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 2 
(A) Schematic illustration of the quantification pipeline using surface rendering of the Tg(-3 

5.2lyve1b:DsRed2)nz101 venous and lymphatic vasculature, channel masking into the  4 
Tg(fli1a:EGFP)y7 nuclei, and spot count analysis in the Imaris software to quantify the total 5 

number of VEC and LEC nuclei in the whole zebrafish during embryonic and larval 6 

development.  7 
(B) Manual quantifications of VEC and LEC numbers in the different vascular beds in trunk 8 

two-somite segments (yellow boxes from (A), (B), (C), (D)) at 5 dpf, 7 dpf, 11 dpf and 16 9 

dpf. n = 4 for each time point. Unpaired two-tailed Student’s t-test was used for statistical 10 
analysis. ns = no significance p > 0.05. 11 

(C) Contribution of lymphatic vascular expansion in the trunk (marked in teal) compared to all 12 

venous and lymphatic vascular expansion in the whole zebrafish (marked in grey) at 7 13 
dpf, 11 dpf and 16 dpf. 14 

(D) FACS cell cycle analysis measuring percentage of EdU-positive (AF647) cells of all GFP-15 
positive endothelial cells by Tg(fli1a:EGFP)y7 with gating strategy, histograms and 16 

quantification at 5 dpf, 7 dpf, 10 dpf and 11 dpf. n = 4 for each time point. Mann-Whitney 17 
test was used for statistical analysis. ns = no significance p > 0.05, *p = 0.0286 for ECs 18 
from 5 to 7 dpf, *p = 0.0286 for ECs from 10 to 11 dpf. 19 

(E) FACS cell cycle analysis measuring percentage of EdU-positive (Pacific Blue) cells of 20 

fli1a+prox1a+ LECs (RFP/GFP-double-positive) using TgBAC(prox1a:KalTA4-4xUAS-21 
ADV.E1b:TagRFP)nim5;Tg(fli1a:EGFP)y7 background fish, showing gating strategy, 22 
histograms and quantification at 5 dpf, 7 dpf, 10 dpf and 11 dpf. n = 4 for each time point. 23 

Mann-Whitney test was used for statistical analysis. ns = no significance p > 0.05, *p = 24 
0.0286 for LECs from 5 to 7 dpf, *p = 0.0286 for LECs from 10 to 11 dpf. 25 

(F) Confocal images in the zebrafish trunk of immunostainings of endothelial cell nuclei for 26 

GFP-expressing transgenic Tg(fli1a:EGFP)y7 fish (green) and incorporated EdU 27 

(magenta) showing cell proliferation at 5 dpf and 7 dpf. White arrows indicate GFP+EdU+ 28 

proliferating LECs in ISLVs and TD. PCV, posterior cardinal vein; TD, thoracic duct; DA, 29 

dorsal aorta. Scale bar: 100 μm. 30 
(G) Quantification of the ratio of EdU-positive endothelial cells (GFP+EdU+) to total EC (VEC 31 

or LEC) number at 5 dpf and 7 dpf in the trunk from (D). n = 9-13 for each time point. Two-32 

way ANOVA test was used for statistical analysis. ns = no significance p > 0.05, **p = 33 
0.0011 for LECs from 5 to 7 dpf, ***p = 0.0006 for comparing VECs to LECs at 7 dpf. 34 

(H) Schematic illustration for the heat-shock treatment prior to EdU incubation in larvae. All 35 

embryos were treated with PTU at 24 hpf. Control and sflt4+ larvae were heat-shocked for 36 
two hours at 5 and 6 dpf. sflt4+ larvae without heat-shock treatment and heat-shocked 37 



sflt4- larvae were used as control. Larvae of all conditions were incubated with EdU for 38 

three hours prior to fixation in PFA at 7 dpf. 39 
(I) Confocal images in the zebrafish trunk of immunostainings of endothelial cell nuclei for 40 

GFP-expressing transgenic Tg(fli1a:EGFP)y7 fish (green) and incorporated EdU 41 
(magenta) showing cell proliferation at 7 dpf without (control) and with (sflt4++hs) soluble 42 

Flt4 expression due to a Tg(hsp70l:flt4,cryaa:Cerulean)bns82 background. White arrows 43 

indicate GFP+EdU+ proliferating LECs in ISLVs and TD. Yellow dashed line marks the TD 44 
which shows formation deficiency upon Vegfc trap-induction. On the right, zoom-in 45 

images of the TD area are shown for both conditions. PCV, posterior cardinal vein; DA, 46 

dorsal aorta; TD, thoracic duct. Scale bar: 100 μm. 47 
(J) Quantification of the ratio of EdU-positive LECs (GFP+EdU+) to total LEC number at 7 dpf 48 

in the trunk from (I). n = 5-6 for each condition. Mann-Whitney test was used for statistical 49 

analysis. **p = 0.0087. 50 
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 52 
(A) Quantification of cell cycle length of LECs and PLs from time-lapse videos in Figure 2A, 53 

with the first division in ISLV and second division in HM (n = 3) or first and second division 54 
both in HM. Unpaired two-tailed Student’s t-test was used for statistical analysis. ns = no 55 

significance p > 0.05.  56 

(B) Quantification of total number of sprouting lyve1b+ cells from time-lapse videos in Figure 57 
2D. The quantification was performed at the first frame and the last frame of the movie in 58 

embryos without (control, n = 16) and with (sflt4++hs, n = 11) soluble Flt4 expression. 59 

Mann-Whitney test was used for statistical analysis. ns = no significance p > 0.05, **p = 60 
0.0025, ****p < 0.0001.  61 

(C) Quantification of PL number in HM from time-lapse videos in Figure 2D. The quantification 62 

was performed at the last frame of the movie in embryos without (control, n = 16) and with 63 
(sflt4++hs, n = 11) soluble Flt4 expression. Unpaired two-tailed Student’s t-test was used 64 

for statistical analysis. ****p < 0.0001.  65 
(D) Confocal images in the zebrafish trunk of immunostainings of endothelial cell nuclei for 66 

GFP-expressing transgenic Tg(fli1a:EGFP)y7 fish (green) and incorporated EdU 67 
(magenta) showing cell proliferation at 36 hpf and 48 hpf. White arrows indicate 68 
GFP+EdU+ proliferating progenitor LECs in secondary sprouts or HM. PCV, posterior 69 
cardinal vein; DA, dorsal aorta. Scale bar: 100 μm. 70 

(E) Quantification of the ratio of EdU-positive endothelial cells (GFP+EdU+) to total EC (VEC 71 
or LEC) number at 36 hpf and 48 hpf in the trunk from (D). n = 7-15 for each time point. 72 
Two-way ANOVA test was used for statistical analysis. ns = no significance p > 0.05, ****p 73 

< 0.0001. 74 
(F) Schematic illustration of the heat-shock treatment. All embryos were treated with PTU at 75 

24 hpf. Left, embryo treatment for time-lapse imaging. Control and sflt4+ embryos were 76 

heat-shocked for one hour before imaging from 39 hpf. sflt4+ embryos without heat-shock 77 

treatment and heat-shocked sflt4- embryos were used as control. Right, embryo 78 

treatment for immunofluorescent staining. Control and sflt4+ embryos were heat-shocked 79 

for one hour at 45 hpf. sflt4+ embryos without heat-shock treatment and heat-shocked 80 
sflt4- embryos were used as control. Embryos of all conditions were incubated with EdU 81 

for 30 mins at 54 hpf prior to fixation in PFA. 82 

(G) Confocal images in the zebrafish trunk of immunostainings of endothelial cell nuclei for 83 
GFP-expressing transgenic Tg(fli1a:EGFP)y7 fish (green) and incorporated EdU 84 

(magenta) showing cell proliferation at 2.25 dpf without (control) and with (sflt4++hs) 85 

soluble Flt4 expression due to a Tg(hsp70l:flt4,cryaa:Cerulean)bns82 background. White 86 



arrows indicate GFP+EdU+ proliferating PLs in HM. PCV, posterior cardinal vein; DA, 87 

dorsal aorta. Scale bar: 100 μm. 88 
(H) Quantification of the total PL number at 2.25 dpf in the trunk HM from (G). n = 7-9 for each 89 

condition. Mann-Whitney test was used for statistical analysis. *p = 0.0494 (left). 90 
Quantification of the ratio of EdU-positive endothelial cells (GFP+EdU+) to total PL number 91 

at 2.25 dpf in the trunk HM from (G). n = 9-10 for each condition. Mann-Whitney test was 92 

used for statistical analysis. ***p = 0.0007 (right). 93 
(I) Confocal images in the zebrafish trunk of immunostainings of endothelial cell nuclei for 94 

GFP-expressing transgenic Tg(fli1a:EGFP)y7 fish (green) and incorporated EdU 95 

(magenta) showing cell proliferation at 3 dpf without (control) and with vegfc induction due 96 
to a TgBAC(prox1a:KalTA4)uq3bh;Tg(10xUAS:vegfc,cryaa:GFP) background. White arrows 97 

indicate GFP+EdU+ proliferating LECs. PCV, posterior cardinal vein; DA, dorsal aorta. 98 

Scale bar: 100 μm. 99 
(J) Quantification of the ratio of EdU-positive endothelial cells (GFP+EdU+) to total EC number 100 

at 3 dpf in PCV and sprouts in the trunk from (I). n = 5-6 for each condition. Multiple Mann-101 
Whitney test was used for statistical analysis. **p = 0.0022 for PCV, **p = 0.0065 for 102 

sprouts. 103 
(K) Confocal images in the zebrafish trunk of immunostainings of endothelial cell nuclei for 104 

GFP-expressing transgenic Tg(fli1a:EGFP)y7 fish (green) and phospho-Erk (magenta) at 105 
3 dpf without (control) and with vegfc induction due to a 106 

TgBAC(prox1a:KalTA4)uq3bh;Tg(10xUAS:vegfc,cryaa:GFP) background. White arrows indicate 107 
phospho-Erk-positive PCV and sprouts. PCV, posterior cardinal vein; DA, dorsal aorta. 108 
Scale bar: 100 μm. 109 

(L) Quantification of the fluorescent intensity of phospho-Erk immunostaining per vessel area 110 
in x106 at 3 dpf in PCV and sprouts in the trunk from (K). n = 4-6 for each condition. 111 

Multiple Mann-Whitney test was used for statistical analysis. *p = 0.0159 for PCV, **p = 112 

0.0025 for sprouts. 113 

(M) FACS cell cycle analysis measuring percentage of EdU-positive (Pacific Blue) ECs in 114 

Tg(fli1a:EGFP)y7 (GFP-positive) fish at 3 dpf without (control) and with vegfc induction 115 

due to a TgBAC(prox1a:KalTA4)uq3bh;Tg(10xUAS:vegfc,cryaa:GFP) background showing 116 
gating strategy and quantification. n = 4 for each condition. Mann-Whitney test was used 117 

for statistical analysis. *p = 0.0159. 118 
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Suppl. Figure 3. 119 

 120 
(A) Whole scRNA-seq data set combined visualized in a UMAP landscape, before filtering 121 

out the contaminant clusters, labeled by cluster assignment. 122 
(B) Whole scRNA-seq data set combined as in (A) visualized in a UMAP landscape, labeled 123 

by anatomical part cluster assignment (head, trunk, whole). 124 

(C) Seperated scRNA-seq data sets for each developmental time point 36 hpf, 48 hpf, 5 dpf 125 
and 7 dpf visualized in a UMAP landscape, before filtering out the contaminant clusters 126 

clusters, labeled by cluster assignment.  127 

(D) Dot plots indicating expression of key tissue markers (macrophages, erythrocytes, 128 
fibroblasts and heamatocytes) for each cluser of the seperate time point data sets as in 129 

(C) to determine contamination clusters. Dot size illustrates percentage of cells presenting 130 

transcript sequence counts (% Expn) and viridis scale color illustrates the average 131 
normalized expression (Av Expn) within a cluster. 132 

 133 
(E) Cell counts of prox1a expression as lymphatic marker, visualized for two clusters 134 

containing most differentiated LECs (green) or VECs (purple) at all developmental time 135 
points. Stated are adjusted p-value (p.adjust), p-value (p) and average expression log2 136 
fold change (log2FC) between the two clusters. 137 

(F) Cell counts of cdh6 expression as lymphatic marker, visualized for two clusters containing 138 

most differentiated LECs (green) or VECs (purple) at all developmental time points. at all 139 
developmental time points. Stated are adjusted p-value (p.adjust), p-value (p) and 140 
average expression log2 fold change (log2FC) between the two clusters. 141 

(G) GO term analysis for Biological Processes (BP) of genes enriched in the different clusters 142 
in comparison to each other of the developmental time points as in Figure 3C. Selected 143 

terms for enriched lymphatic or venous vessel and vasculature descriptions, angiogenetic 144 

and developmental processes, cell proliferation or other top enriched terms are shown. 145 

Y-axis represents enriched GO BP term and X-axis represents the enriched GeneRatio 146 

indicating fold enrichment. Dot size illustrates gene count number (Count) and viridis scale 147 

color illustrates adjusted p-value (p.adjust). 148 
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Suppl. Figure 4. 149 

 150 
(A) Vulcano plots of differentially expressed genes (DEG) between proliferating (prol = teal) 151 

and non-proliferating (G1 = grey) LECs at the different deleopmental time points. Labeled 152 
dots represent important known common cell cycle machinery genes, significantly 153 

upregulated in prol LECs. Non-differentially expressed genes are plotted in platinum 154 

(average log2 fold change < +/-0.5 and p-value > 0.1).  155 
(B) Proliferative state proportion of LEC and VEC populations at all developmental time points 156 

showing the ratio of cells in G1- (grey), G2M- (light teal) or S-phase (dark teal) (left). 157 

Seperated transcriptomical data set of sorted trunks from Tg(fli1a:nEGFP)y7;Tg(-158 
5.2lyve1b:DsRed)nz101 fish only showing the ratio of LECs or VECs in S-phase (dark teal) 159 

at the different developmental time points (middle, right). Population sizes are shown 160 

relative to total cell number (= 1). 161 
(C) Heatmap showing the gene expression of endothelial, lymphatic and venous identity 162 

genes (EC, LEC and VEC) and known common cell cycle machinery regulators for S- or 163 
G2M-phase in the 48 hpf transcriptomic data set, after combining clusters from Figure 3C 164 

of same identity and proliferative state (left). Heatmap showing the gene expression of 165 
endothelial, lymphatic and venous identity genes (EC, LEC and VEC) and known common 166 
cell cycle machinery regulators for S- or G2M-phase in the 7 dpf transcriptomic data set, 167 
after combining clusters from Figure 3C of same identity and proliferative state (right). 168 

Cells were ordered by their assigned clusters depending on LEC or VEC identity and 169 
proliferative state (LEC = green, VEC = purple, G1 = grey, prol = teal with G2M-phase = 170 
light teal and S-phase = dark teal). Viridis scale color indicates relative normalized read 171 

counts in log-scale (Rel Expn). 172 
(D) Dot plots indicating expression of new candidate genes (new candidates) from the LEC 173 

proliferation code in the 48 hpf transcriptomic data set for LEC and VEC clusters ordered 174 

by cell cycle phase (G1, G2M, S) (left). Dot plots indicating expression of new candidate 175 

genes (new candidates) from the LEC proliferation code in the 7 dpf transcriptomic data 176 

set for LEC and VEC clusters ordered by cell cycle phase (G1, G2M, S) (right). Dot size 177 

illustrates percentage of cells presenting transcript sequence counts (% Expn) and viridis 178 
scale color illustrates the relative average normalized expression (Rel Av Expn) within a 179 

cluster. 180 
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Suppl. Figure 5. 181 

 182 
(A) qRT-PCR analysis of cultured HDLECs treated with LBR, FKBP1A or control (CTRL) 183 

siRNA showing decreased LBR expression in LBR siRNA-treated HDLECs in comparison 184 
to CTRL siRNA-treated HDLECs, confirming efficient knockdown. Data represent mean 185 

relative mRNA expression, presented normalized to CTRL siRNA-treated HDLECs. n = 3 186 

per group, p-values were obtained using one-sample t-test. ns = no significance p > 0.05, 187 
****p < 0.0001 for LBR (left). qRT-PCR analysis of cultured HDLECs treated with LBR, 188 

FKBP1A or control (CTRL) siRNA showing decreased FKBP1A expression in FKBP1A 189 

siRNA-treated HDLECs in comparison to CTRL siRNA-treated HDLECs, confirming 190 
efficient knockdown. Data represent mean relative mRNA expression, presented 191 

normalized to CTRL siRNA-treated HDLECs. n = 3 per group, p-values were obtained 192 

using one-sample t-test. ns = no significance p > 0.05, ****p < 0.0001 (right). 193 
(B) qRT-PCR analysis of cultured HDLECs treated with LBR, FKBP1A or control (CTRL) 194 

siRNA showing decreased CCNB1, CCNB2 and MKI67 expression in LBR siRNA- and 195 
FKBP1A siRNA-reated HDLECs in comparison to CTRL siRNA-treated HDLECs, 196 

confirming cell proliferation reduction. Data represent mean relative mRNA expression, 197 
presented normalized to CTRL siRNA-treated HDLECs. n = 3 per group, p-values were 198 
obtained using one-sample t-test. ns = no significance p > 0.05, *p < 0.05, **p < 0.01. 199 

(C) Representative images of immunofluorescence stainings of KI67 (magenta) and DAPI 200 

(blue) (upper panel), VE-Cadherin (grey) (middle panel) or Actin (grey) (lower panel) in 201 
HUVECs treated with LBR, FKBP1A or control (CTRL) siRNA. Scale bars: 50 μm. 202 

(D) Quantification of KI67-positive HUVECs treated with LBR, FKBP1A or control (CTRL) 203 

siRNA from immunofluorescence stainings in (A, upper panel), showing reduced cell 204 
proliferation upon siRNA treatment. Data represent mean percentage compared to all 205 

cells, presented normalized to CTRL siRNA-treated HUVECs. n = 3 per group, p-values 206 

were obtained using one-sample t-test. ns = no significance p > 0.05, *p = 0.0115, **p = 207 

0.0061. 208 

(E) Western blots of cultured HUVECs treated with LBR, FKBP1A or control (CTRL) siRNA 209 

showing decreased CLDN5 protein in FKBP1A siRNA-treated HUVECs in comparison to 210 
CTRL siRNA-treated HUVECs. n = 2 per group.  211 

(F) qRT-PCR analysis of cultured HUVECs treated with LBR, FKBP1A or control (CTRL) 212 

siRNA showing unaltered to increased CLDN5 expression upon siRNA. treatment in 213 
comparison to CTRL siRNA-treated HUVECs. Data represent mean relative mRNA 214 

expression, presented normalized to CTRL siRNA-treated HHUECs. n = 2 per group. 215 



(G) Western blots of cultured HUVECs treated with LBR, FKBP1A or control (CTRL) siRNA 216 

showing unaltered phospho AKT protein upon siRNA treatment in comparison to CTRL 217 
siRNA-treated HUVECs. n = 3 per group.  218 

(H) Western blot intensity quantification of cultured HUVECs treated with LBR, FKBP1A or 219 
control (CTRL) siRNA in (G) showing unaltered basal AKT phosphorylisation (phospho 220 

AKT) upon siRNA treatment in comparison to CTRL siRNA-treated HUVECs. Data 221 

represent mean relative phosphorylation, measured by densitometry normalized to 222 
GAPDH and CTRL siRNA-treated HUVECs. n = 3 per group, p-values were obtained using 223 

one-sample t-test. ns = no significance p > 0.05. 224 

(I) qRT-PCR analysis of cultured HUVECs treated with LBR, FKBP1A or control (CTRL) 225 
siRNA showing unaltered to increased CDH5 expression upon siRNA treatment in 226 

comparison to CTRL siRNA-treated HUVECs. Data represent mean relative mRNA 227 

expression, presented normalized to CTRL siRNA-treated HUVECs. n = 2 per group. 228 
(J) qRT-PCR analysis of cultured HUVECs treated with LBR, FKBP1A or control (CTRL) 229 

siRNA showing decreased LBR expression in LBR siRNA-treated HUVECs in comparison 230 
to CTRL siRNA-treated HUVECs, confirming efficient knockdown. Data represent mean 231 

relative mRNA expression, presented normalized to CTRL siRNA-treated HUVECs. n = 2 232 
per group (left). qRT-PCR analysis of cultured HDLECs treated with LBR, FKBP1A or 233 
control (CTRL) siRNA showing decreased FKBP1A expression in FKBP1A siRNA-treated 234 
HUVECs in comparison to CTRL siRNA-treated HUVECs, confirming efficient 235 

knockdown. Data represent mean relative mRNA expression, presented normalized to 236 
CTRL siRNA-treated HUVECs. n = 3 per group, p-values were obtained using one-237 
sample t-test. ns = no significance p > 0.05, ****p < 0.0001 (right). 238 

(K) qRT-PCR analysis of cultured HUVECs treated with LBR, FKBP1A or control (CTRL) 239 
siRNA showing decreased CCNB1, CCNB2 and MKI67 expression in LBR siRNA- and 240 

FKBP1A siRNA-reated HUVECs in comparison to CTRL siRNA-treated HUVECs, 241 

confirming cell proliferation reduction. Data represent mean relative mRNA expression, 242 

presented normalized to CTRL siRNA-treated HUVECs. n = 2 per group. 243 

(L) Dot plots indicating expression of conserved genes from the LEC proliferation code, 244 

including  common cell cycle machinery regulators (cell cycle) and new candidate genes 245 
(new candidates), in BECs from mouse retinas (Chavkin et al., 2022) ordered by assigned 246 

cluster identity (prol BEC = proliferating BEC, Vein, vCap = venous capillaries, Artery). Dot 247 

size illustrates percentage of cells presenting transcript sequence counts (% Expn) and 248 
viridis scale color illustrates the relative average normalized expression (Rel Av Expn) 249 

within a cluster. 250 



(M) Venn diagram of gene number found differentially expressed in embryonic zebrafish 251 

proliferating LECs and proliferating BECs from mouse retinas, as well as conserved gene 252 
number. 253 

(N) Dot plots indicating expression of conserved genes from the LEC proliferation code, 254 
including  common cell cycle machinery regulators (cell cycle) and new candidate genes 255 

(new candidates), in dermal normal proliferating LECs (normal) and proliferating mutant 256 

Pik3ca GOF LECs (Pik3ca GOF) from ear skin of juvenile mice (Petkova et al., 2023). Dot 257 
size illustrates percentage of cells presenting transcript sequence counts (% Expn) and 258 

viridis scale color illustrates the average normalized expression (Av Expn) within a cluster. 259 
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