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Abstract

Multiple factors are required to form functional lymphatic vessels. Here, we uncover an
essential role for the secreted protein Svepl and the transmembrane receptor Tiel during the
development of subpopulations of the zebrafish facial lymphatic network. This specific aspect
of the facial network forms independently of Vegfc signalling, which otherwise is the most
prominent signalling axis in all other lymphatic beds. Additionally, we find that multiple
specific and newly uncovered phenotypic hallmarks of svepl mutants are also present in tiel,
but not in tie2 or vegfc mutants. These phenotypes are observed in the lymphatic vasculature
of both head and trunk, as well as in the development of the dorsal longitudinal anastomotic
vessel (DLAV) under reduced flow conditions. Furthermore, we show genetic interaction
between svepl and tiel during the migration of parachordal lymphangioblasts (PLs).
Therefore, our study demonstrates an important function for Tiel signalling during
lymphangiogenesis as well as blood vessel development in zebrafish and provides the first in
vivo evidence for zebrafish Svepl and Tiel interaction. Since compound heterozygous
mutations for SVEP1 and TIE2 have recently been reported in human glaucoma patients, our
data have clinical relevance in demonstrating a role for Svepl in Tie signalling in an in vivo

setting.

Introduction

The lymphatic system is part of the vasculature and provides essential functions for tissue fluid
homeostasis, absorption of dietary fats, and immune surveillance. Malfunction of the
lymphatic vasculature can lead to severe lymphedema, obesity, or chronic inflammatory
diseases (Makinen et al., 2021; Oliver et al., 2020). Since treatment options are rare and often
only transiently effective, understanding the molecular mechanisms driving
lymphangiogenesis is a prerequisite for the development of new therapeutic approaches
(Makinen et al., 2021). To that end, mice and zebrafish have served as popular model
organisms to study the development of lymphatic vessels and are commonly used for
analyzing the underlying genetic and molecular mechanisms (Méakinen et al., 2007; Padberg
et al., 2017; van Impel and Schulte-Merker, 2014). Furthermore, many genes that are essential
for lymphangiogenesis in zebrafish are evolutionarily conserved. Their inactivation leads to

lymphatic defects in zebrafish and mice, and mutations in their orthologues are causative for
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human diseases (Alders et al., 2009; Gordon et al., 2013; Hogan et al., 2009; Mauri et al., 2018;
Wang et al., 2020). In the trunk vasculature of the zebrafish, so-called lympho-venous sprouts
arise from the posterior cardinal vein at 32 hours post fertilization (hpf). They migrate dorsally
and either remodel an intersegmental artery into a vein, or they migrate along the so called
horizontal myoseptum (HM) as parachordal lymphangioblasts (PLs) at 2 days post fertilization
(dpf). At 3 dpf, PLs migrate dorsally and ventrally to form the trunk lymphatic vasculature,
consisting of the dorsal longitudinal lymphatic vessel, the intersegmental lymphatic vessels,
and the thoracic duct (TD) (Hogan et al., 2009; Hogan and Schulte-Merker, 2017; Padberg et
al., 2017). A separate lymphatic network, the facial lymphatics, arises in a distinctly different
manner, originating from three progenitor populations: 1) the primary head sinus-lymphatic
progenitors (PHS-LP), 2) a migratory angioblast cell near the ventral aorta, and 3) the major
population sprouting from the common cardinal vein (CCV) (Eng et al., 2019). These progenitor
populations proliferate, migrate and connect to each other in a relay-like mechanism (Eng et
al., 2019). A third lymphatic bed is composed of the brain lymphatic endothelial cells (BLECs),
which are single endothelial cells residing within the leptomeningeal layer of the zebrafish
brain and that arise from the choroidal vascular plexus (Bower et al., 2017; van Lessen et al.,
2017; Venero Galanternik et al., 2017). During larval stages, BLECs are often positioned next
to meningeal blood vessels and stay at the distal periphery of the optic tectum and other brain
regions (van Lessen et al.,, 2017). However, molecular mechanisms supporting the

development of BLECs and facial lymphatics still need to be examined in more detail.

The best-studied pathway driving lymphangiogenesis comprises the growth factor vascular
endothelial growth factor C (Vegfc), which is secreted as a pro-form that is processed through
the concerted activity of Collagen and calcium-binding EGF domain-containing protein (Ccbel)
(Bos et al., 2011; Hogan et al., 2009; Jeltsch et al., 2014; Le Guen et al., 2014; Roukens et al.,
2015) and a disintegrin and metalloproteinase with thrombospondin motifs (Adamts) 3/14
(Jeltsch et al., 2014; Wang et al., 2020) in the extracellular space. Fully processed VEGFC binds
to its receptor VEGFR3 as well as VEGFR2 and induces lymphangiogenesis (Joukov et al., 1997;
Karkkainen et al., 2004). Apart from the VEGFC/VEGFR3 pathway, TIE-ANG signalling was
shown to be essential for lymphangiogenesis and vessel remodeling in mice and humans. This
signalling cascade is composed of two receptor tyrosine kinases, tyrosine-protein kinase
receptor 1 (TIE1) (Partanen et al., 1992) and tyrosine endothelial kinase (TEK), also known as

tyrosine-protein kinase receptor 2 (TIE2) (Dumont et al., 1993), and multiple angiopoietin
3
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96 ligands including angiopoietin 1 (ANG 1) (Davis et al., 1996; Suri et al., 1996) and angiopoietin

97 2 (ANG 2) (Maisonpierre et al., 1997). In mammals, TIE signalling is activated through binding

98  of Angiopoietins to TIE2 (Davis et al., 1996; Maisonpierre et al., 1997). TIE1 can either block or

99 activate the signalling cascade in a context dependent manner by forming heterodimers with
100 TIE2 (Hansen et al., 2010; Marron et al., 2000; Saharinen et al., 2005; Savant et al., 2015;
101  Seegar et al., 2010). Tiel knock-out mice display haemorrhages from E13.5 to PO, which lead
102  to death and are preceded by lymphatic defects and edema formation from E12.5 onwards
103  (D'Amico et al., 2010). In contrast to Tiel mutant mice, Tie2 mutant mice die already at E9.5-
104  10.5 due to defective cardiac development and vascular remodelling (Dumont et al., 1994;
105  Sato et al., 1995). Conditional knockout of Tie2 in lymphatic cells revealed the importance of
106  TIE2 for lymphatic vessel development in mice especially for Schlemm’s canal formation (Kim
107 et al, 2017; Thomson et al., 2014). Recently, Korhonen et al. showed that conditional Tiel
108 deletion, Tiel;Tie2 double deletion and Ang2 blocking resulted in impaired postnatal
109 lymphatic capillary network development in mice (Korhonen et al., 2022). In zebrafish, tie2
110  mutants do not have any vascular phenotypes (Gjini et al., 2011; Jiang et al., 2020), while tiel

111  mutants show cardiac morphogenesis and vascular defects (Carlantoni et al., 2021).

112 In 2017, a new key player in lymphangiogenesis was discovered through genetic screens in
113 zebrafish: sushi, von Willebrand factor type A, EGF, and pentraxin domain-containing protein
114 1 (svepl), also referred to as polydom (Karpanen et al., 2017; Morooka et al., 2017). svep1
115  encodes a large extracellular matrix molecule, with a total of 3555 amino acids and a variety
116  of protein domains. The N terminal half of Svepl mainly consists of complement control
117  protein (CCP), also called sushi domain, repeats and EGF domains, indicating a possible role in
118  protein binding stabilization. Svepl-/- mice show normal development of the primitive
119  lymphatic plexus until E12.5, but then fail to form lymphatic valves and to undergo remodeling
120  events of mesenteric lymphatic vessels at E18.5, accompanied by edema formation and death
121 postnatally (Karpanen et al., 2017; Morooka et al., 2017). Recently, Michelini et al. reported
122 possible implications of SVEP1 in lymphedema formation in human patients, underlining the
123  importance of SVEP1 for the lymphatic vasculature (Michelini et al., 2021). Additionally, SVEP1
124 s also required for Schlemm’s canal formation in mice (Thomson et al., 2021). In zebrafish,
125  svepl mutants exhibit a near-complete loss of the TD, demonstrating an essential function

126 during lymphangiogenesis in zebrafish (Karpanen et al., 2017; Morooka et al., 2017).
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127  In the present study, we show defects in the lymphatic head vasculature in svep1 mutants,
128  comprising a variable loss of BLECs and a specific facial lymphatic phenotype, which is
129 complementary to the phenotypes observed in mutants of Vegfc/Vegfr3 pathway members.
130 Therefore, we identified a lymphatic structure in the zebrafish that, in contrast to all other
131  lymphatic structures, forms independently of the Vegfc/Vegfr3 pathway, but depends on
132 Svepl.

133  However, until now, putative binding or interaction partners of Svepl have not been
134  confirmed in vivo. In this study, we first characterized novel lymphatic and blood vasculature
135  phenotypes of tiel mutants, and subsequently realized that all phenotypic traits are shared
136  between tiel and svepl mutants. These observations raised the question whether Svep1 and
137  Tiel interact, a notion that we tested genetically. Our results provide the first in vivo evidence
138  for svepl and tiel genetic interaction, thus placing Svepl as an important regulator of Tiel
139  function. Since recent clinical data suggested SVEP1 as a genetic modifier of TIE2-related
140  Primary Congenital Glaucoma (PCG) (Young et al., 2020), our results have clinical relevance

141 and will further help to understand the molecular basis of PCG.
142

143 Materials and Methods

144 Zebrafish strains

145  Animal work followed guidelines of the animal ethics committees at the University of Miinster,
146  Germany, and fish were maintained following FELASA guidelines (Alestrom et al., 2020). The
147  following transgenic and mutant lines have been used in this study: Tg(flt4:mCitrine)"7135 (van
148 Impel et al.,, 2014), Tg(flt1é"":tdTomato)>333 (Bussmann and Schulte-Merker, 2011),
149  Tg(UAS:RFp)kuasrfela (Asakawa et al., 2008), Tg(vegfc:Gal4FF)™“4%2 (Wang et al., 2020),
150  Tg(svepl:GAL4FF)''8885T9 (Karpanen et al.,, 2017), adamts3M199(\Wang et al., 2020),
151  adamts14hv11304 (Wang et al., 2020), vegfc''¢41° (Helker et al., 2013; Le Guen et al., 2014),
152  ccbe1M19%5 (Kok et al., 2015), svep1“6123 (Karpanen et al., 2017), svep1“4767 (Karpanen et al.,
153  2017) (only used for svepl;ccbel double knockout, supplementary figure 2), tie1bns208
154  (Carlantoni et al., 2021), tie2h167 (Gjini et al., 2011), Tg®“(apIn:EGFP)""s?>7 (Helker et al.,
155  2020).

156
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157  Genotyping
158  For genotyping of svepl, adamts3, adamts14, vegfc and tie2 KASPar (Biosearch Technologies)

159  was used, and for ccbel and tiel High-Resolution Melt Analysis (Samarut et al., 2016) (see
160  primer list table 1).
161

162 Live imaging and microscopy

163  Live imaging was carried out on 2 dpf, 3 dpf and 5 dpf embryos. Before 24 hpf, 1-Phenyl-2-
164  thiourea (PTU, 75 mM, Sigma, #P7629) was added to inhibit melanogenesis (Karlsson et al.,
165  2001). For imaging, embryos were anesthetized with 42 mg/L tricaine (Sigma, #A5040) and
166 embedded in 0.8 % low melting agarose (Thermo Fischer, #16520100) dissolved in embryo
167  medium. Embryo medium containing tricaine was layered on top of the agarose once solidified
168  for overnight imaging. Additionally, embryos were kept at 28 °C during overnight imaging.
169 Embryos were imaged with an inverted Leica SP8 microscope using a 20x/0.75 dry objective
170  or a 40x/1.1 water immersion objective detection and employing Leica LAS X 3.5.7.23225
171  software. Scoring of PLs or TD fragments was performed using a Leica M165 FC and an X-Cite
172 200DC (Lumen Dynamics) fluorescent light source. Confocal stacks were processed using Fiji-
173  Imagel version 1.52g. Brightfield images were taken using an Olympus SZX16 microscope and
174  a LEICA DFC450 C camera. Images and figures were assembled using Adobe Illustrator. All data
175  were processed using raw images with brightness, color and contrast adjusted for printing.
176

177  Cell tracking

178  To quantify the migration distance and mean velocity of the PLs from 2.5 dpf to 3.5 dpf, the
179 leading edge of each PL was manually tracked using ,,Manual Tracking“-Plugin (Fabrice
180  Cordeliéres, Institut Curie, Orsay (France)) in Fiji-lmagelJ (version 1.52g source (Schindelin et
181  al., 2012)). For image stabilization ,,StackReg” using rigid body (Thévenaz et al., 1998) was
182  applied to the maximum intensity projections of the timelapse movies prior to manual
183  tracking. Mean track velocity and total migration distance (sum of all leading edge
184  displacements) were calculated using a custom Python script (version 3.8). To plot the
185  migration route, track start coordinates were centered to the origin and individual cell tracks
186  were represented using a line plot (Python). Y PL migration was defined as the absolute value
187  of the distance in Y direction (dorsal and ventral) from track origin to the last tracking point

188  (AY). Scripts used for data analysis available at GitHub -
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189  MuensterimagingNetwork/Hussmann et al 2022. Data was analyzed using GraphPad for plotting

190 and statistical analysis.

191

192 Tricaine treatment

193  Embryos were treated with 0.014 % tricaine (Sigma, #A5040) from 30-48 hpf to slow down
194  heart rate and blood flow during DLAV formation as previously described (Coxam et al. 2021).
195

196 In situ hybridization (ISH)

197  Antisense RNA probes of tiel were generated from amplified cDNA. Primers for cDNA
198 generation are listed in supplementary table 1. Since the reverse primer contain a T3
199 overhang, we proceeded with in vitro transcription using T3 RNA polymerase and digoxigenin
200 (DIG)-labeled UTP (2h at 37 °C). Fixation of 24 hpf embryos from a svepl heterozygous
201  incrosses was performed with 4 % PFA overnight at 4 °C. ISH was performed according to
202  previous published protocols using 100 ng of each of the respective probes (Schulte-Merker,
203  2002). Staining procedure was monitored until staining reached its maximum to ensure proper
204  detection of differences in staining intensities between wildtype and mutant embryos.

205

206 Statistics and reproducibility

207  Data sets were tested for normality (Shapiro—Wilk) and equal variance p-values of data sets
208  with normal distribution were determined by Welch's t-test or Student's t -test. In case data
209  values did not show normal distribution, a Mann—Whitney test was performed instead. All
210  statistical tests were performed using GraphPad Prism 8 or Microsoft Excel. All experiments
211  were carried out at least two times. Only tricaine treatment of vegfc mutants (supplementary
212 figure 5) was carried out once. However, no phenotype was observed in a large batch of
213  embryos.

214
215 Results

216 Svepl is required for FCLV formation in a Vegfc-independent manner

217  Since svepl mutants had previously been analyzed for lymphatic defects only in the trunk
218  vasculature, we examined the head vasculature of svepl mutants to detect further possible
219  malformations of the lymphatic system. At 5 dpf we observed that svepl mutants showed a

7
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220  specific facial lymphatic phenotype, which seemed to be complementary to the facial
221  lymphatic defects found in mutants of the Vegfc/Vegfr3 pathway members (Figure 1A). While
222  mutants for Vegfc/Vegfr3 pathway members like ccbel, adamts3/14 and vegfc retained the
223 facial collecting lymphatic vessel (FCLV) (red dotted line in Figure 1A, B) but lacked all other
224  structures of the facial lymphatics, svep1 mutants showed a specific loss of the FCLV. All other
225  parts of the mature facial lymphatic network (including lymphatic branchial arches (LAA),
226 lateral facial lymphatic (LFL), medial facial lymphatic (MFL) and otolithic lymphatic vessel (OLV)
227  (blue dotted line in Figure 1A)) were only partially reduced in svepl mutants. Although the
228  formation of the FCLV was strongly affected in all svepl mutants analyzed, the severity of the
229  defects of facial lymphatic structures varied between individual svepl mutant embryos
230  (supplementary figure 1). Only simultaneous interference of both the Vegfc and Svepl
231 signalling pathways completely blocked the development of all facial lymphatic structures
232 (supplementary figure 2). To further characterize the differential roles of Svepl and Vegfc
233  during the formation of the facial lymphatic network, we examined the expression patterns
234  of svepl and vegfc during sprouting of the PHS-LP, the progenitor cells of the FCLV, at 50 hpf
235 using transgenic reporter lines. We detected svepl expression in cells juxtaposed to the
236  sprouting LECs around the PHS, which later will form the FCLV, while vegfc expression was
237  more restricted to the lateral facial lymphatic sprout arising from the CCV in all embryos
238  analyzed (Figure 1C, supplementary figure 3). Taken together, these observations indicate a
239  Vegfc-independent role of Svepl during the development of distinct aspects of the facial

240  lymphatics.
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sibling

adamts3 -/-; adamts14 -/-

241

242  Figure 1: Svepl is required for the development of the FCLV, in a Vegfc-independent
243  manner.

244  A) Schematic representation of facial lymphatic network at 5 dpf and maximum intensity projection of
245  confocal images of flt4:mCitrine positive svep1 mutants (n=10) and siblings (n=6) highlighting facial
246 lymphatic structures at 5 dpf. Scale bar= 100 um. Note the absence of the FCLV (red dotted line) in
247  svepl mutants whereas other facial lymphatic structures are less strongly affected (OLV, LFL, MFL, and
248 LAA marked by blue dotted lines). B) Confocal images of fit4:mCitrine positive facial lymphatics in vegfc
249 (n=19), ccbel (n=5) and adamts3;adamts14 (n=2) mutants at 5 dpf. Scale bar= 100 um. C) Confocal
250 images of svepl and vegfc expression domains during sprouting from the PHS at 2 dpf, with schematic
251 representation of different lymphatic progenitor populations. svep1 is expressed in close proximity to
252 sprouting PHS-LPs, while vegfc expressing cells are more concentrated on the LECs arising from the
253 CCV. Arrows point to sprouting PHS-LP. Scale bar= 50 um. Expression patterns were confirmed in 6
254  embryos each (supplementary figure 3). CCV, common cardinal vein; FLS, facial lymphatic sprout; hpf,
255 hours post-fertilisation; dpf, days post-fertilisation; LAA, lymphatic branchial arches; LFL, lateral facial
256 lymphatic; MFL, medial facial lymphatic; OLV, otolithic lymphatic vessel; PHS, primary head sinus; PHS-
257 LP, primary head sinus lymphatic progenitor; VA, ventral aorta; VA-L, ventral aorta lymphangioblast;
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258 VA-A, ventral aorta angioblast; PHS, primary head sinus; FCLV, facial collecting lymphatic vessel; LEC,
259 lymphatic endothelial cell; WT, wildtype.

260

261  Svepl is essential for sprouting of BLECs and is expressed in close proximity to LECs

262  Since Svepl is required for the formation of facial lymphatic structures (Figure 1), we
263  wondered whether it is also involved in the development of an additional lymphatic vascular
264  bed, the BLECs. In mutants of the Vegfc/Vegfr3 pathway, BLECs are completely absent (Bower
265 etal., 2017; van Lessen et al., 2017). In svep1 mutants, BLECs were found to be absent in most
266  cases, but some embryos showed either reduced numbers or - in rare cases - even wildtype-
267  like numbers of BLECs at 3 dpf (Figure 2A, B). In line with the idea that svep1 is required for
268  the sprouting and migration of BLECs, we observed svepl expressing cells in close proximity
269  to the migrating BLECs at 3 dpf. (Figure 2C, D) Thus, there is close juxtaposition of svepl
270  expressing cells with migrating LECs in all developing lymphatic structures examined, including

271  the PLs in the trunk (Karpanen et al., 2017).

272

1001
80+

60

% embryos

mm no BLECs
= one side with BLECs
= both sides with BLECs

merge 3dpf

273
274  Figure 2: Svepl is required for the sprouting of BLECs.
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275  A) Confocal images of sprouting BLECs, marked by flt4:mCitrine, at 3 dpf in svep1 mutants and siblings.
276 Scale bar = 100 um. B) Quantification of BLECs at 3 dpf on each side of the embryo showed that svep1
277  mutants have significantly less BLECs on one or both sides of the brain hemispheres compared to
278 siblings. For statistical analysis, no BLECs were counted as 0, BLECs being present on only one
279 hemisphere as 1, whereas BLECs being detectable on both brain hemispheres were included as 2, for
280  each embryo. (svepl+/+: n=10; svepl+/-: n=12; svepl-/-: n=12) Mann—-Whitney test was applied for
281 statistical analysis. Values are presented as means + SD, ****P<0.0001, ns=not significant. Scale bar =
282 100 um. C) Confocal images of svep1:Gal4; UAS:RFP, showing svepl expression immediately adjacent
283  to BLECs, marked by arrows, at 3 dpf. Scale bar = 100 um. D) Magnification and reduced stack numbers
284 of boxed area in C). Arrow marks BLEC. Scale bar = 50 um. PHS, primary head sinus; dpf, days post-
285 fertilisation; BLEC, brain lymphatic endothelial cell; MsV, mesencephalic vein.

286

287  svepl and tiel mutants show very similar lymphatic defects

288  SVEP1 has been shown to bind the TIE2 ligands ANG1 and ANG2 in vitro, regulate expression
289  of Tiel as well as Tie2 (Morooka et al., 2017), and has been suggested to play a role in TIE2-
290 related primary congenital glaucoma (Young et al., 2020). Hence, we wanted to investigate
291 the role of Tie signalling in zebrafish lymphangiogenesis in order to assess potential
292  interactions with svepl in an in vivo situation. Trunk lymphatic phenotypes had not been
293  previously reported in zebrafish mutants for either tiel or tie2 (Carlantoni et al., 2021; Gjini et
294  al., 2011; Jiang et al., 2020). Given the fact that there seems to be a very specific requirement
295 forsvepl for the development of the FCLV, we analysed facial lymphatic structures of tiel and
296  tie2 mutants in direct comparison to svepl mutants. Since tiel mutants developed strong
297 edema at 4 dpf (data not shown), we focused our analysis on lymphatic phenotypes at 2 and
298 3 dpf to exclude secondary effects on the lymphatic vasculature. Significantly, tiel mutant
299  embryos showed the same facial lymphatic defects as svepl mutant embryos at 3 dpf (Figure
300 3A), with the FCLV being strongly affected upon loss of tiel. This finding suggests that Tiel,
301 either independently or in concert with Svepl1 is responsible for FCLV formation in a Vegfc-
302 independent manner. Examining other lymphatic cells, we found that tiel mutants did not
303 show any BLECs at 3 dpf and exhibited significantly reduced numbers of PLs at 2 dpf, similar
304 to svepl mutants (Figure 3B, C, D, E). Importantly, tie2 mutant embryos, when examined for
305 the same anatomical features, were found to display normal facial lymphatics, BLECs and PL
306 numbers (Figure 3 A, B, C, E). Taken together, these findings demonstrate that loss of tiel, but
307 not tie2, results in lymphatic phenotypes highly similar to the ones seen in svepl mutants,

308 indicating that Svep1l constitutes an essential component acting in the Tiel pathway.
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Figure 3: tiel mutants phenocopy the loss of svep1, while tie2 is dispensable for
lymphangiogenesis.

A) Facial lymphatics at 3 dpf in fit4:mCitrine positive tiel, svepl and tie2 mutants and sibling embryos
(lateral view). Arrows point to FCLV and asterisks indicate the absence of FCLV. Scale bar= 100 um. B)
flt4:mCitrine; flt1:tdTomato positive dorsal head vasculature in tiel, svepl and tie2 mutants and in
siblings at 3dpf (dorsal view). In svepl and tiel mutants (but not in tie 2 mutants) the presence of
BLECs is strongly reduced. Arrows point to BLECs and asterisks indicate areas lacking BLECs. Scale bar=
100 um. C) Confocal images of PL cells, indicated by arrows, at 2 dpf in flt4:mCitrine; flt1:tdTomato
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318  positive tiel, svepl and tie2 mutants and siblings, showing reduced PL numbers in svepl and tiel
319 mutants. Asterisks indicate missing PLs. Scale bar= 100 um. D) Quantification of the presence of BLECs
320 in tiel mutants compared to siblings. (tiel+/+: n=6; tiel+/-: n=16; tiel-/-: n=10) Mann—-Whitney test
321  was applied for statistical analysis. ***P=0.001, ns=not significant. E) Quantification of PL cell numbers
322 in tiel (tiel+/+: n=9; tiel+/-: n=23; tiel-/-: n=14), svepl (svepl+/+: n=16; svepl+/-: n=31; svepl-/-:
323 n=19) and tie2 (tie2+/+: n=17; tie2+/-: n=27; tie2-/-: n=16) mutants compared to siblings. Mann—
324  Whitney test was applied for statistical analysis. Values are presented as means * SD, ****P<0.0001,
325 ns=not significant; dpf, days post-fertilisation; PL, parachordal lymphangioblast; BLEC, brain lymphatic
326  endothelial cell.

327

328 tiel and svep1 mutants display identical PL cell migration and survival defects

329  PLs first migrate along the HM and then start to migrate dorsally and ventrally along arteries
330 to form the DLLV or the TD respectively. Previously, it was shown that PLs in svepl mutants
331 fail to migrate dorsally or ventrally and rather remain at the HM (Karpanen et al., 2017). Here,
332  we compared PL migration in svep1 and tiel mutants using overnight imaging from 2.5 dpf to
333 3.5 dpftoanalyse if PLs in tiel mutants phenocopy the PL migration defects of svep1 mutants
334  (Figure 4 A-L). While around 40-50% of PLs in sibling embryos migrated along the artery, only
335 11% of PLs in tiel and svepl mutants showed migration in either dorsal or ventral direction
336  along the artery (Figure 4 M, N). Additionally, we observed around 33 % apoptotic PLs in tiel
337  mutants and 55% in svep1 mutants. These apoptotic events could be a consequence of failed
338  migration, or could be due to decreased survival as a direct consequence of absent Svepl or
339  Tiel activity. To further characterize migration of PLs in svepl and tiel mutants, we tracked
340 and plotted the migration route of individual PLs (Figure 4 O, Q, Supplementary figure 4) and
341 quantified the migration distance in the Y direction, (i.e. migration in dorsal or ventral
342  direction), mean velocity and total migration distance in tiel and svep1 mutants. PLs in svep1
343  as well as in tiel mutants showed significantly less migration in ventral and dorsal directions
344  compared to siblings, while the mean velocity and total migration distance were unchanged.
345 Therefore, we can conclude that Svepl and Tiel are required for PL migration along the
346  arteries in dorsal or ventral direction. Since we could observe the same specific migratory
347 defects in both svepl and tiel mutants, these results further support a possible cross-talk

348  between both proteins.

349
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351  Figure 4: PL cell migration along arteries is severely affected in svep1 and tiel mutants

352 A-L) Still frames from confocal time-lapse imaging of embryos in a flt4:mCitrine; fltl1:tdTomato
353  transgenic background. A-D) PL migration of sibling embryo along alSV (indicated by arrow) from 2,5
354  dpf to 3,5 dpf. E-F) failed PL migration (indicated by asterisk) of svep1 mutants and I-L) tiel mutants
355 along artery from 2,5 dpf to 3,5 dpf. M, N) Classification of PL migration along artery. Statistical analysis
356  was performed using Mann—Whitney test comparing the % of PL migration along artery in each embryo
357  between siblings and mutants. (sibling: n= 96 PLs in 18 embryos; svep1-/-: n= 36 PLs in 15 embryos;
358 siblings: n=52 PLs in 14 embryos; tiel-/-: n=28 PLs in 10 embryos) ****P<0.0001 ***P=0.0003. O, Q)
359 Representative cell tracking routes (tracks centered to origin) of single PL cells marked by different
360 colours in siblings (n= 17 PLs in 4 embryos; n= 7 in 2 embryos), tiel-/- (n=5 PLs in 2 embryos) and
361 svepl-/- (n= 6 PLs in 3 embryos). P, R) Quantification of dorsal and ventral PL migration (delta Y
362 migration distance), mean velocity and total migration distance in svepl and tiel mutants compared
363 to sibling embryos (excluding apoptotic PLs quantified in M, N) revealed decreased migration in dorsal
364  and ventral direction in svepl (*P=0.0148) as well as tiel mutants (**P=0.0023). ns= not significant;
365 dpf, days post fertilization; PL, parachordal lymphangioblast; HM, horizontal myoseptum, alSV, arterial
366 intersegmental vessel. Scale bar= 100um (D, H, L=25 um)

367

368 tiel mutants show blood vascular defects under reduced flow conditions

369  While svepl mutants were initially identified on the basis of their lymphatic phenotype
370  (Karpanen et al., 2017), Coxam et al. recently showed that svepl mutant embryos display a
371  unique vascular phenotype under reduced flow conditions (Coxam et al., 2022). Treatment of
372  embryos with 0.014 % tricaine between 30 hpf and 48 hpf leads to incomplete formation of
373  thedorsal longitudinal anastomotic vessel (DLAV) with gaps and unlumenised DLAV segments
374  at 2 dpf in svepl mutant embryos. This phenotype is accompanied by increased Vegfa/Vegfr
375 signalling and increased number of Apelin positive tip cells (Coxam et al., 2022). To investigate
376  if tiel mutants mimic this very specific and unusual vascular defect, we treated embryos from
377  tiel heterozygous parents with 0.014 % tricaine between 30 hpf and 48 hpf, and subsequently
378 imaged the intersegmental vessels in the trunk. Our analysis showed that tie1 mutants treated
379  with tricaine exhibited significantly more gaps and fewer lumenised DLAV segments (Figure
380 5D) compared to both untreated tiel mutants (Figure 5B) and treated siblings (Figure 5 C, E,
381  F), suggesting that Svepl and Tiel might interact not only in lymphangiogensis but also during
382  blood vessel development. For tie2 and vegfc mutants we did not observe any defects in DLAV
383  formation upon tricaine treatment, indicating that this phenotype is specific for loss of Svep1
384 and Tiel (supplementary figure 5). Additionally, upon tricaine treatment, and even in
385 untreated conditions, apelin expressing ECs were increased in ISVs of tiel mutants as already
386  shown for svepl morphants treated with tricaine in Coxam et al., 2022 (Figure 5 G-J). Since we

387 observed increased apelin expressing ECs in tie1 mutants already in untreated conditions we
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investigated, if svep1 morphants also show increased apelin expression even without tricaine
treatment (Figure 5 1, J). svep1 morphants already showed increased apelin expression in the
ISVs in untreated conditions (supplementary figure 6). These observations indicate that apelin
is a downstream target of Tiel as well as Svep1 even in untreated conditions and support the

hypothesis of Tiel and Svep1 acting in the same molecular pathway.
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395  Figure 5: Reduced blood flow leads to vascular anastomosis defects in tiel mutants, similar
396 to the defectsin svepl mutants

397 A, B) Confocal images of sibling and tiel mutant embryos at 2 dpf in a flt4:mCitrine and flt1:tdTomato
398  transgenic background. B’) Magnification and reduced stack of boxed area in B). C, D) Confocal images
399  of sibling and tiel mutant embryos treated with 0.014% tricaine from 30 hpf until 48 hpf. Asterisks
400 indicate incompletely formed DLAV segments. D’) Magnification and reduced stack numbers of boxed
401 areain D). E) Quantification of gaps in the DLAV in sibling and tie1 mutants that were either untreated
402  or treated with 0.014 % tricaine revealed significant increase of gaps in the DLAV in tiel mutants
403  according to Coxam et al., 2022. F) Quantification of lumenised trunk segments of the DLAV in siblings
404 and tiel mutants, either untreated or treated with 0.014 % tricaine (siblings untreated: n= 16; tiel-/-
405 untreated: n= 20; siblings treated with 0.014% tricaine: n= 20; tiel-/- treated with 0.014% tricaine: n=
406  22), revealed significant decrease of lumenised segments in the DLAV in tiel mutants. Mann—Whitney
407  test was applied for statistical analysis. G, H) apelin:eGFP and flt1:tdTomato expression in 48 hpf old
408 embryos after tricaine treatment from 30-48 hpf and |,J) in untreated conditions. K) Maximum intensity
409  projection of an alSV at 48 hpf, highlighting the ventral and dorsal region used for further
410  quantifications in J) adapted from (Coxam et al., 2022). L) Quantification of ISVs with apelin expression
411 in dorsal and ventral parts of the ISVs. Dorsal part was counted from DLAV until midline region. Lateral
412 region was counted from midline region onwards in ventral direction. tiel mutants showed significant
413 increase of apelin positive ECs compared to siblings in untreated (dorsal: ***P=0.0001; ventral:
414 **P=0,0028) and treated with 0.014 % tricaine conditions (dorsal: **P=0.0033; ventral: ***P=0.0002).
415 (siblings untreated: n= 53; tiel-/- untreated: n= 21; siblings treated with 0.014% tricaine: n= 66; tiel-
416 /- treated with 0.014% tricaine: n= 28). Mann—Whitney test was applied for statistical analysis. Values
417  are presented as means £ SD. ****P<0.0001. Scale bar= 100 um. hpf, hours post-fertilisation; dpf, days
418 post-fertilisation; DLAV, dorsal longitudinal anastomotic vessel; ISV, intersegmental vessel.

419

420 tie2 loss of function does not exacerbate the tiel mutant phenotype

421  To investigate a possible contribution of Tie2 to lymphatic Tie signalling as well as possible
422  compensatory mechanisms, we examined tiel; tie2 double mutants at 2 dpf (Figure 6 A-G).
423  While tiel mutants showed a highly significant reduction in PL numbers (Figure 6 D, G), we
424  found that an additional loss of one or two functional copies of tie2 did not affect PL numbers
425 in tiel mutant embryos (Figure 6 E, F, G). Additionally, loss of one tiel allele in tie2 mutants
426  did not result in any phenotype (Figure 6C, G). To further exclude contributions of Tie2 at later
427  stages of lymphatic development on TD formation, we quantified the segments of TD across
428 10 consecutive trunk segments at 5dpf. In line with our analysis at 2 dpf, heterozygous loss of
429 tiel did not reveal any phenotype in tie2 mutants (Figure 6 H). These results therefore do not

430 support a role of tie2 in zebrafish lymphatic development.

431
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434  Figure 6: tiel; tie2 double mutants show no exacerbation of the tiel mutant phenotype

435 A-F) Confocal images of blood and lymphatic vasculature in the trunk of 2 dpf old embryos derived
436  from tiel; tie2 double heterozygous fish, showing no genetic interaction between tiel and tie2. G)
437  Quantification of PLs at 2 dpf and of thoracic duct fragments at 5 dpf (siblings: n=50; tiel +/-; tie2 +/-:
438  n=62; tiel +/+; tie2 -/-: n=13; tiel +/-; tie2 -/-: n=20; tiel -/-; tie2 +/+: n=10; tiel -/-; tie2 +/-: n=32; tiel
439 -/ tie2 -/-: n=10). H) TD fragments were counted over the anterior-most 10 somites (siblings: n=47;
440 tiel +/-; tie2 +/-: n=34; tiel +/+; tie2 -/-: n=5; tiel +/-; tie2 -/-: n=16). Mann—Whitney test was applied
441  for statistical analysis. ***P=0.0002, ns=not significant. Scale bar= 100 um. dpf, days post-fertilisation;
442 PL, parachordal lymphangioblast; TD, thoracic duct.

443

444  Genetic interaction between svepl and tiel during PL migration in the trunk

445  After having excluded a potential role for Tie2 during lymphangiogenesis, and given the high
446  phenotypic similarity between tiel and svepl mutants, we wondered whether both genes
447  might actin the same pathway during lymphangiogenesis and would therefore show a genetic
448 interaction. To this end, we quantified PL cell numbers in embryos from svepl1; tiel double
449  heterozygous parents at 2 dpf. In svepl; tiel double heterozygous embryos we could not
450 observe any PL number reduction compared to siblings (Figure 7 A, B, H), while tiel and svep1
451  single mutants again showed severe reduction of PL cell numbers (Figure 7 C, D, H).
452  Importantly, these defects were significantly exacerbated in svep1*/; tiel”- compared to

453  svepl**; tiel”- mutant embryos (Figure 7 D, F, H). In svepl”, tie*” mutant embryos, we
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454  observed a tendency of less PLs compared to svep1 single mutants (Figure 7 C, E, H). However,
455  this effect was not significant. Taken together, this interaction study strengthens the idea that

456  Svepl converges in the Tiel pathway.
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458  Figure 7: Heterozygous loss of svepl exacerbated the PL phenotype in tiel mutants,
459 indicating genetic interaction between svep1 and tiel

460  A-G) Confocal images of blood and lymphatic vasculature in the trunk of 2 dpf old embryos derived
461  fromsvepl; tiel double heterozygous fish, showing severely reduced PL numbers in svep1; tiel double
462 mutants and significant decrease of PL cell numbers in svep1+/-; tiel-/- compared to svepl+/+; tiel-/-
463 (**P=0.0012). H) Quantification of PL cell numbers at 2 dpf using Mann—Whitney test (siblings: n=45;
464  svepl +/-; tiel +/-: n=45; svep1 -/-; tiel +/+: n=13; svepl +/+; tiel -/-: n=15; svep1 -/-; tiel +/-

465 n=20; svepl +/-; tiel -/-: n= 21; svep1 -/-; tiel -/-: n= 11). Scale bar = 100 um. Values are presented as
466 means + SD, ****P<0.0001, ***P=0.007, *P=0.0163, ns=not significant. dpf, days post-fertilisation; PL,
467 parachordal lymphangioblast.

468

469  Discussion:

470  Svepl is required for proper formation of functional lymphatic vessels. We here show an
471  essential role for zebrafish Svepl during formation of specific aspects of the facial lymphatic
472  network and of BLECs. Additionally, we uncover a crucial role for Tiel signalling during

473  lymphangiogenesis and DLAV formation under reduced flow conditions in zebrafish and
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474  provide strong in vivo evidence for svepl and tiel interaction. The results establish Svepl as a

475  factor in Tiel-signalling in zebrafish, both in lymphatic and vascular beds.

476  svepl mutants display a very distinct phenotype in the facial lymphatic bed, which is
477 complementary to the phenotypes we observed in mutants of Vegfc/Vegfr3 pathway
478 members (Figure 1). Previous studies demonstrated that mutations in vegfc, ccbel and
479 adamts3; adamtsi4 lead to a complete loss of the facial lymphatic vasculature, without
480  assessing the effects on the recently described FCLV (Astin et al., 2014; Okuda et al., 2012;
481  Padberg et al., 2017; Wang et al., 2020). In the present study, we show that the FCLV is still
482  formed in mutants affecting the Vegfc/Vegfr3 signalling cascade, whereas mutations in either
483  svepl or tiel result in a near-complete loss of this structure. In line with a differential
484  requirement for svepl/tiel for the development of the facial lymphatic vessels and the facial
485  collecting lymphatic vessel, we found that svepl is expressed in close proximity to the
486  lymphatic sprout arising from the PHS giving rise to the FCLV while vegfc is expressed in cells
487  that appear to be predominantly positioned around the migration route of the FLS arising from
488  the CCV (Figure 1C). Based on this highly specific mutant phenotype, we conclude that Svepl
489 s essential for FCLV formation in a Vegfc-independent manner. Therefore, we here show for
490 the first time that besides the previously postulated functional and morphological differences
491  between FCLV and the facial lymphatics (Shin et al., 2019), there is also a difference in the
492  pathways controlling the formation of both structures. Until recently, it was traditionally
493  considered, that lymphatic vessels always 1) have a venous origin and 2) need Vegfc signalling
494  to develop. In the last decade, it was shown that lymphatic vessels can also have non-venous
495  origins in mice (Martinez-Corral et al., 2015) and also in the facial lymphatics of zebrafish (Eng
496 et al., 2019). However, Vegfc signalling seemed to be always required for lymphatic vessel
497  development. Interestingly, inactivation of Angptl and Angpt2 or Tie2 completely abolishes
498  Schlemm’s Canal development and leads to glaucoma formation in mice, while the Schlemm’s
499  Canal is still present and only reduced in mice lacking Vegfc and Vegfd or Vegfr3, indicating
500 thatin some lymphatic structures VEGFC is not strictly required (Bernier-Latmani and Petrova,
501 2017; Thomson and Quaggin, 2018). Here we make the significant finding that a specific
502  progenitor population of zebrafish facial lymphatic network, forming the FCLV, develops in a
503 Vegfc independent and Svepl1/Tiel dependent mechanism. Since the Schlemm’s canal is a

504 hybrid vessel (Kizhatil et al., 2014) and the FCLV seem to be also morphological and functional
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505 different from other lymphatic vessels (Shin et al., 2019), these two vessels not only share

506  mechanistical but also functional differences to other lymphatic structures.

507  While the majority of mutants identified in forward genetic screens affect known or novel
508 members of the Vegfc signalling pathway with highly similar phenotypes, the svep1 mutants
509 stand out due to phenotypic differences compared to mutants affecting the Vegfc/Vegfr3
510 pathway. This, however, raises the question how Svepl exerts its effects during
511 lymphangiogenesis. In the current study we focused on a potential connection to the Tie
512  signalling pathway, as murine ANG1 and ANG2 had been shown to bind Svepl in vitro
513  (Morooka et al., 2017). In mice, conditional knockout of Svep1 or Tie2 leads to high intraocular
514  pressure and altered Schlemm’s canal morphology (Li et al., 2020; Thomson et al., 2014).
515  Additionally, Tie2 and Tiel expression levels are downregulated in Svepl mutant mice

516  (Morooka et al., 2017).

517  While Tie2 knock-out mice display severe cardiovascular defects and die at E9.5 (Dumont et
518 al., 1994; Sato et al., 1995), tie2 mutant zebrafish show unaltered vascular structures including
519 unaffected trunk lymphatics (Gjini et al., 2011; Jiang et al., 2020). We here extended that
520 notion to lymphatic beds in the head of the embryo: as is the case for PL cell numbers, neither
521  the formation of facial lymphatics nor of BLECs depend on Tie2 activity. Teleost tie2 has
522  actually been lost in the Acanthomorphata lineage, comprising 60% of contemporary teleost
523  species (Jiang et al., 2020), suggesting either the loss of critical Tie2 function in most teleosts,
524  or the adoption of essential functions for mammalian TEK function within the last 450 million
525 years (dos Reis et al., 2015). This complicates functional comparison between mammalian and
526  teleost Ang/Tie signalling. Tiel mutant mice do not show any vascular defects until E13.5 and
527 die from haemorrhages between E13.5 and PO, but display swellings at E12.5 caused by
528 lymphatic malformations that precede the haemorrhaging (D'Amico et al., 2010; Puri et al.,
529  1995; Sato et al., 1995). Additionally, postnatal Tiel deletion causes impaired lymphatic
530 capillary network development (Korhonen et al.,, 2022). We here show that tiel mutant
531  zebrafish embryos display severe lymphatic defects in the head and trunk vasculature, in
532  addition to the previously reported cardiac and blood vascular phenotypes including impaired
533  brain angiogenesis, reduced CCV width, and impaired caudal vein plexus formation (Carlantoni
534  etal, 2021). Interestingly, the FCLV, which seem to have a comparable function to collecting

535 lymphatic vessels, is affected in tiel mutant zebrafish embryos, while Tiel;Tie2 double
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536 deletion in mice leads to defective postnatal collecting lymphatic vessel development
537  (Korhonen et al., 2022). Further studies will be required in both mice and fish to determine to
538  what extent Tie signalling affects LEC specification, proliferation, and survival. However, we
539  here show definitively that Tie signalling is not only required in mice and humans for lymphatic

540 vessel formation, but also in zebrafish.

541  Remarkably, lymphatic and non-lymphatic phenotypes observed in tiel mutant zebrafish
542  embryos are very similar to the defects observed in svepl mutants: while reduced PL numbers
543  and TD length is a hallmark feature of many lymphatic mutants, the specific absence of the
544  FCLV is unique, and common to both mutants. Furthermore, formation of BLECs is affected in
545  both mutants, and the specific PL migration phenotype, with PL cells at the horizontal
546  myoseptum not migrating dorsally or ventrally, is also observed in both svepl and tiel
547  mutants (Figure 4). In addition, we could show that tie1 mutants show similar vascular defects
548  in DLAV formation under reduced flow conditions compared to svepl mutants, while we did
549  not observe any defects in vegfc and tie2 mutants. Another hallmark of a svep1 phenotype is
550 the increase in apelin expression in the ISVs, which is again recapitulated in tiel mutants.
551  Therefore, we conclude that svep1/tiel signalling is not only important for lymphangiogenesis
552  but also for blood vessel development and acts to some extent in a Vegfc independent
553  manner. Finally, genetic interaction studies indicate that Svepl provides essential input into
554  the Tiel pathway, as losing one copy of svepl in tiel mutants exacerbates the phenotype
555  significantly when assessing PL cell numbers (Figure 7). Of note, elimination of both tie2 alleles
556  did not alter the tiel mutant phenotype (Figure 6). Since Young et al. (2020) reported Svep1l
557  as agenetic modifier of TIE2 (Young et al., 2020), and Morooka et al. showed that Tiel as well
558 as Tie2 expression levels are downregulated in Svepl deficient mice (Morooka et al., 2017),
559 we assessed tiel expression levels in zebrafish svepl mutants. However, using in situ
560 hybridisation, we did not find any signs of misregulation of tiel expression in svepl mutants
561 (supplementary figure 7), indicating that at least in zebrafish downregulation of tiel is not
562  causative for the phenotype. Rather, and based on the observation that Svepl can bind Tie
563  receptor ligands (Morooka et al., 2017), we propose that Svepl most likely stabilizes ligand-
564  receptor binding. Due to the close proximity of svepl expressing cells to LECs and the fact that
565  Svepl is a large protein with several CCP domains, we suggest that Svepl might act as a
566  chaperon to help accumulation of Angiopoietins and induces Tie signalling in endothelial cells.

567 Taken together, we provide the first in vivo evidence that Svep1 interacts with Tiel, and that
23
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568 both genes, at least in certain vascular beds, act in a Vegfc-independent manner. Thus, we
569 here clarify the importance of the respective roles of Tiel as well as Tie2 in zebrafish, but also
570 underline the significance of Svepl and Tie signalling in vascular development. Together with
571 the recent discovery that SVEP1 could act as a modifier of TEK-related PCG disease
572  penetrance, further studies in zebrafish can serve as an in vivo model for clinically relevant

573  aspects of Svep1/Tie signalling.

574  Acknowledgments:

575  This work was supported by CRC 1348 (DFG, project BO8, M.H., S.S.M.) and by the CiM-
576  IMPRS graduate school.

577 Competing interests:

578 none

579  Author contributions:

580 M.H. and S.S.M. conceptualized the project and wrote the manuscript. M.H. performed the
581  experiments. S.W. and T.Z. provided infrastructure and codes for image analyses. C.C. and
582  D.Y.R.S. provided the tie1°"2% zebrafish strain prior to publication. All authors commented on
583  the manuscript.

584

585  Supplementary data:

586
587  Supplementary figure 1: Facial lymphatic phenotype of svep1 mutant embryos

588  A-D) Confocal images of siblings and svep1 mutant embryos at 5dpf, expressing the flt4:mCitrine
589  transgene. Asterix indicates reduced lymphatic vessels. Scale bar= 100 um.
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591

592  Supplementary figure 2: Combined loss of svepl and ccbel leads to a loss of all facial
593  lymphatic structures

594  A-D) Facial lymphatic phenotype of svep1; ccbel double mutants (n=6) at 5dpf expressing

595  flt4:mCitrine. OLV, LVL, MFL, marked by blue dotted lines. FCLV marked by red dotted lines. Scale
596 bar= 100 um. LFL, lateral facial lymphatic; MFL, medial facial lymphatic; OLV, otolithic lymphatic
597  vessel; FCLV, facial collecting lymphatic vessel.

598
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svepl:Gal4; UAS:RFP; flt4:mCitrine 2 dpf |

599

600  Supplementary figure 3: svep1 and vegfc expression

601  Confocal images of svepl:Gald; UAS:RFP; flt4:mCitrine and vegfc:Gal4; UAS:RFP; flt4:mCitrine
602  transgenic embryos 2 dpf. Scale bar=100um.
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Supplementary figure 4: svep1 and tiel mutants display PL migration defect

Additional cell tracking routes of PL cells in svep1 (n= 12 PLs in 5 embryos) and tiel mutants (n=14
PLs in 6 embryos) from 2.5 dpf to 3.5 dpf compared to siblings (n=72 PLs in 14 embryos + 42 PLs in 12

embryos) tracked with manual tracking tool. dpf, days post fertilization; PL, parachordal
lymphangioblast
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Supplementary figure 5: vegfc and tie2 mutants do not show defects in DLAV formation
upon tricaine treatment

A, B) Confocal images of sibling and tie2 mutant embryos, expressing flt4:mCitrine and flt1:tdTomato
at 2 dpf treated with 0.014 % tricaine from 30 hpf until 48 hpf. C) Quantification of gaps in the DLAV in
sibling and tie2 mutants that were either untreated or treated with 0.014 % tricaine (siblings
untreated: n=8; tie2-/- untreated: n=7; siblings treated with 0.014 % tricaine: n= 24; tie2-/- treated
with 0.014% tricaine: n= 11). D) Quantification of lumenised trunk segments of the DLAV in siblings
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618 and tie2 mutants, either untreated or treated with 0.014 % tricaine. E, F) Confocal images of sibling
619  and vegfc mutant embryos, expressing flt4:mCitrine and flt1:tdTomato at 2 dpf treated with 0.014 %
620  tricaine from 30 hpf until 48 hpf. G) Quantification of gaps in the DLAV in sibling and tie2 mutants that
621  were either untreated or treated with 0.014 % tricaine (siblings untreated: n=22; vegfc-/- untreated:
622 n=9; siblings treated with 0.014 % tricaine: n= 26; vegfc-/- treated with 0.014 % tricaine: n= 10). H)
623  Quantification of lumenised trunk segments of the DLAV in siblings and tie2 mutants, either untreated
624  or treated with 0.014 % tricaine. Mann—Whitney test was applied for statistical analysis. Scale bar=
625 100um. dpf, days post-fertilisation; DLAV, dorsal longitudinal anastomotic vessel; ISV, intersegmental
626  vessel
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628
629  Supplementary figure 6: svepl morphants show increased apelin expression in ISVs

630  A) apelin:eGFP and flt1:tdTomato expression at 2 dpf in UIC compared to B) svepl morphants. C, D)
631  Quantification of ISVs with apelin expression in dorsal and ventral parts of the ISVs. Dorsal part was
632  counted from DLAV until midline region. Lateral region was counted from midline region onwards in
633  ventral direction. svepl morphants showed significant increase of apelin positive ECs compared to
634  siblings (UIC: n= 21; svepl MO: n= 21). Mann—Whitney test was applied for statistical analysis. Values
635 are presented as means £ SD. ****P<0.0001, ***P=0.0002. Scale bar= 100 um. UIC, uninjected control;
636 hpf, hours post-fertilisation; ISV, intersegmental vessel.

637

30


https://doi.org/10.1101/2022.09.28.509871
http://creativecommons.org/licenses/by/4.0/

638
639

640
641
642

643
644
645

646
647

648

649

650
651
652
653
654
655
656
657
658
659
660

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.28.509871; this version posted September 29, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

sibling

svepl-/- svepl-/-

Supplementary figure 7: tiel expression is not altered in svep1 mutants

In situ hybridization of tiel in svep1 mutants (n=6) (C, D) and siblings (n=14) (A,B) at 24 hpf. Note that the
images have been assembled from individual pictures to ensure proper focus of all areas. B and D are
magnifications of boxed area in A and C respectively. Scale bar= 100um.

gene wildtype 5'-3' mutant 5'-3' common 5'-3'

adamts3 105! GAAGGTGACCAAGTTCATGCTGCCATGGTGGAATGGCACGATG GAAGGTCGGAGTCAACGGATTGCCATGGTGGAATGGCACGATC TTCTGTTATCAGTCGCATTTCCAGC (reverse)
adamts14 "% GAAGGTGACCAAGTTCATGCTTGGGAACAAACATCAACATTGTGCT  |GAAGGTCGGAGTCAACGGATTTGGGAACAAACATCAACATTGTGCC  |GCCTTACCTGTCGATATCCCACCA (reverse)
svep1 613 GAAGGTGACCAAGTTCATGCTCCTGGTAGCACAGATATATCAGACTGT |GAAGGTCGGAGTCAACGGATTCCTGGTAGCACAGATATATCAGACTGA |GTTGTTGTGTGGTCTGTAGCCTTCC (reverse)
svep1 4767 GAAGGTGACCAAGTTCATGCTGGGGAGATGATGTCTCTTGCA GAAGGTCGGAGTCAACGGATTGGGGAGATGATGTCTCTTGCT CAGGCACTGTGCAGGTAAAGTCATT (reverse)
vegfc "e41° GAAGGTGACCAAGTTCATGCTGGCTGCTTTCATCAATCTTGAACTTTT | GAAGGTCGGAGTCAACGGATTGGCTGCTTTCATCAATCTTGAACTTTA _|GGCGGTTCTAAATTAATAGTCACTCACTT

tie2 11667

GAAGGTGACCAAGTTCATGCTGTCTTCTTGACGTACACCTCCTG

GAAGGTCGGAGTCAACGGATTGTCTTCTTGACGTACACCTCCTA

AGACTTCGGGCTGTCCAGAGGT

gene

foward 5'-3'

reverse 5'-3'

cche 1095

GCGCTGAACTTCAAGACTGG

ACAGACAGACAGCACAGCA

— bns208
tie1 *"™

TATTCCCACCACTCAGCAAG

ATGGTCACACAAGTCACAGC

tiel primer for insitu probe

tie1ISH probe 1

GGAGGAATGGTGCCTTTGGA

cattaaccctcactaaagggaaACATTGCCAAGCTGGTCTGA

tie1 ISH probe 2

CGCTGAAGAGGCCTGACTAC

gggaaCTTGCGTTTTCTGGGCCAC

tie11SH probe 3

TCATCCTCTACGCCTCTTCCT

cattaaccctcactaaagggaaGAGAGGTTAACGAGGAATAAAATGCA

Supplementary table 1: primer list
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