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Cell invasion through basement membrane barriers is crucial during many developmental processes and in
immune surveillance. Dysregulation of invasion also drives the pathology of numerous human diseases, such as
metastasis and inflammatory disorders. Cell invasion involves dynamic interactions between the invading cell,
basement membrane, and neighboring tissues. Owing to this complexity, cell invasion is challenging to study in
vivo, which has hampered the understanding of mechanisms controlling invasion. Caenorhabditis elegans anchor

Endomembrane

Invadopodia cell invasion is a powerful in vivo model where subcellular imaging of cell-basement membrane interactions can
Adaptive invasion be combined with genetic, genomic, and single-cell molecular perturbation studies. In this review, we outline
Glycolysis insights gained by studying anchor cell invasion, which span transcriptional networks, translational regulation,
Mitochondria secretory apparatus expansion, dynamic and adaptable protrusions that breach and clear basement membrane,

ATP and a complex, localized metabolic network that fuels invasion. Together, investigation of anchor cell invasion is
building a comprehensive understanding of the mechanisms that underlie invasion, which we expect will ulti-

mately facilitate better therapeutic strategies to control cell invasive activity in human disease.

1. Introduction

Basement membrane (BM) is a dense, sheet-like, extracellular matrix
(ECM) that underlies or enwraps most animal tissues [1,2]. BMs are
highly conserved and are composed of self-associating networks of
laminin and covalently crosslinked networks of type IV collagen, which
are bridged by the glycoprotein nidogen and the heparan sulfate pro-
teoglycans perlecan and agrin [3,4]. In addition to these core structural
components, BMs also harbor a variety of matricellular proteins, pro-
teases, and growth factors [5]. The diverse composition of BMs facili-
tates its numerous functions, such as mechanically supporting tissues,
shaping organs, and harboring signals that regulate cell polarity,
growth, survival, and cell migration [6-8]. Electron micrograph and
dextran diffusion studies have revealed that BMs are dense and have
pore sizes ~10-100 nm in diameter, which is well below the ~2 um pore
size that limits cell migration in vitro [9-12]. Thus, BMs also act as
formidable barriers that separate tissues and prevent the exchange of
cells.

Despite its barrier properties, many cells in development acquire the

unique ability to cross BMs to exit and enter tissues. For example, cells
undergoing epithelial-mesenchymal transition (EMT), such as verte-
brate neural crest cells and mesenchymal limb progenitor cells, breach
the epithelial BM at the site of EMT transition to leave a tissue and then
migrate to reach distant sites and differentiate [13,14]. Cells also breach
BM to enter new tissues to reach locations of differentiation and func-
tion, such as sea urchin pigment cells that invade and embed in
epithelia, mammalian cytotrophoblast cells that penetrate the uterine
wall BM to implant, and vertebrate sensory neurons that extend pio-
neering axons through BM to synapse with the spinal cord [15-17].
Immune cells also breach BMs to reach sites of infection and injury
[18-20]. Dysregulated cell invasion underlies diseases such as the
pregnancy disorder preeclampsia, rheumatoid arthritis, and cancer
metastasis [21-23]. Thus, there is great clinical and basic biological
importance in elucidating the mechanisms that cells use to breach BM
barriers.

Studying cell invasion through BM in vivo is challenging, as invasion
events are often stochastic, rapid, and occur deep in tissues, and are thus
hard to visualize and experimentally perturb [20,24]. As a result, most
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cell invasion investigations have relied on in vitro assays using recon-
stituted ECM, which do not recapitulate the composition or biophysical
properties of native BM [18,25]. To circumvent these limitations,
studies have examined invasion through decellularized native BMs [18,
26]. However, these assays lack complex cell and tissue environments,
including the endogenous cues that regulate invasion. Some progress
has been made studying invasion in vivo using the chick chorioallantoic
membrane assay and zebrafish invasion models [20,27,28]. Yet, because
of the stochastic nature of invasion and difficulty in imaging BM, it has
been challenging to visualize dynamic interactions between invasive
cells and BM in these in vivo models. Despite limitations, in vitro and in
vivo models have advanced knowledge of how invasive cells break
through BM barriers—particularly in vitro studies examining the inva-
sive protrusions, actin-myosin generated forces, and proteases that
breakdown and displace BM barriers [18,29]. Many of these findings,
however, require confirmation of in vivo relevance. Further, because of
the lack of studies of cell invasion in native contexts, many key mech-
anisms regulating cell invasion are likely unknown.

C. elegans anchor cell (AC) invasion is an in vivo model that allows
visualization and molecular dissection of the mechanisms driving BM
invasion. The AC is a specialized uterine cell that plays many roles in
organizing uterine and vulval development [30]. One AC function is to
initiate uterine-vulval connection by invading through the juxtaposed
uterine and ventral epidermal BMs that separate the uterine and vulval
tissue during a specific 90-minute window in the L3 larval stage
(Fig. 1A) [31]. Over the past twenty years of studying AC invasion [31],
many approaches and molecular tools have been developed to analyze
different aspects of AC invasion (Tables 1 and 2). Most notably, the
highly stereotyped nature of AC invasion allows visualization of specific
cell biological events that occur during different stages of invasion and
powerful unbiased genetic and RNAi screening to identify genes regu-
lating different steps in the invasion process [32,33]. The rapidity of
C. elegans development, amenability to germline manipulation, and the
development of efficient genome editing selection protocols [34], also
allows for quick, cost-effective, and comprehensive endogenous tagging
of proteins that regulate invasion with genetically encoded fluo-
rophores. This has led to important insight into protein regulation and
function. For example, over ~60 C. elegans BM proteins have now been
endogenously tagged with various fluorophores, which is facilitating
unprecedented insight into BM remodeling and dynamics during inva-
sion [5,35-37]. Here, we review how examination of AC invasion is
building a holistic understanding of the mechanisms that control inva-
sion through BM barriers in native settings.

2. Preparing for invasion through BM

The well-defined cell lineage of C. elegans and highly stereotyped
nature of AC invasion is facilitating a detailed understanding of how an
invasive cell prepares to invade. A theme emerging from these studies is
that the AC requires many specialized features to invade, including a
pro-invasive transcriptional network, distinct gene expression, and
expansion of the translation machinery and endomembrane system.

2.1. Specifying the AC—the absence of Notch signaling

Two founder cells in the L1 larva, Z1 and Z4, give rise to all somatic
gonad cells, including the uterine AC, which is born at the L2 larval stage
(Fig. 1B) [65]. Initially, either of the two Z1 and Z4 descendants, Z1.ppp
and Z4.aaa, respectively, can become the AC through a Notch mediated
signaling interaction. Both Z1.ppp and Z4.aaa cells initially express the
receptor LIN-12 (vertebrate Notch), and the Notch ligand LAG-2 (DSL).
Through feedback interactions, however, one cell ultimately expresses
only LIN-12 and becomes a ventral uterine (VU) cell, and one cell ex-
presses only LAG-2, and becomes the AC [66,67]. A key component of
this feedback loop is the conserved basic helix-loop-helix transcription
factor HLH-2 (E2A/TCF3,5,12). HLH-2 is expressed prior to AC invasion
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in both the Z1.pp and Z4.aa cells, and is required for either cell to have
the potential to become the AC. LIN-12 (Notch) activity results in
degradation of HLH-2 protein in the VU fated cell, and HLH-2 in the
fated AC promotes expression of the Notch ligand lag-2 [67,68]. Inter-
estingly, differences in the initial levels of HLH-2 protein inheritance in
the Z1.ppp and Z4.aaa biases the AC/VU decision, such that the cell
receiving greater levels of HLH-2 expresses higher levels of the lin-12
Notch receptor and becomes the VU cell [69]. Counterintuitively then,
the cell that initially harbors more HLH-2 protein expresses more lin-12,
and is fated to become VU, which then directs HLH-2 to be degraded.
Two other transcription factors, the nuclear hormone receptor NHR-67
(TLX/NR2E1) and zinc finger transcription factor EGL-43 (EVI1/ME-
COM) are also expressed in the Z1.ppp and Z4.aaa and independently
promote lin-12 expression and NHR-67 also promotes lag-2 expression to
mediate the AC/VU decision [70,71]. How these transcriptional inputs
are coordinated with HLH-2 during AC/VU specification remains un-
clear, but they likely play roles in the feedback mechanisms that mediate
AC/VU specification.

Interestingly, although the cell fated to be the AC is born in the early
L2 stage, ~15 h prior to AC invasion [31,52], no known external signals
promote AC differentiation into an invasive fate. Consistent with this,
laser ablation of all gonad cells prior to or at the time of Z1.ppp/Z4.aaa
birth, do not affect AC differentiation and invasion [31,52]. This implies
that a cell autonomous program(s) within the AC guides the differenti-
ation of the AC after its birth to an invasive fate. Supporting this idea,
HLH-2, NHR-67, and EGL-43, continue their expression in the AC after
AC specification (Fig. 1B) and form an integrated gene regulatory
network that directs AC invasive differentiation, which we outline
below.

2.2. A gene regulatory network that directs AC differentiation to an
invasive fate

After AC specification, HLH-2, NHR-67, and EGL-43 form an inter-
dependent transcriptional network with the addition of a fourth tran-
scription factor, the basic leucine zipper transcription factor FOS-1 (Fos)
to direct invasion (Fig. 1C). How this network is rewired to become
interdependent is unknown but might involve changes in chromatin
accessibility as chromatin regulators such as the SWI/SNF complex alter
transcription factor expression and AC differentiation [57]. Timed
RNAi-mediated knockdown, measurement of endogenous transcription
factor protein levels, chromatin immune-precipitation and sequencing
(ChiP-seq), transcription factor binding site removal, and assessment of
AC invasion, has led to the identification of a transcriptional network
that controls invasive differentiation [41,49,71,72]. A key component of
this network is NHR-67, which maintains the AC in a post-mitotic GO
arrested cell cycle state, in part through promoting cyclin-dependent
kinase inhibitor CKI-1 (p21CIP1/p27KIP1) expression [41,57]. Loss of
NHR-67 results in non-invasive, mitotic ACs that fail to generate most
invasive features—the AC does not express genes that promote BM
breaching and does not form invadopodia, specialized invasive pro-
trusions that breach the BM [41]. Cell cycle arrest is now recognized as a
common feature of invasive cells, which has implications for many
cancer therapies that target proliferation and might select for more
aggressive tumors [73]. Another key transcription factor is FOS-1, which
depends on NHR-67 mediated cell cycle arrest to control the expression
of genes that promote BM breaching, such as the matrix metal-
loproteinases zmp-1, zmp-3 and zmp-6, and the protocadherin cdh-3 [62,
74]. Two other transcription factors, EGL-43 and HLH-2, promote the
expression of NHR-67 (cell cycle arrest) and each also controls the
expression of some pro-invasive genes [49,71,72,75]. There is complex
positive feedback regulation in the expression of all these transcription
factors (Fig. 1C). Positive feedback might help stably maintain the
invasive fate. Feedback might also be critical in the co-regulation of the
precise levels of downstream targets. For example, an incoherent feed-
forward circuit sets the precise expression level of the gene encoding
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Fig. 1. The pro-invasive transcriptional network and protein translation prior to anchor cell (AC) invasion. A) An L3 larva (top image) and Differential Interference
Microscopy (DIC) images (top panel) and fluorescence images (bottom panel) show a developmental time series of AC (visualized with lin-29p::2xmKate2::PLC6pH,
green) invasion through basement membrane (BM) (marked with laminin::mNG, magenta) from the 1° vulval precursor cells (VPC) P6.p early 1-cell stage to the P6.p
4-cell stage. The AC invades (arrows) between the central 1° VPCs (brackets). B) Cell lineage of the AC and ventral uterine cell (VU) and proteins involved in AC/VU
specification. C) The pro-invasive gene regulatory network that mediates AC differentiation. D) ZMP-1::mNG (MMP) and UNC-34::mNG (Ena/VASP) proteins, which
promote BM breaching, ramp up dramatically prior to invasion and peak at the time of BM breaching. Scale bars: 5 um.

(c) Adapted from [71]. (d) Adapted from [32].
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Table 1

Methods used to study AC invasion.
Method Ref
Quantitative live-cell multi-dimensional image of the AC-BM interface [35]
DIC microscopy and Protruded vulval genetic/RNAIi screens for invasion [31,38]

defects

Stimulated Raman scattering microscopy [39]
Transmission electron microscopy [37]1
Uterine-specific RNAi [37]
AC transcriptome [32]
NanoDam transcription factor binding profile [40]
AC smFISH for mRNA transcript localization [41]
Photoconversion for protein dynamics [42,43]
Fluorescence Recovery After Photobleaching for protein dynamics [44]
Fluorescence Loss In Photobleaching for protein dynamics [43]
Auxin induced TIR-1 mediated targeted protein degradation [45-47]
ZIF-1 mediated targeted protein degradation [32,48]

FRT-FLP Recombination for site-directed removal of DNA [49]

Microfluidic Immobilization for long-term timelapse imaging [50,51]
Cell Ablation [31,52]
2-DG - Competitive Glucose Inhibitor [39]
unc-6 ectopic expression [53,54]
CK666 - Small molecule inhibitor of the Arp2/3 complex [55]

MIG-10 (Lamellipodin), which stabilizes INA-1/PAT-3 integrin medi-
ated AC-BM adhesion [76]. FOS-1 positively controls expression of the
gene encoding MIG-10 (Lamellipodin) and the transcription factor
EGL-43, while the EGL-43 protein negatively regulates mig-10 gene
expression. Such networks likely tightly control the expression of
effector targets that mediate BM invasion [76]. Recent findings have
also revealed that the conserved DNA pre-replication complex, which
functions to limit DNA replication to a single round per cell cycle, has a
non-canonical role in the AC to promote pro-invasive gene expression
[58]. How the DNA pre-replication complex regulates pro-invasive gene
transcription, however, is unclear.

Several interesting findings have emerged from this work. One is that
the key pro-invasive transcription factors EGL-43, NHR-67, and HLH-2
are expressed prior to AC specification, regulate AC specification, and
then are maintained in the AC and mediate AC differentiation.
Throughout this time they appear to control distinct transcriptional
targets at different stages [75]. The reiterative use of a transcription
factor may be a common mechanism to link specification with the
differentiated state of a cell. Another important observation is that the
transcription factors that promote AC invasion are strongly implicated in
EMT and cell invasion in normal development and multiple tumor types
(Table 3) [77-81]. Thus, the transcriptional networks that program
invasiveness might be conserved. Finally, additional transcriptional
mechanisms controlling AC invasion likely exist, as many genes that
regulate BM breaching, such as those encoding PAT-3 (§ Integrin),
MIG-2 (Rac GTPase), and CDC-37 (Hsp 90 co-chaperone), are upregu-
lated in the AC, but are not controlled by any known transcriptional
regulators [38].

2.3. Ribosome biogenesis and endomembrane expansion prior to invasion

Cell invasion through BM requires many proteins, such as cytoskel-
etal proteins, matrix degrading enzymes, adhesion receptors, and
metabolic enzymes. Several of the genes encoding these pro-invasive
proteins have been characterized during AC invasion, and the expres-
sion of many are controlled by the AC’s invasive transcriptional
network, such as the MMPs zmp-1, zmp-3, and zmp-6 [62,74]. Endoge-
nous levels of these pro-invasive proteins ramp up dramatically prior to
invasion and peak at the time of BM breaching (Fig. 1D). A recently
generated AC transcriptome revealed that genes encoding ribosomal
proteins are enriched during invasion [32]. Endogenous ribosome la-
beling with split-GFP and analysis of ribosome biogenesis indicated that
a burst of ribosome biogenesis occurs shortly after AC specification [32].
Early ribosome biogenesis appears to be required to expand the

Table 2
Molecular sensors, probes, and markers used to study AC invasion.
Cell Biological Process Sensor, probe, Use Ref
marker
Cell Cycle CDK Biosensor G1 or GO cell cycle state [56,
biosensor 57]
GFP::MCM-7 Marker for proliferating [58]
cells
RNR-1::GFP S-phase marker [58]
Plasma PLCSPH Sensor for (PI1(4,5)P5) in [59]
Membrane (PM) inner leaflet of plasma
membrane
CAAX::GFP Inner leaflet of PM marker [53]
GFP::GPI Outer leaflet PM marker [53]
FM1-43 Dye Stains outer plasma [60,
membrane leaflet 61]
Cytoskeleton Actin MoesinABD:: Probes for F-actin/actin [43,
mCherry 55,
Lifeact::GFP 59]
Dendra2::ACT-1
ARX-2::GFP Marker for site of F-actin [32]
nucleation
MT EBP-2::GFP Marker of growing [32]
microtubules (MTs)
emtb::GFP Probe for microtubules [32]
Metabolism Green Glifon Glucose biosensor [39]
4000
aTEAM FRET-based ATP [62]
biosensor
PercevalHR Ratiometric ADP:ATP [39,
biosensor 63]
Biotracker ATP- Mitochondrial ATP dye [39]
Red 1
MitoTracker Mitochondrial membrane- [39]
CMXRos potential-sensitive dye
PFK-1.1::mNG, Markers for glycolysis [39]
PYK-la:mNG
Organelles GFP::CUP-5, Lysosomes markers [53]
LMP-1::GFP
RPL-4::GFP11, Localization of ribosomes [32]
RPL-31::GFP11
mCherry::RAB-5 Early endosome marker [43,
53]
mChmerry::RAB- Late endosome marker [43,
7 53]
mCherry::RAB-11  Recycling endosome [43,
marker 53]
mNG::RAB-11.1 Recycling endosome [32]
marker
CYTB-5.1::GFP Endoplasmic reticulum [53]
(ER) Marker
SEC-61B::GFP11 ER Translocon marker [32]
XBP-1::eGFP ER Stress/unfolded [32]
protein response
AMAN-2::GFP Golgi apparatus markers [32,
AMAN-2:: 43]
mScarlet
DiOC6(3) iodide Mitochondrial dye [62]
Basement membrane Laminin::Dendra Basement membrane [36,
Laminin::GFP markers: 59,62,
Laminin::mNG Laminin and type IV 64]

Laminin::mKate2
Collagen::mNG
Collagen::GFP
Collagen::mEos2
Collagen::
mCherry

collagen are crucial
scaffolding components

translation capacity of the AC to produce the many pro-invasive proteins
that mediate BM breaching (Fig. 1D). Consistent with this notion, a
modest reduction in ribosome levels blocks AC invasion and reduces the
translation of pro-invasive proteins [32].

In addition to expansion of the ribosome pool, the endomembrane
system—endoplasmic reticulum (ER), Golgi apparatus, and secretory
vesicles—expands during AC differentiation. AC ribosomes also
concentrate in the region of the ER Sec61 translocon, where ribosomes
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Table 3
Key C. elegans AC invasion regulators and vertebrate counterparts.

Cell Biological C. elegans Vertebrate protein, Association with
Process protein protein family or vertebrate
complex invasion, EMT or
metastasis
Transcriptional HLH-2 E2A/TCF3/TCF4/ [80]
regulation TCF12
NHR-67 TLX/NR2E1 [111]
EGL-43 EVI1/MECOM [78]
FOS-1 Fos [77,79]
SWSN-4 SWI/SNF complex [112,113]
SWSN-8
PBRM-1
MCM-7 Pre-replication [114]
complex
HDA-1 HDAC [115]
Translation RPL-31 60S ribosomal [116]
regulation RPL-4 subunit
NIFK-1 NIFK [83]
Endoplasmic SEC-61 Sec61 translocon [117]
reticulum/ complex
Secretory IRE-1 IRE1 [82]
apparatus XBP-1 XBP1 [82]
Chaperone proteins CDC-37 CDC37 [118]
TCT-1 TCTP [119]
CCT-7 CCT/TRiC complex [120]
Cell cycle CKI-1 p21CIP1/p27KIP1 [121]
BM adhesion INA-1 a3, a6, and o7 Integrin [122]
MIG-10 Lamellipodin [123]
PAT-4 ILK [124]
TLN-1 Talin [125]
Invadopodia CDC-42 Cdc42 [126]
CED-10 Rac [126]
MIG-2 RhoG [127]
UNC-34 Ena/VASP [128]
UNC-60 ADF/cofilin [29,129]
ZMP-1 Matrix [29,130]
ZMP-3 Metalloproteinase
ZMP-6
GDI-1 GDI [131]
WSP-1 N-WASP [29,132]
WVE-1 WAVE [132]
ARX-2 Arp2/3 [29,92]
Invasive Protrusion UNC-6 Netrin [97]
UNC-40 DCC [97]
DGN-1 Dystroglycan [133]
PPK-3 PIKfyve [134]
SNAP-29 SNAP29 [135]
EXOC-8 Exocyst complex [136]
Metabolism ANT-1.1 Adenine nucleotide [137]
translocator
FDGT-1 GLUT [138]
FDGT-2
TRAK-1 TRAK1 [139]
OGT-1 OGT [140]
PYK-1 Pyruvate kinase [141]

bind to direct cotranslational protein import of secreted and trans-
membrane proteins into the ER. Many of the proteins required to breach
BM must enter the endomembrane system for proper trafficking, sug-
gesting that there is there is a concomitant expansion of the endo-
membrane system with ribosomes to accommodate increased
translation of transmembrane and secreted proteins. Supporting this
idea, the AC is under ER stress prior to invasion, as there is a buildup of
the IRE-1 (IRE1) stress sensor transcription factor target XBP-1 (XBP1) in
the AC nucleus prior to invasion [32]. XBP1 upregulates chaperones that
promote ER protein folding and secretion and increases lipid synthesis
for ER expansion [82].

Ribosome biogenesis and sensitivity to ER stress has been linked to
EMT events in vertebrate neural crest cells and several cancers [82,83].
Thus, expanding translation capacity and increasing endomembrane
trafficking might be a common feature of invasive cells that allows
production and delivery of proteins to the cell surface that mediate BM

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

breaching.

2.4. AC-vulval cell alignment prior to invasion: EGF signaling and BM-
BM connection

Developmental cell invasion events occur in complex tissue envi-
ronments where invasive cells must find the appropriate locations to
breach BMs and enter tissues. In wild type animals, the AC always in-
vades between the central 1° fated P6.p vulval precursor cells (VPCs)
(Fig. 1A) [31]. However, prior to invasion, the uterine and vulval tissues
are separated by the juxtaposed gonadal and ventral epidermal BMs and
the tissues shift independently of each other as the animal moves,
creating dynamic misalignment of the tissues prior to invasion [31,64,
84,85].

Cell ablation experiments and mutant backgrounds that augment
mispositioning of the AC and 1° fated VPCs cells, have shown that the 1°
fated VPC and its descendants move towards and directly under the AC
prior to invasion [31,85]. LIN-3 (EGF) growth factor secretion by the AC,
induces the closest VPC, P6.p, to adopt a 1° VPC fate at the early L3
larval stage [86]. In addition to its role in fate specification, LIN-3 also
serves as an attractive signal that guides the 1° VPC and its descendants
under the AC (Fig. 2) [85,87]. Besides the LIN-3 (EGF) alignment
mechanism, the AC also secretes the large ~5000 amino acid matrix
protein HIM-4 (hemicentin) ~2 h prior to invasion. HIM-4 (hemicentin)
localizes between the juxtaposed gonadal and ventral epidermal BMs
and connects the BMs together (Fig. 2) [37], thus locking the two tissues
with the AC appropriately aligned for invasion. The AC adheres to the
region of the HIM-4 mediated BM-BM linkage via the integrin hetero-
dimer aINA-1/BPAT-3, which links to the AC cytoskeleton through the
cytolinker VAB-10 (plakin) (Fig. 2). This further stabilizes the AC at the
appropriate location for invasion and facilitates the simultaneous
breaching and removal of both BMs. The him-4 gene is a transcriptional
target of FOS-1, indicating that BM linkage is a component of the AC
invasion program [74].

3. Breaching and clearing the BM barrier

A key limitation in understanding of how cells overcome BM barriers
is the challenge of visualizing invasive cells interacting with BM. The
development multi-dimensional time-lapse microscopy and quantitative
image analysis to visualize the dynamic protrusions the AC uses to
breach BM are helping to fill this experimental gap and are revealing
how BM is removed during invasion [35]. Key discoveries emerging
from these studies are robust, adaptive mechanisms of BM clearance
during invasion and the findings of a dynamic, complex, and localized
metabolic system that fuels BM breaching.

3.1. Invadopodia initiate BM breaching

The development of quantitative live imaging approaches to visu-
alize the interface of the AC and BM revealed that dynamic, force-
producing, ~1.0 ym diameter F-actin (filamentous actin) rich mem-
brane protrusions initiate BM breaching (Fig. 3A,B) [42,55,62]. These
small protrusions are similar in composition and function to invado-
somes, which were originally observed in transformed fibroblasts and
human cancer cell lines, and that have now been seen in a wide variety
of invasive cell types in vitro and in some tumor cell implantation
models [29,88,89]. Often referred to as invadopodia in cancer cells and
podosomes in normal cells, these invasive protrusions are likely a con-
tinuum of related membrane-associated structures regulated by intrinsic
and extrinsic factors [29,90,91]. AC invadosomes have been referred to
as invadopodia because of their similar protrusive nature to cancer cell
invadopodia [42]. Study of invadosomes in vivo has been particularly
challenging, because of their small size, transient nature, and as outlined
above, the difficulty of visualizing cells in the act of BM invasion.

The identification and study of invadopodia during AC invasion has
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Fig. 2. The AC and 1° VPCs align prior to invasion. A schematic diagram showing LIN-3 (EGF) mediated chemoattraction and HIM-4 (hemicentin) directed BM-BM

linkage that aligns the AC with the 1° VPCs prior to invasion.

been important in confirming the existence and function of invadopodia
in native tissue settings and in revealing new insights into their regu-
lation. AC invadopodia formation is induced ~3 h prior to invasion by
an unidentified diffusible cue from the 1° VPCs [33,42]. The vulval
signal promotes invadopodia formation, in part, through activation of
the Rho GTPase CDC-42 (Cdc42) [33]. CDC-42 in turn, nucleates inva-
dopodia through its effectors WSP-1 (N-WASP) and WVE-1 (WAVE),
which activate the Arp2/3 complex, an actin polymerization nucleator
that facilitates generation of branched F-actin that produces forces
against the plasma membrane [33,55,92]. The Arp2/3 complex is
crucial for invadopodia activity, as inhibiting Arp2/3 in the AC strongly
reduces the ability of the AC to generate force on the BM and inhibits the
capacity of invadopodia to breach the BM [55]. The actin filament
severing protein UNC-60 (ADF/cofilin) promotes invadopodia turn-
over—UNC-60 localizes to invadopodia and unc-60 loss blocks invasion
and leads to large static aggregates of F-actin along the invasive mem-
brane [43]. Matrix metalloproteinases (MMPs) are also required for
invadopodia to breach the BM [62,74]. Three MMPs are expressed in the
AC (zmp-1 zmp-3 and zmp-6) and endogenous tagging of zmp-1 with
mNeonGreen revealed that ZMP-1 localizes to invadopodia [62]. MMPs
are similarly enriched in invadopodia in cancer cells, where they
mediate ECM degradation [89].

AC-invadopodia also require the dynamic trafficking of a specialized
invadopodial membrane containing the lipid phosphatidylinositol 4,5

bisphosphate (PI(4,5)P2) and the membrane anchored Rac GTPases,
CED-10 and MIG-2 [43,91]. The invadopodial membrane is actively
recycled through the endolysosome during invadopodia formation and
disassembly, and its delivery to the invasive membrane requires UNC-60
(ADF/cofilin) and the Rab GDP dissociation inhibitor GDI-1 (GDI1) [43].
How F-actin-mediated formation of invadopodia at the invasive cell
membrane is coordinated with delivery of the invadopodial membrane
is unclear, but may rely on cofilin at invadopodia, which might break the
cortical actin barrier to allow vesicle delivery [33]. Recycling of the
invadopodial membrane through the endolysosome likely provides a
flexible source of membrane, allowing the AC to generate dynamic
protrusions that penetrate the BM. It might also facilitate the delivery of
proteases such as ZMP-1, which is a membrane associated glyco-
sylphosphatidylinositol (GPI)-anchored MMP. Cancer cells also traffic
membrane tethered MT1-MMP through the endolysosome to invado-
podia, which supports the idea that dynamic endolysosome trafficking is
a shared feature of invadopodia [91,93].

Many of the genes that regulate AC invadopodia have been impli-
cated cancer cell invadopodia and tumor invasion [28,94,95], strongly
suggesting that invadopodia are a conserved subcellular structure within
invasive cells. A sensitized whole genome RNAi screen has identified
numerous additional genes that may have roles in AC invadopodia for-
mation, turnover, or function [33]. Determining how these genes
regulate invadopodia will significantly expand the understanding of
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Fig. 3. Mechanisms of BM breaching and clearance during AC invasion. A) A schematic diagram shows two viewpoints used for time-lapse imaging of AC invasion. In
the top image, the wild-type animal is laying on its side, which allows lateral imaging of AC invasion. On the bottom, the rol-6 mutant animal is twisted, allowing
ventral imaging along the entire AC-BM interface. The BM is visualized using laminin::GFP and the AC with the AC-specific F-actin probe mCherry::moeABD. B) Prior
to BM breaching (left panels), AC invadopodia (visualized with mCherry::moesinABD, green) press (yellow arrows) on the intact BM (magenta, laminin::GFP). At the
time of breach (right panels), an invadopodium creates a small hole in the BM (yellow arrows). C) A lateral time series of the AC’s large invasive protrusion (cdh-3p::
mCherry::PLCSPH, cyan) that forms and expands at the BM breach site (laminin::GFP, magenta). D) A ventral perspective time series shows the widening hole in the
BM that occurs during invasive protrusion growth. E) A schematic diagram of invadopodia and protrusion formation during wild-type AC invasion. In wild-type
animals (top), the UNC-40 (DCC) receptor traffics to the invadopodium mediated breach site and directs the formation of a large protrusion that clears a wide
opening in the BM. UNC-40 acts as a molecular sink that depletes F-actin regulators from invadopodia, thus shutting down invadopodia formation. In unc-40 mutant
animals (bottom), a large protrusion fails to form, invadopodia persist, and multiple breaches in the BM occur.

Adapted from [42].

invadopodia in native settings and might help inform therapies targeting
invadopodia in cancer [96].

3.2. An UNC-40/DCC directed large invasive protrusion clears a path
through the BM

Invadopodia have been well studied in vitro on glass slides covered
with ECM [89]. What occurs after invadopodia penetrate matrix, how-
ever, is less clear. C. elegans AC invasion has been particularly useful in
determining how invadopodia BM breaching leads to large scale BM
removal to facilitate wide openings in BM barriers.

Live imaging revealed that usually only one or two AC invadopodia
breach the BM and then a large protrusion forms from only one of these
sites and clears a wide opening in the BM (Fig. 3C-E) [42]. The UNC-40
(DCC) receptor localizes to the invadopodia-mediated BM breach site
and in response to UNC-6 (netrin) secreted from the 1° VPCs recruits
F-actin regulators, such as UNC-34 (Ena/VASP), CED-10 (Rac), and
MIG-2 (RhoG), and stimulates the exocytosis of lysosomes through the
exocyst and the t-SNARE SNAP-29 to form the large invasive protrusion
[42,53]. UNC-40 activation at the BM breach site acts as a molecular
sink that depletes F-actin regulators from invadopodia, thus shutting
down invadopodia formation—in the absence of unc-40, a large pro-
trusion fails to form, invadopodia persist, and multiple breaches in the
BM occur (Fig. 3E) [42]. Netrin might be a common mechanism to
stimulate invasive protrusion formation, as vertebrate netrin-1 is over-
expressed in many metastatic cancers and promotes invasion in
pancreatic, breast, and colorectal cancer cells [97].

The invasive protrusion has a distinct composition from other re-
gions of the plasma membrane of the AC and concentrates lipid
anchored Rho and Rac GTPases, transmembrane proteins, and harbors
the GPI-membrane anchored MMP ZMP-1 [53]. Live imaging, genetic
analysis and photobleaching experiments revealed that the BM receptor
DGN-1 (dystroglycan) localizes to the neck of the invasive protrusion in
contact with the BM and forms a membrane diffusion barrier that re-
stricts the flow of lipid anchored proteins in the invasive protrusion from
the rest of the AC [53]. DGN-1 is not only required to maintain the
diffusion barrier, but is also necessary for protrusion growth, possibly by
allowing focused vesicle trafficking and addition of lysosomal mem-
brane to the protrusion. Interestingly, as the edge of the BM gap extends
beyond the protrusion, the diffusion barrier breaks down and the pro-
trusion retracts, suggesting that loss of the diffusion barrier might also
be a mechanism to end invasion [53].

Optical highlighting of laminin and type IV collagen tagged with the
photoconvertible Dendra fluorophore also revealed that the invasive
protrusion uses a combination of proteolytic degradation and physical
displacement to remove the BM: ~ 30% of the BM under the AC is
displaced during invasion, while ~70% appears to be removed by pro-
teolytic degradation [42]. These observations were surprising, as BM
transmigration had been previously thought to be solely mediated by
proteolytic removal. Notably, recent studies have confirmed the exis-
tence of non-proteolytic BM invasion. Macrophages and cancer associ-
ated fibroblasts use actomyosin-generated forces to physically create
openings in BMs to facilitate BM transmigration [18,20,26]. Under-
standing how invasive cell breach BM through force without using

proteolytic degradation is important, as therapies targeting MMPs, the
major matrix degrading proteases in metastatic cancer, have thus far
failed in clinical trials [98].

3.3. The AC adapts its invasion program in the absence of MMPs

MMPs are a family of zinc-dependent endopeptidases that cleave
ECM proteins, including the major BM structural components of laminin
and type IV collagen [99]. MMP overexpression is strongly associated
with metastasis and invasion in cancer in animal models and human
patients [100]. As stated above, MMPs have been a target of unsuc-
cessful clinical trials. The reasons for the failure of these trials are un-
clear. A key challenge is clearly defining the role of MMPs in cell
invasion, as vertebrates encode over 20 MMPs, which has made genetic
analysis daunting [101].

C. elegans AC invasion offers an attractive model to determine the
role of MMPs in cell invasion through BM, as the C. elegans genome
harbors only six MMP genes, which are named zinc metalloproteinases
(zmp-1-6) [102]. Expression profiling revealed that zmp-1, zmp-3, and
zmp-6 are expressed in the AC and that zmp-4 and zmp-5 are expressed in
neighboring cells [62]. Strikingly, genetical removal of all the MMPs
expressed at the time of AC invasion (quintuple mutant) delayed but did
not block AC invasion. Examination of the AC-BM interface with live
imaging revealed that invadopodia still form in the absence of MMPs,
but fail to breach the BM. Instead of breaching the BM, invadopodia
transition into a large protrusion that repeatedly stretches the BM and
then ultimately breaks through the BM [62]. Optical highlighting
revealed that in the absence of MMPs, the BM is predominantly removed
through physical displacement instead of proteolysis. Analysis of
actin-based mechanisms that generate force and a large-scale synthetic
RNAI screen indicated that in the absence of MMPs the AC produces
more force on the BM through an increase in the levels of the F-actin
nucleator Arp2/3 at the invasive plasma membrane. Further, there is
also a further enrichment of mitochondria at the invasive front to
generate ATP to fuel increased Arp2/3 mediated F-actin generation and
possibly other components of the invasion program that require energy
[62].

It is likely that AC adaptation to the absence of MMPs is a built-in
component of the invasion program, which balances proteolytic degra-
dation and physical displacement in response to the physical environ-
ment and cellular state. Further supporting this idea, in the absence of
unc-40 and the invasive protrusion, the AC still clears the BM with only
invadopodia, albeit in a delayed manner [42]. Invadopodia-mediated
invasion relies almost exclusively on proteolytic degradation to
remove the BM (~90% of the BM is removed by degradation) [42].
These observations illustrate the robustness of the invasion program,
which might explain the failure of clinical trials solely targeting MMPs in
cancer. An important consideration is that the AC is only one example of
invasion. Many intrinsic factors within a cells programing, as well as
extrinsic factors, such as environmental cues and makeup and cross-
linking of the BM, likely influence how a cell can invade through BM. For
example, using de-cellularized mouse mesentery BM, recent studies
using the pan-specific MMP inhibitor Batimastat (BB-94) revealed that
inhibition of MMPs prevents breast cancer and fibrosarcoma cell
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invasion through BM, but doesn’t halt macrophage invasion [18]. This
suggests that it will likely be necessary to tailor therapeutic treatments
to inhibit invasion for different cancers or cell types.

3.4. A localized metabolic network at the invasive front fuels BM invasion

Like the AC, mitochondria localize to the leading edge of many
cancer cells, including pancreatic, prostate, ovarian and glioblastoma
(Fig. 4A) [103-105]. ATP is not stored in cells and ATP diffusion is
restricted by the dense cytoplasm and organelles within cells [106,107].
It is thought that localized ATP production fuels energy consuming
molecular processes required for invasion and motility, such as F-actin
turnover, proteinase trafficking, cell matrix adhesion, and membrane
trafficking [108,109]. How ATP production is coordinated with invasion
and how cells acquire a carbon source to fuel high levels of ATP, how-
ever, has been unclear.

AC-specific expression of the genetically encoded ATP biosensor
PercevalHR and the genetically encoded glucose biosensor Green Glifon
4000 revealed that a burst of glucose import and ATP production at the
AC’s invasive front accompanies BM breaching (Fig. 4B) [39]. Through
extensive RNAIi screening, two facilitated glucose transporters, FDGT-1
and FDGT-2, were identified that localize to the AC’s invasive cell
membrane. Interestingly, each has distinct roles in glucose import.
FDGT-1 is predominantly localized to the AC cell membrane and grad-
ually increases in enrichment along the invasive cell membrane leading
up to the time of BM breaching. In contrast, FDGT-2 largely localizes to
intracellular vesicles prior to invasion, but then sharply increases
localization to the invasive cell membrane during BM breaching [39].
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FDGT-1 appears to be the dominant glucose importer, as its loss leads to
delays in AC invasion, reduced glucose import, reduced F-actin gener-
ation, and a smaller invasive protrusion at the time of BM breaching
(Fig. 4C) [39]. FDGT-2 seems to have a supportive and likely adaptive
role in providing a further boost to glucose import under increased en-
ergy demands for invasion. Consistent with this idea, more FDGT-2
enriches at the invasive membrane in fdgt-1 null mutants [39].
Glucose is processed into pyruvate, which is imported into mito-
chondria as a fuel source for ATP production [110]. Glucose processing
into pyruvate is referred to as glycolysis and is mediated by 10 glycolytic
enzymes that are primarily found in the cytosol of cells [110]. Strikingly,
fluorophore tagging of several genes encoding glycolytic enzymes at the
entry and exit points of glycolysis, including PFK-1.1 (phosphofructo-
kinase) and PYK-1 (pyruvate kinase), revealed that they specifically
form aggregates on mitochondria at the AC’s invasive front (Fig. 4D).
This suggests that glucose processing into pyruvate is likely channeled
rapidly at the surface of the invasive mitochondria by the clustering of
glycolytic enzymes. Staining mitochondria with the
membrane-potential-sensitive dye Mitotracker CMXRos and mitochon-
drial ATP reporter dye Biotracker ATP-Red 1 also revealed that mito-
chondria at the invasive front have a high membrane potential, which is
harnessed to make ATP, and contain elevated levels of ATP. Thus, the
mitochondria at the site of BM breaching are primed to rapidly process
glucose and generate ATP to fuel the invasive machinery [39].
Together, the studies on AC invasion have revealed a localized and
adaptable glucose uptake, processing, and mitochondrial ATP genera-
tion and delivery system that fuels BM invasion. It will be important to
determine if similar metabolic systems are deployed by other invasive

Fig. 4. Fueling AC invasion. A) Anchor cell mito-
chondria (visualized with zmp-Ip::MLS::GFP) are
enriched at the invasive front (top, fluorescence;
bottom, overlay on DIC). B) A spectral fluores-
cence intensity map of the ATP:ADP ratio in the
AC visualized by the ATP:ADP ratiometric sensor
PercevalHR (lin-29p::PercevalHR) prior to (P6.p 1-
cell and 2-cell stage), during (2—4-cell and early 4-
cell stage), and after BM breaching (P6.p late 4-
cell stage). The ATP:ADP ratios peak at the site
of invasion (arrows) during BM breaching and
clearance. C) (left) Maximum intensity projections
of the AC’s F-actin network (cdh-3p::mCherry::
moeABD) at the time of BM breaching and iso-
surface renderings of F-actin volume (magenta) in
wild-type and fdgt-1 mutant animals. (Right)
late Maximum intensity projections (of the largest
volume of the invasive protrusion (magenta, BM in
green) during a 60-min time series. Isosurface
rendering (magenta) of the volume of invasive
protrusion beneath the BM. D) (Left) Glycolytic
enzymes PFK-1.1 and PYK-1A (lin-29p::pfk-1.1:
mNG and lin-29p::pyk-1a::mNG, green) colocalize
with mitochondria stained with Mitotracker
CMXRos (magenta) at the AC’s invasive front.
Arrows indicate glycolytic enzyme puncta that
colocalize with basal mitochondria; arrowheads
show apical mitochondria with no glycolytic
enzyme colocalization in merged images.
Adapted from [39].
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cells and whether these metabolic networks can be therapeutically tar-
geted to halt invasion in disease contexts such as cancer and immune
disorders.

4. Concluding remarks

Over the past twenty years, AC invasion has powerfully expanded the
understanding of mechanisms cells use to breach BM (Table 3). Key
findings include: (1) The requirement for cell cycle arrest during cell
invasion, an aspect of invasion that appears shared with most cancers;
(2) the extensive transcriptional control of invasion and specialization of
the translational and secretory apparatus prior to invasion; (3) the
mechanisms that ensure the precise targeting of invasion; (4) the vali-
dation of the key role of invadopodia in BM breaching in vivo and new
insights into invadopodia regulation, such as a distinct invadopodial
membrane; (5) the mechanisms that shut down invadopodia formation
after BM breaching and the transition to a large invasive protrusion that
removes BM; (6) the identification of a robust, adaptive invasion
mechanism that relies on a flexible combination of proteolytic degra-
dation and physical displacement; and finally (7) a localized, adaptable
metabolic network that provides a burst of ATP to fuel BM breaching.

It will be important for future work to strengthen emerging con-
nections between the different aspects of invasion. For example, it will
be crucial to determine how the ATP burst generated by the mitochon-
dria is coordinated with the needs of the invasive machinery that
removes the BM. Also, it will also be important to understand how the
AC senses an intact, non-degraded BM after loss of MMPs and how that
detection is linked to the response of enriching mitochondria and F-actin
production at the invasive front. To extend our understanding of AC
invasion, it will also be vital to continue to develop new methods and
technologies to study invasion. For example, a recently constructed
NanoDam toolkit now allows AC-specific profiling of transcriptional
targets of the transcription factors that promote AC differentiation [40].
NanoDam will allow the identification of many additional genes regu-
lating invasion and provide further insight into how the invasive tran-
scriptional network is integrated and controlled. Finally, many
important aspects of AC invasion remain unknown. For example, it will
be crucial to determine how lipid production is regulated in the AC to
facilitate the generation of numerous lipid anchored proteins and the
production of the large invasive protrusion. Further, since the AC se-
cretes the conserved matrix component MIG-10 (papilin) into the BM
prior to invasion and MIG-10 loss perturbs AC invasion [33,75], it will
be vital to determine how MIG-10 (papilin) facilitates invasion, and
investigate whether other BM modifications occur to foster BM
breaching and removal. Addressing these questions and continuing to
leverage careful observation during live cell imaging of AC invasion
with unbiased screening, promises to significantly extend our under-
standing of the fascinating and clinically important mechanisms by
which invasive cells overcome BM barriers.
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