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Abstract

Membrane-type 2 matrix metalloproteinase (MT2-MMP; also called MMP15) is a membrane-
bound protease that degrades extracellular matrix and activates proMMPs such as proMMP-2.
MMP-2 expression in avian embryos is well documented, but it is not clear how proMMP-2 is
activated during avian embryogenesis. Here, we report that MT2-MMP mRNA is expressed in
several tissues including the neural folds and epidermal ectoderm, intermediate mesoderm,
pharyngeal arches, limb buds, and dermis. Several, but not all, of these tissues are known to
express MMP-2. These observations suggest MT2-MMP may play a role during embryonic
development not only through its own proteolytic activity, but also by activating proMMP-2.
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Introduction

Matrix metalloproteinases (MMPs) are extracellular proteases that facilitate cell migration,
regulate embryonic development and tissue remodeling events, and mediate epithelial-
mesenchymal transitions (see reviews by Sternlicht and Werb, 2001; Mott and Werb, 2004;
Bourboulia and Stetler-Stevenson, 2010; Klein and Bischoff, 2011). Soluble MMPs, such as
MMP-2, are secreted as latent proenzymes (proMMPs) with an inhibitory N-terminal pro-
domain that must be proteolytically removed, often by another MMP, in order to be
activated. Membrane-type MMPS (MT-MMPs) are MMPs that are anchored to the plasma
membrane either through a single transmembrane domain (MT1-MMP, MT2-MMP, MT3-
MMP, and MT5-MMP; Imai et al., 1996; Fillmore et al., 2001; Lang et al., 2004) or a GPI
linkage (MT4-MMP and MT6-MMP; Itoh et al., 1999; Kojima et al., 2000).

The activation of proMMPs often involves MT-MMPs and tissue inhibitors of matrix
metalloproteinases (TIMPs; reviewed in Nagase et al., 2006). Although TIMPs inhibit the
proteolytic activity of MMPs, they participate in proMMP activation by recruiting proMMPs
to the cell surface where they can be cleaved and activated by a MT-MMP. The best-studied
example of this is the activation of proMMP-2 by TIMP-2 and MT1-MMP (Butler et al.,
1998; English et al., 2006). In fact, the primary mode of proMMP-2 activation in mice
involves MT1-MMP and TIMP-2, as evidenced by numerous /n vitro studies (reviewed in

"Correspondence: Mark V. Reedy, Biology Department, Creighton University, 2500 California Plaza, Omaha, NE 68178,
402-280-3341, mreedy@creighton.edu.

RAPs current address:

Graduate Program in Biological Sciences, UC-San Diego, San Diego, CA

AMC’s current address:

Graduate Program in Molecular, Cellular, and Developmental Biology, UCLA, Los Angeles, CA.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Patterson et al.

Page 2

Woessner and Nagase, 2000; Murphy et al., 2003) and the fact that TIMP-2-null mice show
greatly reduced levels of activated MMP-2 (Wang et al., 2000).

During avian embryogenesis, however, this appears not to be the case. Although MMP-2 is
fairly widely expressed (Cai et al. 2000; Duong and Erickson, 2004), TIMP-2 and MT1-
MMP expression are much more restricted (Brauer and Cai, 2002; Cantemir et al., 2004; our
unpublished observations). In addition, chicken MT1-MMP has a 5-amino-acid deletion in a
structure called the “MT loop” that in mammals is critical for proMMP-2 activation (English
et al., 2001; Yang et al. 2008). Thus, chicken MT1-MMP likely could not activate
proMMP-2 even if the two were co-expressed.

How else could proMMP-2 be activated during avian embryogenesis? MT2-MMP (also
called MMP15) can activate proMMP-2 in a TIMP-independent manner (Kolkenbrock et al.,
1997; Morrison et al., 2001) and is an important mediator of basement membrane turnover
and cell invasiveness in its own right (e.g. Hotary et al., 2000; Reimar et al., 2005; Hotary et
al., 2006). MT2-MMP is expressed in the ectoderm of Xenogpus embryos (Harrison et al.,
2004) and has been implicated in endocardial cushion formation (Tao et al., 2011) and
submandibular gland morphogenesis (Rebustini et al., 2009) in mouse development.
However, nothing is known about the role or expression of MT2-MMP during avian
development. Thus, the purpose of this study was to determine where and when MT2-MMP
is expressed during early avian embryogenesis.

Materials and Methods
Characterization of a chicken MT2-MMP EST

A chicken EST corresponding to MT2-MMP (EST number 88a20) was identified by
database searching and acquired from Geneservice Ltd. (Cambridge, UK). A 526 bp
fragment from this EST was subcloned into pBluescript Il and sequenced. The sequence was
compared to published and predicted sequences of other MT-MMPs using BLAST and
Clustalw?2. A maximum likelihood phylogenetic comparison of this sequence to that of
other MT-MMPs was performed using MEGADS software (www.megasoftware.net).

In situ hybridization

15-25 embryos per stage were analyzed. Hamilton-Hamburger (HH) stage 8-22 chicken
embryos were fixed in 4% paraformaldehyde overnight, rinsed in phosphate-buffered saline
(PBS) and treated with proteinase K (1 pg/ml for 10 min for HH stages 8-13, 10 pg/ml for
10 min for HH stages 14-18, and 10 pg/ml for 15 min for HH stages 19-22) before being
subjected to whole mount in situ hybridization as described previously (Kos et al., 2001).
The 526 bp subclone described above was used to make sense and antisense digoxigenin-
labeled riboprobes via in vitro transcription (Roche Applied Sciences). Very stringent
hybridization conditions (70°C, 5X SSC, 50% formamide) and post-hybridization washes
(65-68°C, 0.5X SSC, 50% formamide) were used. Hybridized probes were detected using
an alkaline phosphatase-conjugated anti-digoxigenin antibody and NBT/BCIP phosphatase
substrates (Roche Applied Sciences). Embryos were post-fixed in 4% paraformaldehyde,
photographed as whole mounts, and then embedded and sectioned at 10-15 um on a
cryostat.

Immunostaining

Immunostaining for chicken MMP-2 was performed as described in Cai et al. (2000).
Briefly, embryos were fixed for 30 min in 4% paraformaldehyde while on ice and frozen
sections were immunostained for one hour with rabbit anti-chicken MMP-2 19gG (Hahn-
Dantona et al., 2000) and binding visualized using goat anti-rabbit 1IgG-FITC (Jackson
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ImmunoResearch, West Grove, PA). Sections were washed and coverslipped with
Vectashield mounting medium (Vector Laboratories, Burlingame, CA), examined on an
epifluorescent microscope, and images captured using a SPOT CCD camera (Diagnostic
Instruments, Sterling Heights, MI).

Characterization of a MT2-MMP EST

The sequence of the 526 bp fragment from EST 88a20 used in this study is shown in Figure
1A. Domain analysis and BLAST searching revealed that it corresponded to the catalytic
and TIMP-binding region of MT2-MMP. Although this EST was not full-length and the
catalytic domains of different MT-MMPs are similar at the amino acid level, we were
confident it represented MT2-MMP and not another MT-MMP for two reasons. First,
BLASTIng the nucleotide sequence against the chicken genome database revealed it mapped
to the predicted MT2-MMP locus on chicken chromosome 11 (NCBI accession number
XM413995). This region of chromosome 11 is not fully sequenced, and the first exon of
MT2-MMP lies within an unsequenced region. In addition, maximum likelihood
phylogenetic analysis showed this sequence clusters with MT2-MMPs from other species,
with a bootstrap support value (confidence) of 84% (Fig. 1B).

Ectodermal Expression of MT2-MMP

Consistent with reports from Xenopus (Harrison et al., 2004), at HH stage 8 MT2-MMP was
expressed in low levels throughout the epidermal ectoderm (black arrows in Fig. 2B, C).
This widespread expression in the early epidermal ectoderm is interesting, as MMP-2
protein is widespread in the underlying mesoderm at stage 8 (Fig. 2D).

At stage 8, MT2-MMP transcripts were also detected in the cranial and caudal neuropores
(black arrowheads in Fig. 2A, C). Expression in the caudal neuropore continued at later
stages (black arrowheads in Fig. 3A, E, F and in 4A, C). MT2-MMP mRNA was not
detected in the closed neural tube (e.g. Figs. 2B, 3D and 4B, D, G), suggesting MT2-MMP
expression was transient and related to the neurulation process itself. MT2-MMP was also
expressed in the developing otic placode and otic vesicle (white arrows in Fig. 3A, C, D).
Once the otic vesicle fully formed, however, it did not express MT2-MMP transcripts (not
shown), similar to how MT2-MMP expression was downregulated in the neural tube
following the completion of neurulation.

Mesodermal Expression of MT2-MMP

MT2-MMP transcripts were detected in axial, paraxial, intermediate, and lateral mesoderm-
derived structures. MT2-MMP was expressed in the caudal notochord as early as stage 8 and
was maintained there until approximately stage 14 (white arrowheads in Fig. 2C, 3F and 4B,
D). We did not detect MT2-MMP expression in the cranial notochord at any stage (e.g., Fig.
2B, 3D). MT2-MMP was also strongly expressed in the pronephrogenic cord of the
developing intermediate mesoderm between stages 12-14 (white arrows in Fig. 4A-D). We
did not detect MT2-MMP transcripts in the developing mesonephros at later stages.

From stages 19-22, strong expression of MT2-MMP was observed in the dermamyotome
and later in the subectodermal mesenchyme that likely becomes dermis (white arrow in Fig.
4G). MT2-MMP was also strongly expressed in the dorsal subectodermal mesenchyme of
the developing limbs (black arrows in Fig. 4E, H). This limb bud expression began around
stage 19/20 and persisted until at least stage 22, which is the latest stage examined.
Morphologically, the MT2-MMP-expressing cells in the limb did not appear to be hypaxial
muscle progenitors, but were likely either dermis or lateral plate mesoderm-derived. Also in
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older embryos (stage 21/22), MT2-MMP expression was found in both the pharyngeal
arches (white arrowheads in Fig. 4E, 1) and in the compact layer of the myocardium (black
arrowheads in Fig. 4E, J).

Discussion

MT2-MMP in an important mediator of basement membrane turnover and cell invasion, and
can also activate pro-MMP2. Here we report that MT2-MMP is expressed in the early
chicken embryo in several morphogenetically active tissues. MT2-MMP expression was
seen in the cranial and caudal neuropores and in the developing otic placodes, areas of
considerable basement membrane remodeling (e.g. Martins-Green, 1988; Hemond and
Morest, 1991; Fernandez et al., 1992; Hilfer and Randolph, 1993; Visconti and Hilfer,
2002). In particular, laminin turnover has been implicated in both otic vesicle formation
(Visconti and Hilfer, 2002) and primary neurulation (Zagris et al., 2004), and MT2-MMP is
particularly efficient at degrading laminin (d’Ortho et al., 1997). At these same stages
MMP-2 protein is localized to basement membranes underlying the epidermal ectoderm and
the neural folds (Cai et al., 2000), so MT2-MMP may also help to activate proMMP-2 at
these sites.

MT2-MMP was also expressed in the developing pronephros. At stages 1213, the rostral
limit of MT2-MMP expression in the intermediate mesoderm was adjacent to somites 7-8,
and expression extended caudally to the level of the segmental plate mesoderm. This
correlates both temporally and spatially with the extension of the pronephric cord and the
separation of the pronephric duct and nephric tubule progenitor tissues (Hiruma and
Nakamura, 2003), suggesting that MT2-MMP may play a role in these processes.

Previous studies have reported that during the same stages of avian development examined
here, MMP-2 is expressed by or localized within head mesenchyme, cardiogenic splanchnic
mesoderm and the early heart tube, sclerotome, dermamyotome/dermis, trunk neural crest
cells, and limb dermis (Cai et al. 2000; Duong and Erickson, 2004). Our findings suggest
MT2-MMP could play a role in proMMP-2 activation in some, but not all, of these regions.
We did not detect MT2-MMP mRNA in several areas of strong MMP-2 expression,
including epithelial somites, sclerotome, early cardiac mesoderm, or migrating neural crest
cells. However, MT2-MMP was expressed in the dermamyotome and subectodermal
mesenchyme, pharyngeal arches, neural folds, and epidermal ectoderm, tissues where
MMP-2 expression has been reported previously. Our observations suggest MT2-MMP may
play a role during embryonic development not only through its own proteolytic activity, but
also by activating proMMP-2 in some tissues.
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Figurel.

A). Nucleotide and predicted amino acid sequence of the 526 bp subclone from EST 88a20
used in this study. B). Maximum-likelihood phylogenetic tree of MT-MMPs using human
MMP?2 as the outgroup (255 informative sites, 1000 repetitions). The chicken MT2-MMP
sequence (underlined) clusters with 84% confidence with MT2-MMP sequences from other
species (bracket). The accession numbers of each sequence used are listed after the sequence
name. Bootstrap support values for each branch are shown. Scale bar = substitutions per site.
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Figure2.

MT2-MMP mRNA expression at stage 8. A). Representative whole mount, with solid black
lines indicating the approximate cross-section level shown in panels B and C. D). MMP-2
antibody labeling in a stage 8 embryo for comparison. Black arrowheads indicate neural
folds, black arrows indicate epidermal ectoderm, and white arrowhead indicate the caudal
notochord. Scale bar = 200 um in panel A, 50 wm in panels B, and C, and 100 wm in D.
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Figure 3.
MT2-MMP mRNA expression in stage 11 chicken embryos. A). Representative whole-

mount. B). Embryo hybridized with a sense probe as a negative control. This embryo was
photographed with substage rather than oblique lighting to provide enough contrast to see
detail in the otherwise clear embryo. C and E). Higher magnification view of the embryo in
A showing the otic placode (in C) and caudal neuropore (in E) regions. Solid black lines
indicate the approximate cross-section level shown in corresponding labeled images D and
F. Black arrowheads indicate neural folds, black arrows indicate epidermal ectoderm, white
arrowheads indicate the caudal notochord, and white arrows indicate the otic placode. Scale
bar = 100 pm in A and B, 50 im in panels C-F. Abbreviations: nf, neural fold; and nt,
neural tube.
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Figure 4.

Localization of MT2-MMP mRNA in whole mount and transverse sections of stage 13 — 22
chicken embryos. Solid black lines indicate approximate cross-section level shown in
corresponding labeled images. Panel F is an embryo hybridized with a sense probe, all other
panels are embryos hybridized with an antisense probe for MT2-MMP. Shown are stages 13
in panels A and B, 14 in panels C and D, and 22 in panels E-J. Caudal notochord expression
continues until approximately stage 14 (white arrowheads in B and D) as does neural fold
expression (black arrowheads in A and C). The intermediate mesoderm (white arrows in A—
D) also expressed MT2-MMP. MT2-MMP was expressed in the dermamyotome (white
arrows in E and G) and in the limb (black arrows in E and H). The pharyngeal arches (white
arrowheads in E and 1) and the heart (black arrowheads in E and J) also expressed MT2-
MMP. Note the lack of expression in the sclerotome (black arrowhead in D). Scale bar = 50
pmin B, D, G, H, I and Jand 100 um in A, C and E. Abbreviations: a, atrium; n, notochord,;
nt, neural tube; s, somite; and v, ventricle.
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