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ARTICLE

In vivo manipulation of the extracellular matrix
induces vascular regression in a basal chordate

Delany Rodriguez®T, Brian P. Braden®t, Scott W. Boyer?, Daryl A. Taketa?, Leah Setar?,
Chris Calhoun?, Alessandro Di Maio?, Adam Langenbacher?, Megan T. Valentine®, and
Anthony W. De Tomaso?®*

aDepartment of Molecular, Cellular and Developmental Biology and ®Department of Mechanical Engineering,
University of California, Santa Barbara, Santa Barbara, CA 93106

ABSTRACT We investigated the physical role of the extracellular matrix (ECM) in vascular
homeostasis in the basal chordate Botryllus schlosseri, which has a large, transparent, extra-
corporeal vascular network encompassing an area >100 cm?. We found that the collagen
cross-linking enzyme lysyl oxidase is expressed in all vascular cells and that in vivo inhibition
using B-aminopropionitrile (BAPN) caused a rapid, global regression of the entire network,
with some vessels regressing >10 mm within 16 h. BAPN treatment changed the ultrastruc-
ture of collagen fibers in the vessel basement membrane, and the kinetics of regression were
dose dependent. Pharmacological inhibition of both focal adhesion kinase (FAK) and Raf also
induced regression, and levels of phosphorylated FAK in vascular cells decreased during
BAPN treatment and FAK inhibition but not Raf inhibition, suggesting that physical changes
in the vessel ECM are detected via canonical integrin signaling pathways. Regression is driven
by apoptosis and extrusion of cells through the basal lamina, which are then engulfed by
blood-borne phagocytes. Extrusion and regression occurred in a coordinated manner that
maintained vessel integrity, with no loss of barrier function. This suggests the presence of
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regulatory mechanisms linking physical changes to a homeostatic, tissue-level response.

INTRODUCTION

Epithelial tissues are associated with a layer of specialized extracel-
lular matrix (ECM) called the basement membrane, which functions
as a structural support and is a source of molecular signals that
regulate growth and homeostasis (Brown, 2011). Development of
tubular organs, including the vasculature, lungs, and endocrine
glands, includes expansion of epithelial tubes in a process called
branching morphogenesis, which includes extensive remodeling of
the basement membrane to allow it to remain associated with the
cells as they grow, while localized changes in structure provide
physical cues for growth and morphogenesis (Rozario and
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DeSimone, 2010). In many cases, after embryogenesis, tubular or-
gans cyclically grow and regress over the lifetime of an individual.
For example, the mammalian breast glands undergo dramatic
changes during pregnancy: initially quiescent tissue is induced to
proliferate and form milk-producing alveoli, and, after weaning,
these structures regress via a controlled apoptotic mechanism
called involution. Both processes require extensive remodeling of
the ECM to accommodate expansion and regression (Macias and
Hinck, 2012), but the molecular mechanisms that regulate and inte-
grate remodeling with expansion and contraction of an epithelium
are not well understood.

We are investigating the role of the ECM during branching mor-
phogenesis and homeostasis in the extracorporeal vasculature of
the colonial ascidian Botryllus schlosseri. Ascidians are marine inver-
tebrate chordates that are the closest nonvertebrate relatives of
vertebrates (Delsuc et al., 2006). Botryllus belongs to a subset of
ascidians that are colonial and grow via a recurring asexual budding
process that gives rise to a colony of genetically identical individuals
(called zooids). The zooids are connected by an extensive extracor-
poreal vascular network that consists of large vessels (~0.25-mm
diameter) that ramify throughout the colony and can cover areas
>100 cm?. At the periphery of the colony, the vessels terminate in
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$ maintenance of epithelial tubes in a func-
tioning vascular network in vivo during both
i normal and induced angiogenesis, as well
as involution of the vascular network.

Here we focus on the dynamics of the
[ basement membrane and the interplay be-
tween vascular cells and the ECM compo-
nents that underlie continuous angiogenesis

LOX1 is expressed by vasculature tissue. (A) Light micrograph of a Botryllus colony.
The zooids (Z) and buds (b) arrange themselves into star-shaped structures called systems. A
colony can consist of multiple systems, all connected by a large common extracorporeal
vasculature (ev). At the periphery of the colony, the vasculature terminates in sac-like
appendages called ampullae (a). (B) Relative expression of LOX1 during the asexual cycle
normalized to stage A1. (C, D) Fluorescence in situ hybridization of the B. schlosseri homologue
of lysyl oxidase (LOX1), showing expression of LOX1 in both ampullae (C) and the marginal
vessel (D) of the extracorporeal vasculature tissue. Scale bars, 2 mm (A), 50 ym (C, D). Negative

control using a sense probe is shown in Supplemental Figure S1.

sac-like structures called ampullae (Figure 1A). The zooids and vas-
culature are embedded within a structure called the tunic, a thin,
transparent matrix that consists of both cellulose and proteins
(Brunetti and Burighel, 1969; Burighel and Brunetti, 1971; Patricolo
and Ferrarella, 1973; Vizzini et al., 2002; Gasparini et al., 2007).

Although Botryllus is a chordate, the structure of the blood
vessels is inverted in comparison to mammals. Rather than a meso-
derm-derived endothelium, vessels are constructed of ectoderm-
derived epithelium, with the basal lamina lining the vessel lumen
and the apical side facing outward, into the tunic. In addition to
being large and existing outside the body, the vessels are also
sessile and transparent. Experimentally, these anatomical character-
istics allow direct access to the basement membrane via microinjec-
tion, as well as the ability to live-image and directly physically
manipulate the vessels. In addition, we have developed a fluores-
cent lineage-tracing methodology that allows isolation of pure pop-
ulations of vascular cells by flow cytometry (Braden et al., 2014).

The extracorporeal vascular network of Botryllus is a highly dy-
namic tissue. A Botryllus colony grows via weekly rounds of asexual
budding, and, depending on environmental conditions, the colony
can quadruple in size every week, requiring ongoing expansion of
the vascular network for the life of the individual.

In addition, the vasculature is highly regenerative: after surgical
ablation, the entire network will regrow in ~72 h (Tiozzo et al., 2008).
Finally, under normal conditions, some vessels actively remodel and
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in Botryllus. We found that a lysyl oxidase 1
(LOX1) homologue in Botryllus is highly ex-
pressed during the entire asexual cycle and
hypothesized that it could play a role in
vascular homeostasis (Figure 1B). In verte-
brates, LOX1 is secreted by a number of tis-
sues, including blood vessels, and plays a
critical role in modifying the basement
membrane by cross-linking collagen and
elastin, thus controlling the stiffness of the
ECM (Bignon et al., 2011; Chen et al., 2013,
2015; Cox et al., 2015; Liu et al., 2015;
Wang et al., 2016). Disruption of LOX activ-
ity can affect multiple tissues, including
blood vessels, lungs, bone, and ligaments,
and can increase the risk of aortic aneurysms
(Smith-Mungo and Kagan, 1998).

When we blocked LOX activity in vivo us-
ing the specific pharmacological inhibitor
B-aminopropionitrile (BAPN), we found that
it caused global regression of the blood ves-
sels within 16 h, without any evident pathol-
ogy such as bleeding or plasma leakage.
Using a combination of live imaging, flow
cytometry, and small-molecule inhibitors,
we determined that regression is due to
apoptosis and extrusion of the cells from the vessel wall, followed by
phagocytosis of the cell corpses. BAPN treatment changed collagen
structure in the blood vessels, and regression could also be induced
by blocking focal adhesion kinase (FAK) and Raf activity using small-
molecule inhibitors, suggesting that BAPN-induced changes were
detected by differences in integrin binding. The results taken to-
gether suggest that the ECM of the vessels is in a highly dynamic
state that requires constant cross-linking and that changes in the
physical environment induce a tissue-level response.

RESULTS

The collagen cross-linking protein LOX1 is expressed by
vascular cells

Analysis of an mRNA-sequencing database (Rodriguez et al., 2014)
revealed that four LOX homologues were expressed in Botryllus,
including one LOX1-, two LOX3-, and one LOX4-like genes. The
Botryllus LOX1 gene was highly homologous to mammalian LOX
genes (E-value < 1e-39), and quantitative PCR (qPCR) analysis re-
vealed a nearly constant level of expression throughout the life cycle
(Figure 1B). Next the spatial expression pattern was determined us-
ing whole-mount in situ hybridization with a Botryllus LOX1-specific
probe, which revealed high levels of expression by all cells of the
extracorporeal vascular tissue, including both peripheral ampullae
(Figure 1C) and marginal blood vessels (Figure 1D). The specificity
of the antisense probe was confirmed by using a control sense
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probe that showed no signal on either ampullae or blood vessels
(Supplemental Figure S1, A and B).

Inhibition of LOX activity induces global and reversible
vascular regression

To assess the role of LOX activity in vivo, we used BAPN, a specific
inhibitor of lysyl oxidase activity (Kagan, 2000). When colonies were
transferred to seawater containing BAPN and incubated, we discov-
ered a completely unexpected and highly robust phenotype. Within
a few hours of BAPN exposure, the entire extracorporeal vasculature
began to regress, with all vessels simultaneously retracting toward
the center of the colony (Figure 2, A and B, and Supplemental Video
S1). This regression event was rapid: within the 16 h of total incuba-
tion time, all of the vessels had withdrawn underneath the zooids, a
distance of nearly 10 mm for some of the vessels (Figure 2, A and B).
Of importance, time-lapse microscopy showed that vascular regres-
sion occurred without pathology: no bleeding or plasma leakage
was observed, indicating that the vessels regressed while maintain-
ing barrier function (Supplemental Video S1). Regression of the vas-
cular bed occurred within the tunic, and the tunic remained intact
with no observable changes (Figure 2B). The BAPN response was
also reversible: after removal of BAPN, vessels began to regrow,
eventually restoring the vascularbed to its original size (Supplemental
Figure S2). Finally, during BAPN treatment, the zooids continued to
function normally, including continuously feeding and defecating,
with no observable changes in the heart rate, and undergoing blas-
togenesis at a normal pace. To assess whether the tunic cells are
affected by BAPN treatment, we incubated colonies for 8 h in BAPN
and then fixed and stained with phalloidin. No changes in the tunic
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or tunic cells were observed between BAPN-treated and control
colonies (Supplemental Figure S3).

To determine whether there was a dose-dependent response to
BAPN, we quantified changes in the distal circumference of the ex-
tracorporeal vasculature 16 h after treatment with different concen-
trations of BAPN (O [control], 50, 100, 200, and 400 pM). The results,
shown in Figure 2, A and B, demonstrate that the global regression
correlated to BAPN concentrations between 50 and 400 uM (Figure
2C). BAPN doses >400 uM (800 uM, 1 mM, and 5 mM) also induced
a reversible regression within 4 h but were lethal in incubations >8 h.

Regressed vasculature exhibits gross morphological
changes

We next characterized the morphological changes in vascular tissue
that occur upon BAPN treatment as compared with untreated tis-
sue. Using our previously described technique of labeling vascular
tissues using acid-stable fluorophores (Braden et al., 2014), we
labeled the vasculature and induced vascular regression using
BAPN treatment (Figure 3, A-D). Using time-lapse fluorescence mi-
croscopy, we observed gross morphological changes to the vascular
tissues. In general, vessels appeared less rigid and seemed de-
flated, and although some regions of bulging were also observed.
The morphology of the ampullae also changed, becoming thinner
and deflated during regression (Figure 3, B-D) compared with the
cylindrical appearance of ampullae in controls (Figure 3A).

We next used transmission electron microscopy (TEM) to assess
BAPN-induced changes at the ultrastructural level (Figure 4). Figure
4, A and A, shows representative images of the basement mem-
brane for an unmanipulated colony. At high magnification (Figure
4A), we observed that the basement mem-
brane contains long and short fibrils with a
quarter-stagger segmented staining pat-
tern, typical of collagen fibers, intercalating
with one another and forming thin bundles
on the lumen side of the vessel. These struc-
tures are clearly affected by BAPN treat-
ment (Figure 4B). Within bundles, collagen
fibers seem to be disrupted, with no clear
organization and structure (Figure 4B’, in-
set), and there is a loss of quarter-stagger
staining. These results were corroborated
using second-harmonic imaging (SHI), which
allows high-sensitivity imaging of collagen
fibers (Cox et al., 2003; Campagnola, 2011;
Chen et al., 2012). In these experiments,
control and BAPN-treated colonies were
fixed at 0, 8, and 16 h after drug administra-
tion and analyzed by SHI. In controls, colla-
gen fibers can be detected at all time points
(Figure 4, C-E and 1), whereas in BAPN-
treated colonies, we detected a loss a fiber
content by 8 h and a dramatic drop of de-
tectable signal 16 h after initiation of BAPN
treatment (Figure 4, F-H and ). Given that
the role of LOX is to modify lysine residues

BAPN Concentration

FIGURE 2: BAPN induces regression of the extracorporeal vasculature. (A) Dorsal view of B.
schlosseri colony before BAPN treatment and (B) after 16 h of 400 M BAPN treatment. The
vessels have withdrawn underneath the colony (also see Supplemental Video S1). (C) BAPN
dose-response curve. Changes in the vascular perimeter were assessed 16 h after BAPN

exposure. Scale bars, 2 mm.
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in the collagen protein, which then form
spontaneous  cross-linkages,  inhibition
should not directly affect preexisting fibers
but only prevent assembly and stabilization
of new fibrils. Thus the rapid and specific
changes seen in BAPN-treated colonies and
the reversibility of its effects suggest that
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Gross changes in vascular morphology after BAPN treatment. (A) Fluorescently
labeled extracorporeal vasculature showing ampullae (a), peripheral vessels (pv), and marginal
vessels (mv) in a control B. schlosseri colony and (B) after BAPN treatment. The regressed
vasculature contains shorter peripheral vessels (arrow) between the ampullae and marginal
vessels. (C, D) Close-up views of gross changes in ampullae morphology, including bulging
(arrows), and deflation (asterisk). Scale bars, 100 pym.

the basement membrane of the blood vessels is highly dynamic and
is in a constant state of remodeling, even under normal conditions.

BAPN treatment induces apoptosis in a subset of

vascular cells

The scale of vessel withdrawal suggested that regression must
involve removal of cells from the vessel walls. Further, because col-
lagen disruption triggered the withdrawal, we hypothesized that
vessel regression was due to anoikis: apoptosis induced by the loss
of cell/ECM interactions (Frisch and Francis, 1994), followed by cell
extrusion and removal. To identify and characterize apoptosis within
the vasculature, we used fluorescently labeled annexin V (Figure 5),
which binds phosphatidylserine after translocation to the extracel-
lular membrane leaflet, an event that occurs early in apoptosis and
targets cells for phagocytosis (Guo et al., 2013; Li et al., 2013; Wu
et al.,, 2013; Zang et al., 2014). These experiments were performed
in vivo and in real time, allowing the dynamic cellular changes driv-
ing regression to be directly observed (Figure 5, A-D). Labeled an-
nexin V was injected into the vasculature, and its binding to cells was
assessed with fluorescence microscopy in control conditions or after
exposure to BAPN. By 16 h, we observed an 8- to 10-fold increase in
annexin V+ cells after BAPN treatment compared with control condi-
tions (Figure 5E). We independently confirmed this increase using
fluorescence-activated flow cytometry (FACS) to separate annexin
V+ from annexin V- vascular cells after the same treatments (Figure
5F). BAPN treatment induced a nearly equivalent fivefold increase in
annexin V+ cells after BAPN incubation, as detected by FACS.

An alternative hypothesis is that vascular regression was due to
shrinkage of cells within the blood vessels. We assessed this qualita-
tively by staining fixed vascular tissues with fluorescent phalloidin,
which allowed us to visualize the cell boundaries through labeling of
the actin cortices of each cell. We compared colonies 8 h after
BAPN treatment, when regression is maximal, to untreated controls.
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As shown in Supplemental Figure S4, BAPN
does not cause gross changes to cell size
that could account for the regression phe-
notype. Thus we conclude that vascular
regression induced by BAPN results from
extrusion, not shrinkage, of vascular cells.

Apoptotic vascular cells are extruded
basolaterally while being ingested by
blood-based phagocytes

We did not observe labeled vascular cells in
the circulation or tunic during regression, so
we next investigated the role of phagocytic
cells in vascular cell apoptosis. Blood-based
phagocytic cells in Botryllus have been char-
acterized and can be selectively labeled
through injection of fluorescent BioParticles
into the vasculature, which allows detection
in vivo for up to 2 wk (Lauzon et al., 2013).
To assess the interactions between the vas-
cular and phagocytic cells, we injected
Botryllus colonies with Alexa Fluor 647-con-
jugated bovine serum albumin (BSA) to la-
bel vascular cells and Alexa Fluor 488-con-
jugated BioParticles to label phagocytic
cells. Control and BAPN-treated labeled
colonies were monitored over the course of
16 h using fluorescence time-lapse micros-
copy. As shown in Figure 6, phagocytosis of
labeled vasculature occurred at a significantly higher rate after
BAPN treatment, as determined by a large increase in double-la-
beled phagocytic cells in the blood (Figure 6, A and B). This sug-
gested that apoptotic vascular cells were extruded from the vessel
wall, through the basal lamina, and then immediately engulfed by
phagocytes. Next we live imaged vessels during regression (Figure
7 and Supplemental Video S2) to visualize the potential coordina-
tion of cell extrusion and phagocytosis. In this experiment, the entire
colony was soaked with the lipophilic dye CellMask (green), which
primarily labeled the vessel epithelial cells, as well as accessory cells
in the tunic (asterisks), with some label penetrating and labeling
some individual blood cells (Figure 7, A-D). In addition, phagocytic
cells were labeled with BioParticles (red; Figure 7, A-D). In still im-
ages from this movie, a large phagocyte can be seen moving with
the circulation (Figure 7A), stopping directly underneath a vascular
cell (arrow; Figure 7B), engulfing it (Figure 7C), and then returning to
the circulation (Figure 7D). Given that regression occurs without loss
of barrier function and we did not observe labeled vascular cells in
the circulation, this suggests that the phagocyte may play a role in
the extrusion event itself.

BAPN treatment blocks phosphorylation of FAK
Treatment by BAPN disrupts the structure of the collagen fibrils in
the basement membrane, suggesting that cells might be dying due
to loss of tonic survival signaling from integrin binding. To directly
investigate this, we next assessed the role of integrin signaling path-
ways during regression, focusing first on the function of FAK, a cyto-
plasmic tyrosine kinase phosphorylated by integrin stimulation. FAK
is expressed in the transcriptome of FACS-isolated vascular cells
(unpublished data).

Experimentally, colonies were incubated in filtered sea water
(FSW) containing a chemical inhibitor of FAK (FAKI14; see Materials
and Methods), which blocks autophosphorylation of FAK Y397 and

Molecular Biology of the Cell
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FIGURE 4: BAPN treatment induces changes in collagen structure. Transmission electron
micrographs of vascular cells showing a significant difference in the collagen organization and
structure (insets A” and B’) of the extracorporeal vascular tissue between control (A) and
BAPN-treated animals (B). BAPN treatment clearly changes in quarter-stagger collagen fibril
staining (compare A’ to B'). f, filopodia; lu, lumen; m, mitochondria; rer, rough endoplasmic
reticulum; T, tunic. (C-H) Second harmonic imaging of collagen fibers of vascular tissue. Control
vessels at 0 (C), 8 (D), and 16 (E) h, showing no changes in collagen fiber detection. BAPN-
treated vessels at O (F), 8 (G), and 16 (H) h show a decrease in collagen fiber detection over
time. (I) Quantification of signal intensity shown as corrected total signal and normalized to
control at 0 h, showing a significant decrease in signal on BAPN treated vessels at 8 and 16 h.
Scale bars, 500 nm (A, B), 100 nm (A’, B’), 50 ym (C-H).

with equivalent kinetics and circumference
changes to those observed after treatment
with BAPN, with no loss of vessel barrier
function (Supplemental Figure S5). In addi-
tion, FAKI14-induced changes were also re-
versible and dose dependent (unpublished
data).

To assess the specificity of FAKI14, we
quantified levels of phosphorylated Y397
FAK using a phosphospecific monoclonal
antibody in an intracellular phospho flow
assay. Briefly, the vasculature was fluores-
cently labeled, and single-cell suspensions
were prepared from untreated and BAPN-
treated colonies. After fixation, vascular
cells could readily be identified from non-
vascular tissue using flow cytometry (Figure
8A). The level of FAK phosphorylation
within the vascular cells subset was reliably
quantifiable (Figure 8, B and C), and treat-
ment with FAKI14 resulted in a greater
than twofold reduction in antibody signal
compared with controls (Figure 8B). The
anti-FAK pY397 antibody also immunopre-
cipitates and detects a protein of the cor-
rect molecular weight via Western blotting
(Supplemental Figure S5E).

If BAPN-induced vascular regression is
due to anoikis via changes in integrin bind-
ing, then BAPN treatment should also affect
FAK signaling. We next quantified the
changes in pY397 FAK levels in vascular
cells during BAPN treatment compared with
untreated colonies. High levels of pY397
FAK were present in 69% (+7%) of untreated
vascular cells (Figure 8C). In contrast, there
was a dose-dependent loss of pY397 FAK in
cells treated with BAPN (Figure. 8C). After
4 h, high concentrations of BAPN induced a
similar reduction in phosphorylated FAK
(37 £ 9%) compared with the FAK14 inhibi-
tor (33 £ 3%; p=0.02).

Finally, we investigated the role of Raf ki-
nase in the regression process. Raf is also
highly expressed in the transcriptome of
FACS isolated vascular cells (unpublished
data), and we found that inhibition of Raf
kinase signaling using a small-molecule
inhibitor also induced a dose-dependent,
reversible regression (Supplemental Figure
S5). In agreement with the canonical integ-
rin-signaling cascade where Raf is down-
stream of FAK (Morse et al., 2014), we found
that Raf-induced regression did not alter
FAK phosphorylation levels (Figure 8C). In
summary, small-molecule inhibitors of FAK
and Raf both induce a regression phenotype
that phenocopies BAPN treatment, and
pY397 FAK levels correlate to the location of

downstream interactions with Src and phosphoinositide 3-kinase, an  the inhibitor targets in the canonical integrin-signaling pathway. To-
initial step in the canonical integrin signaling pathway (Hochwald  gether, these data suggest that BAPN-induced changes in collagen
et al., 2009). We found that FAKI14 treatment induced regression  structure induce anoikis via changes in integrin binding.
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Annexin V

Annexin V

response to a disruption in the physical en-
vironment detected by integrin signaling.

Dynamics of the basement membrane

We determined that LOXT expression is
constant and ubiquitous in the Botryllus vas-
cular cells, suggesting that the protein plays
an important role in homeostasis of its vas-
culature. In adult mammals, BAPN treat-
ment induces thoracic aortic aneurysms and
dissection, demonstrating that cross-linking
of the vascular ECM by LOX is required for
vascular homeostasis (Maki et al., 2002), and
LOX activity has also been shown to be
involved in collagen IV assembly during an-

giogenesis in zebrafish (Bignon et al., 2011).
The very rapid response to BAPN treatment
in Botryllus was not expected, although in
retrospect it may not be surprising. The
inverted anatomy of the Botryllus vessels
provides unrestricted access to the entire
basement membrane, and by soaking a
whole animal in the drug, we allow nearly
immediate interaction between the enzyme
and inhibitor along the entire vascular net-
work. This allows us to decouple the time
scales of BAPN delivery (which in our system
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is nearly instantaneous) and BAPN action.
In addition, the vasculature and associ-

Control BAPN

Regressing vasculature contains increased apoptotic cells. (A-D) Detection of
apoptotic cells using fluorescently labeled annexin V. (A) Confocal micrograph of a region of the
extracorporeal vasculature of a control colony immediately after injection and (B) 16 h later.

(C) Confocal micrograph of the extracorporeal vasculature of a control colony immediately after
BAPN injection and (D) 16 h after treatment, showing an increased number of apoptotic cells.
(E) Quantification of annexin V-fluorescein isothiocyanate—positive cells in control and BAPN-
treated colonies after 16 h; p = 0.001. (F) Quantification of apoptotic cells in the vasculature by
FACS. BSA-488-labeled colonies were injected with fluorescently labeled annexin V, followed by
treatment with BAPN. Cells were isolated immediately after initiation of BAPN treatment (gray
bar) or 16 h after incubation (black bar), and the percentage of BSA-488+/annexin V+ cells was

determined by FACS. Scale bars, 50 pm (A-D).

DISCUSSION

Here we show that inhibition of LOX activity rapidly changes the
structure of the vascular basement membrane and induces apop-
tosis in vascular cells in a manner that correlates to changes in the
levels of pY397 FAK. Regression can also be induced using inhibi-
tors of FAK and Raf, key proteins in the canonical integrin-signal-
ing cascade (Guo and Giancotti, 2004). Cells are extruded through
the basement membrane and immediately engulfed by blood-
borne phagocytic cells. Taken together, our results suggest that
manipulation of the stiffness of the basement membrane is de-
tected by changes in integrin signaling, inducing anoikis in vascu-
lar cells. Regression occurs in a coordinated manner that maintains
vessel integrity, suggesting that BAPN treatment is triggering ei-
ther a homeostatic or normal physiological process but on a global
scale. In summary, we are observing a coordinated, tissue-level

1888 | D.Rodriguez, B. P. Braden, et al.

ated basement membrane in Botryllus are
not static structures. Botryllus grows by
asexually expanding over the substrate and
has the potential to double or even quadru-
ple in size every week. Time-lapse videos
reveal that individual vessels in control ani-
mals extend and retract by several millime-
ters over 24- to 48-h-long time scales. Thus
the vasculature is never in a globally quies-
cent state; instead, it exists in a constant
state of localized extension and involution.
In addition, the basement membrane lines
the lumen of the vessel and thus is sub-
jected to constant shear forces, which may
require constant remodeling activity. The
results taken together suggest that the
basement membrane in Botryllus may be
constantly in a state analogous to the provi-
sional ECM that stimulates angiogenesis in vertebrates (Senger and
Davis, 2011). We recently completed our initial mRNA-sequencing
analysis of FACS-purified vascular cells under control conditions,
and they have high expression of ECM remodeling proteins such as
matrix metalloproteinases (MMPs), disintegrin and metalloprotein-
ases (ADAM), and disintegrin and metalloproteinases with thrombo-
spondin repeats (ADAMTS), and mephrins (unpublished data), con-
sistent with these results.

A notable aspect of the ECM in the Botryllus vascular system is
the presence of collagen fibrils in the basement membrane.
Although this is unusual, there are other examples, including the
basement membrane of the Drosophila egg chamber, in which fibril
deposition was recently shown to play an important role in morpho-
genesis (Pastor-Pareja and Xu, 2011; Isabella and Horne-Badovinac,
2015).

Molecular Biology of the Cell



(3]

the ECM during branching morphogene-

sis and regression.

Importance of integrin signaling to
vascular remodeling

We have not yet demonstrated a direct link
between integrin binding and levels of
pY397 FAK. However, the fact that the level
of pY397 FAK is correlated with the concen-

——

Number of Double Positive Cells

Basal extrusion and phagocytosis of vascular cells causes regression. (A) A region of
the extracorporeal vasculature of a control colony. Circulating phagocytic cells are labeled using
BioParticle-488 (green), and vascular cells are labeled using Alexa Fluor 647-conjugated BSA
(red). Both marginal vessels (mv) and peripheral ampullae (a) can be seen in this field. (B) After
BAPN treatment, basal extrusion and phagocytosis can be seen as colocalization of the labels in
the circulating phagocytic cells (yellow arrows). Single-labeled vascular cells are not observed in
the circulation after BAPN treatment. (C) Quantification of double-positive cells (BSA-647 and
BioParticles) in control and BAPN-treated colonies. Statistical analysis was performed using

Student’s t test. *p < 0.05. Scale bars, 100 pm (A, B).

Finally, whereas branching morphogenesis is driven in part by
localized changes in the ECM (lhara et al., 2011; Harunaga et al.,
2014; Morrissey and Sherwood, 2015), in Botryllus this occurs in
an inverted manner, with the ECM behind and following the new
branch points instead of leading them. In summary, the accessi-
bility of the basement membrane in Botryllus, coupled to a tis-
sue that is already undergoing constant remodeling, likely un-
derlies the rapid response to BAPN treatment and provides a
novel visual assay to dissect the interactions between cells and

Vascular cells are engulfed by phagocytes in situ. Confocal images from a time-lapse
video (Supplemental Video S2) of a blood vessel labeled with CellMask (green) and phagocytic
cells labeled with BioParticles (red), showing engulfment of a vascular cell by a phagocyte.

(A) Red-labeled phagocyte traveling through the bloodstream. (B) Phagocyte stops in front of a
vascular cell. (C) Phagocyte engulfs vascular cell in situ. (D) After engulfment is completed, the
phagocyte continues traveling through the bloodstream. Arrow indicates phagocyte, and
arrowhead indicates the position of the vascular cell before and after engulfment. T, tunic; TC,

tunic cell; VW, vessel wall. Scale bars, 10 ym.
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BAPN

Control

tration of BAPN and the level of pY397 FAK
does not change when regression is in-
duced by the downstream inhibition of Raf
is strong evidence that apoptosis is due to
physical changes in the ECM detected by
integrins. In addition, studies in Botryllus us-
ing small-molecule inhibitors for both Wnt
and transforming growth factor B signaling
produced phenotypes in the developing zo-
oids but did not induce vascular regression,
indicating that we are inhibiting canonical
integrin signaling pathways in the present studies (Di Maio et al.,
2015; Langenbacher and De Tomaso, 2016).

We attempted to assess directly the role of integrin binding by
injecting RGD-containing peptides, but results were not consistent.
This was not surprising because peptides were injected into the ac-
tive circulatory system and likely rapidly diluted, compromising their
effects. In future studies, quantitative proteomics approaches using
FACS-isolated vascular cells will allow us to assess directly changes
in the proteome and phosphoproteome under different perturba-
tions, dissect the pathways linking integrin
binding to the induction of anoikis, and de-
tect differences between apoptotic and no-
napoptotic cells.

Coordination of basal extrusion

The three inhibitors used in this study were
all administered globally, so it is unclear why
apoptosis is triggered in only a subset of
cells. Understanding whether the distribu-
tion of apoptotic cells is random or not and,
in the latter case, what selection process is
used to induce apoptosis is critical to under-
standing how regressing vessels can main-
tain barrier function during withdrawal. It is
possible that there is heterogeneity among
the vessel cells in terms of the number of
contacts with the ECM and other cells, mak-
ing some more (or less) susceptible to anoi-
kis. For example, it has been demonstrated
that cells with low expression of the protein
Merlin have higher FAK inhibitor sensitivity
due to weaker cell-ECM and cell-cell con-
tacts (Shapiro et al., 2014), making these
cells more sensitive to changes in FAK sig-
naling. If epithelial cell survival requires a
threshold value in terms of number or
strength of cell-matrix and cell-cell con-
tacts, then heterogeneity in these contacts
along the vascular epithelium may make
some more (or less) sensitive to BAPN and
FAK inhibitor treatment. However, whereas
heterogeneity could explain why some cells
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FIGURE 8: Disruption of collagen matrix by BAPN results in loss of integrin signaling in vascular cells. (A) Flow
cytometry gating strategy for BSA-488-labeled B. schlosseri vascular cells after formaldehyde fixation and methanol
permeabilization. (B) Representative flow cytometry histogram for quantifying phosphorylated Y397 FAK (pY397FAK) in
B. schlosseri vascular cells. FAK inhibitor (FAK14) was used a positive control for blocking FAK phosphorylation.

(C) Percentage of vascular cells with high FAK phosphorylation for B. schlosseri colonies after indicated treatment for

4 h (n = 3 per condition). *p < 0.05 as determined by an unpaired Student’s t test.

would die 2 h after the initiation of treatment and others at 8 h, it
does not explain how regression is coordinated. One of the most
puzzling aspects of these studies is that global interference of inte-
grin signaling, either by disrupting collagen structure or using inhibi-
tors, is dose dependent but never to the point at which they affect
each cell equally. We are observing a tissue-level response to a
physical disruption, but the regulatory mechanisms that maintain
epithelial homeostasis during regression are not clear.

One explanation for the global response is that changes in col-
lagen structure cause a global release of tension that results in cells
sensing that they are overcrowded. This could also trigger cell extru-
sion, a homeostatic response to crowding in epithelia that could
explain maintenance of barrier function (Macara et al., 2014). How-
ever, in a prior study of cell crowding, extrusion of live cells occurred
from regions of the highest density (usually >1.6 times the normal
cell density), and it was not until after extrusion that cells died of
anoikis (Eisenhoffer et al., 2012). In contrast, we did not observe any
significant changes in cell size or density after BAPN treatment (Sup-
plemental Figure S4), and in addition we see annexin V+ cells in the
epithelium, before extrusion, and there is no apparent extrusion of
live cells: labeled vascular cells are not detected in the circulation at
any point during regression (Figure 6). Given that regression occurs
without loss of barrier function, this suggests coordination between
the phagocytes and vascular cells. Live-imaging results also support
some coordination, as engulfment and extrusion appear to occur
simultaneously (Supplemental Video S2). Of interest, during our at-
tempts to live image extrusion events, it became clear that there
were many more annexin V+ cells then extrusion events, suggesting
that further “eat-me” signals may need to be expressed to attract
the phagocytes or that the phagocytes play an active role in pulling
the cells out of the epithelial tube. However, this does not rule out a
role of cell density in vascular regression. In addition, a recent study
in Drosophila suggested that an increase in tissue density could in-
duce a competitive response due to mechanical stress, by which
cells were delaminated from the imaginal wing disk epithelium in a
caspase-dependent manner (Levayer et al., 2016). Although the
molecular mechanisms underlying this competition are not known,
this effect is also consistent with our observations.

Finally, BAPN treatment may be triggering a physiological pro-
grammed tissue destruction pathway, akin to involution of other
epithelial tissues, such as the mammalian uterus or breast duct after
parturition or weaning, respectively. In these processes, the majority
of the epithelial tissue is removed, and mechanical signaling is

1890 | D.Rodriguez, B. P. Braden, et al.

known to play an important role (Jorge et al., 2014). This suggests
that changes in the ECM could be a point of regulation during
involution. In fact, older studies of mammary and Mullerian gland
involution concluded that cell death follows ECM degradation
(Wicha et al., 1980; lkawa et al., 1984). A similar response was found
in studies of angiogenesis, in which the effect of angiostatic steroids
was due to breakdown of the ECM, which in turn blocked capillary
growth and then induced large-scale vascular regression (Ingber
et al., 1986; Ingber and Folkman, 1988). Thus remodeling of the
ECM may be a common first step in inducing regression of these
tissues.

In summary, the present study has revealed the induction of
apoptosis via changes in integrin signaling, downstream cell extru-
sion across basement membrane, and the participation of blood-
borne phagocytic cells in vascular remodeling. Of importance, the
coordination of apoptosis, extrusion, and cell clearance suggests
the presence of mechanisms that maintain vessel integrity during a
massive tissue-remodeling event initiated by physical changes in the
ECM. It may be that BAPN treatment is causing a physical disrup-
tion, and regression is a homeostatic response to those changes.
Alternatively, changes in the ECM may be the first step in a physio-
logical regression mechanism that usually occurs locally but BAPN is
stimulating on a global scale. Whereas in both cases the cause of
regression would be equivalent, these studies reveal an active role
of the basement membrane in the maintenance of tissue architec-
ture. Of importance, with a 16-h visually scored assay, large transpar-
ent vessels that can be directly manipulated and imaged, as well as
a number of labeling strategies that will allow purification and analy-
sis of different cell populations (e.g., apoptotic vs. nonapoptotic
vascular cells) for high-resolution studies, Botryllus is a potentially
powerful model to study the dynamic role of the ECM and mecha-
notransduction in epithelial growth, homeostasis and involution.

MATERIALS AND METHODS

Animals

B. schlosseri (herein called Botryllus) colonies were collected from
the yacht harbor in Santa Barbara, CA, and spawned and cultured in
laboratory conditions at 18-20°C according to established proto-
cols by Boyd et al. (1986). Colonies were staged-matched based on
blastogenic stage cycles according to Lauzon et al. (2002). In each
experiment, a replicate (defined by the variable n = 1) consists of
three stage-matched, 3- to 6-mo-old genotypes five to eight zooids
in size used in both control and experimental conditions. Regression
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responses were independent of genotype or asexual stage of the
samples.

Imaging

Live imaging of the vasculature of Botryllus colonies labeled with
BSA-Alexa 594 (A13101; Thermo Fisher Scientific, Waltham, MA)
was carried out using a motorized fluorescence stereomicroscope
MZ16FA (Leica, Germany) as previously described (Braden et al.,
2014). Fixed tissue for in situ hybridization was imaged on an Olym-
pus FluoView 1000 Spectral Confocal (Tokyo, Japan). Lipophilic
staining of the vasculature labeled with CellMask Green (A37608;
Thermo Fisher Scientific). Time-lapse movies (n=5) taken as z-stacks
were acquired with a Zeiss LSM 880 with Airyscan capabilities.

Lox identification and in situ hybridization

Using homology-based search tools, we identified LOX homo-
logues in the Botryllus Transciptome database from Rodriguez et al.
(2014). The contig named CAP3_round1_contig_2680 shared 43%
identity to mammalian LOX1 proteins, with an E-value < 1e-39; this
sequence has been deposited in the National Center for Biotech-
nology Information (accession number Banklt1994445 BSeq#1
KY653960). Whole-mount in situ hybridization was performed with
digoxigenin-labeled probes as described by Langenbacher et al.
(2015). A specific antisense probe for LOX1 was synthesized from
PCR products using a LOX1 clone coding for a 368-base pair-
specific region of the gene (primer pairs 5-3"-: forward, GGCGT-
GTGGAAGTAAAGCAC,; reverse, GTGAACCTGGAAACATCGCTT).
We used TSA-plus detection (NEL753001KT; PerkinElmer, Waltham,
MA) with a fluorescein substrate. Representative images from eight
independent experiments consisting of three individual colonies per
experiment are shown. Negative controls were conducted using a
sense probe from the same sequence and are shown in Supplemen-
tal Figure S1.

qRT-PCR

We carried out gRT-PCR using a LightCycler 480 Il (Roche, Basel,
Switzerland) with LightCycler DNA Master SYBR Green | detection
(12015099001; Roche). The thermocycling profile was as follows:
5 min at 95°C, and 45 cycles of 95°C for 10 s, 55°C for 10 s, and
72°C for 10 s. Primers for LOX1 were 5"-ATTTATACTGGACCAAAT-
CAGAATCAG-3" and 5'-CGTATGGATTTGCTACATAAGGATTAG-3’,
which amplified a 244-base pair fragment of a LOX1 homologue
used in this study. The template for RT-PCR was obtained by extract-
ing mRNA from B. schlosseri with the Magnetic mRNA Isolation Kit
(51550S; NEB), and SuperScript Il Reverse Transcriptase (18064014;
Invitrogen) was used to synthetize cDNA primed by Oligo dT. PCR
was performed with Advantage cDNA Polymerase (639105; Clon-
tech), and amplicones were ligated into P-GEM-T-Easy vector and
sequenced through the University of California, Berkeley, Sequenc-
ing Facility. All gene expression data were normalized to elongation
factor 1-a. as a reference gene, reported as relative expression using
the 2:44Ct method (Livak and Schmittgen, 2001), and analyzed in
triplicate (both technical and biological).

BAPN treatment

To inhibit LOX1 activity, BAPN (150105; MP Biomedicals, Santa Ana,
CA) was diluted in 500 ml of FSW to the concentrations tested (50,
100, 200, 400, and 800 uM). Botryllus colonies were allowed to soak
in either a FSW control or the BAPN-containing solution for 16 h at
18-20°C before measurements of vascular regression (n = 15). To
test the reversibility of vascular regression, colonies were first treated
with BAPN (as described) for 16 h at 18-20°C and then returned to
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normal seawater and regrowth monitored visually (n = 10). To assess
whether the cells were disturbed by BAPN treatment, colonies were
incubated for 8 h and then fixed and stained with phalloidin and
4’,6-diamidino-2-phenylindole and compared with control colonies
(six control and six treated conditions).

Vascular and phagocytic cell labeling

Vascular cell labeling was achieved as previously described (Braden
etal., 2014). Briefly, adult Botryllus colonies were injected with 1pl of
0.1 pg/ml Alexa Fluor 647-conjugated BSA to label the cells of the
vascular tissue. Phagocytic cell labeling was achieved using pHrodo
Green Escherichia coli BioParticles (P35366; Thermo Fisher Scien-
tific) as previously described (Lauzon et al., 2013). Double-positive
cells (yellow) were manually counted from each field of view and
normalized by the number of fields per sample (five for each of con-
trol conditions and BAPN treatment conditions). Statistical analysis
was performed using Student’s t test; *p = 0.05.

Transmission electron microscopy

Colonies were anesthetized with MS-222 (tricaine; ethyl 3-animo-
benzoate methanesulfonate salt; 103106, MP Biomedicals) for
~5 min in FSW and fixed with 1.5% glutaraldehyde buffered with
1.6% sodium chloride and 0.2 M sodium cacodylate (pH 7.2) on ice.
After soaking overnight in 0.1 M sodium cacodylate buffer, speci-
mens were quickly rinsed with fresh buffer and postfixed in cold with
2% OsOy buffered with 0.2 M sodium cacodylate. After being
washed with water, the samples were en-bloc stained with uranyl
acetate, then dehydrated and embedded in Epon. Thin sections
were stained in uranyl acetate and lead citrate and examined using a
JEOL 1234 electron microscope. Representative images from seven
controls and six BAPN-treated colonies (3—-6 mo old) are shown.

Annexin V assays

For annexin V labeling (1988549001; Roche), Botryllus colonies
were injected with annexin V (1 pl per adult colonial systems with
five to eight zooids, aged 3-6 mo), followed by treatment with
BAPN (400 pM) for 16 h. Representative images from six controls
and six BAPN-treated colonies are shown. Annexin V+ cells were
manually counted from each field of view and normalized by the
number of fields per sample. Statistical analysis was performed
using Student’s t test; *p = 0.001.

Second-harmonic imaging of collagen

For imaging of collagen fibers of Botryllus, bodies and vasculature
colonies were fixed with Carnoy’s solution (6:3:1 of 100%
ethanol:CHCl5:glacial acetic acid) at O-, 8-, and 16-h time points for
both control and BAPN-treated samples. After 3 h of fixation, colo-
nies were bleached with 6% hydrogen peroxide to eliminate auto-
fluorescence from pigment cells. SHI was performed as described
by Schenke-Layland (2008). Briefly, imaging of Botryllus vessels at an
excitation wavelength of 800 nm revealed fibrous collagen struc-
tures. Emission was collected using an Olympus FluoView 1000
MPE upright microscope that features three visible confocal laser
lines, a Mai Tai pulsed two-photon femtosecond laser for two-
photon imaging, a scanning XY-stage, and a standard motorized Z-
stage. All samples were imaged using the same settings as the con-
trol at 0 h. To quantify the intrinsic fluorescence signal of collagenous
structures, z-stacks were rendered, and the intensity of the signal
was calculated by measuring the mean intensity of the vessel using
ImageJ. All samples were normalized and compared with the con-
trol at 0 h (n = 6); the SD of the mean of the intensity was calculated
using Microsoft Excel for each data set.
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Flow cytometry and inhibitor studies

Botryllus colonies (3—6 mo old) were injected with 1 ul of BSA-Alexa
Fluor 488 conjugate (1 mg/ml in phosphate-buffered saline [PBS])
24 h before drug treatment to label vascular cells. The colonies were
subsequently treated with BAPN, FAKI14 (CAS 4506-66-5; 50 uM),
Raf kinase inhibitor (CAS 303727-31-3; 10 uM), or a vehicle control
(six per condition). FAK and Raf inhibitor doses were determined
empirically and represent the lowest concentration that gave maxi-
mum but reversible regression in dose-response curves. Treated
colonies were kept in a humidity chamber for 4 h, at which time,
regression was visible. Next single-cell preparations were made by
manually dissociating colonies in FSW, followed by filtering through
progressive 70- and 40-pm filters. Fixation was achieved by adding
100 pl of 16% formaldehyde solution to 1 ml of cell suspension
(1.5% final concentration) and incubating at room temperature for
10 min. The cells were washed with PBS and then resuspended in
1 ml of —20°C 100% methanol and placed on ice for 30 min. The
cells were rehydrated in two sequential washes with 2 ml of PBS.
Antibody staining was performed for 30 min at room temperature in
PBS containing 1% immunoglobulin G (IgG)-free BSA. Anti—phos-
pho FAK Y397 (clone 31H5L17; 700255; Thermo Fisher) was diluted
1:200. Brilliant Violet 421 donkey anti-rabbit IgG antibody was used
as secondary at a 1:400 dilution. There is a single FAK clone in the
Botryllus transcriptome database with nearly 100% overlap with
the conserved phosphorylation site, and a Western blot reveals a
single band of the expected size (~125 kDa; Supplemental Figure
S5E). For annexin V labeling (1988549001; Roche), vascular-labeled
Botryllus colonies were injected with annexin V (1 pl per system),
followed by treatment with BAPN (400 pM) for 16 h. Individual colo-
nies were manually dissociated in FSW before filtration through 40-
pm mesh, and flow cytometry analysis was carried out as described
in the text. The percentage of annexin V+ vascular cells with or
without BAPN treatment was compared across multiple colonies
(n = 10). Statistical analysis was performed using Student’s t test;
*p =0.002 (high significance vs. control).

pFAK Western blot analysis

For anti-phospho-Y397-FAK Western blots, each Botryllus system
was lysed in 300 pl of Rubinfeld’s Lysis Buffer (20 mM Tris, pH 8.0,
140 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM ethylene glycol
tetraacetic acid, 1.5 mM MgCl,, 1 mM Na3VO,, 50 mM NaF, T mM
dithiothreitol) with protease and phosphatase inhibitors (Roche).
Binding of anti-phospho-Y397-FAK antibody (700255; Thermo
Fisher Scientific) was performed overnight at 4°C, and bound pro-
teins were then pulled down using protein G-agarose beads. Con-
trols are protein G beads only. Immunoprecipitated proteins were
separated by SDS-PAGE, transferred to a nitrocellulose membrane,
and detected using anti-phospho-Y397-FAK antibody (700255;
Thermo Fisher Scientific).
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