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Abstract

The matrix metalloproteinase (MMP) family of extracellular proteases is conserved throughout the
animal kingdom. Studies of invertebrate MMPs have demonstrated they are involved in tissue
remodeling. In Drosophila, MMPs are required for tracheal growth, histolysis, tissue invasion, axon
guidance, and dendritic remodeling. Recent work demonstrates that MMPs also participate in
Drosophila tumor invasion. In C. elegans an MMP is involved in anchor cell invasion; a Hydra MMP
is important for regeneration and maintaining cell identity; and a sea urchin MMP degrades matrix
to allow hatching. In worms and in flies, MMPs are regulated by the INK pathway.
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The matrix metalloproteinase family (MMP) of extracellular proteases has captured attention
because of their expression in many human pathologies. However, understanding their normal
physiological and developmental functions has been difficult because of the complexity of the
mammalian MMP family — with 24 MMP family members that display partially overlapping
functions [1]. Fortunately, the MMP family is evolutionarily conserved, with homologs found
in genomes of plants [2,3] and animals including nematodes [4,5], cnidarians [6,7],
echinoderms [8], arthropods [9], and chordates including vertebrates. Thus it appears that
MMPs are conserved among multicellular organisms. These invertebrate models present useful
opportunities for understanding MMP gene function. Here | summarize what has been learned
about the functions of MMPs in invertebrates; most of this work has been performed in
Drosophila melanogaster, and so that is the main focus of this review.

Two MMPs and One TIMP in Drosophila melanogaster

Of the invertebrate models for MMP function, the most developed one to date is the fruitfly
Drosophila melanogaster, whose genome includes only two MMPs. Both fly MMPs have the
canonical MMP domain structure, with a signal sequence, prodomain, catalytic domain, hinge,
and hemopexin domain (Figure 1) [10,11]. The Drosophila names for the two fly MMP genes
are Mmp1 and Mmp2, unfortunate names that resulted from an unintended clash between the
Drosophila and MMP nomenclature styles; the MMP community knows these genes also as
Dm1-MMP and Dm2-MMP [10,11]. Despite the similarities of name, it is important to keep
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in mind that fly Mmp1 is not an ortholog of mammalian MMP1, and fly Mmp2 is not an
ortholog of mammalian MMP2; there are not clear orthologous relationships between the
Drosophila and vertebrate MMPs [9]. Mmp1 encodes a secreted protein, as it is secreted into
the media of cultured S2 cells transfected with the Mmp1 cDNA [9]. Mmp2 has a predicted
GPI anchor sequence and its product is localized at the cell membrane of S2 cells transfected
with the Mmp2 cDNA; thus Mmp2 is a membrane-associated MMP [10].

MMPs are inhibited by endogenous proteins called TIMPs (tissue inhibitor of
metalloproteases). Although four TIMP genes are found in vertebrates, only one TIMP gene
is found in the Drosophila genome, named Timp, and it is most closely related to mammalian
TIMP-3 [12]. Invivo fly Timp can inhibit both fly MMPs, as phenotypes produced by fly MMP
overexpression are completely suppressed when Timp is co-expressed [9]. In vitro, the N-
terminal domain of recombinant fly Timp inhibits the catalytic activity of both fly Mmp1 and
fly Mmp2 on exogenous substrates [12]. Importantly, fly Timp can also inhibit mammalian
MMP-1, -2, -3, and -14 [12] and fly Mmp1 is inhibited by mammalian TIMP-2 and TIMP-4
[11]. These cross-inhibition experiments demonstrate the conservation between the
mammalian and Drosophila MMPs.

Drosophila MMPs are required for tissue remodeling

Mmp1 and Mmp?2 are each required for tissue remodeling. Null mutants for Mmp1 die as larvae
with defects in their breathing tubes, or tracheae. The tracheae are a ramified tubular network
that grow dramatically in larvae, expanding up to 12-fold in diameter and 14-fold in length.
Tracheal growth is accomplished entirely by increasing cell size without division [13]. The
inside surface of tracheal tubes is lined with a hard exocuticle to provide structural integrity
and a barrier against pathogens, but to accomplish growth the cells must be able to reposition
themselves with respect to the cuticle and shed the cuticle at molts. Tubes dilate by cell
expansion during the molts, after cell adhesion is released from the old cuticle and before the
new cuticle is secreted, and tubes elongate continuously [13]. In Mmp1 mutants, the tracheae
appear normal until after the first molt, when the tubes begin to develop breaks and constrictions
[9]; closer inspection reveals that patches of tracheal cuticle are not shed at the molt (B.M.
Glasheen and A. Page-McCaw, unpublished results). It appears that Mmp1 mutant cells cannot
fully release adhesion from the cuticle at the molts and during normal tube elongation, impeding
the ability of the tubes to grow. Mmp1 null mutants with defective tracheae exhibit behaviors
typical of animals experiencing hypoxia; the defective tracheae cannot support normal growth
of internal organs; and eventually larvae die before metamorphosis [9,14]. Weak alleles of
Mmp1 survive to metamorphosis, although they have abnormal body plans: frequently the head
cannot evert from the body cavity where it forms, and the epithelial sheets that form the dorsal
thorax or notum cannot fuse correctly causing a cleft in the notum (Figure 2) [9]. These
phenotypes are discussed in the context of tissue invasion below.

Mmp2 mutants are defective in histolysis, the large-scale destruction of tissues required for

metamorphosis as the fly transitions from a larval to adult body plan. Histolysis of larval tissues
occurs via autophagic cell death [15,16]. In Mmp2 null mutants, however, larval tissues such
as the midgut persist aberrantly — histolysis appears to be initiated, as the organ shrinks in size,
but the tissue is not eliminated [9]. In some sense, this phenotype was anticipated: the original
identification of the first MMP was based on its upregulation in histolyzing tadpole tales during
frog metamorphosis [17]. Interestingly, a genome-wide expression study demonstrates that

Mmp1 is highly upregulated — almost 200-fold — in autophagic tissues during metamorphosis
in Drosophila, and Timp is downregulated 25-fold in these tissues. Mmp2 does not show nearly
such a striking change [18]. Although Mmp1 null mutants die as larvae before a pupal histolysis
phenotype could be observed, the weak alleles of Mmp1 should allow its role in histolysis to
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be determined in future studies. Like weak Mmp1 mutants, weak Mmp2 mutants also display
clefted notums (Figure 2), discussed below [9,19]

Drosophila Timp mutants have defects in bonding their wing surfaces together. The wing is
made of cuticle, secreted by two epithelial sheets that form the two flat surfaces of the wing.
After the adult wing has adopted its final form, these cells undergo an epithelial-to-
mesenchymal transition and migrate out of the wing; the two cuticle surfaces then become
bonded together. In Timp mutants, however, although the cells are able to exit the wing, the
cuticle surfaces are unable to form a stable bond, and instead become blistered [20,21]. This
phenotype is similar to an integrin mutant phenotype [22], and it suggests that there are defects
in the extracellular matrix (ECM) that normally cements the surfaces together. It is unclear if
this ECM defect in Timp mutants is caused by unregulated proteolysis or if Timp has some
other function in the wing blade. Interestingly, the genomic structure of TIMP loci is highly
conserved between vertebrates and invertebrates, as Drosophila Timp and most vertebrate
TIMP genes are each nested within conserved exons of a synapsin gene [23-25].

The phenotypes observed in MMP and Timp mutants in Drosophila explain why these genes
have not been isolated in mutant screens. Classic F2 homozygous mutant screens identified
embryonic lethal mutants, but fly MMP mutants die later, as larvae. Late onset processes can
often be probed via clonal screens, where mutant clones are introduced into heterozygous
tissue; yet because the MMPs are extracellular proteases, they do not act cell autonomously,
and clones of MMP or Timp mutant cells do not display phenotypes in homozygous tissue
[20,26]. Interestingly, the only mutant screen to date that has identified an MMP is a gain-of-
function screen, where random genes were overexpressed in the nervous system [27]. Although
MMP alleles have not been identified in loss-of-function screens, MMP function in Drosophila
has been explored and will continue to be explored through a combination of reverse genetic
and candidate gene approaches.

Drosophila MMPs in axon guidance

The only function known yet for fly MMPs in the embryo is in nervous system development.
Although embryos double mutant for both MMPs are viable and hatch at rates similar to
controls (even when any maternal contribution is also removed), the expression patterns of
Mmp1 and Mmp2 suggested the existence of unknown embryonic functions [9]. Recent work
demonstrates a requirement for Mmp2, and to a lesser extent Mmp1, in axon guidance of motor
neurons as they migrate to their target muscles. Motor axons bundle together and migrate as
nerves, but individual axons must separate from the nerve when they reach their appropriate
target. Although it had been previously thought that MMPs might be involved in clearing a
path for axons during pathfinding [28], the Drosophila MMP phenotypes tell a very different
story. In Mmp2 null mutants, motor neuron axons fail to remain bundled together (fasciculated),
and splinter off inappropriately before they reach their targets. This phenotype is evident in
many nerves, including the ISNb and the SNa. Mmp1 has similar but weaker phenotypes
[27]. In the ISNb, the double mutant phenotype is very similar to that of the Mmp2 single
mutant phenotype, suggesting that Mmp1 does not contribute much to the guidance of this
nerve.

Interestingly, in the SNa nerve the double mutant displays a phenotype that is stronger than
both single mutants, indicating that Mmp21 and Mmp2 are partially redundant in guiding the
path of these axons. Other genetic evidence also indicates that Mmpl and Mmp2 share
substrates that influence the developing motor neurons. When either Mmp1 or Mmp2 is
misexpressed, axon bundling is much tighter and axons fail to separate at their appropriate
choice points, indicating that the two MMPs can perform similar functions when similarly
expressed. Also interesting is the fact that a dominant negative form of Mmp1 can mimic the
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Mmp2 phenotype in the ISNDb, a nerve that does not display a strong Mmp1 loss-of-function
phenotype. Thus it appears that the two MMPs share substrates during axon pathfinding, but
have distinct roles because of their different regulation. Indeed, they are expressed in very
different patterns, with Mmp2 expressed robustly in neurons and glia, whereas Mmp1
expression is much more limited [27].

How could a mutation in a protease result in motor neurons losing interaxonal adhesion?
Vertebrate models posited that MMPs promoted outgrowth, and these models predicted that
MMP mutants would display stalled axons — exactly the opposite of the fly phenotypes. One
intriguing possibility is that MMPs cleave guidance molecules or their receptors. Guidance
molecules can act as attractive or repulsive cues to axons. The semaphorin family of guidance
molecules promotes inter-axonal repulsion, resulting in defasciculation; axons in
Semaphorin-1a loss-of-function mutants fail to separate when they reach their appropriate
target [29]. Importantly, decreasing a semaphorin gene dose by half (in a Semaphorin-la
heterozygote) suppresses the Mmp2 mutant phenotype. Although it is unclear whether Mmp2
acts directly (to cleave and inactivate) or indirectly on semaphorin or its receptor, clearly MMPs
function in vivo in axon guidance. These Drosophila studies support the hypothesis that MMPs
function in guiding vertebrate axons as well.

Drosophila MMPs in dendritic remodeling

Neuronal dendritic remodeling also requires MMPs in Drosophila. In mammals, dendrites are
considered to be relatively plastic, altering their neuronal connections in response to activity
and environment as well as in response to wounding and trauma [30]. Drosophila provides a
model system for identifying the molecular and cellular changes underlying dendritic
remodeling. Dendritic remodeling happens in a stereotyped manner during metamorphosis
when neurons remodel their dendrites but maintain their axonal connections, effectively
rewiring the developing adult brain. The larval dendrites are severed, the severed dendrites are
then cleared, and new adult dendrites grow from the cell body. However, in weak mutants for
Mmpl or Mmp2, or in flies engineered to misexpress Timp during nervous system remodeling,
the severed dendrites persist and are not cleared [26]. Thus both MMPs are required for dendrite
remodeling, and this MMP function may be related to histolysis functions discussed above. It
had been hypothesized that vertebrate MMPs might be involved in dendritic remodeling [31],
and the fly data is strong support for this model. This anatomical study in flies complements
recent vertebrate studies showing that MMP-9 is required for non-pathological synaptic
function and plasticity [32].

MMPs contribute to Drosophila tumor invasiveness

Some of the most intensive work in understanding Drosophila MMPs has been examining how
they contribute to tumor metastasis in fly tumor models. Single gene mutations in any of five
Drosophila genes, including scribble, lethal giant larvae (Igl), and brain tumor (brat), can
cause tissues to take on most of the hallmarks of cancer: loss of tissue architecture,
overproliferation, defective differentiation, and invasiveness [33]. Genes with these mutant
phenotypes are known as neoplastic tumor suppressors: scribble and Igl are known to regulate
cell polarity, and brat is a translational repressor. There are two distinct models for Drosophila
tumor invasion: the first is a simple transplantation of tissue from a tumorous fly mutant into
a wild-type host, similar the classic approach of mouse peritoneal injection of tumor cells. The
second is genetic induction of tumors initiated by gene disruption or misexpression in a single
cell of a developing fly; this results in a clonal tumor in situ, surrounded by genetically distinct
host tissue (Figure 3) [33]. Both tumor models harness the advantages of Drosophila — fast
generation time, sophisticated genetics, excellent molecular tools — for understanding how
conserved genetic pathways contribute to tumorigenesis.
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In the tumor transplantation model, tumor tissue (a brain lobe or imaginal disc fragment) from
genetically marked homozygous neoplastic mutants is transplanted into the abdomen of a wild-
type host. Wild-type tissue exhibits limited growth in a host abdomen and remain distinct from
the host tissues (Figure 3B); in contrast, tissue from tumor mutants proliferates wildly, loses
its tissue architecture, and invades into host tissues, killing the host (Figure 3C). Importantly,
in the transplantation model metastasis is assayed as the presence of micrometastases
(identified as marked tumor cells) observed in host ovarioles (reproductive tissue) because
tumor cells found in ovarioles have not only migrated but also invaded through two layers of
basement membrane (Figure 3D) [34].

Recently it was established that Drosophila MMPs contribute significantly to the invasive
nature of neoplastic tumors (Igl and brat) in the transplantation model. Mmp1 but not Mmp2
is upregulated 10-fold in Igl mutant brains compared to wild-type brains; neither MMP is
upregulated in brat mutant brains. Mmp1 is critical for the invasiveness of Igl tumors: tumors
from Igl Mmp1 double mutant animals establish significantly fewer micrometastases than
tumors from Igl single mutants. Interestingly, although brat tumors do not upregulate Mmp1,
hosts injected with brat tumors upregulate Mmp1 20-fold in the host tissue. One advantage of
this tumor model is that it is straightforward to manipulate both the genotype of the tumor and
also the genotype of the host, which provides the tumor microenvironment. To test for a
function of this upregulated Mmp1 expression in the host tissue, the MMP inhibitor Timp was
expressed in the host. The rate of micrometastases from both brat and Igl tumors decreased
significantly. Thus for both neoplastic mutants, Mmp1 is a crucial factor that allows tumor
invasion — in one case Mmp1 is expressed in the tumor; in the other case, Mmp1 expression is
induced in the host tissue by the tumor [14].

MMPs in Drosophila clonal tumors

Similar results about the role of Mmp1 in tumor invasion were found using a very different
Drosophila tumor model. With the advent of controlled mitotic recombination utilizing the
FLP/FRT system, loss of heterozygosity can be induced at will [35]. Thus in situ clonally-
derived tumors can be induced in host tissue heterozygous for tumor suppressor genes. The
genetic origin of these tumors closely mimics human tumors, which also develop clonally from
genetic alterations often involving loss of heterozygosity [36]. In addition to the neoplastic
tumor suppressor genes, other mutations can cause clones to overgrow, including gain-of-
function mutations in oncogenes like ras (ras?t). In the context of wild-type tissue architecture,
neoplastic tumor suppressor clones such as scribble display limited aggressiveness because
the mutant cells undergo apoptosis [37-40]. It appears that in order for tumors to metastasize
to secondary sites and threaten the life of the fly, two mutations are required; for example, the
combination of scribble loss of function and ras gain of function (scrib~/~ rasat) causes tumors
to invade surrounding tissues [37,41]. Invasion can be easily monitored, as the tumors are
engineered to express GFP only in the clonally derived tumor cells (via the MARCM system
[42]). When these GFP-expressing scrib~/~ rasat tumors are induced in eye/antennal disc
tissue, they proliferate wildly and invade the ventral nerve cord (Figure 3, lower panel) [37].

Mmp1 contributes significantly to the invasive capacity of these in situ tumors. Mmp1 is highly
expressed in clonally induced scrib~/~ ras?t invading tumor tissue [19,40]. When these clones
are also engineered to express the MMP inhibitor Timp, however, the clones lose invasiveness,
even though they proliferate as much as control scrib~/~ rasét clones [19,40]. Expression of
the MMP negative regulator RECK can further reduce invasiveness [19]. However, when the
tumorous clones are engineered to express dsRNA knocking down Mmp1 function [40], or are
induced in a weak Mmp1 mutant background [19], only partial inhibition of invasion is
achieved. Using RNAI to knock down both Mmp2 and Mmp1 at the same time completely
reproduces the non-invasive phenotype observed with overexpressing Timp [40]. Thus induced
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tumor clones in Drosophila express high levels of Mmp1, but use both Mmp1 and Mmp2 to
mediate their invasion into surrounding tissue.

Significant progress has been made in understanding the regulation of Mmp1 in these in situ
tumors thanks to the precise genetic manipulations available in Drosophila (Figure 4). Mmp1
upregulation in scrib~/~ rasat tumors is caused by the loss of scrib and not by ras®t, as clones
mutant only for scrib also express Mmp1, although they are not able to metastasize without
ras2®t [40]. In scrib~ clones, the Jun N-terminal Kinase (JNK) pathway is activated, and the
JNK pathway is in turn responsible for the activation of Mmp1. This INK-regulated activation
of Mmp1 is mediated by the JNK transcriptional effector fos, a member of the AP-1 family, as
knocking down fos in scrib™/~ mutant clones ablates Mmp1 expression [40]. Indeed, ectopic
JNK pathway activation is also sufficient to upregulate Mmp1 [40]. Importantly, the INK
pathway is required for scrib™/~ rasat tumors to invade into nearby tissue; when the JINK
pathway is inactivated in tumor cells, eye-antennal disc tumors no longer invade the nearby
ventral nerve cord as do tumors with a functional JINK pathway[40]. Tumors carrying an
inactivating mutation in the JNK pathway also do not upregulate Mmp1, which probably
accounts for their non-invasive character [19,40]. JINK activation is sufficient to allow invasion
of clones that are otherwise non-invasive, those expressing ras2°t [40]. These data have led to
the model that the reason two mutations are required for metastatic tumor invasion is that one
(such as rasa®) is required to promote cell proliferation and inhibit apoptosis; the other (such
as scribble) is required to promote MMP-mediated invasion [40].

The tumor transplantation experiments demonstrate that both the tumor and the surrounding
host tissue contribute to the metastatic potential of the tumor. The role of host tissue can also
be assessed in the in situ tumor model by examining clones of different sizes where the ratio
of mutant and wild-type tissue is altered; or by examining cells that are close to the clone
border. When the Src-inhibitor csk is knocked down throughout the tissue of a fly eye or wing
leaving little wild-type tissue, the organ overgrows because of excessive cell proliferation and
insufficient apoptosis [43]. However, when small clones that knock down csk are induced in
epithelia, the csk cells invade through the basement membrane rather than divide. Interestingly,
this invasion appears to require Mmp2, as either reducing the amount of Mmp2 by half (in a
heterozygote) or overexpressing Timp eliminates the cell invasive behavior [43]. Mmp1 has a
similar function in promoting invasion in csk clones (Vidal and Cagan, personal
communication). csk invasive cells are found at the boundary of the csk clone, within 3-4 cell
diameters from the edge, indicating that the interplay of wild-type and mutant tissue causes
the MMP-dependent invasive behavior. The invasive cells eventually die by apoptosis [43].

Clearly MMPs are required to mediate tumor invasion in Drosophila. Two different models of
metastasis highlight the importance of MMPs: transplanted tumors and in situ clonal tumors.
Invasive tissue with four distinct genetic origins (Igl, brat, scrib~ras“t, and csk) all utilize
MMPs to mediate invasion. Mammalian MMPs contribute to tumor progression at many stages,
and they contribute to late-stage metastasis by promoting invasion, migration, and adhesive
changes [44]. The fly results highlight the essential and conserved functions of MMPs in
promoting metastasis, probably in part by directly degrading basement membrane. More
importantly, because of the genetic tractability of Drosophila, these studies have
unambiguously identified the JINK pathway as a regulatory pathway functioning in vivo, in
tumors, to upregulate Mmp1 expression. Although it was clear the INK pathway regulates
MMPs in some cultured cells [45-49], the significance of this regulation was unclear in tumors.
Further insight into the in vivo regulation of MMPs is certain to come from future studies.
MMPs are considered potentially important but difficult pharmaceutical targets for cancer
therapies [50,51], and understanding the genetic regulation of MMPs may provide additional
paradigms for therapeutic inhibition.
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Fly and Worm MMPs contribute to developmental tissue invasion

The invasiveness conferred by MMPs to tumor cells is similar to the normal function of the
MMPs during Drosophila metamorphosis. Both MMPs are required during metamorphosis, as
weak (hypomorphic) mutants for each gene display defects in the adult body plan (Figure 2).
The adult head normally develops inside the body cavity and then everts midway through
metamorphosis; weak Mmpl1 mutants do not evert their heads, giving a headless or
cryptocephalic phenotype [9]. Additionally, both Mmp1 and Mmp2 mutants display clefts in
their notum (back of the thorax), and this defect, like the headless phenotype, is caused by a
failure of disc eversion [9,19]. Normally the imaginal discs, which develop inside the larva,
evert and fuse to form the adult body at metamorphosis; during this process, the disc epithelium
invades the larval epithelium requiring the degradation of two layers of basement membrane.
In the weak MMP mutants, or animals engineered to misexpress Timp, the wing discs forming
the notum do not evert, and the collagen IV-containing basement membrane is not degraded,
resulting in clefted notums [19]. Similar phenotypes are observed in mutants of the INK
pathway [52]. In normal metamorphic development, as in tumor progression, Mmp1 is
regulated by the JNK pathway: Mmp1 expression is ablated in JNK-pathway inactivating
mutants, and ectopic activation of the INK pathway by activating mutations is sufficient to
induce ectopic basement membrane degradation and Mmp1 expression [19]. Basement
membrane degradation is inhibited by Timp in this ectopic activation system, indicating that
MMPs are likely responsible for its degradation [19]. Thus Mmp1 is activated by the INK
pathway normally during metamorphosis, pathologically during tumor invasion, and
ectopically.

An MMP contributes to a developmentally important cell invasion event in the C. elegans
nematode worm, and this invasion has molecular parallels to developmental invasion in flies.
In worms, the anchor cell is a specialized uterine cell that invades into vulval epithelium.
Initially, uterine and vulval cells develop independently, but a connection between them is
essential for later egg-laying, and this connection is initiated by anchor cell invasion [53]. The
anchor cell expresses the AP-1 transcription factor fos-1. fos-1 mutants cannot break down the
basement membranes separating the epithelial layers, even though the mutant anchor cell
processes display normal morphology. This phenotype demonstrates that fos-1 is required for
local destruction of basement membrane that enables cell invasion. In vivo mutant analysis
demonstrates that fos-1 is required for the expression of at least three different transcriptional
targets: zmp-1, a GPl-anchored MMP; cdh-3, a Fat-like protocadherin; and him-4, or
Hemicentrin, a member of the fibulin family of ECM proteins. At a subcellular level, all three
proteins localize to the invasive membrane domain. To test the function of these fos-1 targets,
anchor cell invasion was assayed in mutants carrying a null allele of each gene. None of the
single mutants was able to recapitulate the defect in anchor cell invasion. However, triple
mutants defective for all three genes showed delayed invasion in 25% of the animals, indicating
that these fos-1 transcriptional targets function together to promote anchor cell invasion [54].
zmp-1 expression in the anchor cell is also dependent on the transcriptional repressor EGL-43,
an ortholog of the EVI1 oncogene, which functions downstream of fos-1 and upstream of
zmp-1 [55].

Thus in Drosophila metamorphic invasion and in C. elegans anchor cell invasion, MMPs play
important roles in breaching the intervening basement membranes. Not all developmentally
regulated invasion events require MMP function, however, as Drosophila border cell
migration, and the basement membrane breakdown that precedes it, is not affected by
misexpression of Timp or either MMP [56,57]. It is interesting that in flies, MMP-mediated
invasion is under control of the INK-pathway, which works through AP-1 transcription factors;
and in worms, MMP-mediated invasion is regulated by fos, an AP-1 component. It is likely
that in both systems the JNK pathway is regulating MMP expression for its function in
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basement membrane invasion. Although MMPs were known to be regulated by the INK
pathway in mammalian cell culture, invertebrate studies have established the relevance of this
regulation during developmental tissue invasion.

What proteins interact with Drosophila MMPs?

Drosophila and other invertebrate MMPs have been examined mostly in vivo through mutant
analysis, and little work has been done in vitro or in cell culture to identify potential endogenous
substrates. The genetic interactions between Mmp2 and a semaphorin indicates that these genes
have opposing functions in axon guidance (above), but there is no evidence of a physical
interaction [27]. Mmp1 degrades basement membrane as assessed by collagen IV staining in
whole-mount tissues (above), but the precise targets for this degradation are unknown [19].
Two-hybrid screening with the hemopexin domain of Mmp1 has identified 7 interacting gene
fragments, none of which encode the expected ECM proteins or known signaling molecules
[58]. One of these two hybrid candidates encodes the protein Ninjurin A, a transmembrane
protein named for its upregulation in injured nerves in rats [59]. Ninjurins are conserved two-
pass transmembrane proteins, previously known to play a role in cell adhesion [59,60].

Mmp1 and Ninjurin A colocalize in fly tissues, and microarrays indicate they are both subject
to regulation by the Jun N-terminal Kinase (JNK) pathway [58,61]. My lab has shown that in
cultured insect cells, Mmp1 is responsible for activating the Ninjurin A signaling molecule by
liberating it from the cell surface. Cells expressing both Drosophila Mmp1 and Ninjurin A
condition their medium with an activity that causes these semi-adherent cells to release
adhesion from their substratum. This conditioned medium is capable of inducing even wild-
type cells to lose adhesion; conversely, when cells expressing both Ninjurin A and Mmp1 are
washed in fresh media, they revert to adhesive behavior. Although the Ninjurin A-induced
loss-of-adhesion phenotype requires functional Mmp1, when Ninjurin A is engineered so that
its ectodomain is constitutively secreted from cells then Mmp1 function is no longer required.
This data indicates that Mmp1 liberates the Ninjurin A ectodomain, perhaps via cleavage.
Endogenous Drosophila Mmp1 and Ninjurin A co-immunoprecipitate from lysates of whole
animals suggesting that if Mmp1 does cleave Ninjurin A, the cleavage is regulated rather than
constitutive. The liberated Ninjurin A ectodomain acts as a signaling molecule, as it conveys
information to wild-type cells instructing them to lose adhesion, indicating new roles for both
MMPs and Ninjurins.

An MMP in Hydra regeneration

The small freshwater Hydra is one of the best model systems for understanding regeneration
(see [62] for an excellent review). Hydra can regenerate its entire body from any body fragment
so long as the piece contains more than a few hundred cells — representing only about 1/50t
of its final size [63]. In Hydra, regeneration occurs in the absence of cell proliferation (termed
morphallactic regeneration), so that existing cells and structures are reprogrammed to take on
new identities. Thus regeneration in Hydra represents a striking example of tissue remodeling.

The Hydra MMP (HMMP) is required for regeneration: animals cannot regenerate either a
head or a foot after amputation when HMMP is inactivated. HMMP inactivation was achieved
by pharmacological inhibition with the broad-spectrum MMP inhibitor GM6001 and by using
antisense technology [6,7]. In the course of normal regeneration, ECM at the site of amputation
is first lost and then rebuilt [7], and recombinant HMMP is able to cleave Hydra ECM in
vitro [6]. It seems likely that HMMP is involved directly in reshaping the ECM at sites of
regeneration. Interestingly, vertebrate MMPs are upregulated in newt limb regeneration,
suggesting that they may have parallel functions in these two model systems of regeneration
[64].
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The expression pattern of HMMP suggests an additional function. As expected from its
function in regeneration, HMMP is upregulated at sites of amputation. However, it is also
expressed at high levels in the endoderm of the tentacles and foot near the poles of the animal
[6]. What is the significance of that expression? Hydra has an unusual way of growing in that
stem cells along the body column continually divide; this constant proliferation causes cells to
migrate continually poleward, to the foot or the tentacles, where they transdifferentiate into
specialized epithelial cells for those regions [62]. HMMP expression coincides with these areas
of transdifferentiated specialized cells. When HMMP is inhibited in the foot region, the
population of specialized basal disk cells is lost [6]. Thus HMMP appears to maintain the basal
disk cell population, either by inhibiting their de-differentiation or by promoting their
transdifferentiation from the body wall cells.

At this writing the genome of Hydra magnipapillata is not completed, but results from the EST
project demonstrate that there are at least six MMPs in the Hydra genome and perhaps more.
Functional information about the other Hydra MMPs should be a priority, especially as the
advent of RNAI increases the feasibility of such studies.

The sea urchin genome contains many MMPs

The genome of the purple sea urchin Strongylocentrotus purpuratus was sequenced recently
and found to contain at least 26 predicted MMP genes [8] (Table 1). Like the Drosophila MMPs,
it is not possible to assign orthologs among the vertebrate MMPs and the sea urchin MMPs,
as they appear to have duplicated independently [8]. At least nine membrane-type MMP (MT-
MMP) family members are predicted [8], comparable to four MT-MMPs plus three GPI-
anchored MMPs in vertebrates [1]. Of the 26 MMPs, 19 are expressed in embryonic stages of
development [65]. Surprisingly, 10 TIMP genes are predicted in the sea urchin genome, more
than twice the number found in vertebrates [8].

Two of these new sea urchin MMPs are highly related to the hatching enzyme from the another
sea urchin, Paracentrotus lividus. Hatching enzyme, or envelysin, was first purified based on
its activity of degrading the fertilization envelope; this activity allows the growing embryo to
emerge from the ECM of the maternal egg [66]. Hatching enzyme is one of the first zygotically
expressed genes in the genome, and its spatial and temporal expression is remarkably specific,
confined only to the animal two-thirds of the embryo during the time right before hatching,
when it appears to be transported from cytoplasmic puncta to the apical membrane where it
degrades the egg ECM [67,68]. Perhaps the sea urchin has evolved many other such highly
specific MMPs, which could help explain the large number of MMP genes in this invertebrate.

Conclusions

The invertebrate MMPs appear to have functions that are similar to the vertebrate MMPSs, most
of which center on tissue remodeling. Some of these findings are straightforward confirmations
of MMP functional conservation, such as the finding that Drosophila Mmp2 is required for
tissue histolysis; or that Drosophila Mmp1 mediates basement membrane degradation; or that
Drosophila MMPs contribute to tumor invasiveness. In contrast, many of the insights about
invertebrate MMPs modify or clarify our understanding of vertebrate MMP functions. Some
examples of this are the requirement for MMPs in axon guidance, the requirement for MMPs
in dendritic remodeling, the requirement for MMPs in tissue regeneration, and the in vivo
regulation of MMPs by the JNK pathway.

The advantage of invertebrate systems is that they have complementary strengths to vertebrates
and cell culture: embryos develop outside the mother and are experimentally accessible;
Drosophila and C. elegans have powerful genetics; many model invertebrates have short
generation times; Hydra is a simple model for regeneration; all offer opportunities to study
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gene function in vivo; all are inexpensive compared to mice. The first functional study of a
nematode MMP in 2005 may open the door for many more [54]. Certainly, many Drosophila
laboratories began investigating MMPs after we reported the fly MMP mutants four years ago
[9]. For Hydra, the sequencing of the genome and the advent of transgenesis and RNAi will

p

robably enable more studies in molecular mechanisms of regeneration, which we know

involve an MMP. Although the body of work on MMPs in invertebrates is still fairly small, it
is expanding rapidly. Future invertebrate studies will likely move beyond confirmations and
validations—to inform us about entirely new and surprising MMP functions and mechanisms.
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Figure 1. The Matrix Metalloproteinases in Drosophila melanogaster

The domain organization of Mmp1 and Mmp2 is shown. Each has a signal sequence (ss), pro
domain (pro), catalytic domain (cat), and four-bladed hemopexin domain. Mmp2 has unusual
repeats in its hinge domain, RRRQEEE. Also shown are the positions and lesions of the
published alleles of Mmp1 and Mmp2. Allele designation A218V denotes that Ala at position
218 is mutated to Val; an asterix (*) indicates a premature stop codon; one Mmp2 allele is a
mutation ina 3’ splice site (3’ SS). All missense alleles indicate residues important for function,
as these alleles were identified by mutant phenotype. Adapted from [9,10]
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Figure 2. Drosophila MMP pupal phenotypes

Weak alleles of Mmp1 and Mmp2 display defects in the adult body plan. A. The head and
thorax of a wild-type fly just before eclosion. B. Mmp1 homozygote displays a clefted notum
(arrow) and appears headless because head eversion failed. C. Mmp2 homozygote displays a
clefted notum (arrow).
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I. Transplantation Tumor Model in Drosophila
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Figure 3. Drosophila Models of Tumor Invasion

In the transplantation tumor model (1) a fragment of a brain lobe or imaginal disc is injected
into the abdomen of an adult fly. The donor fragment is genetically marked with lacZ or another
marker. IB. Fragments of wild-type tissue do not invade host tissue after many days and are
identified as a discreet tissue after lacZ staining (arrow). IC. Fragments of tissue from tumor
suppressor mutants invade host tissues, invading through basement membranes. Secondary
tumor sites can be identified as blue lacZ staining throughout the animal (some labeled with
arrows). ID. (adapted from [14]) Igl tumor that has invaded through two basement membranes
to enter ovariole, labeled with antibodies against lacZ (green, arrow); phalloidin staining in
red.
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In the in situ clonal tumor model (1), mitotic recombination is induced in an embryo
heterozygous for a tumor suppressor, generating mutant cells that give rise to clones of mutant
tissue in a phenotypically wild-type background or host. The clones have also lost a repressor
that controls the expression of GFP, so that they can be identified as fluorescent green tissue.
Wild-type clones or mutants that are non-invasive remain in the tissue where they were
generated (left). Invasive tumor clones invade surrounding and distant tissues (right). For a
clone to develop aggressive invasive capacity, it must lose a tumor suppressor and also gain
activity of an oncogene (under the same genetic control as GFP so that it is expressed only in
the clone.)
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Figure 4. A Molecular Mechanism for Drosophila Tumor Invasion

Mmpl is regulated by the INK pathway, which is in turn repressed by the polarity gene
scribble. In scribble ras?®t clones, invasiveness and proliferation are activated while apoptosis
is downregulated. The JNK pathway also promotes apoptosis (not shown), although rasact
epistatically inactivates apoptosis in scribble ras?t clones. Model based on [19,40,41,69].
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Table 1
MMPs in the Sequenced Genomes of Invertebrates
Organism Number of MMPs Predicted Secreted MMPs Predicted Membrane-
Associated MMPs”

Drosophila melanogaster fruitfly [9, 2 Dm Mmp1 (experimentally Dm Mmp2 (experimentally

10] confirmed) confirmed)

C. elegans nematode worm (source: 6 H36L18.1 ZMP-1

MEROPS, GenBank, TMHMM and C31B8.8

DGPI) H19M22.3
T21D11.1
Wo09D12.1

Strongylocentrotus purpuratus sea >26 Sp-HE Sp-MT-MMP-a

urchin [8] Sp-HE2 Sp-MT-MMP-b
Sp-MMP-a Sp-MT-MMP-c
Sp-MMP-b Sp-MT-MMP-d
Sp-MMP-c Sp-MT-MMP-e
Sp-MMP-d Sp-MT-MMP-f
Sp-MMP-e Sp-MT_MMP-g
Sp-MMP-f Sp-MT-MMP-h
Sp-MMP-g Sp-MT_MMP-i
Sp-MMP-h
Sp-MMP-i
Sp-MMP-j
Sp-MMP-k
Sp-MMP-|
Sp-MMP-m
Sp-MMP-n
Sp-MMP-o0

#includes both transmembrane (sea urchin) and GPl-anchored MMPs
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