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ABSTRACT 21 

Lymphatic vessels are crucial for tissue homeostasis and immune responses in vertebrates. 22 

Recent studies have demonstrated that lymphatic endothelial cells (LECs) arise from both 23 

venous sprouting (lymphangiogenesis) and de novo production from non-venous origins 24 

(lymphvasculogenesis), which is similar to blood vessel formation through angiogenesis 25 

and vasculogenesis. However, the contribution of LECs from non-venous origins to 26 

lymphatic networks is considered to be relatively small. Here, we identify the Islet1 27 

(Isl1)-expressing cardiopharyngeal mesoderm (CPM) as a non-venous origin of 28 

craniofacial and cardiac LECs. Genetic lineage tracing with Isl1-Cre and Isl1-29 

MerCreMer mice suggested that a subset of CPM cells gives rise to LECs. These CPM-30 

derived LECs are distinct from venous-derived LECs in terms of their developmental 31 

processes and anatomical locations. Later, they form the craniofacial and cardiac 32 

lymphatic vascular networks in collaboration with venous-derived LECs. Collectively, 33 
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our results demonstrate that there are two major sources of LECs, the cardinal vein and 34 

the CPM. As the CPM is evolutionarily conserved, these findings may improve our 35 

understanding of the evolution of lymphatic vessel development across species. Most 36 

importantly, our findings may provide clues to the pathogenesis of lymphatic 37 

malformations, which most often develop in the craniofacial and mediastinal regions.  38 

 39 

 40 

Introduction 41 

The lymphatic vascular system plays diverse roles in the maintenance of tissue fluid 42 

balance, immune surveillance, lipid absorption from the gut, and tumor metastasis1. 43 

Furthermore, recent progress in molecular and cellular characterization has unveiled the 44 

processes involved in the development of the lymphatic vasculature and the roles played 45 

by the lymphatic vasculature in various pathophysiological conditions1–6. In particular, 46 

advances in genetic lineage-tracing and imaging technology have resulted in new findings 47 

regarding the embryonic origins and organ-specific roles of the lymphatic vasculature in 48 

studies involving mice and zebrafish7.  49 

The origin of lymphatic endothelial cells (LECs) has been discussed since the 1900s8,9. 50 

Recent studies using genetic lineage tracing confirmed Sabin’s hypothesis that lymphatic 51 

vessels originate from the embryonic cardinal vein through lymphangiogenesis10,11. In 52 

mice, lymphatic vessels arise from the common cardinal vein between embryonic day (E) 53 

9.5 and E10.0 during the partial expression of prospero homeobox transcription protein 1 54 

(Prox1), which is the master regulator of LEC differentiation10,12. After that, vascular 55 

endothelial growth factor C (VEGF-C) induces the sprouting and expansion of vascular 56 

endothelial growth factor receptor 3 (VEGFR3)+ LECs from the common cardinal veins 57 

to form the first lymphatic plexus13,14. This role of venous tissue has also been confirmed 58 

in zebrafish15,16. In contrast, in tadpoles and avian embryos, mesenchymal cells also 59 

contribute to lymphatic vessel development17–19, supporting Huntington and McClure’s 60 

suggestion that lymphatic vessels form via the differentiation of mesenchymal cells into 61 

LECs, which later develop into a primary lymph sac and connect to the venous system. 62 

These findings indicate that there are species-dependent differences in lymphatic vessel 63 

developmental processes. 64 

Recent studies involving various mouse genetic lineage-tracing models have revealed 65 

that non-venous sources of LECs also contribute to the lymphatic vasculature in the skin, 66 
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mesentery, and heart through lymphvasculogenesis20–25. Despite the accumulation of 67 

studies on non-venous sources of LECs, it remains uncertain how much they contribute 68 

to lymphatic vessels throughout the body. Our previous studies showed that LIM-69 

homeodomain protein Islet1 (Isl1)-expressing second heart field cells contribute to 70 

ventral cardiac lymphatic vessels as a non-venous source of LECs24. Isl1-expressing 71 

second heart field cells have been found to overlap with the progenitor populations that 72 

give rise to the pharyngeal muscles in mice and chicks, and they are collectively known 73 

as the cardiopharyngeal mesoderm (CPM), which contributes to broad regions of the heart, 74 

cranial musculature, and connective tissue26–29. Of note, the CPM has been demonstrated 75 

to be present in various species, and therefore, it is widely accepted as an evolutionarily 76 

conserved mesodermal region26. The CPM is composed of the paraxial and splanchnic 77 

mesodermal cells surrounding the pharynx. Later, the CPM cells migrate to form the 78 

mesodermal cores of the pharyngeal arches. Before their differentiation, CPM cells 79 

express both immature skeletal and cardiac muscle markers, including Isl1, myocyte-80 

specific enhancer factor 2C (Mef2c), and T-box transcription factor (Tbx1). In mice, these 81 

molecules have been shown to be markers of a subset of CPM cells, which play important 82 

roles in cardiovascular and skeletal muscle development26,28–32.  83 

  Herein, we identified that the CPM contributes to broader regions of the facial, laryngeal, 84 

and cardiac lymphatic vasculature using Isl1-Cre and Isl1-MerCreMer mice, which can 85 

be used to study developmental processes involving the CPM. According to our 86 

developmental analysis, CPM-derived progenitor cells have the capacity to differentiate 87 

into LECs for a limited embryonic period. CPM-derived LECs are spatiotemporally 88 

distinct from venous-derived LECs during the early embryonic period. Later, they 89 

coordinate to form capillary lymphatics in and around the cranial and cardiac regions. 90 

Conditional knockout (KO) of Prox1 in Isl1-expressing cells resulted in decreased 91 

numbers of lymphatic vessels in the tongue and altered the proportions of Isl1+ and Isl1- 92 

LECs in facial lymphatic vessels. These results suggest that a subpopulation of LECs may 93 

share a common mesodermal origin with cardiopharyngeal components. In addition, as 94 

the CPM is conserved across vertebrates, they may provide clues regarding the evolution 95 

of lymphatic vessel development. In addition, these findings provide a fundamental basis 96 

for increasing our understanding of lymphatic vessel development and lymphatic system-97 

related diseases.  98 

 99 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted April 1, 2022. ; https://doi.org/10.1101/2022.03.30.486479doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.30.486479
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 4 

Results 100 

Isl1+ CPM-derived LECs contribute to cardiac, facial, and laryngeal lymphatic 101 

vessel development 102 

To assess the regional contribution of Isl1+ CPM cells to lymphatic vessel development, 103 

we crossed Isl1-Cre mice, which express Cre recombinase under the control of the Isl1 104 

promoter and in which second heart field-derivatives are effectively labeled, with the 105 

transgenic reporter line R26R-tdTomato at E16.5. Co-immunostaining of platelet 106 

endothelial cell adhesion molecule (PECAM) and vascular endothelial growth factor 107 

receptor (VEGFR)3, a lymphatic endothelial cell marker, revealed tdTomato+ LECs in 108 

and around the larynx, the skin of the lower jaw, the tongue, and the cardiac outflow tracts 109 

at various frequencies, whereas no such cells were found on the dorsal side of the 110 

ventricles, which agrees with our previous study 24 (Figure 1A-H). We also confirmed 111 

that tdTomato+ cells were present in populations of PECAM+ blood and aortic endothelial 112 

cells in these regions (Figure 1A-F).  113 

To examine whether the Isl-marked LECs originated from the neural crest33, we used 114 

Wnt1-Cre mice, in which neural crest cells were effectively marked, crossed with the 115 

R26R-eYFP reporter line. We detected broad eYFP+ cell contributions to the bone, 116 

cartilage, and mesenchymal tissues in the head and neck regions as well as the cardiac 117 

outflow tract wall, but no eYFP+ LECs were found in these regions (Figure 1I-O), 118 

excluding the possibility of them originating from the neural crest.  119 

We then investigated the possible contribution of myogenic CPM populations to LECs 120 

using Myf5-CreERT2 mice crossed with the R26R-tdTomato line. After tamoxifen was 121 

administered at E8.5, tdTomato+ cells were broadly detected in the muscle in the head 122 

and neck regions at E16.5, indicating effective Cre-mediated recombination of the target 123 

gene. However, no tdTomato+ LECs were detected in the cardiopharyngeal region 124 

(Supplemental Figure 1A-E). These results indicate that Isl1+ CPM cells contribute to 125 

broader regions of the LECs in the cardiopharyngeal region. 126 

 127 

Isl1+ CPM cells can differentiate into LECs in a limited developmental period  128 

To determine the timing of the differentiation of CPM into LECs, we employed 129 

tamoxifen-inducible Isl1-MerCreMer mice crossed with either the R26R-tdTomato or 130 

R26R-eYFP reporter line to conditionally label descendants of Isl1-expressing cells. We 131 

intraperitoneally injected tamoxifen into pregnant female mice at several timepoints. We 132 
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first injected tamoxifen at E6.5 and analyzed the embryos at E16.5 by examining sagittal 133 

sections that had been immunostained for PECAM and VEGFR3. We injected tamoxifen 134 

into three pregnant female mice; however, due to the toxicity of tamoxifen, we could only 135 

obtain two embryos from one mouse. In the embryos, tdTomato+ cells broadly contributed 136 

to LECs in and around the larynx, the skin of the lower jaw, the tongue, and the cardiac 137 

outflow tracts at various frequencies, but not in the back skin or on the dorsal side of the 138 

ventricles (Supplemental Figure 2A-I). We then injected tamoxifen at E8.5 and 139 

analyzed the embryos at E16.5. Although the contribution of tdTomato+ cells to LECs 140 

was smaller, tdTomato+ cells broadly contributed to LECs, as was found for the 141 

tamoxifen-treated embryos analyzed at E6.5 (Figure 2A-H). In contrast, the number of 142 

tdTomato+ LECs seen at E16.5 was markedly decreased when tamoxifen was injected at 143 

E11.5 (Figure 2I-P). These results indicate that the differentiation of CPM cells into 144 

LECs occurs before E11.5.  145 

We then performed whole-mount immunostaining of hearts from E16.5 Isl1-146 

MerCreMer;R26R-eYFP embryos for PECAM, VEGFR3, and eYFP to show the spatial 147 

contribution of Isl1+ CPM cells to lymphatic vessels. In the embryos from the mice treated 148 

with tamoxifen at E8.5, eYFP+ cells were detected in VEGFR3+ lymphatic vessels around 149 

the cardiac outflow tracts. In contrast, we could not detect eYFP+ cells in the VEGFR3+ 150 

lymphatic vessels around the cardiac outflow tracts when tamoxifen was administered at 151 

E11.5, or on the dorsal side of the ventricles when tamoxifen was administered at E8.5 or 152 

E11.5 (Figure 3A-H). These results indicate that Isl1+ CPM cells gradually lose their 153 

capacity to differentiate into LECs as development progresses.  154 

 155 

Isl1+ CPM-derived LECs are spatiotemporally distinct from vein-derived LECs 156 

We next analyzed the early stages of the spatiotemporal development of Isl1+ CPM-157 

derived lymphatic vessels using Isl1-Cre;R26R-eYFP mice by performing 158 

immunostaining for PECAM, Prox1, and eYFP. At E11.5, eYFP+/Prox1+ cells were 159 

detected around the eYFP+ mesodermal core region of the first and second pharyngeal 160 

arches in Isl1-Cre;R26R-eYFP mice (Figure 4A and B). At E12.0, eYFP+/Prox1+ cells 161 

were distributed in the pharyngeal arch region and extended toward the lymph sac-162 

forming domain composed of eYFP–/Prox1+ cells, which were considered to emerge from 163 

the cardinal vein and intersomitic vessels, as reported previously11 (Figure 4C and D). 164 
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At E14.5, eYFP+/Prox1+/PECAM+ LECs formed lymphatic capillaries in the lower jaw 165 

and the tongue, which are derived from the first pharyngeal arch (Figure 4E-G). 166 

We then analyzed Isl1-MerCreMer;R26ReYFP embryos at E12.0. After tamoxifen 167 

was administered at E8.5, eYFP+/Prox1+ cells were found in and around the pharyngeal 168 

mesodermal condensation, close to the lymph sac-forming region, as was seen in the Isl1-169 

Cre;R26ReYFP embryos (Figure 4H and I). No eYFP+/Prox1+ cells were observed in or 170 

around the cardinal veins (Figure 4J). Some of the eYFP+/Prox1+ cells in the pharyngeal 171 

arch region expressed PECAM at E12.0, indicating that they had endothelial 172 

characteristics (Figure 4K and L). After tamoxifen was administered at E9.5, the number 173 

of eYFP+/Prox1+ LECs was significantly decreased compared with that seen in the 174 

embryos treated with tamoxifen at E8.5 (Figure 4M-O). These results indicate that the 175 

commitment of Isl1+ CPM cells to LEC differentiation occurs before E9.5 in the 176 

pharyngeal arch region.  177 

 178 

Loss of Prox1 in Isl1+ lineages reveals the importance of Isl1+ CPM-derived LECs 179 

for cranial lymphatic vessel development  180 

To investigate the functional importance of Isl1+ CPM-derived LECs for the development 181 

of cranial lymphatic vessels (the lymphatics of the lower jaw skin, cheeks, and tongue), 182 

we conditionally knocked out Prox1 in CPM populations by crossing Prox1-flox (fl) mice, 183 

which expressed eGFP under the control of the Prox1 promoter upon Cre-mediated exon 184 

2 deletion34, with Isl1-Cre mice. When lymphatic vessel formation in these regions was 185 

analyzed in mice that were heterozygous or homozygous for the Prox1fl allele, the number 186 

and area of VEGFR3+/PECAM+ lymphatic vessels were significantly lower in the 187 

tongues of the Isl1-Cre;Prox1fl/fl homozygous mice than in those of the Isl1-Cre;Prox1fl/+ 188 

heterozygous mice (Figure 5A-C, F-H, K, and L). In contrast, the formation of facial 189 

lymphatic vessels in the lower jaw and cheeks was not significantly affected by the 190 

deletion of Prox1 in the Isl1+ lineage (Figure 5D-E’’’, I-J’’’, O, and P). There were no 191 

differences in the mean diameter of the tongue or facial lymphatic vessels between the 192 

Isl1-Cre;Prox1fl/fl homozygous mice and Isl1-Cre;Prox1fl/+ heterozygous mice (Figure 193 

5A-J, M, and Q). Next, we examined the contribution of the Isl1+ lineage to regional 194 

lymphatic vessel formation by assessing the relative area of eGFP+ cells among 195 

VEGFR3+ LECs to determine whether the regional differences in the effects of Isl1+-196 

lineage-specific Prox1 deletion on lymphatic vessel formation were due to differences in 197 
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compensation by other cell sources. Isl1-Cre;Prox1fl/+ heterozygous mice showed that 198 

the Isl1+ lineage was almost totally responsible for the development of the tongue and 199 

facial skin lymphatic vessels (Figure 5A-E’’’, N, and R). On the other hand, Isl1-200 

Cre;Prox1fl/fl homozygous mice showed a lower contribution of the Isl1+ lineage to the 201 

facial skin lymphatics (Figure 5F, I-J’’’, and R), whereas its contribution to the 202 

lymphatic vessels in the tongue was not decreased (Figure 5F-H and N). These results 203 

suggested that defects in LEC differentiation and/or maintenance due to Prox1 deletion 204 

in the Isl1+ lineage were compensated for by other cell sources, probably of venous origin, 205 

in facial skin, but not in the tongue, resulting in impaired lymphatic vessel formation in 206 

the tongue. 207 

 208 

Loss of Prox1 in Tie2+ lineages confirms the heterogeneous origins of LECs 209 

To further investigate the regional differences in the contributions of venous and non-210 

venous cell sources to LECs, we crossed Prox1fl mice with endothelial/hematopoietic 211 

cell-specific Tie2-Cre mice. We immunostained sagittal sections of the resultant embryos 212 

for PECAM, green fluorescent protein (GFP), and the LEC marker 213 

lymphatic vessel endothelial hyaluronan receptor (LYVE)1 at E16.5, when lymphatic 214 

networks are distributed throughout the whole body10. We identified LECs by their 215 

luminal structure and the colocalization of PECAM and LYVE1, the latter of which is 216 

also known to be expressed in a subset of macrophages.  217 

We compared lymphatic vessel development in the tongue, the skin of the lower jaw, 218 

and back skin between mice that were heterozygous and homozygous for the Prox1fl allele 219 

to assess the morphological changes in LYVE1+/PECAM+ lymphatic vessels seen in each 220 

tissue. In the tongue, the number of LYVE1+/PECAM+ lymphatic vessels was 221 

significantly lower and the mean lymphatic vessel diameter was significantly higher in 222 

the Tie2-Cre;Prox1fl/fl homozygous mice than in the Tie2-Cre;Prox1fl/+ heterozygous 223 

mice (Figure 6A and B and Supplemental Figure 3A-C). Almost all of the 224 

LYVE1+/PECAM+ lymphatic vessels in the tongue were positive for eGFP in the Tie2-225 

Cre;Prox1fl/+ heterozygous mice (Figure 6A and Supplemental Figure 3D), indicating 226 

that the majority of LECs derived from Isl1+ CPM cells developed through Tie2 227 

expression in the tongue. Remarkably, in the tongues of the Tie2-Cre;Prox1fl/fl 228 

homozygous mice many of the eGFP+ cells were not incorporated into the 229 

LYVE1+/PECAM+ lymphatics, resulting in an increased eGFP+ area to lymphatics area 230 
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ratio (Figure 6A and B and Supplemental Figure 3D), which was indicative of impaired 231 

differentiation of venous cells into LECs or impaired maintenance of LEC identities due 232 

to a lack of Prox1 expression in the Tie2+ endothelial cells. 233 

 On the contrary, compared with that seen in the Tie2-Cre;Prox1fl/+ heterozygotes 234 

lymphatic vessel formation in the lower jaw and back skin was not significantly affected 235 

in the Tie2-Cre;Prox1fl/fl homozygotes, although the mean vessel diameter in the back 236 

skin of the homozygotes was increased (Figure 6C-F and Supplemental Figure 3E-G 237 

and I-K). In contrast to the tongue, the eGFP+ area to LYVE1+/PECAM+ lymphatics area 238 

ratios in the lower jaw and back skin were relatively low in both the Tie2-Cre;Prox1fl/+ 239 

heterozygotes and Tie2-Cre;Prox1fl/fl homozygotes (Figure 6C-F and Supplemental 240 

Figure 3H and L). These results demonstrate that the lymphatic vessels in these regions 241 

are composed of Tie2+ and Tie2– LECs, supporting the idea that LECs have heterogeneous 242 

origins.  243 

Taken together with the data from the experiments involving Isl1-Cre mice, these 244 

results suggest that the LECs in the craniofacial region have heterogeneous origins and 245 

developmental processes. Specifically, the LECs in the tongue are derived from the 246 

Isl1+/Tie2+ lineage, whereas the LECs in facial skin, including the skin on the lower jaw, 247 

are derived from the Isl1+/Tie2+ and Isl1+/Tie2- lineages, which may compensate for each 248 

other when LECs from one lineage are impaired. Similarly, the LECs in back skin are 249 

derived from the Tie2+ and Tie2– lineages, which may compensate for each other, whereas 250 

the Isl1+ lineage is not involved in the development of these cells. 251 

 252 

Discussion 253 

In this study, we demonstrated that Isl1+ CPM cells, which are known to be progenitors 254 

of the cranial and cardiac musculature and connective tissue, contribute to the formation 255 

of lymphatic vessels in the cardiopharyngeal region, including the tongue, facial skin, 256 

larynx, and cardiac outflow tracts. We also showed that Myf5+ myogenic lineages, which 257 

were previously suggested to be possible sources of LECs35, did not contribute to 258 

lymphatic vasculature formation in Myf5-CreERT2 mice subjected to tamoxifen 259 

treatment at E8.5. Tamoxifen-inducible genetic lineage tracing further indicated that Isl1+ 260 

CPM-derived progenitors only have the potential to differentiate into LECs before E9.5. 261 

In accordance with these findings, Isl1+ CPM-derived LECs showed distinct 262 

spatiotemporal developmental processes and subsequently coordinated with Isl1– venous-263 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted April 1, 2022. ; https://doi.org/10.1101/2022.03.30.486479doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.30.486479
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 9 

derived LECs arising from the lymph sac-forming domain to form the systemic lymphatic 264 

vasculature. In addition, conditional KO of Prox1 in the Isl1+ lineage resulted in 265 

lymphatic vessel deficiencies in the tongue. In contrast, in the facial skin, the loss of Isl1+ 266 

LECs was compensated for by increased numbers of Isl1– LECs. Accordingly, 267 

conditional KO of Prox1 in Tie2+ cells produced regional lymphatic phenotypic 268 

differences in the tongue, the skin of the lower jaw, and back skin. These results indicate 269 

that the LECs in the cardiopharyngeal region are mainly derived from Isl1+ CPM 270 

progenitors.  271 

The present study further indicates that the LECs in the tongue are derived from Tie2-272 

expressing cells among the Isl1+ lineage. Although it is unclear whether Isl1+-derived 273 

cells at the Tie2-expressing stage represent a venous endothelial identity, this result means 274 

that Tie2+ LECs are not equivalent to cardinal vein-derived LECs. Furthermore, Tie2-275 

Cre;Prox1fl/fl homozygotes exhibited greater numbers of eGFP+/LYVE1–/PECAM+ cells 276 

than Tie2-Cre;Prox1fl/+ heterozygotes (Figure 5A-C, 5F-H, and 6A and B). As a 277 

previous study found that conditional KO of Prox1 could reprogram LECs to become 278 

blood endothelial cells (BECs)36, the number of BECs (eGFP+/LYVE1–/PECAM+ cells) 279 

may be increased in the tongues of Tie2-Cre;Prox1fl/fl homozygous mice due to impaired 280 

maintenance of the LEC identity of Isl1+ CPM-derived cells that would have normally 281 

expressed Prox1. In contrast, the Isl1+ CPM-derived LECs in facial skin were not labeled 282 

by Tie2-Cre, indicating that there is heterogeneity within Isl1+ CPM-derived LECs. 283 

Although further studies are needed to examine the phenotypic differences between the 284 

LECs in the tongue and facial skin, it is possible that differentiation processes may be 285 

affected by the extracellular environment, e.g., through interactions with the surrounding 286 

cells and extracellular matrix.  287 

A recent study has suggested that Pax3+ paraxial mesoderm-derived cells contribute to 288 

the cardinal veins, and therefore, venous-derived LECs are Pax3+. In experiments 289 

involving Myf5-Cre mice, it was also suggested that the Myf5+ lineage contributes to 290 

LECs in embryonic lymph sacs 35; however, we could not identify Myf5+ LECs in Myf5-291 

CreERT2 mice after tamoxifen treatment was administered at E8.5 (Supplemental 292 

Figure 1). This discrepancy may have been caused by differences in the mouse lines, the 293 

timing of Cre-recombination, the genetic background, or the breeding environment. 294 

Several studies have confirmed that Isl1+ LECs contribute to the ventral side of the 295 

heart24,25. In a retrospective clonal analysis of mouse embryos, Lescroart et al. showed 296 
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that there were distinct sublineages within the myogenic progenitors in the CPM 32. The 297 

first pharyngeal CPM contributes to the temporalis and masseter muscles and the right 298 

ventricle, whereas the second pharyngeal CPM contributes to broad regions of the facial 299 

muscles and the bases of the cardiac outflow tracts32. Milgrom-Hoffman et al. identified 300 

Flk1+/Isl1+ endothelial populations in the second pharyngeal arch in mouse embryos from 301 

E7.5 to E9.537. These cell populations may serve as progenitors for LECs and BECs in 302 

the cardiopharyngeal region through the sequential expression of Flk1, Tie2, and/or Prox1 303 

in response to different cues, leading to diverse fate determination, as revealed by recent 304 

single cell RNA-sequence analyses38,39.  305 

 Heart development and pharyngeal muscle development are known to be tightly 306 

linked, suggesting that these tissues share common evolutionary origins26,29. As the CPM 307 

is conserved in various species, CPM-derived LECs may also be evolutionarily conserved. 308 

In agreement with this, several studies involving zebrafish have indicated that facial and 309 

cardiac LECs originate from distinct cell sources from venous-derived LECs40,41.  310 

Lymphatic malformations (LMs) are congenital lesions, in which enlarged and/or 311 

irregular lymphatic connections do not function properly. The causes of LMs are 312 

unknown, but LMs commonly occur in the head and neck regions42. Accumulating 313 

evidence has shown that mutations in the phosphatidylinositol-4,5-bisphosphate 3-kinase 314 

catalytic subunit alpha (PIK3CA) gene are found more frequently in LECs than in 315 

fibroblasts in LM patients43. Given the fact that CPM-derived LECs were distributed 316 

around the head and neck and were found in the lymph-sac forming domain in the cervical 317 

region in the present study (Figures 1-4), LMs may be caused by PI3KCA mutations in 318 

CPM-derived LECs. In addition to LMs, several blood vessel malformations frequently 319 

occur in the neck and facial regions. Thus, some types of blood vessel malformations may 320 

also be caused by mutations in CPM progenitors.  321 

      In summary, the present study supports the idea that Isl1+ CPM cells are progenitors 322 

of LECs, which broadly contribute to cranial, neck, and cardiac lymphatic vessels in 323 

concert with venous-derived LECs. These findings are expected to shed new light on the 324 

cellular origins of lymphatic vessels and the molecular mechanisms of lymphatic vessel 325 

development, which may increase our understanding of the evolution of lymphatic 326 

vessels and the pathogenesis of lymphatic system-related diseases. 327 

 328 

 329 
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Materials and methods 330 

 331 

Mouse strains 332 

The following mouse strains were used: Isl1-Cre44, Isl1-MerCreMer45, Wnt1-Cre46, 333 

Myf5-CreERT247, R26R-eYFP48, Rosa26-tdTomato49, Tie2-Cre50, and Prox1fl/+34. All 334 

mice were maintained on a mixed genetic background (C57BL/6J x Crl:CD1(ICR)), and 335 

both sexes were used (the mice were randomly selected). The genotypes of the mice were 336 

determined via the polymerase chain reaction using tail-tip or amnion DNA and the 337 

primers listed in Table 1. The mice were housed in an environmentally controlled room 338 

at 23±2 ˚C, with a relative humidity level of 50–60%, under a 12-h light:12-h dark cycle. 339 

Embryonic stages were determined by timed mating, with the day of the appearance of a 340 

vaginal plug being designated embryonic day (E) 0.5. All animal experiments were 341 

approved by the University of Tokyo and Mie University animal care and use committee, 342 

and were performed in accordance with institutional guidelines.  343 

 344 

Immunohistochemistry, histology, confocal imaging, and quantification 345 

For the histological analyses, hearts and embryos were collected, fixed in 4% 346 

paraformaldehyde for 1 hour at 4 ℃, and stored in phosphate-buffered saline or 347 

embedded in optimal cutting temperature compound (Sakura Finetek, Tokyo, Japan). 348 

Immunostaining of 16-μm-thick frozen sections was performed using primary antibodies 349 

against CD31 (553370, BD Pharmingen, 1:100), Prox1 (11-002, AngioBio, 1:200; 350 

AF2727, R&D Systems, 1:200), LYVE1 (AF2125, R&D Systems, 1:150), VEGFR3 351 

(AF743, R&D Systems, 1:150), and GFP (GFP-RB-AF2020, FRL, 1:500). Alexa Fluor-352 

conjugated secondary antibodies (Abcam, 1:400) were subsequently applied. The same 353 

protocol was followed for whole-mounted hearts and embryos, with the primary and 354 

secondary antibody incubation periods extended to two nights. Immunofluorescence 355 

imaging was conducted using a Nikon C2 confocal microscope or Keyence BZ-700. All 356 

images were processed using the ImageJ and Nikon NIS Elements software. 357 

 358 

Tamoxifen injection  359 

For the lineage tracing using the Isl1-MerCreMer or Myf5-CreERT2 lines, tamoxifen (20 360 

mg/mL; Sigma) was dissolved in corn oil. Pregnant mice were injected intraperitoneally 361 

with 125 mg/kg body weight of tamoxifen at the indicated timepoints.  362 
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 363 

Statistical analysis  364 

Data are presented as the mean ± standard error of the mean (SEM). Mann-Whitney’s u-365 

tests was used for comparisons between two groups. P-values of <0.05 were considered 366 

statistically significant.  367 
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Figure legends 545 

Figure 1. Isl1+ lineages contribute to cranial and cardiac lymphatic vessels 546 

(A-G) Sagittal sections of Isl1-Cre; R26RtdTomato embryos, in which PECAM, 547 

tdTomato, and VEGFR3 were labeled at E16.5, are shown. (A-F) tdTomato colocalized 548 

with PECAM/VEGFR3 (white arrows) and PECAM (yellow arrows) in and around the 549 

larynx (B), the skin of the lower jaw (C), the tongue (D), and the cardiac outflow tracts 550 

(F) (n=3). (G) tdTomato did not colocalize with VEGFR3 in the LECs on the dorsal side 551 

of the ventricles (white arrowhead, n=3). (H) The results of quantitative analysis of the 552 

percentage of tdTomato+/VEGFR3+ lymphatic vessels among all VEGFR3+ lymphatic 553 

vessels are shown. (I-O) Sagittal sections of Wnt1-Cre; R26ReYFP embryos, in which 554 

PECAM, eYFP, and VEGFR3 were labeled at E16.5, are shown. There were no 555 

eYFP+/VEGFR3+ lymphatic vessels in or around the larynx, the skin of the lower jaw, the 556 

tongue, or the heart (the white arrowheads indicate cardiac lymphatic vessels around the 557 

cardiac outflow tracts and the dorsal side of the ventricles; n=3). Each dot represents a 558 

value obtained from one sample. L, larynx; T, tongue; Ao, aorta; PA, pulmonary artery; 559 

V, ventricle; Scale bars, 100 μm (B-D, F, G, J-L, N, O), 1 mm (A, E, I, M) 560 

 561 

Figure 2. The differentiation of Isl1+ CPM cells into LECs occurs during the early 562 

embryonic period 563 

(A-G, I-O) Sagittal sections of Isl1-MerCreMer; R26RtdTomato embryos, in which 564 

PECAM, tdTomato, and VEGFR3 were labeled at E16.5, are shown. Tamoxifen was 565 

administered at E8.5 (A-G) or E11.5 (I-O). (A-G) Both tdTomato+ (white arrows) and 566 

tdTomato- (white arrowheads) lymphatic vessels were observed in and around the larynx 567 

(B), the skin of the lower jaw (C), the tongue (D), and the cardiac outflow tracts (F) (n=5). 568 

(G) tdTomato did not colocalize with VEGFR3 in the LECs on the dorsal side of the 569 

ventricles (white arrowhead, n=5). (I-O) Almost all of the VEGFR3+ lymphatic vessels 570 

in and around the larynx (J), the skin of the lower jaw (K), the tongue (L), the cardiac 571 

outflow tracts (N), and the dorsal side of the ventricles (O) were tdTomato- (white arrows, 572 

n=3). (H, P) The results of a quantitative analysis of the percentage of 573 

tdTomato+/VEGFR3+ lymphatic vessels among all VEGFR3+ lymphatic vessels are 574 

shown. Tamoxifen was administered at E8.5 (H) or E11.5 (P). Each dot represents a value 575 

obtained from one sample. L, larynx; T, tongue; Ao, aorta; PA, pulmonary artery; V, 576 

ventricle; Scale bars, 100 μm (B-D, F, G, J-L, N, O), 1 mm (A, E, I, M) 577 
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 578 

Figure 3. Isl1+ CPM cells contribute to cardiac lymphatic vessel development 579 

(A-H) Whole-mount confocal images of Isl1-MerCreMer; R26ReYFP hearts, in which 580 

PECAM, eYFP, and VEGFR3 were labeled at E16.5, are shown. Tamoxifen was 581 

administered at E8.5 (A-D) or E11.5 (E-H). (A-D) Many eYFP+ cells were observed 582 

around the cardiac outflow tracts, and they contributed to lymphatic vessels (white arrow) 583 

(n=9/9 hearts (100%)) (A-C). (D) There were no eYFP+ lymphatic vessels on the dorsal 584 

side of the ventricles (n=9/9 hearts (100%)). The cardiac nerves were also positive for 585 

eYFP after tamoxifen treatment at E8.5 (white arrowhead) (D). (E-H) Fewer eYFP+ cells 586 

were observed around the cardiac outflow tracts (E-G), and there were no eYFP+ 587 

lymphatic vessels around the cardiac outflow tracts (F) or on the dorsal side of the 588 

ventricles (n=0/8) (H). Ao, aorta; PA, pulmonary artery; Scale bars, 100 μm (A-C, E-G), 589 

500 μm (D, H) 590 

 591 

Figure 4. The spatiotemporal development of Isl1+ CPM-derived LECs 592 

(A-G) Whole-mount and sagittal section images of Isl1-Cre; R26ReYFP embryos, in 593 

which PECAM, eYFP, and Prox1 were labeled at E11.5, E12.0, or E14.5, are shown. (A, 594 

B) eYFP+/Prox1+ cells were observed around the cores of the first and second pharyngeal 595 

arches at E11.5 (white arrowheads). (C, D) eYFP+/Prox1+ LECs migrated from the first 596 

and second pharyngeal arches to the lymph sac-forming domain (white dotted region) 597 

adjacent to the anterior cardinal vein at E12.0 (white arrows). (E-G) Some of the 598 

eYFP+/Prox1+ LECs expressed PECAM and formed lymphatic capillaries in the lower 599 

jaw and tongue at E14.5 (white arrows). (H-N) Whole-mount and sagittal section images 600 

of Isl1-MerCreMer; R26ReYFP embryos, in which PECAM, eYFP, and Prox1 were 601 

labeled at E12.0, are shown. Tamoxifen was administered at E8.5 (H-L) or E9.5 (M and 602 

N). (I) eYFP+/Prox1+ LECs (white arrows) migrated from the first and second pharyngeal 603 

arches to the lymph sac-forming domain (white dotted region) at E12.0. (J) There were 604 

no eYFP+/Prox1+ cells in or around the cardinal vein (n=4). (K-N) 605 

eYFP+/Prox1+/PECAM+ LECs were seen in the first and second pharyngeal arches of the 606 

embryos at E12.0, when tamoxifen was administered at E8.5 or E9.5 (white arrows), 607 

although the number of these cells was decreased in the E9.5 group (M and N). (O) The 608 

results of a quantitative analysis of the percentage of eYFP+/Prox1+ cells among Prox1+ 609 

cells in the first and second pharyngeal arches at E12.0 after tamoxifen treatment at E8.5 610 
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 20 

or E9.5 are shown. All of the data are presented as the mean±SEM, and statistical analyses 611 

were performed using the non-parametric Mann-Whitney u-test. V, ventricle; PA1, first 612 

pharyngeal arch; PA2, second pharyngeal arch; CV, cardinal vein; LS, lymph sac-forming 613 

domain; L, liver; T, tongue; RA, right atrium; OFT, cardiac outflow tract; Scale bars, 100 614 

μm (A, B, D, F, G, I, J, L, N), 500 μm (C, E, H, K, M); **P<0.01 615 

 616 

Figure 5. The inactivation of Prox1 in Isl1+ lineages confirmed the contribution of 617 

the CPM to cranial lymphatic vessel development 618 

(A-J”’) Coronal sections of Isl1-Cre; Prox1fl/+ and Isl1-Cre; Prox1fl/fl mouse embryos, in 619 

which PECAM, eYFP, and VEGFR3 were labeled at E16.5, are shown. (J) The number 620 

of eYFP-/VEGFR3+ lymphatic vessels in facial skin was increased in the Isl1-Cre; 621 

Prox1fl/fl homozygous mice (white arrows). (K-R) The results of quantitative analysis of 622 

lymphatic vessel formation in the tongue (K-N) and facial skin (O-R) are shown. All the 623 

data are presented as the mean±SEM, and statistical analyses were performed using the 624 

non-parametric Mann-Whitney u-test. Each dot represents a value obtained from one 625 

sample. **P<0.01; T, tongue; Scale bars, 100 μm (B-E, G-J), 1 mm (A, F) 626 

 627 

Figure 6. Prox1 knockdown in Tie2+ lineages revealed regional differences in 628 

lymphatic vessel development 629 

(A-F) Sagittal sections of Tie2-Cre; Prox1fl/+ or Tie2-Cre; Prox1fl/fl mouse embryos, in 630 

which PECAM, eGFP, LYVE1, and DAPI were labeled at E16.5, are shown. (A, B) In 631 

the tongue, the number of LYVE1-/eGFP+/PECAM+ cells in lymphatic vessels was 632 

increased in the Tie2-Cre; Prox1fl/fl embryos (white arrows). (C, D) In the skin of the 633 

lower jaw, the contribution of eGFP+ cells to lymphatic vessels was small in both the 634 

Tie2-Cre; Prox1fl/+ and Tie2-Cre; Prox1fl/fl embryos (white arrows). (E, F) LYVE1-635 

/eGFP+/PECAM+ cells were observed in the back skin of the Tie2-Cre; Prox1fl/fl embryos 636 

(white arrows). Scale bars, 100 μm (A-F) 637 

 638 

Figure 7. Lymphatic endothelial cells are derived from two distinct origins 639 

Schematic representation of the origins of LECs. LECs are mainly derived from cardinal 640 

veins (red dots) and the CPM (green dots).  641 

 642 

 643 
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