 content
in cell extracts of CHO-PCDH12 treated with PMA and harvested at indicated
time. The cell extracts were analyzed by Western blotting using PCDH12 Cter
and tubulin antibodies. C, three independent experiments were performed as
in B. The signals were quantified and plotted as PCDH12: tubulin signal ratio
versus time. The data represent the means =+ S.D.

release, although release was lower than that observed with
PMA. Conversely, inhibition of PI3K with LY294002 did not
modify PCDH12 release compared with mock conditions. Alto-
gether, these results indicate that PKC and PI3K pathways
enhance PCDH12 shedding, whereas cAMP, possibly through
activation of protein kinase A, decreases basal cleavage. Fur-
thermore, protein-tyrosine kinases may be involved in basal
PCDH12 cleavage.

To examine possible interconnections between signaling
pathways leading to PCDH12 cleavage, the cells were treated
with PMA together with Fsk, genistein, or LY294002. All three
compounds inhibited PMA-activated PCDH12 shedding,
returning it to levels close to those found in untreated condi-
tions (Fig. 6, C and D). Altogether, our data show that signaling
pathways may have opposing and interdependent effects on
PCDH12 shedding.

We then investigated whether natural agonists of endothelial
cells, known to activate PKC or to induce cAMP elevation,
could modulate PCDH12 shedding. HUVECs were challenged
either with VEGF that activates PKC, with PGE, that stimulates
cAMP synthesis, or with histamine, which activates both path-
ways through H1 and H2 receptors, respectively (33, 34). Both
VEGF and histamine significantly increased PCDH12 shed-
ding, and PGE, diminished basal PCDH12 shedding (Fig. 6E).
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FIGURE 5. Reduction of PCDH12 shedding after ADAM10 inhibition. Aand
B, CHO-PCDH12 were treated with either Me,SO (N/), PMA 0.1 ug/ml,
GI254923 5 um (Gl), or GW280264 5 um (GW). Aliquots of cell supernatant were
removed at different time points. A, analysis of cell supernatants (20 wl) at 24 h
post-induction by Western blotting (WB) with anti-PCDH12 EC. M, uncondi-
tioned cell medium. B, dot blot analysis of cell supernatants at different time
points, incubated with same antibody. The optical densities were measured
on low exposure films. The data are representative of three independent
experiments. C, CHO-PCDH12 cells were transfected either with siRNAs
against ADAM10 (A10) or control (CTL) siRNAs and grown without PMA. The
cell extracts were analyzed by Western blot using antibodies against ADAM10
to prove siRNA efficiency, against PCDH12 Cter and EC to examine PCDH12
stability and against tubulin as loading control. D, effect of ADAM10 siRNAs in
PCDH12 release in cell supernatants. E, subcellular fractionation of CHO-
PCDH12 using sucrose density gradient. Fractions 1-12 (top to bottom) were
analyzed by Western blot with PCDH12 Cter, flotillin, and ADAM10 antibod-
ies. Flotillin, a lipid raft protein marker, is mainly located in fractions 2 and 3,
whereas PCDH12 is concentrated in the nonlipid raft fractions (fractions
8-12), together with ADAM10.

Interestingly, the VEGF-enhanced release of PCDH12 was
abolished by simultaneous addition of PGE, (Fig. 6E), thus indi-
cating that this latter molecule has a high impact on PCDH12
cleavage. In conclusion, our data strongly suggest that PCDH12
cleavage and activity are regulated by cytokines produced in
pathophysiological settings.

Preventing PCDHI12 Cleavage Delays Cell Migration—Be-
cause of their role in cell-cell adhesion, cadherins are known to
delay cell migration and wound closure of a scratched cell
monolayer. However, no significant difference in a wound assay
was observed between PCDH12- or mock-transfected CHO
cells (Fig. 7). In contrast, a significant decrease in cell migration
was measured when CHO-PCDHI12 was incubated in the pres-
ence of a metalloprotease inhibitor (Fig. 7). This effect was not
seen when the inhibitor was applied to mock-transfected cells
(Fig. 7). We conclude that PCDH12 stabilization at the cell
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FIGURE 6. PCDH12 shedding is regulated by various transduction path-
ways. Aand B, CHO-PCDH12 were treated with Me,SO (N/), 0.1 ug/ml PMA, 10
um Fsk, 50 um genistein (Gen), 10 um 1,2-dipalmitoylphosphatidylinositol
3,4,5-trisphosphate (PIP3), or 10 um LY294002 (LY). The cell supernatants were
harvested at 24 h and analyzed by Western blot, as illustrated in A. M stands
for unconditioned cell medium. B, supernatants of three independent exper-
iments were also analyzed by dot blot, and the signal intensities were mea-
sured. The data represent the means = S.D. of signals normalized with signals
of controls (NI). Statistical analysis compares controls versus treated cell sig-
nals. Cand D, CHO-PCDH12 were treated with Me,SO (N/) or PMA alone (0) or
PMA together with either forskolin, genistein, or LY294002. Cell supernatant
were harvested and analyzed as above. Statistical analysis compares double
treatments to PMA alone. ###, p < 0.001; ##, p < 0.01; #, p < 0.02. E, HUVECs
were incubated with Me,SO (NI), 0.1 wg/ml PMA, 200 ng/ml VEGF, T mm his-
tamine (H), 100 nm PGE,, or VEGF and PGE,. The supernatants were harvested
at 24 h, and 100 ul were used for dot blot analysis. The data are the means =
S.D. of triplicates and are representative of three independent experiments.
Significance with NI: ***, p < 0.001; **, p < 0.01; *, p < 0.05. Significance with
VEGF alone: A, p < 0.01.

membrane increased cell-cell adhesion, which slows cell migra-
tion into the wounded area.

PCDH12 Extracellular Domain Is Detectable in Human
Serum and Urine—Because our in vitro data showed that
PCDHI12 was cleaved at high rates, we wondered whether the
PCDH12 extracellular domain could be detected in vivo in bio-
logical fluids. Human serum from two healthy donors was albu-
min-depleted before Western blot analysis with anti-PCDH12
EC antibody. A signal at 90 kDa, co-migrating with PCDH12
extracellular domain from CHO-PCDH12 supernatant, could
be detected in both sera (Fig. 84). Interestingly, the Peptide-
Atlas database indicates that a specific tryptic peptide of
PCDH12, located within its extracellular domain (**YQV-
SEEVPSGTVIGK*®), was previously identified by proteomic
analysis of two different human plasma samples. These data
demonstrate the existence of PCDH12 in human plasma and
serum.

Similarly, PCDH12 extracellular domain is detectable by
Western blot in human urine, as illustrated in Fig. 8B. This was
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confirmed by MS/MS analysis performed on total human urine
proteome, in which seven specific peptides of PCDH12 were
identified (supplemental Fig. S4). In conclusion, PCDH12 is
cleaved in vivo, and its extracellular domain is detectable by two
complementary approaches in both serum and urine.

PCDH12 Seric Content of Pregnant Women Is Increased in
Pathological Gestations—We next examined whether circulat-
ing levels of PCDH12 were altered in pregnant women exhibit-
ing pre-eclampsia (PE), a frequent placental disorder, com-
pared with seric levels of women with nonpathological
gestations. PE is currently diagnosed by proteinuria and hyper-
tension and is caused by abnormal placentation, trophoblast
invasion deficiency, and subsequent maternal response to pla-
centa-derived circulating stress factors (25). Histological mod-
ifications of the placenta, as well as variations of maternal seric
markers, have been described in the first trimester of gestation,
before the clinical symptoms (35, 36).

In our study, maternal sera from first trimester gestations
were collected at Grenoble University Hospital, before women
were diagnosed for PE, and stored. Sera from women who later
developed a PE were retrieved, together with sera from non-
pathological gestations (# = 27 for nonpathological gestations
and n = 13 for gestations with PE; see Table 1 for the clinical
characteristics of the pregnant women). The sera were analyzed
for their PCDH12 content by Western blotting, as illustrated in
supplemental Fig. S5. The results are summarized in Fig. 9 and
show a significant increase in mean PCDH12 levels, as well as a
shift in the range, when sera were obtained from women who
later developed a PE. Thus, the steady state level of circulating
PCDH12 is modified in women with PE, which may be related
to increased cleavage efficiency, as discussed below.

DISCUSSION

Human PCDHI12 expression is similar to that of mouse
Pcdh12: weak in endothelial cells and high in specialized tro-
phoblast cells, i.e. glycogen cells in the mouse and syncytiotro-
phoblasts as well as villous and extravillous cytotrophoblasts in
humans. Because of the extent of anatomical differences
between human and mouse placenta, the localization of
PCDHI12 in human placenta was not self-evident. The high
level of expression in this organ, as shown by immunohistology
data, is in favor of the protein playing an important role in
human placenta, as is the case in the mouse (23).

A striking characteristic of PCDH12 is the high rate at which
it is degraded. In this article, we show that PCDH12 is sequen-
tially cleaved by ADAM10 and vy-secretase. Added to this shed-
ding of the extracellular domain, the cytoplasmic domain of
PCDH12 is also rapidly degraded by the proteasome.

Sheddase activity is regulated in response to a wide range of
transduction pathways and thus participates in numerous
physiological processes, such as the regulation of epithelial
receptor pathways, Notch signaling, or amyloid precursor pro-
tein processing (29, 30). Here, we show that constitutive
PCDH12 shedding is enhanced by activation of PKC and PI3K
pathways, whereas it is reduced by raising intracellular cAMP
or inhibiting tyrosine kinases. PMA-induced shedding could
also be inhibited by elevated cAMP and repression of tyrosine
phosphorylation, as well as by PI3K inhibition, suggesting that
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FIGURE 7. Effect of metalloprotease inhibitor GM6001 on CHO-PCDH12 migration. CHO-PCDH12 and CHO empty vector confluent monolayers were
scraped with a sterile cell scraper to create scratch wounds. After injury, the cells were washed and incubated with culture medium in presence of either
GM6001 or vehicle alone. The cells were observed with a videomicroscope, and the images were analyzed with ImagelJ software to measure cell invasion in the
wounded area. A shows CHO-PCDH12 at 48 h after the wound and the addition of Me,SO or GM6001. B shows graphs representing kinetics of wound closure

in each condition (n = 9 for each condition). The error bars represent S.E.
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FIGURE 8. Presence of soluble PCDH12 in human serum and urine. A, sera
from two individuals (S7 and $2) were depleted in albumin, and 50 ug of
protein were electrophoresed and immunoblotted with anti-PCDH12 EC.
CHO-PCDH12 supernatant (CHO P12) was loaded as control. B, urine (Ur) was
concentrated, and 90 u.g of proteins were loaded on SDS-PAGE together with
CHO-PCDH12 cell supernatant.

TABLE 1
Clinical characteristics of normal and pathological pregnancies

Normal gestations
(n=27)

29.9 (19-41)
1575 (127 to 18™1)

Pre-eclamptic
pregnancies (n = 13)”
30.9 (23-44)

1575 (1472 to 18™3)

Maternal characteristics

Maternal age (years)
Gestation age at sampling

(weeks ™ da¥)

Systolic blood pressure 110 (90-130) 157 (145-170)
(mm Hg)

Diastolic blood pressure 80 (50-90) 97 (90-110)
(mm Hg)

Proteinuria (g/24 h) 0 1.52 (0.42-3.97)

“ See “Experimental Procedures” for a description of criteria for PE symptoms.

PCDHI2 cleavage is regulated by multiple interconnected
pathways. Furthermore, endothelial cells regulate PCDH12
shedding in response to cytokines known to induce the cAMP
or the PKC pathways. Endothelial cells mainly express PGE,
receptors EP2 and EP4, two G protein-coupled receptors that
both stimulate adenylate cyclase via stimulatory subunit Gs,
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FIGURE 9. Comparison in PCDH12 content of maternal sera in normal and
pathological gestations. Sera from pregnant women in their first trimester
of pregnancy were collected (see Table 1 for gestation characteristics) and
analyzed by Western blot for their PCDH12 content (see supplemental Fig. S4
for a representative example of serum analysis). PCDH12 signals were quan-
tified and plotted. The solid lines represent the means, and the dashed line is
the 2-fold S.D. value for nonpathological gestations.

whereas VEGF activates the phospholipase C-PKC pathway
through VEGFR2 (33, 34). As expected, VEGF enhanced
PCDH12 shedding, whereas PGE, inhibited basal as well as
VEGF-induced cleavage. In endothelial cells, histamine stimu-
lates both G, and G, subunits through H1 and H2 receptors,
respectively (33). Interestingly, stimulation of the Gq subunit,
which activates the phospholipase C-PKC pathway, seems to be
preponderant over G, stimulation, because histamine signifi-
cantly increased PCDH12 shedding.

Cadherin cleavage is an efficient means of remodeling cell-
cell interaction. Indeed, prevention of PCDH12 cleavage by a
metalloprotease inhibitor delayed cell migration in a cell mono-
layer wound assay, suggesting that the adhesive activity of
PCDH12 is impaired by its high degradation rate in this model
system. Interestingly, mouse placentas deficient in Pcdh12
exhibited an alteration in labyrinthine and intermediate layer
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segregation, which potentially reflects a modification of the
capacity of glycogen cells to collectively migrate or aggregate.
Similarly, PCDH12 could be involved in human microvillus for-
mation or cytotrophoblast invasion of maternal uterine
endometrium.

ADAMIO is expressed in syncytiotrophoblasts (37) and may
thus directly regulate PCDH12 shedding within this cell layer.
ADAMIO is also efficiently inhibited by tissue inhibitors of
metalloproteinase 1 and 3 (38). This provides a potential exter-
nal regulation mechanism as well. Tissue inhibitor of metallo-
proteinase 1 is highly expressed by maternal decidual cells and
in the stromal compartment of placental villi (39). Tissue inhib-
itor of metalloproteinase 3 is expressed by invasive trophoblasts
(40). Therefore, both inhibitors may regulate PCDH12 activity
during critical phases of pregnancy. Importantly, ADAM10
expression is increased in syncytiotrophoblasts of PE placentas
compared with normal placentas, which has been linked to the
augmented release of soluble VEGFRI1, a well established
marker of PE (35, 37); therefore, similar to VEGFRI, the
increase in seric levels of PCDH12 in patients with PE may be
due to enhanced ADAM10 activity and thus PCDH12 shedding
in the trophoblast layer directly exposed to the maternal
bloodstream.

The extracellular domain of PCDH12 was detected in both
human serum and urine. Therefore, PCDH12 extracellular
domain seems to be relatively stable in human plasma and is
eliminated, at least partially, through the urinary route. These
findings lead to major issues that need to be further addressed:
is the shed protein fragment biologically active, and is it
involved in the pathogenesis of PE?

ADAMIO0 cleaves other members of the cadherin family,
including N-, E-, and VE-cadherins as well as Pcdh y B4 and C3
(41-44). Therefore, ADAM10-dependent shedding may be a
general mechanism of irreversible intercellular junction dis-
ruption, as opposed to intracellular phosphorylation for exam-
ple, which is only transient. The cytoplasmic domain of some
proteins cleaved by 7y-secretase, including Notch and ErbB4,
have been shown to translocate to the nucleus where they acti-
vate gene transcription (28). In addition, the intracellular
domain of Pcdhy C3 tagged with the green fluorescent protein
has been detected in the nucleus of transfected cells (45). In our
hands, attempts to detect PCDH12 cytoplasmic domain in the
nucleus were unsuccessful, even in the presence of the protea-
some inhibitor lactacystin or the nucleus-sequestering drug
leptomycin (data not shown). Although the possibility that the
cytoplasmic domain has signaling functions cannot be
excluded, these functions probably do not depend on translo-
cation to the nucleus. Alternatively, as yet unidentified cyto-
plasmic partners of PCDH12 may be released after PCDH12
cleavage and may translocate to the nucleus. This type of mech-
anism has been demonstrated for B-catenin after N- or E-cad-
herin proteolysis (41, 42).

Our results provide novel insights into the cellular function
of PCDH12 and its regulation. We have shown that PCDH12
controls cell migration, probably through increasing cell-cell
adhesion. Its biological activity is highly regulated by
ADAM10-dependent proteolytic cleavage, which is controlled
by physiological agonists. The detection of PCDH12 extracel-
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lular domain in biological fluids provides evidence of in vivo
shedding. Because of its high rate of expression in the placenta,
it is tempting to speculate that PCDH12 in humans plays a role
similar to that of murine Pcdhl2 in placental development.
Finally, we show for the first time that seric PCDH12 levels are
increased in women with PE. The relevance of this finding in
terms of clinical significance needs to be further investigated.
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