I ——————————  COMMENTARY
Worm 2:3, e26169; July-September 2013; © 2013 Landes Bioscience

Cell invasion through basement membrane

The netrin receptor DCC guides the way

Meghan A Morrissey, Elliott ] Hagedorn', and David R Sherwood*
Department of Biology; Duke University; Durham, NC USA
"Current Affiliation: Boston Children’s Hospital; Boston, MA USA

Keywords: invasion, basement
membrane, netrin, invadopodia

Abbreviations: AC, anchor cell; DCC,
deleted in colorectal cancer

*Correspondence to: David R Sherwood;
Email: david.sherwood@duke.edu

Submitted: 07/23/13

Revised: 08/14/13

Accepted: 08/15/13
http://dx.doi.org/10.4161/worm.26169

Commentary to: Hagedorn EJ, Ziel JW, Morrissey
MA, Linden LM, Wang Z, Chi Q, Johnson SA,
Sherwood DR. The netrin receptor DCC focuses
invadopodia-driven basement membrane
transmigration in vivo. J Cell Biol 2013; 201:903-
13; PMID:23751497; http://dx.doi.org/10.1083/
jcb.201301091

www.landesbioscience.com

ell invasion through basement mem-

brane is an essential part of normal
development and physiology, and occurs
during the pathological progression of
human inflammatory diseases and can-
cer. F-actin-rich membrane protrusions,
called invadopodia, have been hypoth-
esized to be the “drill bits” of invasive
cells, mediating invasion through the
dense, highly cross-linked basement
membrane matrix. Though studied in
vitro for over 30 y, invadopodia func-
tion in vivo has remained elusive. We
have recently discovered that invado-
podia breach basement membrane dur-
ing anchor cell invasion in C. elegans, a
genetically and visually tractable in vivo
invasion event. Further, we found that
the netrin receptor DCC localizes to the
initial site of basement membrane breach
and directs invasion through a single gap
in the matrix. In this commentary, we
examine how the dynamics and struc-
ture of AC-invadopodia compare with
in vitro invadopodia and how the netrin
receptor guides invasion through a single
basement membrane breach. We end
with a discussion of our surprising result
that the anchor cell pushes the basement
membrane aside, instead of completely
dissolving it through proteolysis, and
provide some ideas for how proteases and
physical displacement may work together
to ensure efficient and robust invasion.

Introduction
Basement membranes are thin, dense,

cell-associated extracellular matrices that
underlie all epithelia and endothelia, and
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surround muscle, fat, and neuronal cells.!
Basement membranes are the most ancient
of extracellular matrices, appearing near
the emergence of metazoans.” All base-
ment membranes have a similar struc-
ture composed of a common assembly of
approximately 10 large, insoluble proteins.
Most notable are the laminin and type
IV collagen heterotrimers, which have
unique self-assembly properties. Laminin
is deposited and assembled first at the cell
surface and provides a template for assem-
bly of additional matrix components.?
A network of type IV collagen is added
to the laminin matrix and cross-linked
intermolecularly through covalent bonds,
providing basement membranes their
structural integrity.*’

A number of cells acquire the unique
ability to cross basement membrane bar-
riers. Examples include cells that undergo
epithelial-to-mesenchymal transitions in
development, muscle precursor, and neu-
ral crest cells during their dispersal migra-
tions, and leukocyte trafficking through
the body for immune surveillance.®” Cell
invasive behavior is also co-opted dur-
ing disease progression in a wide range
of inflammatory conditions, as well as in
cancer metastasis.®” Protrusive, F-actin-
rich subcellular structures that have matrix
removal activity, called invadopodia, have
been hypothesized to allow transformed
fibroblasts and highly invasive cancer
cells to penetrate basement membrane.'*?
Although originally identified in vitro
in 1980, the physiological relevance of
invadopodia has remained controversial.
Invadopodia activity has been difficult to
visualize as cell invasion often occurs deep
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Figure 1. Anchor cell (AC) invasion in C. elegans. AC invasion occurs during the L3 larval stage and is tightly coordinated with the underlying vulval cell
(P6.p) divisions. Prior to invasion (P6.p one-cell stage), the anchor cell (AC) forms a polarized invasive membrane, including F-actin-rich invadopodia
(red circles). Invadopodia form and turn over until the mid L3 larval stage, when during a narrow 20 min developmental window one or more breach the
basement membrane (BM; P6.P two-cell stage). The breach site becomes enriched in the netrin receptor, UNC-40 (DCC). By recruiting F-actin regulators,
UNC-40 directs the formation of an invasive protrusion that extends toward the ventral nerve cord (yellow) where UNC-6 (netrin) is secreted (P6.p late
two-cell stage). As the protrusion grows, the basement membrane underneath the AC is pushed aside creating a single basement membrane breach

in complex tissue environments. Further,
cell invasion is often stochastic temporally
and spatially, thus adding to the challenge
of imaging this process in vivo.

In cell culture conditions, invadopodia
generate numerous small holes under cells
on matrix-coated glass."*'* How an invasive
cell is able to transform these small holes
into a clear path for migration is also not
known. Treatments that lead to additional
invadopodia impede invasive ability in
in vitro assays through reconstituted 3D
matrices, suggesting that tight regulation of
invadopodia formation, including a mecha-
nism to shut off invadopodia function, may
be critical to ensuring successful invasion.”

Our lab has developed genetic and
microscopy-based approaches using anchor
cell (AC) invasion in C. elegans to under-
stand mechanisms underlying invasion
through basement membrane. The AC is
a specialized uterine cell that breaches the
juxtaposed uterine and vulval basement
membranes in a highly stereotyped man-
ner during the mid-L3 larval stage (Fig.
1).!° This invasion event initiates connec-
tion between the developing uterine and
vulval tissues. Through forward genetic
screens, we have previously identified a
number of genes required for AC inva-
sion.”?! The human orthologs of many
of these genes are overexpressed in tumor
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cells and associated with invasive behavior,
suggesting the mechanisms underlying cell
invasion are conserved.”® One implicated
gene was the netrin receptor unc-40, the
deleted in colorectal cancer (DCC) ortho-
log, which we previously found localizes to
the invasive cell membrane of the AC in
contact with the basement membrane.?
By developing multi-dimensional time-
lapse microscopy and quantitative image
analysis to follow F-actin dynamics at the
AC-basement membrane interface, we
recently found that invadopodia form and
mediate the initial basement membrane
breach during AC invasion in C. elegans.*
Further, we've determined that the netrin
receptor UNC-40 localizes to the initial
breach and promotes the formation of a
large invasive protrusion that guides the
AC through a single expanding gap in the
basement membrane (Fig. 1). Below, we
highlight the findings and significance
of these studies, the connection of this in
vivo work to studies from in vitro tumor
cell lines and discuss newly arising ques-
tions generated from these discoveries.

AC-Invadopodia Breach
the Basement Membrane

Our live-cell imaging of F-actin at the
invasive cell membrane of the AC revealed
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that prior to invasion, F-actin was orga-
nized into small (~1.0 pwm) structures that
turned over rapidly with a median life-
time of 45 s. Approximately 10 of these
structures were present at a given time.
By following their dynamics in relation
to the initial basement membrane breach,
we further determined that one of these
structures always presaged and then occu-
pied the initial site of basement membrane
penetration (Fig. 2). Similar to invadopo-
dia in cultured cells, we also found that
these structures were dependent on the
activity of the integrin matrix receptor.?
Further, the structures contained mul-
tiple components associated with invado-
podia in tumor cell lines, including Rac
GTPases, the Ena/VASP actin regula-
tor, and the phospholipid PI(4,5)P,.%%¢
The association of these F-actin foci with
basement membrane breach, regulation
by integrin, and association with known
invadopodia components, indicate that
these F-actin structures are in vivo inva-
dopodia. Prior to these studies, invadopo-
dia had only been described in metastatic
cancer cell lines or transformed cells.®!%?7
Thus, more than three decades after their
discovery, this work has finally put to rest
doubts about the physiological relevance
of invadopodia. Further, our investiga-
tions support the idea that invadopodia

Volume 2 Issue 3



are a key component of a normal cell inva-
sion program that is co-opted during can-
cer metastasis.

Interestingly, we have found that
AC-invadopodia turn over rapidly, with
lifetimes on average of less than a minute.
These dynamics are in contrast to invado-
podia behavior in vitro, where these struc-
tures can have halflives over an hour.?
For example, studies with GFP-actin in
the melanoma cell line A375mm revealed
that most invadopodia persisted for 6-8
h."” We hypothesize that these differences
may reflect the lack of environmental cues
and the physical constraints of the in vitro
culture systems, which preclude normal
regulation or formation of protrusions.
Visualizing invadopodia dynamics in
other invasive cell types and organisms in
physiological settings would help clarify
this issue.

Many additional open questions
remain about AC-invadopodia. We don’t
know what transcriptional program(s)
specifies invadopodia, what seeds the
formation of each invadopodia, what
regulates the periodicity of their dynamic
turnover, or what dictates the precise tim-
ing of invadopodial breach. A complete
understanding of the molecular compo-
sition of AC-invadopodia would enhance
our understanding of critical regulators of
their function and specification. In verte-
brates, over 50 proteins have been associ-
ated with invadopodia.?*** Most of these
proteins are encoded in the C. elegans
genome, but three key components—the
actin-nucleation-promoting factor cor-
tactin, the Tks4/5 adaptor proteins, and
membrane type matrix metalloprotein-
ases (MT-MMPs)—are absent. These
results indicate that there are differences
in structural make-up of AC-invadopodia
and cancer cell invadopodia, although the
functional significance of this is unclear.
Our imaging revealed that invadopodia
began forming and turning over at least
3 h prior to initially breaching the base-
ment membrane. Invadopodia penetrate
the basement membrane during a nar-
row, highly stereotyped 20 min devel-
opmental window during the mid-L3
larval stage. What dictates this temporal
specificity? One possible candidate is a
diffusible cue secreted from the underly-
ing vulval cells. We've previously shown
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Figure 2. Invadopodia breach the basement membrane. F-actin-rich, protrusive invadopo-
dia presage and then occupy the initial basement membrane breach. The top panel is a single
lateral confocal section of the AC prior to invadopodial breach. An F-actin probe (middle panel;
moeABD::mCherry) expressed in the AC shows invadopodia (arrowheads) along the AC-basement
membrane interface (overlay, left, F-actin green, basement membrane magenta; basement mem-
brane is visualized with laminin::GFP, right). The bottom panel is a ventral view of the AC showing
an invadopodium breaching the basement membrane (arrowhead; magnified in inset).

that the underlying vulval cells help dic-
tate the timing of invasion.'® For example,
in mutant animals where the vulval cells
develop precociously, the AC responds by
invading early. The identity of the vulval
signal remains unknown, but may provide
insights into cell non-autonomous mecha-
nisms that activate invadopodia.

The Netrin Receptor DCC Guides
Invasion through the Breach

By imaging the AC after initial base-
ment membrane breach, we found that
usually only one or two invadopodia ever
penetrated the basement membrane and
that only one of these then rapidly tran-
sitioned into a large invasive protrusion
that extended into the underlying vulval
tissue. We had previously found that the
netrin receptor localizes to the invasive
cell membrane and regulates F-actin, but
its precise role in invasion was unclear.?
We thus examined the localization of the
netrin receptor UNC-40 during invasion.
UNC-40 was present throughout the
invasive cell membrane prior to invasion,
but localized in a concentrated manner
to the site of initial basement membrane
breach approximately 20 min before the
detection of a visible break in the base-
ment membrane.?? At the breach we found
UNC-40 recruited its F-actin regulatory
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effectors UNC-34 (Ena/VASP) and
MIG-2 (Rac) and directed focused F-actin
formation, leading to the formation of an
invasive protrusion. Invasive protrusion
development correlated with the cessation
of invadopodia formation, likely as a result
of the growing protrusion acting as a
molecular sink for actin regulators that are
required to create invadopodia. Consistent
with this notion, loss of unc-40 led to a
complete absence of invasive protrusion
formation and the persistence of invado-
podia. Further, many invadopodia pen-
etrated the basement membrane in unec-40
mutant animals, leading to multiple holes
in the basement membrane, reminiscent
of invadopodia activity in cancer cell lines
in vitro (Fig. 3). Thus, UNC-40 (netrin)
activity directs the AC through a single
basement membrane breach and into the
vulval tissue.

Given that stable clusters of UNC-40
(DCC) and invadopodia presaged sites
of visible basement membrane breach,
the UNC-40 receptor may selectively
seed invadopodia with a greater capac-
ity to penetrate basement membrane.
Alternatively, UNC-40 might detect and
cluster at initial sites of basement mem-
brane penetration that are below vis-
ible resolution, setting off expansion of
basement membrane gaps at these sites.
Consistent with this later possibility,
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Figure 3. UNC-40 (DCC) focuses AC invasion through a single basement membrane breach. In
wild-type animals, invadopodia (red circles) form and turn over until one breaches the basement
membrane. UNC-40 (DCC, green) localizes to the breach site and directs the formation of a cellu-
lar protrusion, which guides invasion through a single large basement membrane breach into the
vulval tissue (ventral view of laminin::GFP, right). As the protrusion grows, new invadopodia cease
to form, thus inhibiting additional breaches. In the absence of the UNC-40 netrin receptor, the AC
fails to build an invasive protrusion and invadopodia continue to form (bottom). Multiple breaching
events occur resulting in numerous holes in the basement membrane (laminin::GFP, right).

UNC-40 progressively enriched at visible
basement membrane breaches, indicat-
ing it can specifically target to basement
membrane openings. Further, we found
that UNC-40 activity accelerated visible
basement membrane gap opening, likely
by promoting recurrent F-actin polymer-
ization, but was not required for basement
membrane penetration.

In many developmental events, UNC-
40 is thought to be polarized by localized
or gradients of UNC-6 (netrin).*’ While
UNC-6 (netrin) was required to activate
UNC-40 to form the invasive protrusion
in the AC, surprisingly we found that
the trafficking of UNC-40 to the breach
was independent of UNC-6. This is not
the first time a role for UNC-40 has
been identified independent of UNC-6
(netrin). For example, localization and
activity of UNC-40 in muscle arm exten-
sion does not depend upon UNC-6
(netrin).** Further, elongation of the AVM
axon along the anterior-posterior axis and
the posterior migration of the QL neuro-
blast require UNC-40 (DCC) signaling
without UNC-6.%* It’s unknown in these
instances how UNC-40 signals or is local-
ized without UNC-6. One notable obser-
vation from our work in the AC is that
while UNC-6 is not required to localize
UNC-40 to the breach, UNC-6 is criti-
cal to activate UNC-40 so that focused
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F-actin is generated at the site of breach
to form a large protrusion. This observa-
tion indicates that UNC-40 localization
and activation are separable processes.
Interestingly, netrin proteins are homol-
ogous to domains VI and V at the
N-termini of laminin B and vy chains.*
It is thus tempting to speculate that pro-
teolytic digestion of laminin during
breaching might liberate the N-termini of
laminin chains, which could act as a signal
to localize the netrin receptor UNC-40
(DCC) to the breach.

Interestingly, in approximately 50%
of our observations, we found that more
than one AC-invadopodium breached
the basement membrane (sometimes as
many as four). UNC-40 localized to all
of these breaches and yet inevitably only
one of these developed into a protrusion.
These observations indicate a competi-
tion between successful breaching sites.
This might be similar to mechanisms
that ensure singularity in polarization in
yeast and neuronal cells, where competi-
tion for a limiting reagent, coupled with
positive feedback guarantees that one bud
or one axon forms, respectively.’** It will
be fascinating to determine the nature of
competitive mechanism between mul-
tiple breaching sites. One possibility is
that there is a positive feedback mecha-
nism that involves the receptor itself,
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as UNC-40 levels increase at the site of
breach.

The Invasive Protrusion
Displaces Basement Membrane

Based on the presence of type IV colla-
gen degradation products and the expres-
sion of proteases near sites of invasion in
vivo and in vitro, it has been proposed
that basement membrane is degraded and
19,36-40 These

observations led to extensive clinical tri-

dissolved during invasion.

als to target matrix metalloproteinases
(MMPs) in a wide range of metastatic
cancers. These clinical trials were unfortu-
nately unsuccessful, but the reasons were
unclear.’® By utilizing a photo-convertible
form of laminin and type IV collagen and
optically highlighting the basement mem-
brane that the AC crossed during invasion,
we surprisingly found that the basement
was physically displaced by the invasive
protrusion. These observations implicate
the contribution of a protease-indepen-
dent mechanism for basement membrane
removal. Quantification of displaced base-
ment membrane was difficult to precisely
determine; however, leaving open the
possibility of proteases also being a factor
in successful invasion. We speculate that
the physical pressure from the enlarging
protrusion provides the mechanical force
to push against basement membrane and
widen the gap during protrusion growth.
This would account for the 2-fold greater
rate of basement membrane removal in
wild-type animals with an invasive pro-
Notably,
membrane was still displaced in #ne-40

trusion. however, basement
mutants, albeit at a reduced rate, indicat-
ing that another mechanism for physical
displacement acts in parallel to the grow-
ing protrusion.

The role of proteases during basement
membrane invasion has been controversial.
While apparently required for invasion in
in vitro and ex vivo invasion assays,”” an
essential role for proteases has not been
demonstrated in vivo despite extensive
knockout experiments of MMPs and
other protease families in mouse genetic
models.”*! Importantly, our observations
do not rule out the involvement of prote-
ases in AC invasion. In fact, we've previ-
ously found that the AC expresses zmp-1,
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a matrix metalloproteinase.” Although
loss of zmp-1 has no apparent phenotype,
it might function redundantly with other
proteases. The C. elegans genome encodes
nearly 300 genes with predicted protease
or protease inhibitor domains,”? making
the identification of proteases required
for AC invasion a daunting task. Profiling
the gene expression of the AC using single
cell isolation techniques® will likely nar-
row this list. Combined knockdown of
key protease gene families, such as the
MMP’s, ADAMS, and cathepsins, may
also provide insight. Further, sensitized
screening combined with analysis of base-
ment membrane dynamics may also reveal
roles for proteases. Given the expression
of zmp-1 in the AC during invasion, it
seems plausible that proteases and physi-
cal forces cooperatively mediate basement
membrane invasion, as they appear to do
during the movement of migratory fibro-
blasts and cancer cells through the less
dense, fibrillar type I collagen-rich inter-

stitial matrix.*

Perspectives

Our real-time analysis of AC invasion
has established the physiological relevance
of invadopodia in basement membrane
invasion and suggests that invadopodia
are conserved structures that are utilized
by invasive cells to breach basement mem-
branes in both normal developmental
events as well as diseases such as cancer.
Further, we have discovered an UNC-40
(DCC)-mediated mechanism that guides
invasive protrusion formation through
a single basement membrane breach.
The netrin-1 ligand is highly expressed

45-47 and stimulates

in metastatic cancers
invasion in many tumor cell lines assayed
in vitro and ex vivo.#~" These results sug-
gest that the vertebrate DCC receptor may
play a conserved role in guiding invasion.
Many outstanding questions regarding
the specification, formation, and regula-
tion of invadopodia, as well as the role of
proteases and physical forces in removing
and remodeling basement membrane dur-
ing invasion remain unanswered. With
its rapid forward genetics and amenabil-
ity to high-resolution real-time micros-
copy, we expect C. elegans AC invasion
will help answer many of these questions
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and provide important novel insights into
the fundamental and fascinating way that
cells breach and traverse basement mem-
brane barriers.
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