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ABSTRACT

Dynein cytoplasmic 1 light intermediate chain 1 (LIC1, DYNCL1LI1) is a core subunit of the
dynein motor complex. The LIC1 subunit also interacts with various cargo adaptors to regulate
Rab-mediated endosomal recycling and lysosomal degradation. Defects in this gene are
predicted to alter dynein motor function, Rab binding capabilities, and cytoplasmic cargo
trafficking. Here, we have identified a dyncllil zebrafish mutant, harboring a premature stop
codon at the exon 12/13 splice acceptor site, that displays increased angiogenesis. In vitro,
LIC1-deficient human endothelial cells display increases in cell surface levels of the pro-
angiogenic receptor VEGFR2, SRC phosphorylation, and Rabl11-mediated endosomal
recycling. In vivo, endothelial-specific expression of constitutively active Rabl1la leads to
excessive angiogenesis, similar to the dyncllil mutants. Increased angiogenesis is also evident
in zebrafish harboring mutations in rilpl1/2, the adaptor proteins that promote Rab docking to
Licl to mediate lysosomal targeting. These findings suggest that LIC1 and the Rab-adaptor
proteins RILPL1 and 2 restrict angiogenesis by promoting degradation of VEGFR2-containing
recycling endosomes. Disruption of LIC1- and RILPL1/2-mediated lysosomal targeting
increases Rabl1l-mediated recycling endosome activity, promoting excessive SRC signaling

and angiogenesis.
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INTRODUCTION

Angiogenesis, the formation of new blood vessels from pre-existing vessels, is critical for
sustained nutrient delivery during embryogenesis, homeostasis, and tumorigenesis.
Angiogenesis is driven by cell signals such as those from the vascular endothelial growth factor
(VEGF) family, as well as by physical changes in cell morphology and motility (1, 2). Endosomal
trafficking plays both positive and negative roles in the regulation of pro-angiogenic signaling in

endothelial cells, which are regulated in part by intracellular motor complexes (3-8).

The cytoplasmic dynein-dynactin protein complex is responsible for microtubule minus-end-
directed movement of endosomes in eukaryotic cells (9-11). The 1.5 megadalton dynein
complex is composed of six different subunits that are each dimerized in the full complex: two
heavy chains (HCs) with the catalytic motor domain, two intermediate chains (ICs), six light
chains (LCs), and two light intermediate chains (LICs) (9-11). Despite the critical nature of this
motor complex, the role of LICs in particular has been understudied across all systems. LIC1,
and LIC2 are encoded by two genes, DYNC1LI1 and DYNCL1LI2, respectively. LIC1 and LIC2
have been implicated in mitosis (12, 13), vesicular cargo binding (14), and lysosome and late
endosome maturation (15). Aberrant expression of DYNC1LI1 has also been linked with
pancreatic ductal adenocarcinoma, colon cancer, hepatocellular carcinoma, and prostate cancer
(16, 17), underscoring the need to better understand LIC function. However, the role of dynein
motor components such as LIC1 in regulating the endothelium, and in particular developmental

angiogenesis, remains entirely unknown.

In the endo-lysosomal pathway, cargoes are internalized from the plasma membrane inside
early endosomes and retrogradely transported on microtubules via the dynein-dynactin motor
complex. Internalized cargoes are subsequently either recycled back to the plasma membrane
or delivered to late endosomes and lysosomes for degradation (18-23). Over the course of
these movements, endosomes associate with different Rab GTPases. Rab4/Rablla
association promotes recycling back to the plasma membrane, while Rab7/Rab36 association
promotes maturation to late endosomes and targeting to lysosomes (21, 22, 24-26). Adaptor
proteins have been identified that facilitate interactions between Rab proteins and the dynein
motor complex, including RILP (Rab Interacting Lysosomal Protein), RILPL1, and RILPL2 (Rab
Interacting Lysosomal Protein Like 1 and 2). These interactions involve Rab docking to LIC1,

promoting lysosomal targeting of signaling receptors (27-29) and consequent signal termination.
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VEGEF signaling is a key contributor to angiogenesis (30), as well as vascular permeability,
vascular homeostasis, endothelial cell (EC) proliferation, migration, arterial/venous identity,
survival, and junctional stability (31). VEGF receptors transduce intracellular signals through a
variety of mediators, including the phosphotidylinositol-3 kinase (PISK)/AKT pathway, the Src
family of non-receptor tyrosine kinases (SRC), and the extracellular signal-regulated kinases
(ERK1/2) via the phospholipase C (PLC)/protein kinase C (PKC) pathway (32, 33). VEGF
signaling is regulated in part by endosomal trafficking of the VEGF-VEGFR2 (vascular
endothelial growth factor receptor 2) complex (3, 34). Upon VEGF binding, VEGFR2
dimerization induces receptor autophosphorylation and internalization to activate downstream
signaling via ERK1/2 and AKT phosphorylation (35). Signal transduction strength and duration
through the VEGF/VEGFR2 pathway can be modulated by altering the balance of endocytic
recycling versus degradation (31, 35). Additionally, some VEGFR2-mediated signaling
activation, i.e. via SRC, can occur at the plasma membrane (31, 36, 37). Therefore, the correct
balance between endosome-to-plasma membrane recycling and lysosomal targeting of pro-
angiogenic receptors is critical for proper vascular formation and homeostasis (20, 31, 38). The
ability to promote vessel growth or regression has enormous therapeutic implications for several

vascular-related pathologies including cancer, diabetes, stroke, and atherosclerosis (39).

In this study, we investigate the angiogenic phenotypes of a novel mutation identified in
zebrafish dynein cytoplasmic 1 light intermediate chain 1 (dyncllil) and how it alters endocytic
trafficking, endothelial cell activation, migration, and VEGFR2 receptor availability. Our findings
suggest that the C-terminal domain of LIC1 is critical for RILPL1/2 adaptor binding and for Rab-
targeted lysosomal targeting. In the absence of the Licl C-terminal domain or RILPL1/2,
endothelial cells (EC) over-recycle pro-angiogenic cargo back to the cell surface to promote

excess angiogenesis.

RESULTS

LIC1 limits angiogenic sprouting and cellular motility in vitro and in vivo

We identified a novel zebrafish mutant allele (dync1li1¥**?) from a forward genetic ENU
mutagenesis screen carried out on the Tg(fli:eGFP)"*¥! background that was designed to
identify zebrafish mutants with vascular patterning defects (40). By 96 hours post-fertilization
(hpf), dynclli1y515t mutant animals exhibit aberrant ectopic blood vessel sprouting from the
intersegmental vessels (ISVs; Fig. 1A,C,D) and sub-intestinal vessels (SIVs; Fig. 1A,E,F)
compared to their dynclli1"'" siblings, with approximately 87% of ISVs displaying at least one
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ectopic sprout or branch (Fig. 1B). Fine mapping and positional cloning revealed that the
causative mutation is a 19-base pair (bp) insertion at the exon 12/13 splice acceptor site in the
dyncllil transcript, which introduces a premature stop codon predicted to resultin a C-
terminally truncated protein (Supp. Fig. 1A). In addition to their vascular defects, homozygous

mutant animals have smaller eyes and a curved body axis. (Fig. 1G).

To confirm the identity of the mutated gene, we first carried out an FO “Crispant” experiment to
confirm that transient CRISPR/Casl12a-mediated cutting of dyncllil at exon 12 leads to
aberrant angiogenic sprouting phenotypes (Supp. Fig. 2A). Tg(fli:eGFP)Y*¥* animals were
injected with guide RNA (gRNA) and Casl12a at the one-cell stage in order to mosaically cut the
endogenous dyncllil gene (41). Animals in which the gRNA/Cas12a efficiently cut the WT
dyncllil gene (confirmed by PCR and fragment analysis of the resulting amplicon, Supp. Fig.
2B-E) displayed ectopic vascular sprouting of the ISVs, consistent with phenotypes noted in
dynclli1y*5151 mutants. Animals with poor gRNA/Cas12a efficiency—leaving significant WT
dyncllil intact—looked phenotypically normal (Supp. Fig. 2B,E). The presence and penetrance
of phenotypes increased as the concentration of gRNA increased (Supp. Fig. 2F), suggesting

an effect specific to Licl loss of function.

LIC1-deficient ECs have abnormal vesicular trafficking consistent with inhibition of
lysosomal targeting

To test the effects of LIC1 loss-of-function in human endothelial cells, we used human umbilical
vein endothelial cells (HUVECS) in 3D in vitro collagen type 1 gel motility/sprouting assays to
visualize angiogenesis in vitro (Fig. 2A) (42, 43). HUVECSs pre-treated with siRNA targeting
DYNCL1LI1 (siDYNC1LI1) had significantly more sprouting cells compared to siControl-treated
cells (Fig. 2B-D), suggesting cross-species conservation of the role of LIC1 in limiting EC
motility. Western blots confirmed siDYNC1LI1 depletion of LIC1 protein (Fig. 2E).

As LIC1 is implicated in intracellular vesicular trafficking, we carried out experiments to examine
how interfering with different stages of intracellular trafficking affects angiogenic sprouting.
Using our 3D in vitro collagen type 1 gel assays with HUVECS, we treated the cultures with
either the endocytosis inhibitor Dynasore, or the proteasome inhibitors MG132 and Bortezomib,
which indirectly inhibit lysosomal targeting of signaling receptors through depletion of free
ubiquitin (44-49). Dynasore-treated HUVECs were completely unable to invade the collagen

type | gels (Fig. 2A,F). This observation suggests that—while endocytosis is required for
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angiogenic signaling (34, 35, 50, 51)—the distinct pro-angiogenic effect of LIC1 depletion is
likely due to its involvement in a post-endocytic step. In contrast, the proteasome/lysosome
inhibitors MG132 and Bortezomib stimulated HUVEC sprouting, phenocopying the response
shown by siDYNC1LI1 knockdown (Fig. 2D,F). MG132 treatment of zebrafish also led to
aberrant, excessive angiogenesis (Fig. 2G,H), consistent with our in vitro findings. Together,
these data suggest that LIC1 likely exerts its effects through regulation of targeting to late

endosomes or lysosomes (Fig. 2I).

We next sought to determine how lysosomal disruption affects vesicle distribution in endothelial
cells. HUVECs were treated with the proteasome/lysosome inhibitors MG132 and Bortezomib
for 1 hour, followed by labeling with LysoTracker-Deep Red for 1 additional hour. Bortezomib
and MG132-treated HUVECSs were found to accumulate more LysoTracker in a perinuclear
cloud compared to vehicle-treated control HUVECs (Supp. Fig. 3A,B). In addition, MG132- and
Bortezomib-treated HUVECs exhibited significantly higher levels of Rabl1la+ recycling
endosomes in the perinuclear and plasma membrane regions of cells compared to the vehicle-
treated controls (Supp. Fig. 3C,D). The increased accumulation of LysoTracker, accompanied
by the increase in Rablla+ endosomes, suggests that pro-angiogenic signals might not be
properly extinguished in cells with impaired lysosomal targeting. Instead, signaling receptors
may undergo recycling to the plasma membrane, or continue to accumulate and persist

signaling, thereby driving excess angiogenesis.

LIC1-deficient ECs have increased surface VEGFR2 levels and p-SRC activation, coupled
with decreased VE-Cadherin levels

The in vivo findings detailed above indicate that loss of LIC1 and loss of lysosomal targeting led
to similar angiogenic sprouting phenotypes. Since VEGFR2 is known to be a driver of
angiogenesis and is also known to be regulated by trafficking to the lysosome (20, 35, 38, 52),
we next sought to determine whether LIC1 deficiency impacts VEGFR2 localization in HUVECSs.
HUVECSs were treated with either sibDYNCL1LI1 or siControl and stimulated with the VEGFR2
ligand VEGF-A for 1 hour. Cells were then fixed and VEGFR2 localization was examined by
immunofluorescence microscopy, with and without permeabilization, to determine total and
surface VEGFR2 levels, respectively (Fig. 3). While there was no difference in the total
VEGFR2 protein levels between siControl and siDYNC1LI1 cells (membrane permeabilization
with cell fixation, Fig 3A,B), siDYNC1LI1 cells had higher levels of VEGFR2 on the cell surface
compared to siControl HUVECs (no membrane permeabilization with cell fixation, Fig. 3A,C),
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an effect previously shown to promote excess angiogenesis (53).

Phosphorylation of ERK1/2 and SRC occurs downstream of VEGFR2 signaling (36, 54). To
determine whether these pathways were affected by loss of LIC1, we compared activation after
VEGF-A treatment in siDYNCL1LI1 or siControl HUVECSs. No overt differences were noted in p-
ERK1/2 activation between siControl and siDYNC1LI1 HUVECSs, with or without VEGF-A
stimulation (Fig. 4A). However, siDYNC1LI1 HUVECs had higher baseline levels of p-SRC than
siControl HUVECs (no VEGF-A stimulation), which modestly increased upon VEGF-A
stimulation (Fig. 4A). Treatment of HUVECs with the endocytosis inhibitor Dynasore led to
nearly complete suppression of p-ERK1/2—consistent with published reports stating that
VEGFR2 must be endocytosed to activate ERK (31, 50, 55)—yet showed high p-SRC activation
even at baseline (no VEGF-A stimulation; Fig. 4B). Finally, HUVECs treated with MG132 or
Bortezomib showed comparable p-ERK1/2 activation but increased p-SRC activation relative to
vehicle-treated controls (Fig. 4C). Together, our data suggest that LIC1-deficiency and inhibition
of lysosomal targeting results in sustained activation of SRC in the presence or absence of
VEGF-A stimulation. This prolonged SRC activation may drive excess angiogenesis in
SiDYNC1LI1 HUVECs and dync1li1¥*s*¥'5t mutant zebrafish. Additionally, the sustained p-SRC
activity observed in Dynasore-treated HUVECSs suggests that VEGFR2 is able to activate SRC
from the plasma membrane to drive increased angiogenesis in the absence of VEGFR2

endocytosis.

Since p-SRC has been shown to be involved in cellular motility, vascular permeability, adhesion,
and proliferation (56-58), we wanted to determine if the abnormal SRC activation noted in
SIDYNCL1LI1 ECs altered p-SRC localization and EC-EC junction formation. SRC-mediated
phosphorylation of VE-Cadherin can lead to decreased junction formation and vessel wall
stabilization, perhaps accounting for the increased motility noted in our sSiDYNC1LI1-treated
ECs (51, 59). Immunolabeling of VE-Cadherin in siControl- versus siDYNC1LI1-treated
HUVECSs showed that VE-Cadherin levels were decreased approximately 50% in response to
LIC1 suppression (Fig. 4D,E). The loss of VE-Cadherin levels correlated with increased p-SRC
accumulation at EC-EC boundaries in the siDYNC1LI1 HUVECs (Fig. 4F), suggesting that
increased and sustained p-SRC activation in siDYNC1LI1 HUVECs helps maintain a loose EC-

EC junction to allow for continued vessel outgrowth.

Increased Rablla-mediated endosomal recycling drives excess angiogenesis
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Rab binding proteins are key regulators of different steps of intracellular vesicular transport but it
remains unclear how these proteins are required for angiogenesis. To examine the effects of
loss of LIC1 on different Rab proteins, we activated VEGFR2 signaling in sSiDYNC1LI1 or
siControl HUVECs by VEGF-A treatment and then fixed and immunostained the cells for Rab7
(late endosomes/lysosomes) or Rablla (recycling endosomes). We observed slightly elevated
Rab7 and increased Rabl1la staining in sSiDYNC1LI1 HUVECs compared to siControl HUVECs
(Fig. 5A-D). Western blot analysis confirmed the increased Rabl1a protein levels in
SiDYNCL1LI1 HUVECs (Fig. 5E), while gPCR analysis of siControl and siDYNC1LI1 HUVECs
revealed minimal changes in transcript levels of either Rab7a or Rablla (Fig. 5F). Together,
these data suggest that loss of LIC1 may lead to an increase in Rablla-driven recycling of

VEGFR2 to the plasma membrane to promote angiogenic sprouting.

To test the hypothesis that increased Rabl1a activity can alter angiogenic potential during
zebrafish vascular development in vivo, we expressed constitutively-active Rablla (CA-rabl1a)
specifically in ECs using the UAS/gal4 system (60). Tol2(uas:CA-rablla-mCherry) DNA was
injected into Tg(fli:gal4); Tg(uas:Kaede) double transgenic embryos at the one-cell stage, and
mosaic CA-rablla expression was tracked at subsequent stages using the mCherry reporter.
Embryos with mosaic patches of vascular mCherry expression were imaged at 96 hpf (Fig.
5G,H). Ectopic angiogenic sprouts were more frequently found to be mCherry-positive
(highlighted by white arrows; Fig. 5G-1) than mCherry-negative, supporting the hypothesis that
increased Rablla activity leads to a cell-autonomous increase in angiogenesis. This further
suggests that the dync1li1¥*s*¥15! mutants might have enhanced Rablla-mediated endosomal

recycling and suppressed lysosomal targeting.

rilpl1/rilpl2 mutants phenocopy dync1li1l¥*** mutant phenotypes

Our results suggest that increasing recycling of endosomes via increased Rabl1la activity
promotes excess angiogenesis. To further examine whether decreased Licl/Rab-dependent
lysosomal degradation promotes angiogenesis, we carried out additional studies on the
zebrafish rab-interacting lysosomal protein like 1/2 (rilpl1/2) genes. Previous work has shown
that the LIC proteins comprise an N-terminal GTPase-like domain that binds to the dynein heavy
chain and a C-terminal adaptor-binding domain that binds to various Rab effectors (9, 61-64).
LICs can thus link the dynein motor complex to Rabs to regulate endocytic trafficking and
promote the transition from late endosome to lysosome (Fig. 6A-C) (29, 62, 64, 65). The Licl
mutation in the dync1lil¥*>* zebrafish removes the last 36 amino-acid residues from the C-
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terminal domain of the WT protein and introduces 3 amino-acid residues including a stop codon
in frame (Supp. Fig. 1A, Fig. 6B). To examine whether this truncated protein has reduced
binding affinity for RILP, we generated GST-fused C-terminus of WT and mutant human LIC1
proteins (i.e. insertion of the 19bp sequence and removal of exon 13, Supp. Fig. 1A, Fig. 6B,C)
for GST pulldown assays. We observed that WT LIC1-GST (GST-WT LIC1 CT) bound robustly
to GFP-RILP (anti-GFP, RILP), whereas mutant LIC1-GST (GST-MUT LIC1 CT) had markedly
reduced binding to GFP-RILP (anti-GFP, RILP) (Fig. 6D,E).

To further test the functional consequence of disrupted interaction between Licl and Rilpl
proteins in vivo, we generated rilpl15t84?/ rilpl25%843 double mutant zebrafish using CRISPR/Cas9
genome editing (Supp. Fig. 1B,C) (28). Analysis of rilpl1t842/st842/ rj|p|2sti843/st1843 qgoyple
homozygous mutants versus control siblings at 96 hpf shows aberrant angiogenesis,
phenocopying the dync1li1¥*5*¥15! mutants (Fig. 6F,G). Taken together, these data support the
conclusion that the dync1li1¥*5¥*5 mutation disrupts Rilpl1/2 binding, to decrease lysosomal
degradation and, consequently, increase recycling, increase cell-surface VEGFR2, and promote

excess angiogenesis (Fig. 7).

DISCUSSION

The role of LIC1-regulated vesicular trafficking in angiogenesis

The regulation and trafficking of cargo by the dynein motor complex is central to many different
cellular processes, including endocytosis (66). While studies have shown that mutations in the
dynein motor machinery are often sufficient to cause motor neuron diseases (i.e. Huntington
Disease, Amyotrophic Lateral Sclerosis, and Alzheimer’s Disease, among others (15, 23, 26,
67, 68)), until this study, the role of LIC1 in endothelial cell biology and angiogenesis had
remained unknown. Here, we identify and characterize a novel zebrafish mutant in the dync1lil
gene, dync1li1¥**!, that exhibits increased angiogenesis in multiple vascular beds—including the
ISVs and sub-intestinal vascular plexus (Fig 1C-F). While angiogenesis is critical for vascular
expansion during development and tissue repair during wound healing, abnormal angiogenesis
has been shown to contribute to variety of diseases/disorders including cancer, diabetes, stroke,
arthritis, and psoriasis (39, 69-71). Thus, discovering new mechanisms to promote or dampen
blood vessel growth will continue to have impacts on the development of targeted pro- and anti-

angiogenic therapies.

The structure of LIC1 allows it to simultaneously interact with the dynein motor complex and
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cargo adaptors at its C-terminus (63). Previous work has shown that LIC1 colocalizes with the
adaptors RILP or RILPL1/2 primarily on late endosomes (72), a point that might speak to the
critical role of LIC1 in regulating lysosomal degradation. Our functional findings in vivo suggest
that there is a unique role for the LIC1-RILPL1/2 interaction in regulating vesicles at the late
endosome/lysosome transition. The exact intracellular cues that promote the LIC1-RILPL1/2
interaction remain unclear. However, from a structural standpoint, prior research suggests that
the small, complex binding domains between the C-terminal of LIC1 and RILP or RILPL1/2
facilitate the specificity of the interaction (61, 72, 73). The zebrafish dyncllil mutation we
identified supports this finding. The identified mutation at the dyncllil exon12/13 boundary likely
results in a truncated Licl without its C-terminal domain, and mutations in rilpl1 st/ rilpl2s1843 jn
the zebrafish phenocopy the dync1li1Y*5¥151 mutant. Together, these data support the

conclusion that deficient LIC1-RILPL1/2 interactions can drive excessive angiogenesis.

Due to the role of LIC1 in regulating endocytic maturation, we investigated the effects of
endocytic compartment maturation on vessel sprouting. In vitro, HUVECs were treated with
endocytosis inhibitors Dynasore versus the proteasomal/lysosomal targeting inhibitors MG132
or Bortezomib (74, 75). MG132 has been shown to “trap” both randomly moving lysosomes and
lysosomes surrounding the centrosome to decrease lysosomal function (76), while Bortezomib
blocks autophagic flux and vesicular degradation activity, without interfering with
autophagosome and lysosome fusion (47, 77). Interestingly, both can inhibit lysosomal targeting
of signaling receptors by depleting pools of free ubiquitin, which could be the mechanism
underlying our phenotype (44-49). Importantly, while Dynasore-treated HUVECs do not invade
into collagen type | gels, MG132- and Bortezomib-treated HUVECSs have a significantly higher
number of invading cells compared to control (Fig. 2F)—similar to the findings seen with
siDYNCL1LI1 HUVECs (Fig. 2D)—suggesting increased signaling activity under these
conditions. In vivo, zebrafish embryos treated with MG132 showed increased angiogenic
sprouting along the I1SVs, consistent with dync1li1¥*5*¥151 mutants (Fig. 2G,H). These findings
suggest that the dyncllil mutation likely disrupts the late endosome-lysosome transition but
does not affect the regulation of early endosomes or the initial stages of endocytosis. As a
consequence, Rablla-mediated vesicular recycling is predicted to be increased in
dync1li1y*s15t mytants and siDYNC1LI1 HUVECSs, promoting the cell surface availability of pro-
angiogenic receptors such as VEGFR2 (Fig. 3-4). These findings are consistent with previous
studies demonstrating that an increase in the number of late endosomes, without induction of

lysosomal proteolysis, can result in the retention of signaling cargos (72, 78-80). Furthermore, it
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was shown that aggressive cancer cells can exhibit increased accumulation of lysosomes near
the plasma membrane, prior to lysosomal exocytosis, resulting in increased cellular proliferation
and tumor invasion (78, 81). Together, these data suggest that disruption of lysosomal targeting
can lead to the overexpression of VEGFR2 and other pro-angiogenic receptors at the plasma

membrane to promote angiogenesis.

Enhanced pro-angiogenic signaling correlates with increased vesicular recycling
VEGFR?2 transduces intracellular signals through a variety of mediators including the SRC and
PLC/PKC/ERK1/2 pathways. These signaling pathways are responsible for regulating vascular
permeability, cell survival, migration, proliferation, differentiation, invasion, and angiogenesis
(82-85). Previous work has shown that VEGFR2 must undergo endocytosis for the initiation of
pro-angiogenic signaling via ERK1/2 (31, 50, 55); however, the necessity of endocytosis for

phosphorylation and activation of SRC has been less clear.

Interestingly, we see unchanged p-ERK1/2 activity in our models (siRNA suppression of
DYNC1LI1 or MG132/Bortezomib treatment). However, p-SRC, which we suspect can be
activated from the cell surface in an endocytosis-independent manner, is increased in
accordance with inhibition of late endosome/lysosomal maturation and following siRNA
suppression of DYNC1LI1 (Fig. 4). This suggests that amplified p-SRC activation is contributing
to the increased sprouting. We also demonstrated that VE-Cadherin levels decrease while p-
SRC accumulates at EC-EC boundaries in sSiDYNC1LI1 HUVECSs (Fig. 4). Together, these data
support a mechanism by which endothelial cells loosen their junctions to allow for increased
angiogenic sprouting in accordance with increased surface availability of pro-angiogenic
receptors, such as VEGFR2 (Fig. 3,4). While we use VEGFR2 as an example in this study,
there are a host of other signaling cargoes that could be modified via this process, and
additional work will need to be done to define the causative versus correlative role of VEGFR2
in contributing to the angiogenic sprouting phenotypes noted. Despite this, these studies define

a central role for LIC1 in regulating angiogenesis via vesicular recycling.

Using constitutively active Rabl1la (CA-rablla), we show how altering EC-autonomous vesicular
recycling can regulate angiogenesis in vivo on a wild-type background (Fig. 5). As Rabllais
responsible for recycling cargoes back to the plasma membrane, this can allow for sustained
availability of pro-angiogenic signals without the need to synthesize de novo protein. In fact, in

other contexts, overexpression of Rablla has been shown to contribute to the proliferation and
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invasion of cancer cells via increased signaling of ERK, PI3K/AKT, EGFR, WNT, and MMP2,
consistent with our findings that increased Rab11 activity can drive angiogenesis (86). Further,
rilpl 151842/ rilpl25t843 mutant zebrafish also exhibit an ectopic sprouting phenotype (Fig. 6). By
using these rilpl15%842/ rilpl25t843 mutant zebrafish, we show how potential disruption of the Lic1-
Rilpl1/2-Rab protein complex can result in the suppression of lysosomal degradation leading to
an increase in ectopic vascular sprouting. While intriguing, further work will need to be done to
understand the long-term consequences of impaired lysosomal targeting on developmental

processes, as all the mutant alleles described here are lethal by 2 weeks post-fertilization.

In summary, we demonstrate via the characterization of novel zebrafish mutants, dync1li1y*°?
and rilpl15184?/ rilpl2'843 and through in vitro assays using HUVECS, that impaired maturation of
endosomes and/or targeting to lysosomes of pro-angiogenic signaling receptors—such as
VEGFR2—leads to enhanced or sustained angiogenesis. In the dync1li1¥*5* and rilpl151842/
rilpl25t®43 mutants, and in the siDYNC1LI1-treated HUVECS, this is likely driven by a decrease or
halt in lysosomal targeting due to a loss of the Lic1-Rilpl1/2 interaction. Based on these findings,
we place LIC1 as a key mediator in the regulation and/or maturation of endosomes via
differential interactions with Rab adaptor proteins, ultimately resulting in targeted regulation of

cellular motility and angiogenesis (Fig. 7).
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METHODS

Zebrafish transgenic lines and husbandry:

Zebrafish (Danio rerio) dync1llil¥**! mutants were isolated during an ENU mutagenesis screen.
New lines for this study were generated using CRISPR/Cas9 mutagenesis, injecting the guide
RNAs at 150 pg/nl per embryo (87): rilpl15%842 and rilpl251843, Embryos were raised and
maintained within the Zebrafish Consortiums at the National Institutes of Health and Washington
University School of Medicine. Zebrafish husbandry and research protocols were reviewed and
approved by the NIH/NICHD and Washington University in St. Louis Animal Care and Use

Committees.

Zebrafish Crispant generation, genotyping, and microscopy:

Fluorescent images of 72-120 hpf zebrafish were collected using the W1 Spinning Disk confocal
microscope, a Fusion camera, and the Nikon Eclipse Ti2-E base with a 20x objective. Embryos
were anesthetized prior to imaging using tricaine methanesulfonate (MS-222; Western
Chemical, Inc; NC0872873) and embedded in low melting point agarose (IBI Scientific;
#1B70056) on a 35-mm glass-bottom petri dish (MatTek; #P35G-1.5-20-C) for imaging. Blinded
analysis was performed on all images. Embryos were then genotyped using pre-designed

primers (see below for PCR protocol and primers).

Confocal microscopy was performed in order to compare the onset of vascular defects of
homozygous mutants versus sibling controls (homozygous WT). The intersegmental vessels
(ISVs) and sub-intestinal vessels (SIVs) were chosen as vascular areas for comparison due to
minimal developmental variation. To quantify vascular defects over time, the percentage of ISVs
displaying ectopic sprouts and the average number of ectopic sprouts per ISV were quantified at

different time points (10 ISVs analyzed per zebrafish).

CRISPR mutant generation and Genotyping:

Zebrafish were genotyped using the following primers:

dync1li1yst
Common FW: TGTCATTTCTGGTGGCAGGA

Mutant RV: GCTCACCGTTGTTGATGTCA
WT RV: GATCGCTCACCTGACTTGC
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I’i|Q|lSﬂ842
FW: TGTAAAACGACGGCCAGTGCATTACCTCCTGTAGTAG

RV: GTGTCTTGACCACCAGGAGGCGCTC
CRISPR Guide: GGGTGAAGCGCGGCCGGTTA

rilpl2s1843

FW: TGTAAAACGACGGCCAGTCCAGCGACAGGTTGTATTTGTTC
RV: GTGTCTTCGCAAGCTTTCGACAAGGACGTG

CRISPR Guide: GGGTGGAAACCGGGAGATCT

Primers were designed using the online browser Primer3web (version 4.1.0), then purchased
from Integrated DNA Technologies (IDT). Online browsers Ensembl (release 110) and Primer-

BLAST (NCBI) were used as genomic reference tools.

Zebrafish were fin-clipped under anesthesia using 0.1% MS-222. Genomic DNA was extracted
using extraction solution (E7526; Millipore Sigma), tissue preparation solution (T3073; Millipore
Sigma), and Neutralization Solution B (N3910; Millipore Sigma). PCRs were performed using
DreamTaq Polymerase (ThermoFisher Scientific; K1081) with primers designed to distinguish
between wild type, heterozygous, or homozygous mutant carriers. For the dyncllil mutant
specifically: The primers were designed so the mutant reverse primer sits directly on the 19 bp
insert mapped to be the lic1Y**! mutation site. The wildtype reverse primer was designed across
the DNA site that is disrupted by the insertion in the mutant. This primer is only able to amplify
the wild type allele. A common forward primer was designed for both alleles. The PCR reaction
utilized all three primers at once, allowing amplification of either a single wildtype band, two
bands that are 19bp different in size (heterozygous mutants), or a single mutant band
(homozygous mutant siblings). PCR products were run and sized using an Agilent 5300

Fragment Analyzer (41).

PCR Primer Annealing Temperatures:
dyncllil: 53 °C

rilpl: 56 °C

rilp2: 61°C

FO Crispant injections were carried out on the Tg(fli:eGFP)'! transgenic line. Cas12a and the
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CRISPR guide RNA (GGTGGCAGGAGGTCAGACCAGTGA) were injected with a dose of 50 or
100 pg/nl guide RNA at the one cell stage with 10uM/uL Cas12a protein and allowed to develop
until 96 hpf. Spinning disk confocal imaging was carried out on embryos at 96 hpf as outlined
above. Cutting efficiency was assessed by PCR of gDNA extracted from individually injected
and imaged embryos. PCR products were run and sized using an Agilent 5300 Fragment
Analyzer (41). Cutting efficiency was determined by comparing the percent of PCR amplicons
present not at the WT amplicon size to the percent WT amplicon present. Primers: FW 5°-
GATGAGCAAATGATTCGGAAAT; RV 5 -AGAGCCTGCTTTCTTTGTCAAG.

Zebrafish Injections:

For all expression studies in the zebrafish: constructs were injected into one-cell stage zebrafish
embryos. Confocal microscopy was used to image the effects of the injected constructs on wild
type or the dync1li1l¥*®* mutant phenotype. The CA-rablla construct (88) was injected at 50
ng/pl for analysis on the Tg(fli:gal4); Tg(UAS:Kaede) background for analysis.

Endothelial 3D Invasion Assay:

Human umbilical vein endothelial cells (HUVECSs; Lonza) were cultured in 15 mg bovine
hypothalamus extract (#02-102, Sigma-Aldrich), 0.05% Heparin (#H3393, Sigma-Aldrich) and
20% FBS (Gibco) in M199 base media (#11150059, Gibco) on 1 mg/ml gelatin-coated tissue
culture flasks. HUVECs were used from passages 2-5. Endothelial 3D invasion assays were
performed using collagen type | (Corning; #354249, Acid Extracted from Rat Tail) gels and
HUVECSs transfected with sSiRNAs: DYNC1LI1 versus a non-specific negative control. HUVECs
were seeded on top of the collagen gel at a density of 40,000 cells per well and allowed to
invade the gel for 24 hours. Assays were fixed in 2% paraformaldehyde (PFA) and processed
for further analysis. Culture media for the assays contained L-ascorbic acid (AA) (#A61-25,
Fisher Scientific), FGF (#233-FB-025/CF, R&D systems), and IGF-2 (#292-G2-250, R&D
systems). Additionally, FGF, SCF (#255-SC-010/CF, R&D systems), IL3 (#203-1L-010/CF, R&D
systems), and SDF1la (#350-NS-010/CF, R&D systems) were supplied in the collagen gel (42,
89, 90). Images were taken with EVOS M5000.

SiRNA transfection:
Validated Silencer Select small-interfering RNAs (siRNAs) targeting human DYNC1I11
(ThermoFisher Scientific; 4390824) or non-specific negative control sSiRNAs (ThermoFisher

Scientific; 4390847) were purchased and resuspended in RNase-free H,O to generate a 25uM
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stock concentration. siPORT Amine (Invitrogen; #AM4502) was used as the transfection
reagent. HUVECs were transfected as per the siPORT Amine transfection protocol with 5 nM of

siRNA on days 1 and 3, then used for downstream analysis on day 4.

Inhibition of Endosomal Trafficking:

HUVECSs were treated with endosomal inhibitors, 10 uM Dynasore (Tocris Bioscience; 2897), 10
uM MG132 (Tocris Bioscience; 1748), and 100 nM Bortezomib (EMD Millipore; 504314) after
culturing to a confluent monolayer in a tissue culture flask. For VEGF-A treated cells, 40ng/mL
of VEGF-A was added for 1 hour post inhibition. Alternatively, inhibitors were added 30 minutes
after seeding HUVECSs onto collagen type 1 gels for 3D invasion assays. For endosomal
trafficking inhibition in zebrafish, embryos were treated with either 15 uM MG132 (Tocris
Bioscience; 1748) or DMSO (Sigma; D4540) via fish water starting at 4 hpf.

Western blot Assays

HUVECSs were lysed using RIPA buffer (Pierce; 89900) with Protease Inhibitor (Roche;
04693132001) and Phosphatase Inhibitor (Sigma; P8340). 20-30 ug protein was
electrophoresed on a 10-20% SDS-PAGE gel (Invitrogen; XP10200BOX), transferred to a
PVDF membrane (ThermoFisher; 88518), and then blocked in 5% BSA (phosphorylated
proteins) or 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h.
Primary antibodies (diluted in TBST for detection of phosphorylated proteins or 5% milk-TBST
for all other proteins) were incubated at 4°C overnight with gentle agitation, and membranes
were then washed four times (10 min each) in TBST. HRP-conjugated secondary antibodies
(diluted in either 5% BSA or 5% milk-TBST) were applied at room temperature for 1 h with
gentle agitation, and membranes were then washed four times (10 min each) in TBST.
Secondary antibodies were detected using ECL Western Blotting Detection Reagent
(ThermoFisher Scientific; 34076). Membranes were then stripped using Restore ™ PLUS
Western Blot Stripping Buffer (ThermoFisher Scientific; 46430) and re-blotted with primary
antibodies raised in a different species to prevent residual HRP-signal. Densitometry analysis
was performed using ImageJ software. Primary antibodies used for immunoblotting were: rabbit-
p-ERK1/2 (Cell Signaling Technology; T202; 1:2000), rabbit-p-SRC (Cell Signaling Technology;
2101;1:1000), Rab11A (Cell Signaling; #2413), Gapdh (R&D Systems, #AF5718), LIC1 (Abcam,
#ab185994/#ab1577468), and mouse-tubulin expression (Sigma; T6199; 1:10,000). Secondary
antibodies used were from the KwikQuant Western Blotting Detection kit, #R1005 Digital anti-
Mouse and #R1006 digital anti-Rabbit.
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gPCR Analysis

The embryos were lysed and purified with DNA/RNA/Protein extraction kit (#1B47702, 1B
Scientific) and then cDNA generated with SuperScriptTM IV VILO Master Mix (#11766050,
Invitrogen) according to the manufacturer’s protocol. TagMan qPCR protocols were utilized to
generate relative expression data, and analysis run using the FAM channel of a 96-well
QuantStudio3 gPCR machine. For the quantification of mMRNA levels, the AACT method was
used. TagMan probes: Rab7a ID# Hs01115139 m1; Rablla ID# Hs00366449 g1. All probes
are FAM labeled (FAM; #4331182, Applied Biosystem). mRNA levels were normalized to
GAPDH ID# Hs99999905_m1.

Assessment of VEGFR2 Localization:

HUVECs were treated with DYNC1LI1 siRNA and non-specific negative control siRNA, then 24
hours after the last siRNA treatment, stimulated with 40 ng/ml VEGF-A for 1 hour. After 1 hour,
cells were fixed with 4% PFA. Total VEGFR2 expression (0.1% Tx-100 permeabilized cells) was
compared to surface level VEGFR2 (nhon-permeabilized cells) using a biotinylated VEGFR2
antibody (R&D Systems; BT10543). Images were collected using a W1 spinning disk confocal

microscope.

Immunocytochemistry:

For immunofluorescence staining, cells were fixed in 4% paraformaldehyde for 30 min and
permeabilized in ice-cold 100% methanol for 5 min or with 0.1% Triton X-100 for 30 min. Cells
were then blocked (5% BSA with 0.3% Triton X-100 in PBS) for 1 hour at room temperature.
Primary antibody incubation was performed for 1 hour at room temperature. Secondary antibody
incubation was performed for 1 hour at room temperature at 1:2000 dilution using goat anti-Rabbit
IgG (H+L) highly cross-adsorbed secondary antibody, Alexa Flour 594 (#A11037, Invitrogen) or
donkey anti-Goat IgG (H+L) cross-adsorbed secondary antibody, Alexa Flour 488 (#A11055,
Invitrogen). Nuclei were stained with Hoechst 34580 (#H21486, Invitrogen) for 15 min at room
temperature. Primary antibodies used include: Rab7 (Cell Signaling Technology; #9367), Rab11A
(Cell Signaling; #2413), p-SRC (abcam; #ab32078), and VE-Cadherin (AF938; R&D Systems).

Image analysis was performed in Fiji.

Lysotracker Assay:
HUVECs were treated with lysosome/proteosome inhibitors, 15uM MG132 (1748; Tocris
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Bioscience), and 100 nM Bortezomib (EMD Millipore; 504314) for 1 hour after culturing to a
confluent monolayer. For VEGF-A treated cells, 40ng/mL of VEGF-A was added for 1 hour post
lysosomal inhibition. Lysosomes were stained using LysoTracker™ Deep Red (L12494;
ThermoFisher) at 1:10,000 for 1 hour after addition of the inhibitors and VEGFA stimulation.
Imaging was performed using the EVOS M7000 microscope (20x objective) or a spinning disk

confocal. Image analysis was performed in Fiji.

Bacterial Expression Vectors for Protein Purification

GST was expressed from pGST-Parallell (91).

GST-WT LIC1 CT (GST-tagged C-terminal domain of wild-type human LIC1, amino acids 389-
523) was previously described (92).

GST-MUT LIC1 CT (GST-tagged C-terminal domain of mutant LIC1) was generated in this
study. The cDNA of the C-terminus of human dynein light intermediate chain 1 was PCR-
amplified using forward primer 5° CGG GGA TCC GCA GCT GGA AGG CCT GTG GAT GCC
TCA and reverse primer 5 G CGG CTC GAG TCA AAG ATC TGACTT TTT GGT TGG TG to
introduce the equivalent mutation identified in the zebrafish ENU screen (in human LIC1: 389-
487DL*, early stop codon preceded by two mutated residues, D and L, after amino acid 487).
This PCR product was ligated into BamHI/Xhol-digested pGEX-6P-3 bacterial expression
vector.

His-GFP-RILP was a kind gift from Ronald D. Vale (63).

Protein Purification for GST Pulldowns

GST, GST-WT LIC1 CT, GST-MUT LIC1 CT and His-GFP-RILP were expressed in E. coli BL21
(DE3) (C25271, New England Biolabs) and grown in 1 L of Terrific Broth (TB) containing

100 pg/mL ampicillin, at 37°C with shaking at 220 rpm overnight. When ODseoo reached 1, 1 mM
IPTG (12481, GoldBio) was added and the cultures were shifted to 18°C overnight. The following
day, the bacteria were pelleted and lysed on ice in 50 mL lysis buffer (50 mM Tris pH 8, 150 mM
NaCl, 10% glycerol, 1 mM DTT, 1 tablet of complete EDTA-free protease inhibitor cocktail (11
873 580 001, Roche), 0.5 mg/mL lysozyme (89833, ThermoFisher Scientific) and 50 ug/mL
DNase | (DN25, Sigma-Aldrich)). After stirring for 30 min at 4 °C and sonication, the lysates
were cleared by centrifugation at 16,000 x g for 45 min at 4 °C.

For the GST-tagged proteins, the cleared lysates were added to 1.5 mL glutathione-Sepharose
4B resin (17-0756-05, GE Healthcare) that had been pre-washed with buffer (50 mM Tris pH 8,
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150 mM NaCl, 1 mM DTT, 10% glycerol) + 1% v/v Triton X-100, followed by buffer only, and
rotated end-over-end for 2 hours at 4 °C. The glutathione resin was washed 3 times with buffer,
the GST-tagged proteins were eluted with 10 mM glutathione, dialyzed in 4 L ice-cold buffer

overnight and 1 mg/mL aliquots were flash-frozen and stored at —80 °C.

For His-GFP-RILP, the cleared lysate was added to 1 mL cOmplete His-Tag Purification Resin
(COHISR-RO, Roche) that had been pre-washed with buffer, and rotated end-over-end for

2 hours at 4 °C. The bound protein was washed 3 times with buffer, eluted with 200 mM
imidazole, dialyzed in 4 L ice-cold buffer overnight, concentrated, flash-frozen and stored at
-80 °C.

GST Pulldowns

To determine RILP interaction with WT and mutant LIC1, in-vitro binding was conducted using
above purified proteins following a previously published method (93) with minor modifications.
Briefly, thawed proteins were purified by gel filtration on an AKTA FPLC system (GE
Healthcare) using a HiLoad 16/600 Superdex 200 pg column (GE Healthcare), in 10 mM Tris-
HCI (pH 7) buffer with 50 mM NaCl, 2 mM MgCl, and 2 mM TCEP. Then, working at 4 °C, 200
nM GST or GST-tagged proteins were mixed with 20 ul glutathione resin in 300 pl of binding
buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 5 mM TCEP, 0.1% Tween, and 2 mg/ml BSA) and
mixed end-over-end for 1 h. After extensive washes, 300 ul of 200 nM His-GFP-RILP was
added and mixed end-over-end for 1 h. Resins were thoroughly washed and resuspended in 20
ul of 1x loading buffer followed by SDS-PAGE. Western blotting was performed using goat anti-
GST HRP-conjugated antibody at 1:2,000 (GERPN1236, Millipore Sigma) and mouse anti-
GFP HRP-conjugated at 1:5,000 (130-091-833, Miltenyi Biotec). Chemiluminescence detection
was conducted using SuperSignal West Femto Maximum Sensitivity Substrate (34096,
ThermoFisher Scientific) and Molecular Imager Gel Doc XR System (Bio-Rad).

Statistical Analysis:

Statistical analyses were performed using GraphPad Prism 10. Data normality was determined
by using the D"Agostino-Pearson omnibus test. Statistical analyses, post-hoc tests and P-
values are all described in corresponding figures and figure legends. Significance was

determined by a P-value of 0.05 or less.
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Figure Legends:

Figure 1: dync1li1¥**! mutant zebrafish exhibit excessive angiogenesis.

A. Schematic demonstrating imaged areas in panels B-E. These areas include intersegmental
vessels (ISVs, black box), and the sub-intestinal vascular plexus (SIVs, magenta box). B.
Percentage of ISVs displaying ectopic sprouts in dync1lilW™T controls and dync21li1y15¥151
mutants at 96 hpf. n=4 embryos, 10-15 ISVs analyzed per embryo. C-F. Confocal images of
ISVs (C,D) or SIVs (E,F) from dync1lilVW™T control (C,E) and dync1li1¥*5'¥5! mutant siblings
(D,F) at 96 hpf. Arrows indicate ectopic vascular sprouts. G. Representative brightfield images
of WT control versus dync1li1¥*®! mutants, demonstrating spinal curvature and small eyes in the
mutants (black arrows). Statistics for panel B were calculated using an unpaired t-test with

Welch’s correction. Data are presented as the mean £ S.D. Scale bars: 50 um.

Figure 2: Impaired proteasomal/lysosomal function leads to increased angiogenesis in
vitro and in vivo.

A. Schematic of the in vitro 3D collagen type | invasion/angiogenesis assay. HUVECs are
transfected with either DYNC1LI1 or Control siRNA and seeded onto a collagen type 1 gel. After
24 hours, assays are observed for cellular invasion from the monolayer. B, C. Representative
cross-sectional images of 3D collagen invasion assays, showing an increase in the number of
invading cells in siDYNC1LI1-transfected HUVECs (B) compared to siControl-transfected cells
(C). D. Quantification of the average number of invading cells in siControl versus siDYNC1LI1
conditions. E. Western blot analysis shows decreased expression of LIC1 in SIDYNC1LI1-
treated HUVECs compared to siControl HUVECSs. Alpha-Tubulin is shown as a loading control.
F. Quantification of the average number of invading HUVECSs in 3D collagen gel assays. Assays
were treated with inhibitors that block discrete stages of endocytosis. Dynasore (10uM), an early
endosomal inhibitor, inhibited HUVEC invasion into the collagen gels. Bortezomib (100nM) and
MG132 (10uM), which are late endosome/lysosome inhibitors, increased HUVEC invasion,
consistent with sSiDYNC1LI1 results. G. Confocal images of 96 hpf zebrafish embryos treated
with MG132 (10nM) or DMSO vehicle control starting at 4 hpf to investigate the effects of late
endosome/lysosome inhibition on angiogenesis in vivo. WT Tg(fli:eGFP) zebrafish were used
for these studies. MG132-treated fish phenocopy the dync1li1¥**¥151 mutant over-branching
phenotype. H. Percentage of ISVs displaying ectopic sprouts in DMSO- or MG132-treated
embryos at 96 hpf. n=20-33 embryos. |. Schematic of LIC1’s proposed role in regulation of

endocytosis. For panels D and F, each dot represents an individual 3D collagen assay.
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Statistics for panel D were calculated using a Mann-Whitney test. Statistics for panel F were
calculated using one-way ANOVA with Dunnett’'s multiple comparisons test; omnibus ANOVA P-
value for F (prior to the post hoc tests) is <0.0001. Statistics for panel H were calculated using
an unpaired t-test with Welch’s correction. Data are presented as the mean + S.D. Scale bars:
100um (B) and 50um (G).

Figure 3: VEGFR2 protein surface localization is increased in LIC1-deficient HUVECs.

A. Representative single plane images of total VEGFR2 versus surface expression in HUVECs
treated with SIDYNCL1LI1 versus siControl. Cells were simulated with 40 ng/ml VEGF-A for 1
hour then fixed and immunostained. Dashed lines highlight individual cell borders. B.
Quantification of total (whole cell, permeabilized) VEGFR2 protein levels. C. Quantification of
surface (non-permeabilized) VEGFR2 protein levels. For panels B and C, each dot represents
data from an independent experiment. Statistics for panels B and C were calculated using an
unpaired t-test with Welch’s correction. Data are presented as the mean + S.D. Scale bars:
10um.

Figure 4: p-SRC activation is increased in LIC1-deficient HUVECs.

A-C. Representative Western blots of p-SRC and p-ERK1/2 activation in response to VEGF-A
stimulation in siDYNC1LI1-transfected HUVECs compared to siControl cells (A); Dynasore-
treated HUVECs compared to DMSO vehicle control treated cells (control, B); and HUVECs
treated with MG132 or Bortezomib compared to DMSO vehicle control treated cells (control, C).
GAPDH or a-tubulin are shown as protein loading controls. LIC1 levels following sSIRNA
treatment is shown to confirm protein suppression (A). D. Immunofluorescent labeling of VE-
Cadherin (grey) and nuclei (blue) in HUVECs transfected with siDYNCL1LI1 or siControl. E.
Quantification of VE-Cadherin levels. Statistics for panel E were calculated using an unpaired t-
test with Welch’s correction. Data are presented as the mean = S.D. F. Immunofluorescent
labeling of VE-Cadherin (grey) and p-SRC (magenta) in HUVECSs transfected with siDYNC1LI1

or siControl. White arrows highlight EC-EC boundaries. Scale bars: 5um.

Figure 5: Constitutive Rablla activation leads to ectopic angiogenic sprouting.

A,B. Quantification of Rab7 (A) and Rablla+bb (B) positive vesicles in siDYNC1LI1 HUVECs
versus siControl-treated cells. C,D. Representative images of HUVECs immunostained for Rab7
(C) and Rablla+bb (D) following siControl or siDYNC1LI1 transfection and treatment with 40
ng/mL VEGF-A for 10 min. E. Western blot analysis shows increased expression of Rab11 in
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siDYNC1LI1 HUVECs compared to siControl cells. F. gPCR reveals no change in the transcript
levels of either Rab7 or Rabl11 in sSiDYNC1LI1 cells, suggesting that the increased protein levels
of Rab11 occur post-transcriptionally. G,H. Confocal images of Tg(fli:Gal4); Tg(UAS:Kaede)
zebrafish embryos injected with a Tol2-integratable UAS:CA-rablla-mCherry DNA plasmid to
express constitutively active Rablla protein in the endothelium in a mosaic fashion (H) versus
carrier injected controls (G). Blood vessels are shown in green; mosaic expression of UAS:CA-
rablla-mCherry is shown in magenta. Endothelial cells expressing UAS:CA-rablla-mCherry
and Tg(fli:Gal4); Tg(UAS:Kaede) appear white when the images are merged. Sites of UAS:CA-
rablla-mCherry expression (white arrows) phenocopy the increased angiogenesis noted in
dync1li1y*s™15t mytants. |I. Percentage of ISVs displaying ectopic sprouts in carrier injected
controls versus UAS:CA-rablla-mCherry-injected embryos at 96 hpf. n=5 embryos. For panels
A,B, each dot represents an individual cell. Panels A,B are representative of three independent
experiments and statistics were calculated using an unpaired t-tests. For panel F, n=3. Statistics
for panel F were calculated using one-sample t-tests to compare siDYNC1LI1 fold change
values to hypothetical value 1. Data are presented as the mean + S.D. Statistics for panel |
were calculated using an unpaired t-test with Welch’s correction. Data are presented as the
mean = S.D. Scale bars: 10um (C,D) and 50uM (G,H).

Figure 6: rilpl1/2 mutants recapitulate the increased angiogenesis phenotype seen in
dync1li1y*sW1sl mutants.

A. Schematic representation of the role of RILP or RILPL1/2 in bridging LIC1 and Rab binding.
RILP is an adaptor for Rab7, and RILPL1/2 are adaptors for Rabs 8, 10, and 36, all of which
regulate lysosomal biogenesis and degradation. Mutations to RILP or RILPL1/2 are predicted to
impair Rab binding to endosomes and decreased lysosomal degradation. B. WT LIC1 domains:
GTPase Like Domain (1-388) and Adaptor-Interacting Domain (Helix 1 (440-456) and Helix 2
(493-502)). Mutant LIC1 domains: GTPase Like Domain (1-388) and Adaptor-Interacting
Domain (Helix 1 (440-456), Helix 2 is deleted in this mutant). The mutant LIC1 introduces a 19
bp insertion at the end of exon 12. This insertion adds 2 amino acids: aspartic acid (Asp),
leucine (Leu), and a premature “STOP” codon resulting in the complete loss of exon 13 and the
H2 domain. C. Schematics of the proteins used for GST-binding assays. RILP: RILP Homology
1 (RH1) (11-75), Coiled-Coils (75-181), and RILP Homology 1 (RH2) (240-316) domains. RILP’s
RH1 domain binds to the LIC1 Adaptor-Interacting Domain. GST-WT LIC1 CT (GST-fused wild
type human LIC1 c-terminal adaptor-interacting domain, a.a. 388-523). GST-MUT LIC1 CT
(GST-fused mutant human LIC1 c-terminal adaptor-interacting domain a.a. 388-491, including
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the introduced Asp, Leu, STOP found in the zebrafish mutant, which is predicted to change
protein conformation). Schematics created with Ibs.renlab.org. D. GST pulldown of WT human
LIC1 C-terminus (GST-WT LIC1 CT) or the C-terminus bearing the equivalent mutation found in
the dync1li1¥**! mutant zebrafish (GST-MUT LIC1 CT). Purified RILP protein displays decreased
binding to the mutant LIC1 C-terminus compared to WT LIC1 C-terminus. E. Quantification of
the Western blot data assessing RILP binding to GST-WT LIC1 CT versus GST-Mut LIC1 CT.
n=3. F. Confocal images of rilpl1/2 double-mutants at 96 hpf. G. Percentage of ISVs displaying
ectopic sprouts in rilpl1/2 double-mutants compared to WT control siblings at 96 hpf. n=20
embryos. Statistics were calculated using an unpaired t-test with Welch’s correction. Data are

presented as the mean = S.D. Schematics created with BioRender.com. Scale bars: 50um.

Figure 7: A model of the role of LIC1 in angiogenesis.

A. LIC1 regulates binding of Rab adaptor proteins—in particular RILP and RILPL1/2—to
augment endosomal recycling versus degradation. B. In the absence of the LIC1 C-terminal
domain, RILP and RILPL1/2 are unable to bind LIC1 efficiently, leading to increased Rab11-
mediated endosomal recycling and decreased Rab7-mediated endosomal degradation.
Increased surface expression of VEGFR2 protein leads to overactivation of p-SRC and

increased endothelial cell motility. Schematics created with BioRender.com.

Supplemental Figure 1: Confirmation and identity of the dync1lil¥***and

rilpl1s1842/rilpl 21843 mutations.

A. Schematic representation and sequence of the zebrafish dyncllil gene. The dync1li1y*®?
allele contains a 19 bp insertion at the end of exon 12 that introduces a premature stop codon,
resulting in the elimination of exon 13. B,C. Schematic representation and sequence of the
zebrafish rilpl15%842 (D) and rilpl251843 (E) alleles. The rilpl15%®42 allele contains an in-frame 12 bp
deletion in exon 1 that removes two glycines and is predicted to alter protein folding. The

rilpl2s842 allele contains a 10 bp deletion in exon 1 that introduces a premature stop codon.

Supplemental Figure 2: dyncllil Crispants recapitulate the dync1li1¥*** mutant
phenotype.

A. Schematic representation of the zebrafish dyncllil gene. Casl2a and a gRNA targeted to
the dyncllil exon 12 splice acceptor site was injected into the zebrafish at the 1 cell stage for
analysis of phenotypes. B-D. Confocal images of ISVs in dyncllil Crispant zebrafish at 96 hpf.
Tg(fli:eGFP) was used to label the vasculature. A gradation of ectopic ISV sprouting phenotypes
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are noted depending on the CRISPR cutting/editing efficiency per embryo. (B) Low cutting
efficiency, mostly wild type presenting; (C) Efficiently cut but still some WT DNA left, induced
ectopic sprouting; (D) Full cutting efficiency with no WT DNA present, induced a greater extent
of ectopic sprouting. E. Fragment analysis of the individual gRNA/Casl2a-injected indicates the
efficiency of indel generation in the genomic DNA. F. Percentage of ISVs displaying ectopic
sprouts in uninjected controls and embryos injected with 50 or 100 pg/nL dyncllil gRNA. n=6-
10 embryos. Statistics for panel F were calculated using a Kruskal-Wallis test (omnibus p-
value= **0.0069) with Dunn’s multiple comparisons test. Data are presented as the mean £ S.D.

Images that are shown in B-D are from the 100 pg/nL injection dose. Scale bars: 50 um.

Supplemental Figure 3. Lysosome/proteosome inhibition increases levels of recycling
endosomes and lysosomes within the perinuclear cloud.

A. Representative images of live HUVECs incubated with LysoTracker Deep Red for 1 hour
after lysosome/ proteosome inhibition. Cells treated with lysosomal/proteosome inhibitors show
accumulation of the LysoTracker in the perinuclear cloud (arrows), suggesting disruption in
lysosomal-mediated vesicle degradation and localization. Dashed lines highlight individual cell
borders. B. Quantification of percent fluorescence intensity of LysoTracker in MG132 and
Bortezomib treated HUVECs compared to DMSO control treated HUVECSs. C. Representative
images of HUVECs immunostained for Rab11a (green) following lysosomal-proteosome
inhibition. Nuclei are shown in blue. HUVECs treated with inhibitors show an increase in
Rablla+ recycling endosomes in the perinuclear cloud (arrows). D. Quantification of percent
fluorescence intensity of Rablla positive vesicle in MG132 and Bortezomib treated cells
compared to DMSO control treated cells. Statistics for panel B and D were calculated using a
one-way ANOVA (omnibus p-values: B=****<0.0001, D=**0.0013) with Dunnett’s multiple
comparisons test. Data are presented as the mean = S.D; n=4 experimental replicates. Scale

bars: 50um
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Figure 1: dync11i1v'5" mutant zebrafish exhibit excessive angiogenesis.

A. Schematic demonstrating imaged areas in panels B-E. These areas include intersegmental vessels (ISVs, black box), and the sub-intestinal vascular plexus
(SIVs, magenta box). B. Percentage of ISVs displaying ectopic sprouts in dync1/i1WTWT controls and dync1/i1y15"¥157 mutants at 96 hpf. n=4 embryos, 10-15 ISVs
analyzed per embryo. C-F. Confocal images of ISVs (C,D) or SIVs (E,F) from dync1li1W™™T control (C,E) and dync1li1¥15"%151 mutant siblings (D,F) at 96 hpf.
Arrows indicate ectopic vascular sprouts. G. Representative brightfield images of WT control versus dync1/i1¥’5" mutants, demonstrating spinal curvature and
small eyes in the mutants (black arrows). Statistics for panel B were calculated using an unpaired t-test with Welch'’s correction. Data are presented as the mean +
S.D. Scale bars: 50 um.
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Figure 2: Impaired proteasomal/lysosomal function leads to increased angiogenesis in vitro and in vivo.

A. Schematic of the in vitro 3D collagen type | invasion/angiogenesis assay. HUVECs are transfected with either DYNC1LI1 or Control siRNA and seeded
onto a collagen type 1 gel. After 24 hours, assays are observed for cellular invasion from the monolayer. B, C. Representative cross-sectional images of 3D
collagen invasion assays, showing an increase in the number of invading cells in siDYNC1LI1-transfected HUVECs (B) compared to siControl-transfected
cells (C). D. Quantification of the average number of invading cells in siControl versus siDYNC1LI1 conditions. E. Western blot analysis shows decreased
expression of LIC1 in siDYNC1LI1-treated HUVECs compared to siControl HUVECs. Alpha-Tubulin is shown as a loading control. F. Quantification of the
average number of invading HUVECs in 3D collagen gel assays. Assays were treated with inhibitors that block discrete stages of endocytosis. Dynasore
(10uM), an early endosomal inhibitor, inhibited HUVEC invasion into the collagen gels. Bortezomib (100nM) and MG132 (10uM), which are late
endosome/lysosome inhibitors, increased HUVEC invasion, consistent with siDYNC1LI1 results. G. Confocal images of 96 hpf zebrafish embryos treated
with MG132 (10nM) or DMSO vehicle control starting at 4 hpf to investigate the effects of late endosome/lysosome inhibition on angiogenesis in vivo. WT
Tg(fli:eGFP) zebrafish were used for these studies. MG132-treated fish phenocopy the dync1/i1¥?5"157 mutant over-branching phenotype. H. Percentage of
ISVs displaying ectopic sprouts in DMSO- or MG132-treated embryos at 96 hpf. n=20-33 embryos. I. Schematic of LIC1’s proposed role in regulation of
endocytosis. For panels D and F, each dot represents an individual 3D collagen assay. Statistics for panel D were calculated using a Mann-Whitney test.
Statistics for panel F were calculated using one-way ANOVA with Dunnett's multiple comparisons test; omnibus ANOVA P-value for F (prior to the post
hoc tests) is <0.0001. Statistics for panel H were calculated using an unpaired t-test with Welch’s correction. Data are presented as the mean + S.D. Scale
bars: 100um (B) and 50um (G).
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Figure 3: VEGFR2 protein surface localization is increased in LIC1-deficient HUVECs.

A. Representative single plane images of total VEGFR2 versus surface expression in HUVECs treated with siDYNC1LI1 versus siControl.
Cells were simulated with 40 ng/ml VEGF-A for 1 hour then fixed and immunostained. Dashed lines highlight individual cell borders. B.
Quantification of total (whole cell, permeabilized) VEGFR2 protein levels. C. Quantification of surface (non-permeabilized) VEGFR2
protein levels. For panels B and C, each dot represents data from an independent experiment. Statistics for panels B and C were
calculated using an unpaired t-test with Welch’s correction. Data are presented as the mean + S.D. Scale bars: 10um.
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Figure 4: p-SRC activation is increased in LIC1-deficient HUVECs.
A-C. Representative Western blots of p-SRC and p-ERK1/2 activation in response to VEGF-A stimulation in siDYNC1LI1-transfected HUVECs compared to
siControl cells (A); Dynasore-treated HUVECs compared to DMSO vehicle control treated cells (control, B); and HUVECs treated with MG132 or Bortezomib
compared to DMSO vehicle control treated cells (control, C). GAPDH or a-tubulin are shown as protein loading controls. LIC1 levels following siRNA treatment
is shown to confirm protein suppression (A). D. Immunofluorescent labeling of VE-Cadherin (grey) and nuclei (blue) in HUVECSs transfected with siDYNC1LI1
or siControl. E. Quantification of VE-Cadherin levels. Statistics for panel E were calculated using an unpaired t-test with Welch’s correction. Data are
presented as the mean + S.D. F. Immunofluorescent labeling of VE-Cadherin (grey) and p-SRC (magenta) in HUVECs transfected with siDYNC1LI1 or
siControl. White arrows highlight EC-EC boundaries. Scale bars: 5um.
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Figure 5: Constitutive Rab11a activation leads to ectopic angiogenic sprouting.

A,B. Quantification of Rab7 (A) and Rab11a+bb (B) positive vesicles in siDYNC1LI1 HUVECSs versus siControl-treated cells.
C,D. Representative images of HUVECs immunostained for Rab7 (C) and Rab11a+bb (D) following siControl or siDYNC1LI1
transfection and treatment with 40 ng/mL VEGF-A for 10 min. E. Western blot analysis shows increased expression of Rab11
in siDYNC1LI1 HUVECs compared to siControl cells. F. gPCR reveals no change in the transcript levels of either Rab7 or
Rab11 in siDYNC1LI1 cells, suggesting that the increased protein levels of Rab11 occur post-transcriptionally. G,H. Confocal
images of Tg(fli:Gal4); Tg(UAS:Kaede) zebrafish embryos injected with a Tol2-integratable UAS:CA-rab11a-mCherry DNA
plasmid to express constitutively active Rab11a protein in the endothelium in a mosaic fashion (H) versus carrier injected
controls (G). Blood vessels are shown in green; mosaic expression of UAS:CA-rab11a-mCherry is shown in magenta.
Endothelial cells expressing UAS:CA-rab11a-mCherry and Tg(fli:Gal4); Tg(UAS:Kaede) appear white when the images are
merged. Sites of UAS:CA-rab11a-mCherry expression (white arrows) phenocopy the increased angiogenesis noted in
dync1li1¥151¥151 mutants. . Percentage of ISVs displaying ectopic sprouts in carrier injected controls versus UAS:CA-rab11a-
mCherry-injected embryos at 96 hpf. n=5 embryos. For panels A,B, each dot represents an individual cell. Panels A,B are
representative of three independent experiments and statistics were calculated using an unpaired t-tests. For panel F, n=3.
Statistics for panel F were calculated using one-sample t-tests to compare siDYNC1LI1 fold change values to hypothetical
value 1. Data are presented as the mean + S.D. Statistics for panel | were calculated using an unpaired t-test with Welch's
correction. Data are presented as the mean + S.D. Scale bars: 10um (C,D) and 50uM (G,H).
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Figure 6: rilp/1/2 mutants recapitulate the increased angiogenesis phenotype seen in dync11i1y'5"¥15 mutants.

A. Schematic representation of the role of RILP or RILPL1/2 in bridging LIC1 and Rab binding. RILP is an adaptor for Rab7, and RILPL1/2 are
adaptors for Rabs 8, 10, and 36, all of which regulate lysosomal biogenesis and degradation. Mutations to RILP or RILPL1/2 are predicted to
impair Rab binding to endosomes and decreased lysosomal degradation. B. WT LIC1 domains: GTPase Like Domain (1-388) and Adaptor-
Interacting Domain (Helix 1 (440-456) and Helix 2 (493-502)). Mutant LIC1 domains: GTPase Like Domain (1-388) and Adaptor-Interacting Domain
(Helix 1 (440-456), Helix 2 is deleted in this mutant). The mutant LIC1 introduces a 19 bp insertion at the end of exon 12. This insertion adds 2
amino acids: aspartic acid (Asp), leucine (Leu), and a premature “STOP” codon resulting in the complete loss of exon 13 and the H2 domain. C.
Schematics of the proteins used for GST-binding assays. RILP: RILP Homology 1 (RH1) (11-75), Coiled-Coils (75-181), and RILP Homology 1
(RH2) (240-316) domains. RILP’s RH1 domain binds to the LIC1 Adaptor-Interacting Domain. GST-WT LIC1 CT (GST-fused wild type human LIC1
c-terminal adaptor-interacting domain, a.a. 388-523). GST-MUT LIC1 CT (GST-fused mutant human LIC1 c-terminal adaptor-interacting domain
a.a. 388-491, including the introduced Asp, Leu, STOP found in the zebrafish mutant, which is predicted to change protein conformation).
Schematics created with Ibs.renlab.org. D. GST pulldown of WT human LIC1 C-terminus (GST-WT LIC1 CT) or the C-terminus bearing the
equivalent mutation found in the dync1/i1¥5" mutant zebrafish (GST-MUT LIC1 CT). Purified RILP protein displays decreased binding to the mutant
LIC1 C-terminus compared to WT LIC1 C-terminus. E. Quantification of the Western blot data assessing RILP binding to GST-WT LIC1 CT versus
GST-Mut LIC1 CT. n=3. F. Confocal images of rilp/1/2 double-mutants at 96 hpf. G. Percentage of ISVs displaying ectopic sprouts in rilp/1/2 double-
mutants compared to WT control siblings at 96 hpf. n=20 embryos. Statistics were calculated using an unpaired t-test with Welch's correction. Data
are presented as the mean = S.D. Schematics created with BioRender.com. Scale bars: 50um.
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Figure 7: A model of the role of LIC1 in angiogenesis.

A. LIC1 regulates binding of Rab adaptor proteins—in particular RILP and RILPL1/2—to augment endosomal recycling versus
degradation. B. In the absence of the LIC1 C-terminal domain, RILP and RILPL1/2 are unable to bind LIC1 efficiently, leading to
increased Rab11-mediated endosomal recycling and decreased Rab7-mediated endosomal degradation. Increased surface
expression of VEGFR2 protein leads to overactivation of p-SRC and increased endothelial cell motility. Schematics created with
BioRender.com.
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Supplemental Figure 1: Confirmation and identity of the dync1/i1¥"5 and rilpl154842/rilp|25Y843 mutations.

A. Schematic representation and sequence of the zebrafish dync1li1 gene. The dync1Ii1¥15 allele contains a 19 bp insertion at the end of
exon 12 that introduces a premature stop codon, resulting in the elimination of exon 13. B,C. Schematic representation and sequence of
the zebrafish rilp/1st842 (D) and rilp/2st843 (E) alleles. The rilp/1st842 allele contains an in-frame 12 bp deletion in exon 1 that removes two
glycines and is predicted to alter protein folding. The rilp/2s?843 allele contains a 10 bp deletion in exon 1 that introduces a premature stop
codon.
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Supplemental Figure 2: dync1I/i1 Crispants recapitulate the dync1/i1¥’5" mutant phenotype.

A. Schematic representation of the zebrafish dync1/i1 gene. Cas12a and a gRNA targeted to the dync1I/i1 exon 12 splice acceptor site was
injected into the zebrafish at the 1 cell stage for analysis of phenotypes. B-D. Confocal images of ISVs in dync1li1 Crispant zebrafish at 96 hpf.
Tg(fli:eGFP) was used to label the vasculature. A gradation of ectopic ISV sprouting phenotypes are noted depending on the CRISPR
cutting/editing efficiency per embryo. (B) Low cutting efficiency, mostly wild type presenting; (C) Efficiently cut but still some WT DNA left,
induced ectopic sprouting; (D) Full cutting efficiency with no WT DNA present, induced a greater extent of ectopic sprouting. E. Fragment
analysis of the individual gRNA/Cas12a-injected indicates the efficiency of indel generation in the genomic DNA. F. Percentage of ISVs
displaying ectopic sprouts in uninjected controls and embryos injected with 50 or 100 pg/nL dync1/i1 gRNA. n=6-10 embryos. Statistics for
panel F were calculated using a Kruskal-Wallis test (omnibus p-value= **0.0069) with Dunn’s multiple comparisons test. Data are presented as
the mean =+ S.D. Images that are shown in B-D are from the 100 pg/nL injection dose. Scale bars: 50 um.
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Supplemental Figure 3. Lysosome/proteosome inhibition increases levels of recycling endosomes and
lysosomes within the perinuclear cloud.

A. Representative images of live HUVECs incubated with LysoTracker Deep Red for 1 hour after lysosome/
proteosome inhibition. Cells treated with lysosomal/proteosome inhibitors show accumulation of the LysoTracker in
the perinuclear cloud (arrows), suggesting disruption in lysosomal-mediated vesicle degradation and localization.
Dashed lines highlight individual cell borders. B. Quantification of percent fluorescence intensity of LysoTracker in
MG132 and Bortezomib treated HUVECs compared to DMSO control treated HUVECs. C. Representative images of
HUVECs immunostained for Rab11a (green) following lysosomal-proteosome inhibition. Nuclei are shown in blue.
HUVECs treated with inhibitors show an increase in Rab11a+ recycling endosomes in the perinuclear cloud
(arrows). D. Quantification of percent fluorescence intensity of Rab11a positive vesicle in MG132 and Bortezomib
treated cells compared to DMSO control treated cells. Statistics for panel B and D were calculated using a one-way
ANOVA (omnibus p-values: B=****<0.0001, D=**0.0013) with Dunnett's multiple comparisons test. Data are
presented as the mean = S.D; n=4 experimental replicates. Scale bars: 50um
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