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In brief

Jerafi-Vider et al. report a mechanism of
endothelial cell sprouting, whereby the
mitogenic VEGFC/FLT4/ERK signaling
pathway induces p53-, p21-, and p27-
mediated cell-cycle arrest, conferring
angiogenic potential. These findings have
important implications for the putative
short-term effects of using cell cycle
inhibitors in settings of pathological
angiogenesis and lymphangiogenesis.

¢? CellPress


mailto:karina.yaniv@weizmann.ac.il
https://doi.org/10.1016/j.celrep.2021.109255
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109255&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

VEGFC/FLT4-induced cell-cycle arrest
mediates sprouting and differentiation
of venous and lymphatic endothelial cells

Ayelet Jerafi-Vider,! Ivan Bassi,’ Noga Moshe,! Yaara Tevet,' Gideon Hen,' Daniel Splittstoesser,> Masahiro Shin,?
Nathan D. Lawson,? and Karina Yaniv'-3*

'Department of Biological Regulation, Weizmann Institute of Science, Rehovot 76100, Israel

2Department of Molecular, Cell, and Cancer Biology, University of Massachusetts Medical School, Worcester, MA 01605, USA
3Lead contact

*Correspondence: karina.yaniv@weizmann.ac.il

https://doi.org/10.1016/j.celrep.2021.109255

SUMMARY

The formation of new vessels requires a tight synchronization between proliferation, differentiation, and
sprouting. However, how these processes are differentially activated, often by neighboring endothelial cells
(ECs), remains unclear. Here, we identify cell cycle progression as a regulator of EC sprouting and differen-
tiation. Using transgenic zebrafish illuminating cell cycle stages, we show that venous and lymphatic precur-
sors sprout from the cardinal vein exclusively in G1 and reveal that cell-cycle arrest is induced in these ECs by
overexpression of p53 and the cyclin-dependent kinase (CDK) inhibitors p27 and p21. We further demon-
strate that, in vivo, forcing G1 cell-cycle arrest results in enhanced vascular sprouting. Mechanistically, we
identify the mitogenic VEGFC/VEGFR3/ERK axis as a direct inducer of cell-cycle arrest in ECs and charac-
terize the cascade of events that render “sprouting-competent” ECs. Overall, our results uncover a mecha-
nism whereby mitogen-controlled cell-cycle arrest boosts sprouting, raising important questions about the

use of cell cycle inhibitors in pathological angiogenesis and lymphangiogenesis.

INTRODUCTION

The formation of a new vessel from a pre-existing one requires a
tightly regulated synchronization between different processes,
such as cell proliferation, specification, and motility (Betz et al.,
2016; Marcelo et al., 2013). The balance between cell prolifera-
tion and differentiation is considered a hallmark of cell fate deter-
mination during embryonic development (Dalton, 2015; Ruijten-
berg and van den Heuvel, 2016). In particular, the G1 phase of
the cell cycle acts as a critical checkpoint in cell fate decisions,
including stem cell differentiation (Calder et al., 2013; Liu et al.,
2019). The length of the G1 stage is known to be controlled by
cell cycle inhibitors such as p21 and p27, which suppress cy-
clin/cyclin-dependent kinase (CDK) complex activity (Satyanar-
ayana and Kaldis, 2009; Sherr and Roberts, 1999, 2004).
Although the link between cell proliferation and differentiation
has been extensively investigated in various embryonic tissues
(Dalton, 2015), it is only recently that it attracted attention in
the context of vascular formation (Muhleder et al., 2021). Shear
stress-dependent upregulation of Notch signaling, for instance,
was shown to induce elevation of p27 and blockage of cell cycle
in the G1 phase in human umbilical vein endothelial cells
(HUVEGs), which in turn lead to arterial specification (Fang
et al., 2017). Cell proliferation is also tightly linked to angiogenic
sprouting. Both in development (Carmeliet et al., 1996; Ferrara
et al., 1996) and pathologies (Masood et al., 2001; Millauer
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et al., 1994), VEGF (vascular endothelial growth factor) stimu-
lates sprouting and growth of endothelial cells (ECs) and forma-
tion of new blood vessels, acting mainly through its receptor
VEGFR2. Surprisingly however, a recent report demonstrated
that high levels of VEGF-A in fact inhibited the proliferation of
tip cells in the postnatal mouse retina, while promoting their
active migration and sprouting (Pontes-Quero et al., 2019). In
contrast to these advances, little is known about the spatiotem-
poral dynamics of cell cycle progression in ECs in vivo and how it
affects angiogenesis and sprouting. Moreover, whether cell cy-
cle progression is linked to the initial venous EC (VEC) versus
lymphatic EC (LEC) segregation has not been addressed.
During embryonic development, VECs and LECs sprout from
the cardinal vein (CV) toward a gradient of VEGFC (Karkkainen
et al., 2004; Semo et al., 2016). Accordingly, VEGFC-deficient
mice and zebrafish fail to establish a proper lymphatic system
(Gancz et al., 2019; Jeltsch et al., 1997; Karkkainen et al.,
2004; Kuchler et al., 2006; Villefranc et al., 2013; Yaniv et al.,
2006). VEGFR3 (also known as Flt4) is the main receptor for
VEGFC, and its activation mediates LEC proliferation, migration,
and survival (Kaipainen et al., 1995; Makinen et al., 2001; Tam-
mela et al., 2008). In zebrafish, mutations in vegfr3 result in the
complete absence of the lymphatic vasculature and defective
venous sprouting, without affecting arterial development (Gancz
et al., 2019; Hogan et al., 2009a; Kok et al., 2015). In addition to
its mitogenic role, the Vegfc-Flt4 signaling axis has also been
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shown to promote differentiation and sprouting of lymphatic pro-
genitors from the posterior CV (PCV) in zebrafish embryos,
through ERK (extracellular signal-regulated kinase) activation
(Deng et al., 2013; Shin et al., 2016). Nevertheless, how the pro-
cesses of EC proliferation, cell fate specification (i.e., venous
versus lymphatic), and sprouting are orchestrated during embry-
onic development to enable two different vessel types to arise
almost simultaneously from the PCV remains largely unknown.

Here, we investigate the link between cell cycle progres-
sion, differentiation, and sprouting of VECs and LECs
emerging from the PCV of the zebrafish embryo. Using live im-
aging of transgenic reporters highlighting different stages of
the cell cycle, we show that both VECs and LECs bud from
the dorsal side of the PCV in G1 phase and demonstrate
that cell-cycle arrest is specifically induced in these “angio-
genic” ECs through upregulation of p53, p21, and p27. Using
chemical and genetic manipulations, we further reveal that in-
duction of cell-cycle arrest in PCV ECs results in excessive
sprouting of undifferentiated ECs from the PCV. Molecularly,
we identify the Vegfc-Flt4 signaling axis as a regulator of
p53, p21, and p27 expression in angiogenic ECs and charac-
terize the cascade of downstream events orchestrating the
segregation of venous and lymphatic vessels. Overall, our re-
sults uncover an additional layer of regulation of sprouting
angiogenesis whereby arresting cell cycle progression at the
G1 phase promotes vessel sprouting, raising important ques-
tions about the role of cell cycle inhibitors in states of patho-
logical angiogenesis.

RESULTS

ECs sprout from the PCV in G1 phase

To investigate the link between cell cycle progression and EC
sprouting in vivo, we established Tg(flila:Gal4FF;UAS:FUCCI)
transgenic fish (Figure 1A) in which EC nuclei in late G1 are
labeled in red (mCherry), and those in S/G2/M phases display
cerulean fluorescence (Fukuhara et al., 2014; Sugiyama et al.,
2009). By mating these fish with Tg(kdrli:tagBFP) (Matsuoka
et al., 2016) animals, which feature non-nuclear, blue fluores-
cence in all ECs, we can distinguish ECs not labeled by either
FUCCI fluorophore, by virtue of cytoplasmically expressed
tagBFP (Figures 1B and 1D). Based on previous reports using
FUCCI (Canu et al., 2020; Pauklin and Vallier, 2013), such cells
(i.e., tagBFP+;FUCCI—) are expected to be in early G1. Confocal
imaging of Tg(flila:Gal4FF;UAS:FUCCI;kdrl:tagBFP) embryos
revealed significant changes in the cell cycle phase distribution
of PCV-ECs, between 26 and 42 hours post-fertilization (hpf).
While the relative number of late G1 cells (nCherry+) increased
from 28% to 67% (Figures 1B, 1C, and 1F; Figure S1A), that of
S/G2/M cells (cerulean+) dramatically declined (Figure S1A).
Accordingly, we detected an overall reduction in the total num-
ber of PCV-ECs between 26 to 42 hpf (Figure S1B). Alongside
the cell cycle allocation changes, we observed significant differ-
ences in the spatial distribution of late-G1 ECs between these
two time points. Slightly before the initiation of lympho-venous
sprouting (~26 hpf), late G1 cells were evenly distributed
throughout the PCV (Figures 1B, 1C, and 1G). In contrast, during
stages of active sprouting (42 hpf), ~74% of the late-G1 cell pop-
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ulation was restricted to the dorsal side of the PCV (Figures 1D,
1E, and 1G). We used long-term time-lapse imaging of Tg(fli1a:
Gal4FF;UAS:FUCCI;UAS:Kaede) embryos to track the dynamics
of cell cycle progression during PCV sprouting (Figures 1H-10;
Figure S1C; Video S1). We observed that ECs bud from the
PCV in late-G1 phase (red), and upon crossing the anatomical
level of the dorsal aorta (DA), the mCherry signal rapidly declines
(Figures 1K and 1N, purple arrowheads; Figure S1C). This pro-
cess was independent of whether the sprouting cell was a
venous EC giving rise to a venous intersegmental vessel (vISV)
(Figures 1H-1K; Figures S1C and S1D) or a lymphatic progenitor
incorporating into the parachordal chain (PAC) (Figures 1L-10;
Figures S1C and S1D). These observations demonstrate a corre-
lation between late G1 arrest and the sprouting of ECs from the
PCV.

Each phase of cell cycle progression is driven by specific
CDKs and their cyclin binding partners. To coordinate these
phases, cyclin-CDK inhibitors (CKls), including p27 and p21,
negatively regulate CDK activity and cell cycle progression (Sa-
tyanarayana and Kaldis, 2009), inducing growth arrest at the G0/
G1 checkpoint. Upstream of CKls are tumor suppressors, such
as p53, which can promote G0/G1 cell-cycle arrest in part by
inducing CKI expression. Based on our observations above,
we analyzed the expression of p53, p27, and p21 in 30- and
48-hpf (i.e., stages of active PCV sprouting) Tg(fli1:EGFP) em-
bryos. Interestingly, we detected expression of p27 mRNA in
the PCV of 24-hpf embryos (Figure S1E) as well as accumulation
of p53 (Figures 1P, 1Q, and 1T, blue arrowheads) and p27
(Figures 1R, 1S, and 1U, blue arrowheads) proteins in ECs
located in the dorsal PCV. The p53 protein was also detected
in intersomitic vessels (ISVs), which at this time have arterial
identity (Figures 1P and 1Q, white arrowheads; Isogai et al.,
2003). Taken together, these results suggest an important role
of p53, CKls, and cell-cycle arrest in sprouting of lympho-venous
cells from the PCV.

p53, p21, and p27 mediate G1 cell-cycle arrest in
sprouting PCV ECs

To investigate a functional connection between cell-cycle arrest
and PCV sprouting, we first treated fli:FUCCI embryos with ro-
scovitine, a broad CDK inhibitor that can induce cell-cycle ar-
rest in G1 (Alessi et al.,, 1998; Lee et al.,, 2008; Lu et al.,
2001). The treatment was initiated at 20 hpf, before the onset
of PCV sprouting, in order to avoid potential non-specific ef-
fects derived from defects in arterial ISV formation, which takes
place earlier. As expected, roscovitine treatment of fli1:fucci
embryos resulted in increased numbers of late-G1 mCherry+
ECs that were evenly distributed in the PCV of treated embryos
by 48 hpf (Figures 2A-2C). Consistent with a pro-angiogenic
role for G1 arrest, we observed evidence of excessive angio-
genic behaviors, including significant incidence of ectopic
sprouts emanating from the PCV, induced by roscovitine
compared to DMSO-treated siblings (Figures 2D-2F; Video
S2). Notably, roscovitine treatment did not affect the expres-
sion levels of vegfc or flt4 mRNAs at 26 hpf (Figures S2A and
S2B), excluding the increased expression of these two factors
as a reason for the observed excess sprouting phenotype. We
found a similar effect in embryos treated with flavopiridol, a
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(A) Schematic representation of cell cycle stages in ECs as highlighted by the Tg(fli1a:Gal4FF;UAS:FUCCI) reporter.

(B-E) Selected confocal snapshots from a time-lapse series of a Tg(fli1a:Gal4FF;UAS:FUCCI;kdrl:tagBFP) embryo depicting the distribution of late G1 (red) ECs in
the PCV (outlined by dashed lines) at 26 (B and C, light-blue arrowheads) and 42 (D and E, light-blue arrowheads) hpf.

(F) Fraction of late-G1 ECs out of total PCV cells (N2 hpt embryos = 11; N42 hpf embryos =9 ). Data show mean + SEM (unpaired t test).

(G) Spatial distribution of late-G1 ECs in the PCV at 26 and 42 hpf (N26 hpf embryos = 11; N4z hpf embryos =9 ). Data show mean + SEM (unpaired t test).

(H-O) Selected snapshots from a time-lapse series of a Tg(flila:Gal4FF;UAS:FUCCI;UAS:Kaede) embryo showing two different ECs budding off the PCV in late-
G1 stage (H and L, white arrowheads) and re-entering cell cycle upon crossing the DA (K and N, purple arrowhead).

(P-S) Confocal images of 30 (P and R) and 48 (Q and S) hpf Tg(fli1:EGFP) embryos immuno-stained with p53 (P and Q, light-blue arrowheads) or p27 (R and S,
light-blue arrowheads) antibodies. Co-localization channel is shown in yellow, and PCV is outlined by dashed lines.

(T and U) Spatial distribution of p53+ (N30 npt = 7, Nag hpr =4) (T) and p27+ (N3g npr = 18, Nag hpt = 8) (U) ECs in the PCV. Data show mean + SEM (one-way ANOVA plus
Tukey's post-hoc test). Scale bars: 40 um (B-E and H-0O), 70 um (P-S); *p < 0.05, ***p < 0.001, ***p < 0.0001; ns, not significant.

potent CDK inhibitor that can also induce G1 arrest, which is
clinically efficient for cancer treatment (Carlson et al., 1996,
Senderowicz, 1999) (Figure 2G, white arrowheads; Figure S2A,
light-blue arrowheads). In contrast, treatment with inhibitors
known to interfere with other cell cycle phases, such as aphidi-
colin (S), nocodazole (M), or etoposide (G2), failed to induce
ectopic sprouting (Figures 2H-2J). We noted that both aphidi-
colin (Figure 2H) and nocodazole (Figure 2l) treatments resulted
in severe vascular defects, albeit they elicited different effects
on S/G2/M (cerulean+) cells (Figure S2C).

In addition to promoting cell-cycle arrest through CKI inhibi-
tion, both flavopiridol and roscovitine can stabilize p53 by inhib-
iting CDK9-mediated elongation of transcripts encoding MDM2
and MDM4, which normally contribute to p53 degradation (Lu
et al., 2001; Stétkova et al., 2020). Stabilization of p53 in this
setting then contributes to cell-cycle arrest by inducing expres-
sion of CDKIs, such as p21. To determine if this mechanism
contributed to ectopic sprouting from the PCV, we treated em-
bryos homozygous for a tp53 point mutation (tp53“214K) that
prevents its ability to bind to DNA and induce target genes
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Figure 2. GO/G1 cell-cycle arrest in PCV ECs is mediated by p53, p21, and p27

(A-C) Confocal images of Tg(fli1la:Gal4FF,UAS:FUCCI) (red channel) embryos at 48 hpf, showing increased numbers of late-G1 mCherry+ nuclei, which are evenly
distributed throughout the PCV (outlined by dashed lines) following roscovitine versus DMSO treatment (A and B); quantified in (C) (Npmso = 10, Nyosco = 12). Data
show mean + SEM (unpaired t test).

(D and E) Confocal images of 48-hpf Tg(fli1:EGFP;lyve1b:dsRed2) embryos showing ectopic and mis-patterned PCV sprouts following roscovitine treatment (E,
arrowheads), which are not detected in DMSO-treated siblings (D).

(legend continued on next page)
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(Berghmans et al., 2005). Unlike wild-type (WT) animals, roscovi-
tine-treated p53 mutants did not display a significant increase in
ectopic sprouting (Figures 2K-2M), suggesting that p53 is largely
responsible for driving cell-cycle arrest and subsequent sprout-
ing following roscovitine treatment.

As noted above, roscovitine likely has multiple mechanisms of
action and its effects are not limited to ECs. Therefore, to specif-
ically manipulate cell cycle in a cell autonomous manner, we
overexpressed EGFP-tagged p53, p21, or p27 in the PCV of
To(fli1:dsRed) and of Tg(flila:Gal4FF;UAS:FUCCI) embryos by
using the lyve1 promoter (Okuda et al., 2012) and analyzed the
behavior of the labeled cells at 48 hpf. A lyve1:nIsEGFP plasmid
was used as a control. As seen in Figures 2N-2R, lyve1 drove
transgene expression as expected in the PCV and in venous
and lymphatic sprouts at 48 hpf. Moreover, the vast majority of
PCV ECs expressing p21-GFP or p27-GFP were also labeled
by mCherry in fli:fucci embryos, indicating that these cells
were in the G1 phase of the cell cycle (Figures S2E and S2F).
Interestingly, an assessment of the spatial distribution of the
EGFP+ ECs revealed significant differences between the in-
jected groups. Although only 25.66% of EGFP+ cells were de-
tected outside the PCV (i.e., in vISVs and PACs) in control-in-
jected embryos (Figures 2N and 2R), almost twice the amount
(41.92% and 43.87%) was observed in venous and lymphatic
sprouts following overexpression of p53 and p27, respectively
(Figures 20, 2P, and 2R, white arrows). In addition, there was a
significant shift of EGFP+ cells from the ventral to the dorsal
side of the PCV (Figures 20 and 2P, light-blue arrows), suggest-
ing that p53 and p27 act cell autonomously in ECs to induce
sprouting. Unlike p53- and p27-overexpressing embryos, ly-
ve1:p21-EGFP-injected larvae survived through adulthood and
were fertile, enabling the generation of stable transgenic animals
and assessment of the spatial distribution of EGFP+ cells in their
progeny at 48 hpf. Notably, the vast majority of the EGFP+ cells
in p21-overexpressing embryos was detected in the dorsal PCV
(67.44%) and in lymphatic/venous sprouts (27.9%), as opposed
to only 4.65% that were found in the ventral PCV (Figures 2Q and
2R). Taken together, these results indicate that the increased
expression of p53, p27, and p21 acts cell autonomously in
PCV ECs to promote cell-cycle-arrest-induced sprouting.

Cell-cycle arrest in dorsal PCV ECs is VegfC/VegfR3
dependent

During embryonic development, venous and lymphatic ECs
sprout from the CV in response to Vegfc-Vegfr3 signaling (Pet-
rova and Koh, 2018; Semo et al., 2016). In zebrafish, Vegfc is ex-
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pressed in the hypochord and the DA (Cohen et al., 2020; Cova-
ssin et al., 2006; Hogan et al., 2009b), whereas its receptor, Fli4,
is expressed in PCV ECs, including those in lymphatic and
venous sprouts. Mutations in either vegfc or flt4 lead to a block
in sprouting of lymphatic and venous ECs from the PCV and a
failure to develop a functional lymphatic system, along with
defective arteriovenous remodeling of ISVs (Covassin et al.,
2006; van Impel et al., 2014; Siekmann and Lawson, 2007).

To determine a potential connection between Vegfc/Fit4
signaling and cell cycle, we first assessed p27 and p53 levels
invegfc (Villefranc et al., 2013) and flt4 (Shin et al., 2016) mutants.
Immunostaining revealed a significant reduction in the number of
p27- and p53-expressing ECs in the PCV of embryos mutant for
either flt4 or vegfc when compared to WT siblings (Figures 3A-
3G, light-blue arrowheads; Figures S3A-S3F). Thus, induction
of p27 and p53 expression is dependent on Vegfc signaling.
Based on this finding, we next determined whether restoring
the expression of p53, p27, or p21 can rescue lympho-venous
sprouting. Interestingly, we observed a modest but significant in-
crease in the number of incipient sprouts arising from the PCV in
flt4 and vegfc mutants injected with lyve1:p27-EGFP (Figures
3H-3K, white arrowheads; Figure 3N). Although a similar trend
was noted with lyve1:p53-EGFP (Figures 3L and 3M, white ar-
rowheads), this was not statistically significant (Figure 3N). In
contrast, p21 did not appear to have any effect (Figure 3N).
Despite the increased number of emerging sprouts induced by
p27 and, to a lesser extent, by p53 in the absence of Vegfc or
Flt4, we noted that these sprouts failed to elongate past the level
of the DA (Figures 3H-3M). In contrast, WT intersomitic venous
vessels are fully formed at this stage and have reached the level
of the dorsal longitudinal anastomotic vessel (DLAV; e.g., see
Figure 2D). These observations suggest that, although cell-cycle
arrest alone is sufficient to enable the budding and angiogenic
behavior of PCV-ECs, it cannot fully rescue the loss of Vegfc/
Flt4 signaling. Accordingly, we find that the hyperangiogenic
response induced by roscovitine is likewise eliminated in em-
bryos mutant for f/t4 or vegfc (Figures 30-3U). Hence, it appears
that parallel Vegfc/Flt4-activated pathways are needed in order
to facilitate the dorsal migration of emerging PCV-ECs.

Our results suggest that distinct signals downstream of Vegfc/
Flt4 likely promote migration and cycle arrest. Among the func-
tional effectors of Vegfc/Fit4 activation is ERK, which is required
for lympho-venous sprouting and induction of lymphatic specifi-
cation. To determine if ERK might be in a pathway common to
cell-cycle arrest, we used a well-known selective inhibitor of
MEK1/2, SL327, which blocks ERK phosphorylation and

(F) Number of ectopic sprouts per segment in roscovitine- versus DMSO-treated embryos (npmso = 11, Nosco = 12). Data show mean + SEM (unpaired t test).
(G-J) Confocal images of 3-dfp Tg(fli1:EGFP;lyve1b:dsRed2) embryos treated with flavopiridol (J, n = 14), aphidicolin (G, n = 6), nocodazole (H, n = 11), or
etoposide (I, n = 11), showing ectopic and mis-patterned PCV sprouts following flavopiridol treatment (J, arrowheads).

(K and L) Confocal images of Tg(fli1:EGFP;lyve1b:dsRed2;053~'~) embryos at 48 hpf, showing normal PACs following DMSO (K) and roscovitine (L, arrowheads)

treatments.

ercentage of ectopic sprouts per segment in roscovitine-treated (n = 12) versus -treated (n = 12) p53~'~ embryos. Data show mean + unpaire:
M) P t f ectopi t ti itine-treated 12 DMSO-treated 12)p53~ bi Data sh SEM ired t

test).

(N-P) Confocal images of Tg(fli1:DsRed) embryos 48 after injection with lyve1:nEGFP (N, n = 12), lyve1:p27-EGFP (O, n = 12), or lyve1:p53-EGFP (P, n = 30).
(Q) Confocal images of Tg(fli1:DsRed;lyve1:p21-EGFP) embryos at 48 hpf. Light-blue arrowheads in (N)~(Q) point to GFP+ ECs in the dorsal PCV, white ar-
rowheads denote GFP+ lymphovenous sprouts, and co-localization channel is shown in yellow.

(R) Spatial distribution of GFP+ cells in lyve1:nEGFP-, lyve1:p27-EGFP-, lyve1:p53-EGFP-, and lyve1:p21-EGFP-expressing embryos. Scale bars: 40 pym (A-L),

50 pm (N-Q). *p < 0.05, ***p < 0.0001; ns, not significant.
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downstream signaling (Shin et al., 2016). Treatment of zebrafish
embryos with SL327 at 24 hpf was shown to inhibit both
venous and lymphatic sprouting (Shin et al., 2016). We treated
20-hpf fli:fucci and Tg(mrc1a:EGFP) (Jung et al., 2017) embryos
with either roscovitine or DMSO, then added SL327 at 24 hpf,
and analyzed PCV sprouting 1 day later. Interestingly, both phar-
macological inhibitors promoted G1 arrest, as confirmed by the
increased number of red nuclei detected in treated fli:fucci em-
bryos as compared to their DMSO-treated siblings (Figures
S4A-S4E). Despite this common cellular effect, roscovitine
induced excessive PCV sprouting (Figures 4A, 4B, and 4E),
whereas SL327 potently blocked the emergence of venous
and lymphatic sprouts from the PCV (Figures 4A, 4C, and 4E).
However, the combination of roscovitine and SL327 treatments
resulted in a more robust rescue of PCV sprouting (Figures 4C,
4D, and 4E) than what we observed in vegfc and flt4 mutants,
suggesting that p53/p21-mediated G1 cell-cycle arrest may be
induced downstream of ERK signaling to enable PCV sprouting.
Further supporting this conclusion, ERK phosphorylation in the
PCV remained unchanged following roscovitine treatment (Fig-
ures S4F-S4l). In addition to roscovitine, stable overexpression
of p21 in Tg(fli:DsRed;lyve1:p21-EGFP) embryos (Figures 4F-4l
and 4L), as well as transient overexpression (OE) of p53 through
injection of lyve1:p53-EGFP (Figures 4F, 4G, 4J, and 4L), was
sufficient to induce PCV sprouting in the absence of active
MEK signaling, whereas lyve1:p27-EGFP was not able to over-
come the SL327-induced effects (Figures 4G, 4K, and 4L).
Finally, the expression of both p53 and p27 was significantly
reduced in SL327-treated embryos (Figures 4M-4P). Taken
together, these results suggest that Vegfc/Flt4 signaling through
ERK is required to drive the observed cell-cycle arrest during
PCV sprouting. However, parallel pathways, also stimulated by
Vegfc/Flt4 activation, including other targets of ERK, are essen-
tial for subsequent EC migration and sprout elongation.

Forced GO/G1 cell-cycle arrest affects venous-
lymphatic differentiation

Given that the VegfC-VegfR3-ERK cascade was found to control
not only venous and lymphatic sprouting but also lymphatic
specification (Deng et al., 2013; Shin et al., 2016; Yu et al,,
2014), we decided to investigate whether cell cycle progression
also plays a role in this process. We began by analyzing the
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expression of venous and lymphatic markers following roscovi-
tine treatment (Figure 5). In situ hybridization at 24 and 30 hpf re-
vealed a significant decrease in lyve1 and nr2f2 mRNA expres-
sion in treated embryos (Figures 5A and 5B), whereas the
expression of the venous-specific ephb4a marker remained un-
changed. Furthermore, the number of prox7+ cells detected in
the PCV of roscovitine-treated Tg(fli1:EGFP;prox1a:KalTA4-
4xUAS-E1b:uncTagRFP) (Nicenboim et al., 2015) embryos
was significantly decreased as compared to DMSO-treated
siblings (Figures 5D-5F; Figures S4J and S4K), indicating that
forced cell-cycle arrest inhibits the segregation of lymphatic pro-
genitors within the PCV, while promoting their exit and sprouting.
To better understand this phenotype, we time-lapse imaged
To(fli1:EGFP) embryos continuously exposed to roscovitine
and tracked the behavior of ECs sprouting from the PCV. As
seen in Figures 5G-5L and Video S3, we detected single sprouts
for which the leading cell (colored in red) connects to a neigh-
boring arterial ISV to generate a lumenized vISV;however, the
following cell (colored in blue) divides horizontally and generates
two daughter cells, with one of them incorporating into the PAC
and the other joining a vISV. This phenotype of undifferentiated
PCV cells generating both venous and lymphatic cells after
sprouting is rarely observed in WT embryos (Geudens et al.,
2019), because for the most part, lymphatic progenitors have
been shown to acquire their fate prior to leaving the PCV (Koltow-
ska et al., 2015; Nicenboim et al., 2015).

Altogether, our results illustrate how different signaling
pathways are exquisitely synchronized both in time and space
to support proper angiogenesis and lymphangiogenesis in the
developing embryo and introduce a level of regulation to this
process involving cell-cycle arrest (Figure 5M). Based on our
findings, we propose that distinct levels of VegfC/Fit4
signaling control sprouting and differentiation of PCV-ECs,
through parallel, ERK-dependent and independent mecha-
nisms. Differentiated venous and lymphatic ECs located in
the dorsal side of the PCV are exposed to high levels of the
VegfC ligand, which is secreted from the hypochord and the
DA. In these cells, ERK signaling (most likely of high magni-
tude and prolonged activation) induces the expression of
p53 and p21 to enable sprouting. Concordantly, both roscovi-
tine treatment and cell-autonomous overexpression of p21
and p53 were sufficient to partially overcome the inhibition

Figure 3. Cell-cycle arrest in dorsal PCV ECs is VegfC/VegfR3 dependent

(A-F) Confocal images of 48-hpf WT (A and B), fit4~'~ (C and D), and vegfc’/’ (E and F); Tg(fli1:EGFP) embryos, stained with p27 (A, C, and E) or p53 (B, D, and F)
antibodies. Light-blue arrowheads point to immunostained ECs, and co-localization channel is shown in yellow.

(G) Number and spatial distribution of p27- and p53-stained ECs, in the PCV of WT, fit4~/~, and vegfc '~ ; Tg(fli1:EGFP) embryos (Np27 wt =19, Npo7 fitg—/— = 8,
Np27 vegre—/— = 10, Npsg wr = 17, Nps3 fita—/— = 15, Npsa vegre—/— = 5). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple
comparisons test.

(H-M) Confocal images of 48-hpf vegfc ™'~ (H, J, and L) and fitd /= (I, K, and M); Tg(lyve1b:dsRed2) embryos, uninjected (H and |, Nvegrc—/— =5, Npgg—y— = 17) or
injected with lyve1:p27-EGFP (J and K) or lyve1:p53-EGFP (L and M). White arrowheads point to PCV emerging sprouts.

(N) Number of ectopic sprouts per segment in fitd ' ~;Tg(lyve 1b:dsRed2) embryos injected with lyve1:p27-EGFP (n = 13) or lyve1:p53-EGFP (n = 26) or stably
expressing lyve1:p21-EGFP (n = 8). Statistical analysis was performed using Kruskal-Wallis followed by Dunnett’s multiple comparisons test.

(O) Number of ectopic sprouts per segment in vegfc’/ ~;Tg(lyve1b:dsRed2) embryos injected with lyve1:p27-EGFP (n = 3) or lyve1:p53-EGFP (n = 5) or stably
expressing lyve1:p21-EGFP (n = 3). Statistical analysis was performed using Kruskal-Wallis followed by Dunnett’s multiple comparisons test.

(P-V) Confocal images of WT (P and Q), fit4 '~ (R and S), and vegfc '~ (T and U); Tg(fli1:EGFP;lyve1b:dsRed2) embryos at 3 days post-fertilization (dpf), treated
with DMSO (nwr = 24, Nstg—/— = 10, Nyegrc—/— = 6) or roscovitine (nwr = 19, Npey—/— = 8, Nyegrc—,— = 10). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s multiple comparisons test. White arrowheads in (P) and (Q) point to normal and ectopic lymphovenous sprouts that are absent in flit4 and
vegfc mutants (R-U, asterisks); quantified in (V). *p < 0.05, ***p < 0.001, ***p < 0.0001; ns, not significant. Scale bars: 70 um.
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of sprouting following SL237 treatment. In contrast, neither
p53/p21/p27 OE nor roscovitine treatment were able to fully
rescue the lack of sprouting in vegfc and flt4 mutants, sug-
gesting that an additional pathway activated downstream of
Vegfc/Flt4 is required to induce dorsal migration and sprout
elongation. As the sprouting cells migrate dorsally and pass
the anatomical level of the DA, they lose p53, p21, and p27
expression, which results in cell cycle re-entry. In contrast,
cells in the ventral side of the PCV, which we have previously
show are mostly undifferentiated angioblasts (Nicenboim
et al., 2015), perceive low levels of VegfC and lesser ERK acti-
vation, impeding CDK inhibitor expression, thereby enabling
angioblast proliferation and LEC differentiation.

DISCUSSION
Here, we identify a mechanism-regulating lympho-venous

sprouting and differentiation, involving the differential expres-
sion of CKls and controlled progression through the cell cycle.
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Figure 4. Cell-cycle arrest acts down-
stream to ERK signaling in PCV ECs

(A-E) Confocal images of 48-hpf Tg(mrc1a:EGFP)
embryos treated with DMSO (A), roscovitine (B),
SL327 (C), or roscovitine+SL327 (D) showing
partial rescue of lymphovenous sprouting
following roscovitine + SL327 (D) treatment, and
quantified in (E) (Npmso = 12, Nrosco = 13, NsL327 =
17, Nioscossiaer = 16). Statistical analysis was
performed using one-way ANOVA followed by
Tukey’s multiple comparisons test. Blue arrow-
heads in (A)-(D) point to PCV sprouts.

(F-L) Confocal images of Tg(fli1:dsRed2) embryos
treated with DMSO (F and H) or SL327 (G, I, J, and

Prrad

—_

L PV sprouts per embryo () K) stably expressing lyve1:p21-EGFP (H and )
or injected with lyve1:p53-EGFP (J) or lyve1:p27-
8 T EGFP (K), showing partially restored lymphove-

nous sprouting, and quantified in (L) (npmso = 7,
Nsiaez = 26, Nyverpzi-ecrribmso = 7,
Niyve1:p21-EGFP+SL327 = 15, Niyve1:p27-EGFP+SL327 = 17,
Nyve1:053-EGFP+sSL327 = 25). Statistical analysis was
performed using one-way ANOVA followed by
Tukey’s multiple comparisons test. Light-blue ar-
rowheads in (H)-(K) point to GFP+ ECs in the
dorsal PCV, white arrowheads denote GFP+ lym-
phovenous sprouts, and co-localization channel is
shown in yellow.
(M-P) Confocal images of 34-hpf Tg(mrc1a:EGFP)
embryos showing reduced expression of p27 (M
and N) and p53 (O and P) following SL327 treat-
ment, and quantified in (Q and R) (Npmso p27 = 7,
NsLa27 p27 = 8, Npmso ps3 = 9, Nsiaz7 psa = 6). Data
R show mean + SEM (unpaired t test). Co-localiza-
pS3+cellsin PCVat 38hef #)  tion channel is shown in yellow. *p < 0.05, *p <
0.01, **p < 0.001, *™**p < 0.0001; ns, not signifi-
cant. Scale bars: 30 um
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llluminating different phases of the cell
cycle in ECs, through the use of Tg(fli1a:-
Gal4FF;UAS:FUCCI) embryos, provided
valuable insight into the cell cycle dy-
namics in the developing vasculature.
We found that during stages of active lympho-venous budding
and sprouting (30-42 hpf) most ECs in the dorsal side of the
PCV display mCherry fluorescence, i.e., are in the late-G1
phase of the cell cycle. Moreover, these dorsal PCV cells
feature increased expression of p53, p21, and p27, demon-
strating a tight correlation between cell-cycle arrest and PCV
sprouting. Using CKD inhibitors such as roscovitine or flavopir-
idol, we also show that halting cell cycle progression in G1 in-
duces hyperangiogenic behaviors that lead to the formation
of undifferentiated, ectopic PCV sprouts. These effects, how-
ever, were not observed when similar treatments were applied
to p53 mutants, suggesting the specific involvement of p53 in
this process. Through the use of EC-specific genetic manipula-
tions, we further demonstrate that PCV ECs overexpressing
p53, p27, and p21 acquire an angiogenic phenotype and
become more prone to bud off the PCV and sprout. Together,
these results indicate that cell autonomous regulation of cell cy-
cle progression in ECs plays essential roles in lympho-venous
differentiation, budding, and sprouting.
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Figure 5. Forced G1 cell-cycle arrest affects lymphatic differentiation

(A-C) In situ hybridization at 24 and 30 hpf showing reduced expression of lyve1 (A) and nr2f2 (B) following roscovitine treatment. ephb4a expression remains

unchanged (C).

(D and E) Confocal images of 28-hpf Tg(fli1:EGFP;prox1a:kalt4:UAS:uncTagRFP) embryos showing reduced numbers of prox1+ cells (light-blue arrowheads) in
the PCV upon roscovitine treatment. Co-localization channel is shown in yellow; quantified in (F). Data show mean + SEM (unpaired t test).

(G-L) Selected images from a time-lapse series depicting the dynamics of PCV sprouting in the presence of roscovitine. Two ECs (colored in red and blue) leave
the PCV as part of a single sprout (G) that generates two vessel types. The leading EC (red) connects to an arterial ISV to generate a vISV ( and J); the following cell
(blue) divides (J) and gives rise to 2 daughter cells (K and L, yellow arrowheads), with one joining a vISV and the second one incorporating into the nascent PAC.
(M) Schematic model depicting cellular events inducing cell-cycle-arrest-induced sprouting. Dorsal cells of the PCV sense high levels of Vegfc (purple) secreted
from the hypocord and the DA. Activation of Vegfr3/FIt4-ERK signaling in these cells leads to cell-cycle-arrest-induced sprouting.

During embryonic development, venous and lymphatic ECs
sprout from the PCV in response to Vegfc-Vegfr3 signaling
(Semo et al., 2016). Our results indicate that this well-estab-
lished mitogenic axis in fact induces the expression of p53,
p21, and p27 in dorsal PCV ECs to promote their sprouting,
as demonstrated by the drastic reduction in p53- and p27-ex-

pressing cells in the PCV of vegfc and flt4 mutants. Yet,
neither OE of these genes nor roscovitine treatment were
able to fully rescue the lack of sprouting in vegfc and flt4 mu-
tants. Despite the increased incidence of angiogenic ECs
emerging from the PCV, especially following p53 and p21
OE, these incipient sprouts failed to elongate past the level
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of the DA. These results suggest that two different pathways
are activated downstream to Vegfc/FIt4, with one driving
cell-cycle arrest, which furnishes PCV-ECs with sprouting
competence (i.e., the autonomous ability to leave the PCV),
and a second one controlling EC migration and sprout elonga-
tion. Accordingly, although forcing cell-cycle arrest in vegfc
and flt4 mutants resulted in greater numbers of cells emerging
from the PCV, it was not sufficient to compensate for the loss
of the second arm of the Vegfc/Flt4 pathway, controlling the
dorsal migration of the cells.

Downstream to Vegfc-Flt4, ERK was shown to induce both dif-
ferentiation and sprouting of lymphatic vessels (Deng et al.,
2013; Shin et al., 2016). Although ERK phosphorylation plays a
pivotal role in diverse cellular functions, including cell prolifera-
tion, differentiation, migration, and survival (Mebratu and Tes-
faigzi, 2009; Sun et al., 2015), ERK activation can also elicit
opposite outcomes, such as cell-cycle arrest and cell death de-
pending on the cellular context (Ebisuya et al., 2005). Previous
reports have demonstrated that differences in the duration and
magnitude of ERK activity generate variations in signaling output
that regulate cell fate decisions (Chen et al., 1999; Ebisuya et al.,
2005). In the case of PCV-ECs, activation of the MAPK pathway
and ERK phosphorylation are widely regarded as a pro-mito-
genic pathway (Simons et al., 2016). Our results, in contrast, sug-
gest that ERK phosphorylation drives sprouting of PCV ECs by
inducing cell-cycle arrest. Hence, both roscovitine treatment
and EC-specific overexpression of p53 and p21 reverted the in-
hibition of sprouting exerted by the potent ERK phosphorylation
inhibitor SL327. These findings confirm and extend existing evi-
dence that high VEGF signal induces cell-cycle arrest in sprout-
ing tip cells of the mouse retina (Pontes-Quero et al., 2019) by
proposing that the sole forced arrest of ECs in G1 phase of the
cell cycle can induce initial sprouting and angiogenic behaviors
even without ERK signaling.

In addition to activating the ERK-p53/p21 cascade, Vegfc/Flt4
also induced upregulation of p27 in dorsal PCV-ECs. Moreover,
p27 expression was strongly downregulated in the absence of
active ERK signaling. Yet, p27 OE alone was not sufficient to
overcome the effects of ERK inhibition, as opposed to p53/p21
and roscovitine treatment. Based on these results, it seems
tempting to speculate that p27 may act downstream to Vegfc/
FIt4 but through a parallel, ERK-independent mechanism. Alter-
natively, a cross-regulatory interaction between p53/p21 and
p27 may exist in PCV-ECs, downstream to Vegfc/Flt4.

Finally, it is important to bear in mind that p53, p21, and
p27, which are mainly known for their roles in cell cycle regu-
lation, were also implicated in regulating the epithelial-to-
mesenchymal transition (EMT). Although it is widely accepted
that cells transiently enter cell-cycle arrest during the course
of EMT, details on how the two processes are coupled remain
unclear. Notably, angiogenic sprouting, especially during em-
bryonic development, share common attributes with EMT,
including expression of many of the same genes in angiogenic
ECs (Welch-Reardon et al., 2014) and breakdown of base-
ment membranes. Yet, because ECs retain intercellular junc-
tions and migrate as a connected train of cells rather than
as individual cells, the process is better defined as a
partial endothelial-to-mesenchymal transition (Welch-Reardon
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et al., 2015). In the future, it will be interesting to investigate
potential interactions between cell-cycle arrest and the induc-
tion of EMT-like phenotypes, which could be regulated as well
by the Vegfc/Flt4 axis.

Overall, our results uncover a mechanism regulating lympho-
venous sprouting and differentiation, whereby a mitogenic signal
induces cell-cycle arrest to enable angiogenesis. These findings
have important implications for the putative short-term effects of
using cell cycle inhibitors in settings of pathological angiogen-
esis, including cancer.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Cy5-Streptavidin antibody
Goat polyclonal anti-GFP (Biotin)

Peroxidase-AffiniPure Goat polyclonal anti-
Rabbit IgG

Rabbit polyclonal anti-p27 (C-19)
Rabbit polyclonal anti-Tp53

Jackson ImmunoResearch Labs
Abcam
Jackson ImmunoResearch Labs

Santa Cruz Biotechnology
AnaSpec; EGT Group

Cat# 016-170-084; RRID:AB_2337245
Cat# ab6658; RRID:AB_305631
Cat# 111-035-144; RRID:AB_2307391

Cat# sc-528; RRID:AB_632129
Cat# AS-55915; RRID:AB_10720860

Chemicals, peptides, and recombinant proteins

Aphidicolin Sigma Aldrich A0781; CAS:38966-21-1

Etoposide Sigma Aldrich E1383; CAS:33419-42-0

Flavopiridol Enzo Life Sciences ALX-430-161-M005; CAS:146426-40-6
Nocodazole Sigma Aldrich M1404; CAS:31430-18-9

Roscovitine Santa Cruz Biotechnology sc-24002A; CAS:186692-46-6

SL327 Sigma Aldrich S4069 CAS:305350-87-2

Critical commercial assays

TSA Plus Cyanine 3 (TSA Cy3) detection kit Perkin Elmer SAT704A001EA

Experimental models: Organisms/strains

Zebrafish flt44m203/um203: ym203
Zebrafish Tg(fli1:DsRed)"™"*: um13Tg
Zebrafish Tg(fli1:EGFPY": y1Tg

Zebrafish Tg(fli1a:Gal4FF)“°s%,Tg(UAS:Kaede)™®:
ubs3Tg; rk8Tg

Zebrafish Tg(kdrl:tagBFP)™2%%: mu293Tg
Zebrafish Tg(lyve1b:dsRed2)#%": nz101Tg
Zebrafish Tg(mrc1a:EGFPY?®": y251Tg
Zebrafish TgBAC(prox1a:KalT4-
UAS:uncTagRFP)™™®: nim5Tg

Zebrafish tp53M214/M214k: 741

um18/um18.

Zebrafish vegfc :um18

Kok et al., 2015

Hen et al., 2015

Lawson and Weinstein, 2002
Nicenboim et al., 2015

Matsuoka et al., 2016
Okuda et al., 2012
Jung et al., 2017
Nicenboim et al., 2015

Berghmans et al., 2005
Villefranc et al., 2013

ZFIN: ZDB-ALT-160721-30
ZFIN: ZDB-ALT-100525-3
ZFIN: ZDB-GENO-011017-4
ZFIN: ZDB-FISH-150902-1

ZFIN: ZDB-ALT-170119-12
ZFIN: ZDB-ALT-120723-3
ZFIN: ZDB-ALT-170717-2
ZFIN: ZDB-ALT-140521-3

ZFIN: ZDB-ALT-050428-2
ZFIN: ZDB-ALT-130718-3

Recombinant DNA

-3.5ubb:Cerulean-gmnn-2A-mCherry-cdt1

Bouldin and Kimelman, 2014

ZFIN: ZDB-TGCONSTRCT-151028-3

UAS:Cerulian-zGeminin-2A-Cherry-zCdt1Pa This paper N/A

P5E-lyvel Okuda et al., 2012 ZFIN: ZDB-GENE-030131-9516

lyve1:nEGFPpA This paper N/A

lyve1:p53-EGFPpA This paper N/A

lyve1:p27-EGFPpA This paper N/A

lyve1:p21-EGFPpA This paper N/A

Software and algorithms

ImagedJ NIH https://imagej.nih.gov/ij/;
RRID:SCR_003070

Imaris Bitplane http://www.bitplane.com/imaris/
imaris; RRID:SCR_007370

GraphPad Prism 6 GraphPad http://www.graphpad.com;

RRID:SCR_002798
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Karina
Yaniv (karina.yaniv@weizmann.ac.il).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
All data supporting the findings of this study are available within the paper and are available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments were conducted with zebrafish embryos between 2-5 dpf. Zebrafish were raised by standard methods and handled ac-
cording to the guidelines of the Weizmann

Institute Animal Care and Use Committee (Gibbs-Bar et al., 2016). For all imaging, in situ hybridization and immunofluorescence
staining procedures, embryos were treated with 0.003% phenylthiourea (PTU, Sigma-Aldrich) from 8 hpf to inhibit pigment
formation. Tg(fli1:EGFP)' (Lawson and Weinstein, 2002), Tg(kdri:tagBFP)™ 2% (Matsuoka et al., 2016) Tg(lyve1b:dsRed2)"?'°! (Okuda
et al., 2012), Tg(fli1:dsRed)*™"® (Hen et al., 2015), Tg(flila:Gal4FF °S3;UAS:Kaede™®) (Nicenboim et al., 2015), tp53™214k/m214k
(Berghmans et al., 2005), Tg(mrc1a:EGFPY?°" (Jung et al., 2017) TgBAC(prox1a:KalT4-UAS:uncTagRFP)"™(Nicenboim et al.,
2015), vegfcim?8/ um18 (yjllefranc et al., 2013) and flt44m203/um203 (K ok et al., 2015) were previously described.

METHOD DETAILS

Generation of transgenic lines
To generate the “fli:fucci” transgenic reporter, the ubiquitous promoter in the dual FUCCI construct (Bouldin and Kimelman, 2014)
was replaced with the UAS sequence.

The UAS:Cerulian-zGeminin-2A-Cherry-zCdt1Pa construct was then injected into Tg(flita:Gal4FF)"*>® embryos at 1-cell stage
along with Tol2 transposase mRNA.

We used the following primers to amplify the full-length coding sequences of zebrafish

p53, p27 and p21:

p53- 5'-TTCACAGCAATGGCGCAAAACG-3' and

5'- TGTATCGCAGTTCCCCAAATGACC -3,

p27- 5'-ATGTCCAATGTTCGCTTGTCT-3' and

5'- TGTGGGTGTCGGACTCAATG -3/,
p21-5'-CTGATACTGCTCCTGAGGAGATCTGA-3'and
5-CTACGAGACGAATGCAGCTCCAGACA -3'.

After cloning and sequencing, a Gateway-compatible (Invitrogen) middle entry clone was generated using Gateway BP clonase
mediated recombination. The p53, p27 and p21 coding sequences were then transferred into a pDestTol2pA2 vector
(Kwan et al., 2007) along with a p5E-lyve1 fragment (Okuda et al., 2012), using Gateway LR clonase (Invitrogen) mediated reaction.
The lyve1:nEGFPpA construct was generated by combining the p5E-lyve1 promoter with nuclear localization signal (nls)-EGFP mid-
dle entry (oME-nEGFP) and p3E-pA constructs. The final lyve1:nEGFPpPA, lyve1:p53-EGFPPA, lyve1:p27- EGFPpA and lyve1:p21-
EGFPpA constructs (30pg) were co-injected with Tol2 transposase mRNA (30pg) into 1-cell stage Tg(fli1:DsRed)“™"® embryos.

Chemical treatments

The following chemicals were dissolved in DMSO and added to the fish water at 20 hpf: roscovitine (Santa Cruz Biotechnology, cat#
sc-24002A), 50 uM; flavopiridole (Murphey et al., 2006) (Enzo life sciences, ALX-430-161-M005), 5nM; etoposide (Murphey et al.,
2006) (Sigma Aldrich, E1383), 1000 uM; nocodazole (Murphey et al., 2006) (Sigma, M1404), 300nM; aphidicoline (Stiewe, 2007)
(Sigma, A0781), 297 uM; SL327 (Sigma, S4069), 15 uM (Shin et al., 2016). Controls were incubated with 0.1% DMSO.

In situ hybridization and immunostaining
In situ hybridization was performed as described (Nicenboim et al., 2015). The following primers were used to generate the corre-
sponding riboprobes:

flt4: 5-TGGAGTTTCTGGCATCTCGT-3’, 5-ACCATCCCACTGTCTGTCTG-3'
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vegfc: 5-ATGCACTTATTTGGATTTTCTGTCTTCT-3/,

5- GTCCAGTCTTCCCCAGTATG-3'

lyve1: 5'- AGACGTGGGTGAAATCCAAG -3/,

5- GATGATGTTGCTGCATGTCC-3'

ephB4a: 5'-CGAACTCTACCTGACGAAGATGA-3,
5-CGACAGACCAAAGTCGGACA-3’

p21: 5-CTAGGCGGAGTCTTTTCGGG -3',5-CCACTAGACGCTTCTTGGCT-3
nr2f2 (Nicenboim et al., 2015).

For detection of p53 and p27 embryos were fixed overnight in 4% PFA, washed in methanol, incubated 1 hr. in 3% H202 on ice,
and stored in methanol at —20C. For p27 immunostaining, embryos were incubated in 150 mM Tris-HCl at pH 9.0 for 5 min, heated at
70C for 15 min and permeabilized in cold acetone at —20C for 20 min. For p53 staining, embryos were digested with 50mg/ul PK
followed by 20 min PFA fixation. For both antibodies, embryos were washed in blocking solution containing 0.1% Triton X-100,
0.1% tween, 1% bovine serum albumin and 10% goat serum for 3hrs. at 4C, and incubated with ap53 (55915s, Anaspec, 1:300)
or ap27 (sc-528, Santa Cruz, 1:200) antibodies, along with aGFP-biotin (ab6658, Abcam, 1:300) for 3 days at 4C. Samples were
then washed with maleic buffer (150mM maleic acid, 100mM NaCl, 0.1% Tween20, pH 7.4), blocked in maleic buffer containing
2% blocking reagent (Roche, 11-096176-001), and incubated with goat anti-rabbit IgG—horseradish peroxidase (Jackson 1:500)
for 2.5 days at 4C for TSA signal amplification, followed by 3 hr. incubation with TSA Plus Cyanine 3 reaction (SAT704A001EA, Perkin
Elmer). P-ERK immunostaining was performed as previously described (Shin et al., 2016). To recover the endogenous GFP signal,
embryos were incubated in 1:300 streptavidin (Jackson, cat # 016-480-084) for 30 min in RT.

Microscopy and imaging

Live imaging was performed using Zeiss LSM780 or LSM700 upright confocal microscopes (Carl Zeiss, Jena, Germany) equipped
with a water immersed X20 NA 1.0 objective lens. Fluorescent proteins were excited sequentially with single-photon lasers (488nm,
561nm). For time-lapse imaging embryos were held in an imaging chamber containing egg water supplemented with tricaine 0.016%
(100 mg/25 mL in fish water) to inhibit movement, and with PTU (0.002%) to prevent pigment development. Embryos held this way
maintained heartbeat and robust circulation throughout the imaging period (up to 50 hours). Z stacks were acquired at 2.5 um incre-
ments, every 10 min, in 160-170 planes per stack. 2D-, or 3D-reconstructions of image data were prepared using ImagedJ (NIH) or
Imaris (Bitplane).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image processing

Images were processed offline using ImageJ (NIH) or Imaris (Bitplane). For 3D colocalization analyses in ECs a new colocalization
channel was created using the Imaris ‘Colocalization Module’. Co-localization thresholds were set manually. The images shown
in this study are single-view, 2D-reconstructions, of collected z series stacks.

Statistical analyses

Comparison of two samples was done using unpaired two-tailed Student’s t test assuming equal variances from at least three inde-
pendent experiments, unless stated otherwise. Statistical significance for three or more samples was calculated via oneway ANOVA
followed by Tukey’s or Dunnett’s multiple comparisons test, unless stated otherwise. All data are reported as mean values + SEM
and were analyzed using Prism 6 software (GraphPad Software, Incorporated, La Jolla, CA, USA).
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