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Membrane PTK7 pseudo-kinase plays an essential role in pla-
nar cell polarity and the non-canonical Wnt pathway in verte-
brates. Recently, a new N-ethyl-N-nitrosourea-induced mutant
named chuzhoi (chz) was isolated in mice. chz embryos have
severe birth defects, including a defective neural tube, defective
heart and lung development, and a shortened anterior-posterior
body axis. The chz mutation was mapped to the Ala-Asn-Pro
tripeptide insertion into the junction region between the fifth
and the sixth Ig-like domains of PTK7. Unexpectedly, chz
reduced membrane localization of the PTK7 protein. We
hypothesized and then proved that the chz mutation caused an
insertion of an additional membrane type 1 matrix metallopro-
teinase cleavage site in PTK7 and that the resulting aberrant
proteolysis of chz affected the migratory parameters of the cells.
It is likely that aberrations in the membrane type 1 matrix met-
alloproteinase/PTK7 axis are detrimental to cell movements
that shape the body plan and that chz represents a novel model
system for increasing our understanding of the role of proteol-
ysis in developmental pathologies, including congenital defects.

About three of every 100 babies born in the United States
have congenital abnormalities. Congenital abnormalities are
ranked 34th of the top 50 causes of total death in the United
States. Debilitating cardiovascular and nervous system defects
jointly represent 40% of birth defects. The death toll of congen-
ital abnormalities (0.58%) roughly equals that of stomach, skin,
or oral cancers. Mechanistic research into birth defects is
required to more efficiently contribute to prevention and cor-
rection of these disorders.

The canonical, B-catenin-dependent and non-canonical,
[B-catenin-independent Wnt signaling pathways are conserved
in eukaryotes and are critical for the diverse events in embry-
onic development and disease. The non-canonical Wnt/planar
cell polarity (PCP)” signaling controls cell organization within
the tissue plane (1, 2). The Wnt/PCP signaling affects the actin
cytoskeleton via RhoA GTPase activation through dishevelled
associated activator of morphogenesis 1 (DAAM1) and dishev-
elled activator of morphogenesis 2 (DAAM?2). The first PCP
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signaling events occur at a gastrulation stage of embryogenesis.
These events regulate the polarized directed cell movement to
accomplish convergent extension for the anterior-posterior
body axis elongation, neural tube closure, and craniofacial mor-
phogenesis (3—6). Convergent extension failure results in a
shortened anterior-posterior body axis and widened lateral axis
(convergent extension phenotype), a defective neural system,
and craniofacial abnormalities.

Ubiquitously expressed PTK7 (also called colon carcinoma
kinase-4 (CCK-4)) is a Wnt coreceptor and a regulator of PCP
in vertebrates (7—13). Membrane PTK7 includes seven extra-
cellular Ig domains, a transmembrane region, and a catalytically
inert cytoplasmic tyrosine kinase (PTK) domain (8, 9, 11, 14).
PTK7 is evolutionary conserved in humans and mice and
also chicken klingon (KLG), Drosophila (Dtrk/Off-track), and
hydra (Lemon) (7). It is likely that PTK7 regulates PCP and
signaling via homotypic interactions between the extracellular
Ig domains and via the cytoplasmic PTK domain, respectively.
PTK?7 can form multimers (10). PTK7 signaling can be achieved
through its interactions with plexins and semaphorins, albeit
the precise mechanisms are yet to be determined (15, 16). PTK7
mutant mice that expressed either a 1-114 PTK7 truncation or
a cytoplasmic domain deletion died because of severe defects in
neural tube closure (10).

Recently, a new N-ethyl-N-nitrosourea-induced mutant
named chuzhoi (chz) was isolated and characterized in mice.
chz mutant embryos have defective convergent extension,
including a broadened midline, a shortened anterior-posterior
body axis, abnormal cell polarity in the ear, and defective neural
tube and heart and lung development. The cause of chz is the
unnatural Ala-Asn-Pro insertion into the junction region
between the 5th and the 6th Ig-like domains of the PTK7 ect-
odomain portion. We determined that the insertion, unexpect-
edly, significantly reduced membrane localization of the PTK?
protein (17).

Recent studies indicate that invasion-promoting MT1-MMP
controls PCP in zebrafish (Danio rerio) development (18).
MT1-MMP is a prototypic member of a membrane-anchored
MMP subfamily and is distinguished from soluble MMPs by a
C-terminal transmembrane domain and a cytoplasmic tail (19,
20). MT1-MMP cleaves extracellular matrix proteins, initiates
the activation pathway of soluble MMPs and controls the func-
tionality of cell adhesion and signaling receptors (21-25).
Knockout of MT1-MMP has the most significant phenotype
among MMP gene knockout mice: MT1-MMP knockout mice
are dwarfs and die at adulthood (26). Likewise, a loss of the

VOLUME 286+NUMBER 23+JUNE 10, 2011



structurally similar primordial At2-MMP induces dwarfism in
Arabidopsis plants (27).

MT1-MMP knockdown affects PCP and directed migration
of the mesodermal cells in gastrulation and craniofacial mor-
phogenesis (18). Van Gogh-like 2, a regulator of the non-canon-
ical Wnt pathway, colocalizes with MT1-MMP and redistrib-
utes toward the leading edge of polarized human cancer cells
(18). It is likely that pericellular proteolysis and PCP converge
to promote efficient directed cell migration (28).

As a result, it is not entirely surprising that PTK7 and MT1-
MMP are functionally linked in eukaryotes (18, 28 —30). Cellu-
lar MT1-MMP, a key proinvasive proteinase, functions as a
principal PTK7 sheddase. MT1-MMP cleaves the PKP* | LI
sequence of the seventh Ig-like domain of membrane PTK7.
MT1-MMP proteolysis generates the C-terminal, membrane-
tethered (50-kDa) and the N-terminal, soluble (70-kDa) PTK7
1-621 fragments. Cleavage site L622D mutation results in the
PTK7 mutant that is resistant to MT1-MMP. Our analysis of
the MT1-MMP/PTK?7 axis suggests that a balance between the
MT1-MMP activity and the membrane/soluble PTK7 species is
required for the correct execution of the cell migration pro-
gram in both human cancer cells and zebrafish (D. rerio). An
abnormal balance caused defects in both zebrafish develop-
ment and directional migration of tumor cells.

On the basis of these data and the protein sequence of PTK7,
we then hypothesized that the Ala-Asn-Pro insertion
(QVLANPEK |, LK®%3, the arrow indicates the scissile bond, the
insert is underlined) introduced a consensus MMP PXX | L
cleavage site in the PTK7 sequence. Here, we experimentally
confirmed our hypothesis and demonstrated that human chz
exhibits an additional MT1-MMP cleavage site. It becomes
now possible to suggest that the N-terminal, soluble (70-kDa)
1-621 chz fragment readily degrades in vivo. This degradation
of soluble chz leads to the aberrant membrane/soluble PTK
ratio and to the significantly modified migratory and signaling
cell characteristics (17, 29).

Overall, our data, especially if combined with the results of
Paudyal e/ al. (17), in mice suggest that mutational aberrations
of the MT1-MMP/PTK? axis cause the PCP abnormalities dur-
ing gastrulation and birth defects in eukaryotes. Further analy-
sis is warranted to determine whether PTK7 controls cell polar-
ity in different contexts in the course of normal development
and how mutations in PTK7 disrupt PCP in relation to disease,
including birth defects in humans.

MATERIALS AND METHODS

Cells and Reagents—Human fibrosarcoma HT1080 cells and
human breast carcinoma MCF7 cells were obtained from the
ATCC. The cells were grown in DMEM supplemented with
10% FBS. A goat polyclonal antibody AF4499 against the N-ter-
minal 31-199 portion of PTK7 was purchased from R&D Sys-
tems. A murine monoclonal 3G4 antibody, MAB1767, against
the catalytic domain of MT1-MMP and the GM6001 hydrox-
amate inhibitor were from Chemicon. A murine monoclonal
FLAG M2 antibody, the FLAG M2 antibody, and streptavidin-
agarose beads were from Sigma. Rhotekin-Rho binding domain
(RBD)-agarose beads and a RhoA monoclonal antibody,
ARHO1, were from Cytoskeleton. EZ-Link sulfosuccinimidyl
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2-(biotinamido)-ethyl-1,3-dithiopropionate and Alexa Fluor
594-phalloidin were acquired from Pierce and Invitrogen,
respectively.

Cloning and Mutagenesis—HT1080 cells with the ectopic
expression of MT1-MMP (HT-MT1 cells), HT1080 cells in
which MT1-MMP was transcriptionally silenced (over 90%
silencing) using siRNA (HT-siMT1 cells), and the required
scrambled controls were obtained and extensively character-
ized earlier (31-34). The C-terminally tagged (with a V5 tag)
wild type and catalytically inert (E240A) mutant MT1-MMP
constructs (29, 32) were used to generate the MCF7-MT1 and
MCEF7-E240A cells, respectively. HT1080 cells with the ectopic
expression of the FLAG-tagged PTK7 constructs, including
the full-length wild-type PTK7 (HT-PTK?7), the uncleavable
PTK7 L622D mutant (HT-L622D), and the N-terminal-sol-
uble, 1-700 ectodomain form of PTK7 (HT-sPTK7), were
obtained and characterized earlier (29). The PTK7-FLAG
template was used in the PCR reactions with the follow-
ing primers: forward, 5'-CGTGTCCAAGTGCTGGCTAA-
CCCAGAAAAGCTCAAGTTC-3'; and reverse, 5'-GAACTT-
GAGCTTTTCTGGGTTAGCCAGCACTTGGACACG-3' to
generate the chz mutant sequence (the mutant sequence is
underlined). The resulting chz construct was subcloned into the
pcDNA3.1D/V5-His-TOPO directional TOPO expression vec-
tor (Invitrogen). HT1080 and MCF7 cells were stably trans-
fected with the chz construct using Lipofectamine 2000 (Invit-
rogen) to generate HT-chz and MCF7-chz cells, respectively.
Stably transfected clones were selected in the presence of G418.
The expression of chz was validated by Western blotting with
the FLAG and PTK7 antibodies.

Cell Surface Biotinylation—Cell surface proteins were bio-
tinylated by incubating cells for 1 h on ice in PBS containing 0.1
mg/ml EZ-Link sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-
dithiopropionate. Cells were lysed in 20 mm Tris-HCl, 150 mm
NaCl, 1% deoxycholate, and 1% octylphenoxypolyethoxyetha-
nol (IGEPAL) (pH 7.4), supplemented with a protease inhibitor
mixture set III (Sigma), 1 mm phenylmethylsulfonyl fluoride,
and 10 mm EDTA. Biotinylated proteins were precipitated from
cell lysates using streptavidin-agarose beads (Sigma). Biotinyl-
ated proteins were eluted from the beads using 2X SDS sample
loading buffer (125 mm Tris-HCI (pH 6.8), 4% (v/v) SDS, 0.005%
bromphenol blue, 20% (v/v) glycerol, 20 mm DTT).

Immunofluorescence—Cells grown on glass coverslips were
fixed for 10 min with 4% paraformaldehyde, permeabilized for 5
min with 0.1% Triton X-100, and blocked for 1 h in 1% casein.
Cells were stained with a primary antibody (normally at a
1:1000 dilution), followed by a secondary antibody conjugated
with Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes,
dilution 1:500). The coverslips were mounted in Vectashield
mounting medium with DAPI (Vector Laboratories). Images
were acquired using an Olympus BX51 fluorescence micro-
scope equipped with a MagnaFire digital camera (Olympus).

Rho Activation Assay—The Rho activation assay kit (Cyto-
skeleton) was used to measure cellular GTP-RhoA. GTP-RhoA
was precipitated from the cell lysates using rhotekin-RBD
beads. The precipitated samples were analyzed by Western
blotting with a RhoA monoclonal antibody.
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Invasion Assay—The invasion assay was performed in tripli-
cate in wells of a 24-well Transwell plate with an 8-um pore size
membrane (32). The membranes of the Transwell inserts were
coated with type I collagen (2.5 ug/well, BD Biosciences). Cells
(1 X 10°/well) were placed into DMEM (0.1 ml) in the upper
chamber. The 10% FBS-containing DMEM (used as a chemoat-
tractant, 0.6 ml) was placed in the lower chamber. Serum-
free DMEM (0.6 ml) was used as a control. Cells were allowed
to invade for 4 h. The cells were stained for 10 min with 0.2%
crystal violet/20% methanol (0.3 ml). The cells on the upper
membrane surface were removed with a cotton swab. The
dye from the cells that migrated onto the lower surface of the
membrane was extracted with 1% SDS (0.25 ml). The result-
ing A.., .., Was measured using a plate reader.

Gelatin Substrate Zymography of MMP-2 and Western Blot-
ting of RhoA, PTK7, and M'T1-MMP—Basic protocols for these
techniques have been described previously (29). The purified
MMP-2 proenzyme (100 ng/ml) was added to MCF7 cells
12-14 h prior to the gelatin zymography analysis (35). For the
Western blotting analysis of sPTK7, cells were incubated for
16 h in serum-free DMEM (20 ml/15-cm dish). The medium
was then collected and concentrated 50-fold using Amicon
Ultra-15 centrifugal filter units with a 30-kDa cutoff (Milli-
pore). The concentrated samples (20 ul each) were used in
Western blotting with a PTK7 antibody.

Modeling of the PTK7 and chz Structures—The three-dimen-
sional structure of PTK7 was modeled by threading the PTK?
peptide sequence on the known structures of the homologues
using MODWEB software (36, 37). The six N-terminal Ig
domains of PTK7 (residues 28 —588) were built using titin (PDB
code 3B43) as a template. Because of their high (38%) sequence
identity, the seventh Ig domain of PTK7 (residues 594 —684)
was built using the 22-105 fragment of Kiaal556 (PDB code
2DM7). The 703-778 transmembrane region and the 789 —
1072 kinase domain of PTK7 were built using Hla (PDB code
1SYS) and a 258 525 fragment of Src (PDB code 2BDF; 38%
sequence identity), respectively. The modeled fragment struc-
tures were merged to generate the structural model of PTK7
and chz. The structure of the catalytic domain of MT1-MMP
was derived directly from PDB codes 1BQQ and 1BUV. The
structures were then visualized using PyMOL software
(DeLano Scientific).

RESULTS

PTK7 and chz Modeling—To visualize the structure of chz,
we modeled the three-dimensional structures of PTK and chz
(Fig. 1). Our structural modeling suggests that the conventional
MT1-MMP PKP®*! | LI cleavage site is localized in the seventh
Ig-like domain of PTK?7. The Ala-Asn-Pro insertion that poten-
tially results in the creation of the additional Pro-Glu-
Lys | Leu-Lys®*®> MMP cleavage site in the chz mutant
sequence is localized in the junction region between the fifth
and the sixth Ig-like domains.

The original QVLEKLK®?® PTK7 sequence does not appro-
priately fit into the catalytic cleft of the MT1-MMP catalytic
domain. In contrast, the QVLANPEK | LK*® chz mutant se-
quence matches well the structural parameters of the active
site cleft of MT1-MMP. The P1’ Leu-502 of the putative
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FIGURE 1. A structure model of the full-length membrane PTK7. Left panel,
Ilg domains 1-7, the transmembrane (TM), and kinase domains are shown in
orange, black, and red, respectively. Cleavage of the PKP®?! | LI sequence in
the seventh Ig-like domain and of the QVLANPEK |, LK>% chz in the junction
region between the fifth and the sixth Ig-like domains, respectively, is shown
by the arrows. The mutant residues are underlined. Right panel, a structural
model of the QVLEK |, LK>® original PTK7 and the QVLANPEK |, LK*% chz
mutant sequences in the catalytic cleft of the MT1-MMP catalytic domain.
Green, MT1-MMP; orange, PTK7/chz; black, Ala-Asn-Pro insert in chz; magenta
ball, active site zinc.

Lys-Leu scissile bond appears proximal to the active site zinc
(Fig. 1).

Cell Surface chz Is Efficiently Degraded—To determine the
expression levels and potential link of PTK7 with MT1-MMP,
the FLAG-tagged PTK7 and chz constructs were designed.
Breast carcinoma MCEF-7 cells were stably transfected with the
wild-type PTK7 and chz constructs. In addition, PTK7 and chz
were coexpressed in MCF-7 cells with the wild-type MT1-
MMP and the catalytically inactive E240A MT1-MMP mutant
(MCF7-MT1 and MCF7-E240A cells, respectively). To facili-
tate the identification of MT1-MMP, the proteinase constructs
were tagged with a V5 tag. We specifically selected MCF?7 cells
for our studies because the parental cell line is deficient in
MT1-MMP (38). As expected, gelatin zymography of the
medium aliquots confirmed the ability of MCF7-MT1 cells to
transform the proenzyme of MMP-2 into the activated MMP-2
forms, whereas parental MCF7 cells and MCF7-E240 cells were
inactive in this assay (Fig. 24).

Cells were surface-biotinylated and then lysed. Both biotin-
labeled, cell surface-associated chz and MT1-MMP were pre-
cipitated using streptavidin beads. Cells expressing PTK7 were
used as controls in our experiments. The precipitated chz and
MT1-MMP samples were analyzed by Western blotting with
the FLAG and V5 antibodies, respectively. MT1-MMP was rep-
resented by the enzyme form on the surface of MCF7-E240A
and MCF7-MT1 cells. The latter also exhibited the 45-kDa self-
proteolysis degradation form that was absent in MCF7-E240
cells. The levels of cell surface chz inversely correlated with the
cell surface MT1-MMP activity. Thus, minor levels of chz as
compared with PTK7 were detected on the surface of MCF7-
MT1 cells (Fig. 2A).
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FIGURE 2. Chz is efficiently cleaved by MT1-MMP. A, cell surface, biotin-
labeled, and total cell lysate immunoprecipitated samples (surface and total,
respectively) of MCF7 cells expressing the FLAG-tagged PTK7/chz constructs
and of MCF7-MT1 and MCF7-E240 cells that coexpressed the FLAG-tagged
PTK7/chz constructs with the V5-tagged MT1-MMP and the catalytically inert
E240 MT1-MMP mutant constructs, respectively, were analyzed by Western
blotting. Bottom panel, the ability of cellular MT1-MMP to activate the added
MMP-2 proenzyme (100 ng/ml) was analyzed with gelatin zymography. B, cell
surface, biotin-labeled, and total cell lysate samples (surface and total, respec-
tively) of HT1080, HT-MT1, and HT-siMT1 cells expressing the FLAG-tagged
PTK7/chz constructs were analyzed by Western blotting. C, conditioned
medium aliquots and cell surface, biotin-labeled, and total cell lysate immu-
noprecipitated samples (surface and total, respectively) of HT1080 cells
expressing the FLAG-tagged PTK7/chz constructs and of HT-siMT1 cells
expressing the FLAG-tagged chz construct were analyzed by Western blot-
ting. Equal amounts of total protein (50 nwg/lane) were analyzed in A, B,and C.
The arrow indicates the abnormal cleavage product in chz. IP, immunopre-
cipitation with the FLAG antibody and streptavidin beads. WB, Western blot-
ting with the FLAG, V5, PTK7, and MT1-MMP antibodies. For the beads and
antibodies used, see panel labels.

To corroborate these data, we determined the levels of total
cellular PTK7 and chz in MCF7, MCF7-MT1, and MCF7-
E240A cells (Fig. 2A). For these purposes, cells were lysed, and
chz was pulled down from the cell extracts using the FLAG
antibody beads. The precipitates were analyzed by Western
blotting with the FLAG antibody. The chz construct was effi-
ciently synthesized by MCF7, MCF7-MT1, and MCF7-E240A.
The presence of the two isoforms of PTK7/chz we observed in
the cell extracts is not precisely clear as of now. The levels of
cellular chz exceeded those of PTK7 in all three lines. The cell
surface levels of chz, however, were low, especially in MCF7-
MT1 cells.

These results suggest the existence of the efficient degrada-
tion of cell surface chz rather than the low synthesis of chz by
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the cells and that this degradation of cell surface chz is MT1-
MMP-dependent. Because breast carcinoma MCF7 cells do not
efficiently invade the matrix layers in vitro, it is exceedingly
difficult to observe the effects of PTK7, chz, and MT1-MMP on
the invasion of this cell type.

To support our data further and to determine the potential
effect of PTK7 and chz on cell invasion, we employed highly
migratory and invasive fibrosarcoma HT1080 cells, which syn-
thesize MT1-MMP naturally. First, we determined the status of
cellular chz in HT1080 cells. As controls, we used HT-siMT1
cells with the transcriptional silencing of MT1-MMP and also
HT-MT1 cells with the forced expression of MT1-MMP (Fig.
2B). To measure cell surface chz, the cells were surface-biotin-
ylated and lysed. Biotin-labeled material was captured using
streptavidin beads. To determine the total cell ckz, untreated
cells were lysed, and the FLAG-tagged constructs were cap-
tured on FLAG antibody beads. Both biotin-labeled and total
cell samples were then analyzed by Western blotting with the
antibody against the PTK7 ectodomain. There was no differ-
ence in the levels of total PTK7 and ckz in HT1080, HT-MT1,
and HT-siMT1 cells. Cell surface chz was diminished in
HT1080 cells as compared with PTK7. Both PTK7 and chz were
predominantly shed by MT1-MMP activity in HT-MT1 cells.
As a result, there was no detectable PTK7 and chz in the
HT-MT1 cell surface samples. Transcriptional knockout of
MT1-MMP restored the cell surface PTK7 and chz in
HT-siMT1 cells.

In agreement, as detected by Western blotting with the
FLAG antibody, there was no difference in the total levels of
cellular PTK7 and chz in HT1080 and HT-siMT1 cells. Consis-
tent with other assays, minor cell surface levels of chz were
observed in HT'1080 cells as compared with PTK?7. The surface
levels of chz significantly increased in HT-siMT1 cells. Be-
cause MT1-MMP is a principal sheddase of membrane PTK7
(29), we also assessed the levels of the shed chz ectodomain in
the concentrated medium samples using Western blotting with
the PTK7 antibody. MT1-MMP proteolysis released the solu-
ble, 65- to 70-kDa PTK7 1-621 ectodomain into the medium
(Fig. 2C). As compared with PTK7, extensive shedding of chz
was observed in HT1080 cells. This shedding was greatly
diminished in HT-siMT1 cells. The presence of the additional,
low molecular weight fragments (55-58 kDa) of chz directly
supported the presence of the additional MT1-MMP cleavage
site in the ectodomain sequence. The molecular mass of these
fragments (55—58 kDa) correlated with the expected size of the
N-terminal, 1-500 proteolytic fragment of chz.

To visualize the relations between chz and MT1-MMP, we
immunostained the permeabilized HT1080, HT-MT1, and
HT-siMT1 cells using the PTK7 antibody (Fig. 3). There was an
abundant immunoreactivity of both PTK7 and especially c/z in
the plasma membrane and intracellular compartments of HT-
siMT1 cells. In turn, in HT1080 cells, only PTK7 but not chz
was detected on the plasma membrane. Both PTK7 and chz
were not detected on the plasma membrane in HT-MT1 cells,
thus supporting the clearance of PTK7 and especially c/sz by the
plasma membrane MT1-MMP activity. Immunostaining of
actin revealed the rearrangements in the actin cytoskeleton in
the cells we tested.
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Chz Affects Cell Invasion— According our data and that of
others, PTK7 is directly involved in the regulation of cell
migration (29, 39 —43). Cell surface levels of PTK7 appear to
correlate inversely with tumor aggressiveness and metastatic
potential (29). Because of these earlier data and because
actin cytoskeleton dynamics are also associated with cell
migration (44, 45), we next analyzed the invasive capacity of
HT1080, HT-PTK7, HT-L622D, HT-sPTK7, HT-chz, and
HT-siMT1/chz cells.

Consistent with our earlier results (29), the ectopic expres-
sion of PTK and especially the uncleavable L622D PTK7
mutant suppressed cell migration (Fig. 4). On the contrary, the
expression of chz enhanced cell migration ~2-fold relative to
the original, highly migratory HT1080 cells. In HT-siMT1 cells,
the stimulatory effect of chz was not observed, again suggest-
ing the presence of a link between MT1-MMP activity and the
chz functionality.

To shed more light on the effects of chz, we determined the
activation status of cellular RhoA GTPase (Fig. 4). In agreement
with our previous observations (29), only the HT-sPTK7 and
original HT1080 cells exhibited significant levels of activated
GTP-RhoA. In other cells we tested, including HT-chz and
HT-siMT1/chz, the GTP-RhoA levels were similarly low. On

Actin

PTK7 i DNA MERGED

HT1080

HT-MT1

HT-siMT1

FIGURE 3. Immunoreactivity of PTK7 and chz in HT1080 cells. Staining of
HT1080, HT-MT1, and HT-siMT1 cells expressing the PTK7/chz constructs
using the PTK7 antibody (green) and phalloidin (actin, red). Blue, nuclei (DAPI).
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the basis of these results, we suggest that GTP-Rho is not crit-
ical for the yet to be determined PTK7 pathway that drives cell
locomotion.

DISCUSSION

Ubiquitously expressed PTK7 pseudo-kinase is an essential
component of the non-canonical Wnt/PCP signaling pathway,
arguably one of the most important cellular pathways in
eukaryotes (46, 47). At its most basic level, polarity may be
considered as the generation of asymmetry within a single cell,
whether the result of the asymmetry is a directed movement
that leads to cellular migration or to the relocalization of spe-
cific multicellular structures. The nature of its specific binding
partners and the multifunctional role of PTK7 in cell migration
are yet to be elucidated. It is likely that in different cell systems,
PTK?7 is involved in the interactions with Plexin1 (41), receptor
for activated protein kinase C (RACK1) (40), vascular endothe-
lial growth factor receptor 1 (FLT-1) (39), disheveled (dsh) (43),
Van Gogh-like 2 (VANGL?2) (17, 30) and B-catenin (48).

Polarized cell locomotion also correlates well with pericellu-
lar proteolysis and extracellular matrix remodeling, both of
which involve the action of MT1-MMP (49 —51). Our results
suggest that the Wnt/PCP pathway and pericellular proteolysis
converge at PTK7 to promote efficient directed cell migration
both in normal development and cancer (29).

PTK?7 is a major cleavage target of MT1-MMP in the plasma
membrane. MT1-MMP directly cleaves the PKP®*' || LI se-
quence in an exposed region of PTK7, generating the N-ter-
minal, soluble PTK7 ectodomain. Because PTK7 readily olig-
omerizes through its ectodomain (10, 52), membrane PTK7
forms a complex either with itself or with the solubilized
ectodomain or with some yet to be identified adaptor pro-
tein(s) (2, 13, 39-41, 43, 48). It is likely that these different
complex types elicit the dissimilar downstream signaling
events and that these signaling events differentially regulate
multiple cell functions, including PCP and directional motil-
ity, in processes as diverse as cancer cell invasion and embry-
onic cell migration during gastrulation in eukaryotes (13, 18,
28, 30). In agreement, the soluble PTK7 ectodomain inhib-
ited angiogenesis in vitro and in vivo in a dominant-negative
fashion by competing with full-length PTK7 (12). As a result,
the ratio between the soluble and the membrane PTK7
appears to be an important factor in the Wnt/PCP regula-
tion. The importance of PTK?7 is also illustrated by the fact
that PTK7 mutant mice that express a 1-114 PTK7 trunca-
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FIGURE 4. chz stimulates cell invasion but does not activate GTP-RhoA. Left panel, cell invasion through a type 1 collagen matrix by HT1080 cells transfected
with the indicated MT1-MMP and PTK7/chz constructs. FBS (10%) was used as a chemoattractant. The error bars represent mean = S.D. *, p < 0.05. The
experiments were repeated multiple times with comparable results. Right panel, GTP-RhoA pull-down assay in HT1080 cells transfected with the indicated
MT1-MMP and PTK7/chz constructs. The samples (1 mg of total protein each) were precipitated using rhotekin beads. The precipitates were analyzed by

Western blotting with the RhoA antibody.
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tion die perinatally because of severe defects in neural tube
closure. Overexpression of the mutant PTK7 lacking its
cytoplasmic domain resulted in similar abnormalities (10).

From these perspectives, identification of the chz PTK7
mutant represents a step forward to a better understanding of
PTK7 functionality. The chz mutation results in the Ala-Asn-
Pro insertion into the PTK7 sequence and causes a significant
reduction in membrane localization of the PTK7 protein (17).
Our experimental results firmly determined that the three-ami-
no-acid insert incorporated an additional MT1-MMP cleavage
site into the PTK7 ectodomain. In fact, because of the chz muta-
tion, the consensus PXX | L MMP cleavage site is reconstituted
in the PTK7 protein. Regardless of the primary importance of
MT1-MMP in the cleavage of chz, however, it cannot be ruled
out that certain additional soluble and membrane-type MMPs
also contribute to the aberrant cleavage of chz in other cells/
tissue systems.

It is now clear that because of the aberrant MT1-MMP pro-
teolysis, the soluble N-terminal 1-621 70-kDa fragment is
unstable in c/z. In a model migration system, the forced expres-
sion of chz significantly stimulated cancer cell invasion.
Accordingly, it is now tempting to hypothesize that chz affected
the precisely balanced, polarized, directed cell movement in the
course of gastrulation in mice and that these aberrations in
shaping the body plan resulted in the multiple phenotypic
defects in the chz mutant animals (17).

Intriguingly, the forced expression of the soluble PTK?7
1-700 ectodomain but not of chz significantly up-regulated cel-
lular GTP-RhoA, suggesting that the invasion-promoting func-
tion of chz does not require RhoA activity.

Taken together, our novel data in a combination with our
results and those of others (17, 18, 28, 29) imply that the MT1-
MMP/PTK?7 axis plays an important role in multiple cell loco-
motion situations, including morphogenetic cell movements,
that shape the body plan and that the aberrations of either of
MT1-MMP or PTK7 or both in gastrulation may result in mul-
tiple developmental diseases, including congenital defects.
Accordingly, we believe that further studies into the MT1-
MMP and PTK?7 roles in PCP and their potential link to diseases
such as birth defects are warranted to design a means for birth
defect prognostics and correction.
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