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Abstract

Cell invasion is a specialized cell behavior that likely co-evolved with the emergence of basement
membranes in metazoans, as a mechanism to break down the barriers that separate tissues. A
variety of conserved and lineage-specific biological processes that occur during development and
homeostasis rely on cell invasive behavior. Recent innovations in genome editing and live-cell
imaging have shed some light on the programs that mediate acquisition of an invasive phenotype;
however, comparative approaches among species are necessary to understand how this cell
behavior evolved. Here, we discuss the contexts of cell invasion, highlighting both established and
emerging model systems, and underscore gaps in our understanding of the evolution of this key
cellular behavior.

Introduction

The basement membrane (BM) is a metazoan innovation that arose at the dawn of
multicellularity [1-3]. Comprised of basal and reticular laminae, this specialized
extracellular matrix functions to separate epithelial, mesothelial, and endothelial tissues
from adjacent connective tissue through a scaffold comprised mainly of collagen IV and
laminin along with other structural proteins [4,5]. Recent genomic profiling of the earliest
branching extant members of the Metazoa, the sponges and ctenophores, has identified that
the evolution of collagen IV is likely to be correlated with the metazoan transition to
multicellularity and epithelial organization [3,6]. Although evolution of the BM was pivotal
to providing the mechanical structure and compartmentalization necessary to support
multicellularity [3,7,8], it is likely that cells simultaneously needed to co-evolve the ability
to cross these boundaries, to both migrate between, and anchor together, different tissues.
Whether cell invasive behavior has a single evolutionary origin, or is a product of convergent
evolution, remains unclear.

Invasive cellular behavior has been described in a variety of metazoan biological contexts
and is critical for many aspects of development and homeostasis. As cell invasion is a
dynamic process, often occurring deep within tissue layers where it is difficult to visualize
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using traditional microscopy, it is only in the last decade, with the advent of new imaging
modalities [9-11], innovative genome engineering approaches such as CRISPR/Cas9 [12—
15], and identification of new model systems to visualize invasion live [16,17], that we have
begun to understand the basic principles that underlie acquisition of an invasive phenotype.
Given the small, but growing, number of model systems available to study invasive cellular
behavior, we are excited by the prospects to examine the evolution of this key cell biological
process by making direct, functional comparisons among organisms. In this review, we
provide a brief overview of the biological contexts where cell invasion occurs, the
established and new model systems that are amenable to the study of cell invasive behavior,
and our current understanding of the conserved and novel genetic mechanisms that regulate
the acquisition of the invasive phenotype.

Contexts of cell invasion across the Metazoa

Cell invasion is a fundamental morphogenetic behavior that occurs at multiple times during
the life history of many different taxa (Figure 1). Some of these contexts appear to be
generally conserved across large phylogenetic distances, while others are unique to specific
taxonomic groups. For example, in amphibian, avian, and mammalian embryos, a subset of
mesendodermally-fated cells undergo an epithelial-to-mesenchymal transition (EMT),
allowing them to penetrate the underlying BM and specify the site of gastrulation [18-21].
In sea urchin embryos, the earliest ingressing cells, the primary mesenchyme cells, undergo
EMT and breach a BM before invading into the blastocoel [17] (Figure 1B). Many other
EMT-dependent behaviors also coincide with invasive activity, including vertebrate cardiac
valve development [22] and delamination of the neural crest from the roof plate of the neural
tube [23,24] (Figure 1D). Thus, in many contexts where BM traversal is necessary, EMT and
cell invasion function concomitantly. As EMT-like cellular behaviors have been observed in
early branching phyla (i.e., sponges [25]), we posit here that EMT-driven invasive behaviors
may be evolutionarily ancient in the Metazoa, coinciding with the evolution of the BM itself
[3] (Figure 1A).

Two critical mammalian embryological events also require BM invasion programs to be
properly executed. The first occurs during endotheliochorial and hemochorial placentation in
eutherian (placental) mammals (i.e., humans, primates, rodents, etc.). Syncytial trophoblast
cells, which surround the embryonic placental villi, invade the BMs that line the endometrial
layer of the maternal uterus and, in some instances, the spiral arteries that provide its blood
supply, in order to establish pregnancy and nutrient circulation [26-28] (Figure 1E). A
second key developmental event requiring cell invasive behavior has been observed in mouse
embryonic development specifically, but is likely conserved among mammals. Following
mouse embryo implantation, mechanical forces generated by maternal tissues promote BM
rupture within the embryo, allowing the epiblast (embryonic ectoderm cells) to transmigrate
and establish the anterior-posterior axis [29].

There are also specific examples of morphogenetic programs utilizing cell invasion during
development. For example, during primary mouth formation in Xenopus, the BM between
the ectoderm and endoderm is degraded, allowing for intercalation of cells from both tissues
to form the buccopharyngeal membrane [30] (Figure 1F). Within the Ecdysozoa, cell
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invasion is required for eversion of specialized epithelial invaginations called imaginal discs
during metamorphosis in Drosophila and other holometabolous insects. Specifically,
squamous cells within the imaginal discs undergo a pseudo-EMT event and invade the BM
lining the larval epidermis, ultimately giving rise to the adult exoskeleton [31-33] (Figure
1H). Cell invasion is also a critical aspect of organogenesis in the ecdysozoan nematodes.
During uterine-vulval attachment in C. elegans and other rhabditid nematodes the uterine
anchor cell (AC) invades the underlying BM to connect the gonad to the vulval epithelium,
allowing for the future passage of eggs [34,35] (Figure 1G).

Outside of development, cell invasive behavior also plays an important role in immune
system function, from the colonial urochordate ascidians, such as Botryllus schlosseri
[36,37], to the chordates (Figure 1C). For example, leukocytes must exit the circulatory
system via extravasation to reach sites of infection and injury [38—40]. Monocytes also
extravasate during their differentiation into macrophages, and recent live cell imaging in
zebrafish illustrates that hematopoietic stem cells must extravasate prior to their migration
and formation of an endothelial stem cell niche [41]. Whether immune cells utilize the same
molecular toolkit to escape the endothelial BM surrounding vasculature is poorly
understood; although, at least in some contexts, it appears that extravasation occurs more
frequently at sites that contain preformed BM gaps [39,42-44].

While invasion is critical to development and homeostasis, it also can elicit adverse
consequences when aberrantly deployed, such as in the case of cancer metastasis. Following
dissemination, the metastatic cascade entails migration, intravasation, and extravasation of
cancer cells, which all require BM remodeling [45-48]. Given that cancer is known to hijack
developmental regulatory programs [49-51], understanding the evolution of metazoan cell
invasive programs will help us understand the mechanisms that cancer cells utilize to invade,
providing potential alternative means for therapeutic alleviation of invasive behavior. As
there are many excellent reviews that discuss cancer cell invasion [45-47], here, we focus on
cell invasion events that occur during metazoan development, to best frame cell invasion in
an evolutionary light.

A conserved genetic toolkit for invasive behavior?

Based on our current understanding of the genetic and molecular underpinnings that mediate
acquisition of the invasive phenotype, there appear to be several conserved features common
to an evolutionarily diverse group of organismal and developmental invasive contexts
(Figure 2). In what follows, we summarize the current state of the field, focusing on both
cell autonomous and non-autonomous control of invasion.

Recent work from our own laboratory has highlighted a potentially deeply conserved aspect
of the invasive cellular machinery - an inverse relationship between cell invasion and cell
cycle progression. While this invasion/proliferation dichotomy was functionally identified in
C. elegans AC invasion by our group [52], there exist many other examples where cells must
stop cycling in order to invade, including deciduate placentation in which the extravillous
trophoblast cells upregulate the cyclin-dependent kinase inhibitor p21 following their
differentiation [53]. During sea urchin gastrulation, primary mesenchyme cells divide only
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after undergoing EMT and invading into the blastocoel [17,54], suggesting a similar
dichotomy between proliferation and invasion. Indeed, in many contexts where cells undergo
EMT and adopt an invasive mesenchymal phenotype, rates of proliferation decrease, often
controlled by single zinc finger transcription factors (Zn-finger TFs) from the Snail/Slug
family [55]. Finally, in many invasive cancers, correlative evidence suggests an inverse
relationship between proliferation and invasion as well (see [56] for a comprehensive
review). Together, these results suggest an ancient conservation between cell cycle arrest and
invasive activity, although functional studies are needed in other model systems to test this
intriguing hypothesis.

Transcriptionally, there also appear to be deeply conserved gene regulatory network
interactions regulating invasive behavior. For example, it is well-documented that Zn-finger
TFs from the Snail/Slug, Zeb and GATA families as well as the basic helix-loop-helix
(bHLH) TF, Twist, promote EMT in many taxa (see [57] for a comprehensive review of
developmental EMT). There is also a striking conservation of the regulatory circuit that
activates matrix metalloproteinases (MMPs) during BM invasion programs across the
Metazoa, as the AP-1 transcription factor (TF), FOS, regulates the expression of MMPs
across a wide range of cell types and contexts [58], including C. efegans AC invasion [59]
and placentation in deciduate mammals [60,61]. It is unclear if FOS is required for the
MMP-mediated cell invasive contexts of Drosophila wing disc eversion [31], sea urchin
EMT [17], vertebrate gastrulation [62,63] or neural crest delamination [23,64]. However,
FOS family members are not always involved in activating MMP expression during
invasion, suggesting that evolution has shaped the transcriptional networks mediating the
deployment of proteases.

MMPs are not always required to breach BMs, suggesting that invasive cells can utilize
different mechanisms to adopt an invasive phenotype. For example, non-proteolytic
breakdown of the BM occurs during immune cell transmigration [39,42—-44] and post-
implantation mouse embryogenesis, where mechanical forces generated by maternal tissues
have been implicated in the absence of MMPs to disrupt the BM [29]. A similar BM
remodeling event may occur in hemimetaboluous insects (i.e., beetles, grasshoppers,
dragonflies, etc.) during the reorganization of the extraembryonic amnion and serosa that
occurs during embryonic development in the red flour beetle, 7ribolium castaneum [65].
Researchers have yet to visualize the BM during this morphogenetic process, but similar to
mouse epiblast migration [29], this process may be more reliant on physical forces rather
than bulk proteolytic activity. Lastly, in C. elegans AC invasion, the initial BM breach
requires the activity of fos-1aand potential MMP downstream targets [59]. However, the
BM gap widens through a combination of sliding, facilitated by cell division of the
underlying vulval precursor cells (VPCs) [34] and a tightly coordinated loss of cell-BM
dystroglycan-mediated adhesion by the neighboring uterine cells [66] and integrin
stabilization following cell cycle arrest of specific VPCs [34,67]. Finally, evidence from
cancer biology supports the hypothesis that invasive cells can switch between MMP
dependent and independent modes, as researchers have shown that based on matrix stiffness,
cancer cells modulate their reliance on proteolytic activity during invasion[68]. Whether or
not invasive cells in development or homeostasis can exhibit the same degree of plasticity as
cancer cells remains an intriguing, but open question.
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Other cell autonomous programs required for invasive behavior include the localization of
the F-actin cytoskeleton during invasion, in the context of re-organization of apical/basal cell
polarity and the formation of invadosomes, dynamic, punctate, F-actin-rich subcellular
structures associated with BM degradation [16,69—72]. As this topic has been examined
closely in the context of EMT and cell migration, we will refer readers to several recent
reviews [73-75].

For many morphogenetic processes that require invasive cellular behavior, there are highly
orchestrated interactions between the invading cell and the surrounding microenvironment,
often requiring the cell(s) to receive input from multiple cell-cell signaling networks.
Intriguingly, in two separate contexts, inhibition of the canonical Wnt signaling pathway has
been utilized to promote BM degradation. Two secreted Wnt antagonists, Frzb-1 and
Crescent, function during Xenopus mouth formation to promote the breakdown of BM
separating the ectoderm and endoderm [76]. In both chick and frog embryos, DACT2, an
intracellular inhibitor of nuclear B-catenin function, is required for the neural crest to
delaminate [24]. Inversely, canonical Wnt can also activate invasion programs through EMT,
as Wnt8 activity regulates the expression Twist and Snail at the vegetal pole of sea urchin
embryos during EMT [77,78], as well as general roles for canonical Wnt, FGF, and BMP
signaling during mouse and chick gastrulation and trunk neural crest delamination (reviewed
in [57]). Together, these argue in favor of a model where pro-invasive extracellular cues are
more likely to be evolutionarily malleable, though this has, to date, not been rigorously
examined in any tractable system.

One such system to examine this hypothesis is rhabditid nematode AC invasion into the
vulval epithelium. Research from the Sherwood lab has identified a role for netrin signaling
from the underlying ventral nerve cord and an as-of-yet still unknown, secreted cue from the
primary-fated vulval precursor cells [35,79] in providing the spatial and temporal controls
guiding AC invasion. Whether these same signaling pathways are conserved in promoting
invasion outside of C. efegansis currently unknown, but examination of the timing of AC
invasion between related rhabditid nematodes suggests that, at the very least, the deployment
of these signals can vary among species, as we have observed species-specific heterochrony
in the timing of AC invasion in relation to the division of the underlying VPCs (Figure 3)
[34]. Additionally, netrin signaling has been shown to function as a pro-invasive cue in
certain cancers [80-83] and in leukocyte migration [84], suggesting that invasive cells may
broadly coopt axon-guidance cues to provide spatiotemporal polarity.

Conclusions & future directions/prospects

Moving forward, we envision parallel approaches to better understand how cell invasive
behaviors evolved within the Metazoa. One potential approach is to dissect invasive
behaviors that occur in organisms closely related to current classical genetic model systems
such as C. elegans or Drosophila. Suitable systems would include holometabolous imaginal
disc eversion or hemimetabolous extraembryonic rupture to compare to Drosophila
melanogaster[31] or Tribolium castaneum [65], respectively. Our own work comparing AC
invasion during rhabditid nematode vulval development also has the potential for adding
insight into how a single conserved cell, the AC, modulates an invasion program,
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particularly as we can examine the intrinsic and extrinsic factors regulating AC invasion
across large evolutionary distances [34]. Lastly, examining EMT during echinoderm
gastrulation, where the transcriptional control of BM removal has been well-characterized
[17], and comparing invasive programs with those of distantly related species will
complement existing gene regulatory network analyses between lineages [85,86] and shed
insight into the evolution of invasive gene batteries.

In parallel, it would be important to examine the earliest branching extant taxa that evolved
BMs — the sponges and ctenophores. Recent genomic profiling identifies these taxa as
having true BMs, suggesting that the BM was a key innovation leading to multicellularity
[3]. Thus, it stands to reason that there are specific cells that must cross BMs during
embryogenesis or homeostasis in these phyla. For these potential emerging model systems,
the ability to generate transgenic animals will be key to visualizing invasion live. Hopefully,
the ease of CRISPR/Cas9-mediated genome engineering will allow for functional testing of
candidate pro-invasive genes and signaling pathways, facilitating the identification of
conserved and novel features of cellular invasion programs, thus shedding insight into the
number of evolutionary solutions there are to the question of how to adopt an invasive
phenotype.
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Highlights
. Cell invasion through basement membranes is a conserved cellular behavior

that is critical to development and homeostasis in metazoans.

. There appears to be a conserved genetic toolkit for the cell autonomous and
non-autonomous programs mediating acquisition of the invasive phenotype.

. Technological advances combined with the emergence of new model systems
in which to study cell invasion have the potential to shed light on how this key
cellular behavior evolved.
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Figure 1. Cellular and phylogenetic contexts to study cell invasive behavior
Cell invasion has been observed in a variety of contexts during embryonic development and

homeostasis. (A-D) Invasive cell behaviors that may be more generally conserved between
taxa include EMT (A), gastrulation (B), immune cell trafficking (C), and neural crest
delamination (D). (E-H) Lineage-restricted cell invasive behaviors include deciduate
placentation (E), mouth formation (F), AC invasion (G), wing disc eversion (H). Phylogeny
based on [3,87-89].
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Figure 2. Conserved features of cellular invasion programs
Schematic depicts key shared autonomous and non-autonomous genetic programs that

appear to regulate cell invasive behavior.
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Figure 3. Heterochrony in AC invasion timing observed in rhabditid nematodes
Changes in the timing of nematode AC invasion in relation to vulval precursor cell division.

A) Simplified rhabditid nematode phylogeny (left) depicts timing when AC invasion is
complete based on DIC imaging [34]. B) Changes in timing of AC invasion have occurred in
the evolution of the Oschefus genus (yellow). Red bar denotes invasion at the P6.p 1-cell
stage, orange at the 2-cell stage, and blue at the 4-cell stage, summarized in the schematic
(right). Micrographs modified from [34].
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