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Background: Mutations in PIEZO1 cause human lymphatic malformations. We have previously 

uncovered an Orai1-mediated mechanotransduction pathway that triggers lymphatic sprouting 

through Notch downregulation in response to fluid flow. However, the identify of its upstream 

mechanosensor remains unknown. This study aimed to identify and characterize the molecular 

sensor that translates the flow-mediated external signal to the Orai1-regulated lymphatic 

expansion.

Methods: Various mutant mouse models, cellular, biochemical, and molecular biology tools, and 

a mouse tail lymphedema model were employed to elucidate the role of Piezo1 in flow-induced 

lymphatic growth and regeneration.

Results: Piezo1 was found to be abundantly expressed in lymphatic endothelial cells (LECs). 

Piezo1 knockdown in cultured LECs inhibited the laminar flow-induced calcium influx and 

abrogated the flow-mediated regulation of the Orai1 downstream genes, such as Klf2, Dtx1, 

Dtx3L, and Notch1, which are involved in lymphatic sprouting. Conversely, stimulation of Piezo1 

activated the Orai1-regulated mechanotransduction in the absence of fluid flow. Piezo1-mediated 

mechanotransduction was significantly blocked by Orai1 inhibition, establishing the epistatic 

relationship between Piezo1 and Orai1. Lymphatic-specific conditional Piezo1 knockout largely 

phenocopied sprouting defects shown in Orai1- or Klf2- knockout lymphatics during embryo 

development. Postnatal deletion of Piezo1 induced lymphatic regression in adults. Ectopic Dtx3L 

expression rescued the lymphatic defects caused by Piezo1 knockout, affirming that the Piezo1 

promotes lymphatic sprouting through Notch downregulation. Consistently, transgenic Piezo1 

expression or pharmacological Piezo1 activation enhanced lymphatic sprouting. Finally, we 

assessed a potential therapeutic value of Piezo1 activation in lymphatic regeneration and found 

that a Piezo1 agonist, Yoda1, effectively suppressed post-surgical lymphedema development.

Conclusions: Piezo1 is an upstream mechanosensor for the lymphatic mechanotransduction 

pathway and regulates lymphatic growth in response to external physical stimuli. Piezo1 activation 

presents a novel therapeutic opportunity for preventing post-surgical lymphedema. The Piezo1-

regulated lymphangiogenesis mechanism offers a molecular basis for Piezo1-associated lymphatic 

malformation in humans.

Graphical Abstract
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INTRODUCTION

The lymphatic system controls tissue fluid homeostasis, immune cell trafficking, and dietary 

lipid absorption 1. It consists of lymphatic vascular networks and secondary lymphoid 

organs. The initial lymphatics begin from the interstitial space in the tissues, where 

fluid, molecules, and cells are drained into the lymphatic vessel lumen through lymphatic 

endothelial cell (LEC) junctions. These initial lymphatics connect to thicker lymphatic 

collectors that are invested with lymphatic muscle cells and also equipped with luminal 

valves 2. During embryonic development, LECs are continually exposed to unidirectional 

laminar flow to cope with the growing amount of tissue fluid. Similarly, lymphatics 

under pathological conditions experience significant fluid flow due to increased lymph 

flow. These fluid flows are known to trigger lymphatic sprouting and expansion through 

activation of mechanotransduction mechanisms 3–5. Organ-specific lymphatic functionality 

and morphology have been shown to be directly associated with the lymphatic flow 6–8.

Mechanotransduction plays an essential role in the development, maintenance, and function 

of the cardiovascular system 9, 10. It is believed that fluid flow is a critical non-biological 

signal that promotes lymphatic sprouting, growth, and valve formation. Since fluid drainage 

is the lymphatic system’s primary function, flow-triggered activation of lymphatic expansion 

has offered a conceptual paradigm for mechanotransduction pathways in lymphatics. This 

idea parallels with the genetic programs governing hypoxia-driven angiogenesis. Studies 
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have shown that fluid flow activates LEC proliferation and migration, VEGF-C expression, 

and lymphatic network formation. Embryonic lymphatic development coincides with 

increased embryonic fluid drainage 3. Collecting lymphatic vessel maturation and luminal 

valve development are regulated by lymph drainage and flow in vivo 3. Moreover, interstitial 

flow could enhance lymphatic sprouting and synergize with traditional biological factors to 

promote lymphatic growth 3. Therefore, flow-mediated mechanical stimulation is a critical 

expansion signal for the lymphatic system.

Piezo1 is a mechanically activated cation channel and functions as a mechano-transducer 

that senses different types of external forces 11, 12. Piezo1 has attracted tremendous attention 

owing to its unique protein structure. It forms an ion channel of a homotrimeric propeller-

like structure with a central cap domain and the extracellular domains resembling three 

blades composed of 38 transmembrane helical units. These extracellular blade domains 

are connected to the central intracellular domain through three long beam-like structures 

that enable a mechanogating mechanism 11, 12. Yoda1, a small molecule Piezo1 agonist, 

was identified as an active compound that delays the inactivation kinetics of mechanically-

activated responses of Piezo1 13. Yoda1 specifically binds to a pocket located in the putative 

mechanosensory domain of Piezo1 and, acting as a molecular wedge, lowers the channel’s 

mechanical threshold for activation 14. In the absence of membrane tension, Yoda1 acts like 

a wedge by decoupling these two domains, increasing tension-induced arm extension 14. 

This wedge-like effect extends the channel opening status even by sub-threshold stimuli 14. 

Importantly, Yoda1 does not display significant toxicities in vitro and in animals 15–22. EC50 

of Yoda1 was initially estimated at 10–20 μM based on studies using Piezo1-overexpressing 

HEK293 cells 13. However, Yoda1 was still effective on primary endothelial cells at 

concentrations ranging from 0.12 – 1.0 μM 22–24. One explanation for this discrepancy 

could be that primary endothelial cells may be uniquely sensitive to Yoda1. Therefore, the 

molecular basis of this unexpected sensitivity warrants further investigations.

Piezo1 regulates various aspects of vascular development, function, and maintenance by 

controlling fluid flow-induced mechanotransduction pathways 25, 26. In particular, Piezo1 

regulates endothelial cell shape and vascular architecture in response to physiological force 
12, 25. It controls blood pressure by mediating flow-induced ATP release 23 and acts as a 

sensor for whole-body physical activities such as exercise 27. Piezo1 has also been reported 

to play a critical role in the lymphatic system. We and others have recently reported that 

Piezo1 is required for lymphatic valve formation by incorporating mechanical force signals 

into the valve-forming genetic program 22, 28. Importantly, human genetic studies have 

identified Piezo1 mutations as responsible for generalized lymphatic dysplasia (GLD) 29, 30.

We have recently elucidated molecular mechanisms underlying the flow-induced expansion 

of the lymphatics 4, 5, 22. We reported that unidirectional flow activates calcium influx 

through Orai1 and triggers proliferation of LECs, but not blood vascular endothelial cells 

(BECs) 4. We elucidated a lymphatic-specific mechanism responsible for flow-induced 

Notch downregulation and sprouting lymphangiogenesis 5. However, the mechanosensor 

that senses the flow-induced mechanical force remains unknown. In this study, we 

aimed to identify and characterize the molecular sensor that triggers the LEC-specific 

mechanotransduction pathway. Together, we defined the role of Piezo1 in lymphatic 
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expansion by elucidating the molecular and functional relationship between Piezo1 and 

Orai1 and also extended the experimental outcome toward developing Piezo1 activation as a 

novel therapeutic approach to preventing post-surgical lymphedema.

METHODS

Data Availability.

Detailed materials and methods are available in the Supplemental Methods and 

Supplemental Major Resources Table. The authors declare that all supporting data are 

available within the article and its online supplementary files.

RESULTS

Piezo1 Is Required for Flow-Induced Notch Downregulation in Lymphatic Endothelial Cells

Our previous reports 4, 5 proposed a lymphatic-specific mechanotransduction model, which 

translates the fluid flow-induced shear stress signal to Notch downregulation and lymphatic 

sprouting (Figure S1). In this model, mechanosensor(s) senses the flow-induced force and 

activates the Orai1 calcium channel, promoting intracellular calcium entry. Calcium-loaded 

calmodulin (CaM) binds to Prox1 and Klf2 proteins, forming a transcription factor complex 

that occupies the promoters of DTX1 and DTX3L and upregulates their gene expressions. 

Dtx1 and Dtx3L function as Notch E3 ligases and downregulate Notch activity, hence 

promoting lymphatic sprouting. However, it is unknown which mechanosensor(s) senses 

fluid force and activates Orai1-mediated calcium entry. In this study, we aimed to identify 

the mechanosensor that acts upstream of Orai1 in LECs. Because Piezo1 has been associated 

with GLD 29, 30, we investigated Piezo1 among other known mechanosensing proteins 
31 for its involvement in the Orai1-mediated mechanotransduction. A recent single-cell 

RNA sequencing study has reported the expression of Peizo1 in adult mouse mesenteric 

lymphatics 32. However, Piezo1 expression in developing embryonic dermal lymphatics 

remains to be studied. Thus, we first evaluated the expression of Piezo1 in human dermal 

LECs and BECs and found that Piezo1 and Orai1 are comparably expressed in both 

cell types (Figure 1A, Figure S2A). Moreover, Piezo1 expression was further verified in 

endothelial cells of developing embryos (E14.5 and E15.5) using a new reporter mouse 

line showing the endogenous expression of Piezo1 in vivo (Figure 1B). This new reporter 

mouse was prepared by crossing a novel Piezo1-CreERT2-BFP driver line 33 with Ai47 

Cre-reporter line (CAG-LoxP-STOP-LoxP-3X GFP) 34. Piezo1-CreERT2-BFP driver line 

was created by inserting a DNA cassette harboring the CreERT2-P2A-BFP-WPRE-polyA 

signal immediately after the ATG start codon of Piezo1 33. Thus, Tamoxifen-responsive Cre 

(CreERT2) is produced in all cells expressing Piezo1 and, when crossed with a reporter 

line (Ai47-RCL-TriGFP), will mark Piezo1-expressing cells 33. This innovative mouse 

model enabled us to demonstrate abundant expression of Piezo1 in endothelial cells of 

embryonic back skins. We then evaluated the role of Piezo1 in intracellular calcium influx 

in LECs in response to fluid flow by siRNA-mediated knockdown. Like Orai1 knockdown 
5, Piezo1 knockdown significantly inhibited flow-activated calcium entry in LECs and flow-

induced Notch1 downregulation (Figure 1C–E, Figure S2B and S2C). In addition, Piezo1 

knockdown significantly reduced the flow-mediated regulation of Dtx1, Dtx3L, Klf2, and 
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Notch1 (Figure 1F, Figure S2D). Together, these data suggest that Piezo1 is necessary for 

flow-induced downregulation of the Notch signal.

Piezo1 Functions as a Mechanosensor Upstream of Orai1 in Lymphatic Endothelial Cells

Conversely, we next asked whether Piezo1 overexpression is sufficient to activate the Orai1-

controlled mechanotransduction in the absence of fluid flow. Indeed, Piezo1 overexpression 

alone could recapitulate the flow-mediated regulation of Orai1 downstream genes, such 

as upregulation of Dtx1, Dtx3L, and Klf2 and downregulation of Notch1 intracellular 

domain (NICD1) (Figure 2A, Figure S3A). Consistent with these results, treatment of a 

Piezo1 agonist Yoda1 13 induced these flow phenotypes in LECs in the absence of flow 

(Figure 2B, Figure S3B), and these Yoda1-induced phenotypes were mediated through 

Piezo1 (Figure 2C, Figure S3C). To determine the epistatic relationship between Piezo1 and 

Orai1, we overexpressed Piezo1 first and then inhibited Orai1 using a chemical inhibitor 

(SKF-96365). Notably, Orai1 inhibition significantly, although not completely, blocked the 

Piezo1-induced NICD1 downregulation (Figure 2D, Figure S3D). These data suggest that 

Piezo1-induced NICD1 downregulation is substantially mediated by Orai1 and also by 

some other unknown mechanisms. Consistently, Yoda1 treatment increased the calcium 

concentration, and this intracellular calcium influx was significantly but entirely reduced by 

Orai1 inhibition (Figure 2E). Finally, we asked whether Orai1 activation alone recapitulates 

the flow-induced gene regulation in LECs. For this purpose, we employed a new selective 

pharmacological enhancer of the Orai1 (IA65) 35, which has recently been developed 

and shown to enhance Orai1-mediated Calcium influx without the cytotoxicity caused by 

sustained Orai1 activation. Indeed, Orai1 stimulation with IA65 resulted in upregulation of 

Dtx1 and Dtx3L and downregulation of Notch in the absence of flow (Figure 2F, Figure 

S3E). This phenotype was largely abolished following Orai1 knockdown, but not Piezo1 

knockdown (Figure 2G, Figure S3F), suggesting that Orai1 mediates the IA65 effects and 

that Piezo1 acts upstream of Orai1. Thus, Orai1 stimulation alone was sufficient for the 

LEC mechanotransduction without fluid flow or Piezo1 activation. Together, these studies 

demonstrate that Piezo1 is an upstream activator of Orai1 in the laminar flow-activated 

mechanotransduction pathway in LECs.

Piezo1 KO Resembles Lymphatic Sprouting Defects in Orai1 KO, Klf2 KO, and Notch1 TG 
Embryos.

We next characterized the lymphatic sprouting phenotypes in embryos after lymphatic-

specific inducible loss-of-function of Piezo1, Orai1, and Klf2. Pregnant female mice from 

crossing Prox1-CreERT2 mice 36 with Piezo1 37, Orai1 4, 5, or Klf2 38 floxed mice were 

injected with Tamoxifen at E11.5 and 13.5. Embryo back skins were harvested at E15.5 

for whole-mount staining to visualize the lymphatics (Figure 3A). Efficient Cre-mediated 

gene excision was confirmed by genotyping of target tissues (Figure S4). While the control 

embryos showed sprouting lymphatic vessels with jagged-shaped tip cells, Piezo1-deficient 

lymphatics in Prox1-CreERT2; Pieoz1 fl/fl (hereafter Piezo1ΔLEC) embryos displayed round-

ended lymphatic vessels without new sprouts (Figure 3B–E). Importantly, these sprouting 

defects of Piezo1-deficient lymphatics resemble those shown in Orai1-null lymphatics or 

Klf2-null lymphatics of the embryos of Prox1-CreERT2; Orai1 fl/fl and Prox1-CreERT2; 

Klf2 fl/fl, respectively (Figure 3F–M) 5. In addition, because our hypothesis expects that 
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deletion of Piezo1, Orai1, or Klf2 would commonly lead to upregulation of Notch activity in 

LECs (Figure S1), we also examined the phenotypes of lymphatic-specific inducible Notch1 

gain-of-function mice (NICD1TG) 39. Indeed, ectopic activation of the Notch1 pathway 

generated round-ended lymphatic vessels without new sprouts (Figure 3N–Q), resembling 

the defective lymphatic sprouting phenotypes shown in Piezo1-, Orai1-, or Klf2-deficient 

lymphatics. Therefore, these four lymphatic-specific conditional mutant embryos commonly 

demonstrated significantly reduced numbers of lymphatic sprouts and branch points as 

well as increased vessel thickness compared to wild-type embryos (Figure 3R–T). These 

data demonstrate the essential role of Piezo1 in sprouting lymphangiogenesis, consistently 

supporting our hypothesis that Piezo1, Orai1, Klf2, and Notch1 constitute an essential 

mechanotransduction pathway that controls lymphatic sprouting in response to fluid flow.

Essential Role of Piezo1 in Postnatal Lymphatic Maintenance

We next investigated the role of Piezo1 in lymphatic maintenance. A lymphatic reporter 

transgene (Prox1-tdTomato) 40 was introduced to Prox1-CreERT2; Pieoz1 fl/fl mice by 

genetic crossings to directly visualize lymphatic vessels (Figure 4A). Lymphatic-specific 

deletion of Piezo1 was induced in 3-week-old postnatal mice and evaluated its impact at 

7-week. Notably, lymphatic-specific Piezo1 deletion caused significant lymphatic regression 

in the mesentery and hindlimb, as evidenced by reduced branch point numbers per vessel 

length and increased distance between two branch points in both vascular beds (Figure 

4B–M). Together, these studies demonstrate an essential role of Piezo1 in the postnatal 

maintenance of lymphatic vessels.

Dtx3L Overexpression Rescues the Piezo1-Null Lymphatic Phenotypes

Our hypothesis proposes that the flow-induced Notch downregulation is caused by Dtx1 

and/or Dtx3L, that act as Notch E3 ligases (Figure S1). We thus asked whether the 

lymphatic phenotypes in Piezo1 KO could be rescued by ectopic overexpression of Dtx1 

and/or Dtx3L. For this, we crossed an inducible Dtx3L transgenic line (TG) 5 with 

mice harboring Prox1-tdTomato, Prox1-CreERT2, and/or Piezo1 fl/fl alleles and harvested 

embryos that allow Piezo1 deletion and/or Dtx3L ectopic expression, individually or 

simultaneously, in LEC-specific manner (Figure 5A). Notably, Dtx3L ectopic expression 

increased lymphatic sprouting based on lymphatic vessel tip number, branching points 

number, and distance between two branching points (Figure 5B–E, J–M). More importantly, 

when Piezo1 deletion and Dtx3L overexpression were simultaneously achieved, the 

lymphatic defects caused by Piezo1 deletion were entirely rescued by Dtx3L ectopic 

expression (Figure 5B–M). These studies consistently support our hypothesis that Piezo1 

triggers lymphatic expansion during development through activation of the Orai1-mediated 

mechanotransduction.

Piezo1 Overexpression Is Sufficient to Promote Lymphatic Sprouting

We next asked whether enhancing Piezo1 activity (gain-of-function) in lymphatics would 

promote lymphatic expansion during embryonic and postnatal development. A fraction 

of the Piezo1 channel is known to spontaneously open in the absence of force 41. 

Consistently, Yoda1, which primarily affects the inactivation kinetics of Piezo1, could 

increase Piezo1-mediated calcium influx in the absence of pressure 13. These studies 
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suggest that increased expression of Piezo1 protein would sensitize the cells to the flow-

induced mechanotransduction. Therefore, we generated a conditional transgenic mouse line 

(Piezo1TG) capable of ectopic expression of mouse Piezo1 upon Tamoxifen administration 

(Figure 6A). This Piezo1TG allele consists of a constitutive promoter (CAG), LoxP site, 

EGFP, 4-tandem copies of poly-A, LoxP site, and mouse Piezo1 cDNA. The CAG promoter 

encodes EGFP only until the Cre recombinase excises the EGFP-4X pA fragment out, 

which leads to the expression of Piezo1 cDNA. This line was crossed with Prox1-CreERT2; 
Prox1-tdTomato line, and pregnant females were injected with Tamoxifen to induce 

lymphatic-specific Piezo1 expression. Piezo1 overexpression was confirmed on lymph node-

derived LECs using immunofluorescence assays and western blot analyses (Figure S5). 

Indeed, ectopic Piezo1 overexpression significantly enhanced sprouting lymphangiogenesis 

(Figure 6B, C). Moreover, induction of Piezo1 overexpression in newborns (P0) promoted 

mesenteric lymphatic sprouting and network formation (Figure 6D, E). These data suggest 

that ectopic Piezo1 expression is sufficient to enhance lymphatic expansion and network 

formation.

Yoda1 Activates Lymphatic Expansion in the Skin and Eye

We next evaluated the pro-lymphangiogenic effects of a molecular or chemical stimulation 

of Piezo1. When overexpressed, both human and mouse Piezo1 enhanced the proliferation 

of LECs (Figure 7A). Yoda1 treatment significantly stimulated LEC proliferation at sub-

micromolar concentrations (Figure 7B). When expression of Orai1 or Piezo1 was inhibited 

by siRNA-mediated knockdown, Yoda1 did not promote LEC proliferation (Figure 7C). 

Using an organ-on-a-chip platform 42, we tested the effect of Yoda1 on 3-D lymphatic 

vessel formation. Yoda1 treatment increased vessel density, thickness, vascular tips, and 

branch points compared to vehicle (Figure 7D, E), indicating a potent pro-lymphangiogenic 

effect of Yoda1. Consistent with this notion, Yoda1 treatment immediately activated ERK1/2 

phosphorylation in LECs within 15 minutes (Figure 7F). Furthermore, Orai1 activation using 

IA65 also significantly promoted 3-D lymphatic network formation (Figure S6). We then 

assessed in vivo lymphangiogenic efficacy of Yoda1 by conducting the following three lines 

of animal-based assays. First, we intraperitoneally (i.p.) injected Prox1-EGFP lymphatic 

reporter mice 43 with Yoda1 or vehicle daily for 35 days and examined dermal lymphatic 

vasculatures in the ears. Indeed, Yoda1 activated lymphatic sprouting and lymphatic valve 

formation (Figure 7G, H). We next took advantage of the conjunctival lymphatic networks in 

adult eyes. As we recently reported 44, 45, the conjunctival lymphatic network progressively 

develops from the nasal side and maintains this polarized distribution in adults. We injected 

Yoda1 or vehicle into the subconjunctival area of Prox1-tdTomato reporter mice 40. After 

seven days, we detected significant expansion of the conjunctival lymphatics in Yoda1-

injected eyes but not in vehicle-injected eyes (Figure 7I, J). In comparison, Yoda1 did not 

induce statistically significant lymphatic expansion in the trachea of adult mice (Figure 

S7). Lastly, we conducted a Matrigel implant assay. Matrigel pre-mixed with Yoda1 or 

vehicle was subcutaneously injected into Prox1-EGFP reporter mice. After two weeks, 

the Matrigel plugs were harvested and analyzed for lymphatic ingrowth. Indeed, Yoda1 

activated lymphatic invasion into the Matrigel implants (Figure 7K, L). Together, our studies 

suggest that Yoda1 is a pro-lymphangiogenic agent and can activate lymphatic expansion in 

animal models.
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Therapeutic Efficacy of Yoda1 in A Mouse Lymphedema Model

We evaluated the potential therapeutic efficacy of Yoda1 on surgery-associated lymphedema. 

Mousetail lymphedema is a widely accepted animal model that mimics the pathophysiology 

of human lymphedema 46–48. Prox1-EGFP adult mice were subjected to tail lymphedema 

surgery, and subsequently, i.p. injected with vehicle or Yoda1 at two different dosages: 

low dose (71 μg/kg/day) and high dose (213 μg/kg/day), which were extrapolated from 

our cell culture-based studies. We confirmed the immediate effect of Yoda1 treatment 

by increased ERK1/2 phosphorylation in lymph node-derived LECs (Figure S8). Daily 

Yoda1 administration for 35 days showed a notable therapeutic efficacy in ameliorating the 

surgery-induced tail swelling (Figure 8A, B). Yoda1 treatment at these dosages did not cause 

any significant toxicities or mortalities during this period, determined by complete blood 

count (CBC) and comprehensive metabolic panel (CMP) (data not shown). In addition, 

we performed tail lymphangiography as a functional test by injecting a fluorescent dye 

Indocyanine Green (ICG) into the tail tips and measuring the remaining ICG amount 

over four days. This study revealed that the Yoda1-treated groups cleared ICG tracer at 

a significantly faster rate than the vehicle-treated group (Figure 8C, D), indicating that 

reduced tail swelling was attributable to improved fluid drainage by Yoda1. Histological 

analyses of tail cross-sections confirmed that Yoda1 treatment largely prevented cutaneous 

edema formation and collagen deposition that were prominently detectable in the vehicle-

treated mice (Figure 8F, G). Finally, Lyve1 staining revealed increased lymphatic vessel 

number and size in Yoda1-treated groups than in the control group (Figure 8H, I). 

Together, our studies uncovered a potential therapeutic efficacy of Yoda1 in preventing 

surgery-associated lymphedema formation.

DISCUSSION

The primary role of the lymphatic system is proper regulation of tissue fluid drainage. 

Consistent with this notion, fluid accumulation in the tissue triggers lymphatic expansion 

to increase lymphatic drainage capacity. It has been postulated that increased luminal 

flow, consequential to fluid accumulation, could generate a critical non-biological signal 

that activates lymphatic sprouting and growth 3, 9. The concept of fluid flow-induced 

lymphatic growth parallels the established causal relationship between tissue hypoxia and 

angiogenesis. Nonetheless, compared to the well-established mechanism underlying the 

hypoxia-driven angiogenesis, the molecular basis for the fluid flow-induced lymphatic 

expansion has not been fully defined.

The current work extends our previous study of the lymphatic-specific mechanism 

underlying the flow-induced sprouting lymphangiogenesis 5. In the previously proposed 

mechanism (Figure S1), fluid flow activates Orai1, an essential subunit of the calcium 

release-activated calcium channel (CRAC) 49, 50, and increases the intracellular calcium 

influx. Subsequently, calcium-loaded calmodulin forms a protein complex with Klf2 (known 

as a master regulator of shear stress responses) 51 and Prox1 (functioning as the master 

regulator of lymphatic development) 52. This protein complex then binds to the promoters 

of Dtx1 and Dtx3L and activates their gene expression. In turn, Dtx1 and Dtx3L proteins 

form a Notch E3 ligase complex 53, which decreases Notch activity and promotes lymphatic 
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sprouting. We proposed that this mechanotransduction pathway translates the external fluid 

force to a biological signal that activates lymphatic expansion. Notably, this mechanism 

seems to operate only in lymphatics where Prox1 is expressed. We found that Orai1 deletion 

in blood vessels or Orai1 knockdown in cultured blood vessel endothelial cells (BECs) 

displayed the opposite or no effects 5. Previous studies have consistently demonstrated 

that fluid flow increased Notch activity in blood vessels 54–57. We attributed the lymphatic 

specificity of this mechanism to the lymphatic-specific upregulation of Dtx3L in response 

to fluid flow 5, as well as the lymphatic-specific expression of Prox1, a master regulator 

of lymphatic development 52. Despite this, the identity of the molecular sensors that sense 

the external fluid force and trigger the Orai1-mediated calcium influx in LECs remained 

unknown. This study identified Piezo1 as a mechanosensor that activates lymphatic 

expansion in response to fluid flow.

Several mechanosensing molecules have been associated with endothelial 

mechanotransduction, including Piezo1/2, integrins, PECAM1, VEGFR2, and VE-Cadherin 
3. Among them, as mutations in Piezo1 have been reported to cause an autosomal recessive 

generalized lymphatic dysplasia 29, 30, we chose to investigate Piezo1 as the top candidate 

molecule that may function upstream of Orai1. We present data that identify Piezo1 as 

an upstream mechanosensor of the Orai1-mediated mechanotransduction pathway in LECs. 

Our loss-of-function studies using lymphatic Piezo1 KO mice revealed the essential role 

of Piezo1 in embryonic development and postnatal maintenance of the lymphatics. In 

addition, the gain-of-function studies using novel Piezo1 transgenic mice and a chemical 

agonist, Yoda1, demonstrated the sufficiency of Piezo1 in inducing lymphatic expansion 

in embryos and adults. These findings led us to ask whether activation of Piezo1 would 

enhance lymphangiogenesis and prevent surgery-associated lymphedema formation using a 

mouse lymphedema model. Indeed, Yoda1 was found to effectively prevent tissue swelling 

and associated fibrosis through enhanced lymphatic growth, indicating a therapeutic potency 

of Yoda1 against surgery-associated lymphedemas.

Importantly, mutations in PIEZO1 have been associated with autosomal recessive GLD 
29, 30. GLD is a congenital lymphedema characterized by widespread lymphedema 

throughout the body, such as facial dysmorphism and limb edema, and systemic 

involvement, including intestinal and pulmonary lymphangiectasia, pleural and pericardial 

effusion, and chylothorax 30. An autosomal recessive GLD has previously been reported 

in Hennekam Lymphangiectasia-Lymphoedema syndrome, caused by mutations in CCBE1 
58 and FAT4 59. Along with these two genes, PIEZO1 is the third gene for GLD 30. The 

fact that PIEZO1 mutations cause GLD in humans offers robust support to our current 

study defining the role of Piezo1 in lymphatic development and maintenance in mice. Our 

study revealed that Piezo1 deletion in embryonic lymphatics caused widespread lymphatic 

malformation during development characterized by sprouting defects, less branching, and 

delayed valve formation. Moreover, Piezo1 deletion in postnatal or adult lymphatics resulted 

in significant lymphatic vessel regression.

Our finding of the Piezo1-mediated activation Orai1 calcium channel raises another 

important question how activation of one calcium channel (Piezo1) leads to activation 

of another calcium channel (Orai1). Notably, this kind of Piezo1 functional mode has 
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already been reported by previous studies 23, 60, 61; only a minor fraction of the 

increased cytoplasmic calcium is attributable to Piezo1-mediated calcium influx, and the 

majority of the elevated calcium amount by Piezo1 activation is due to some other 

downstream amplification mechanisms. For example, Piezo1 plays an essential role in 

mechanotransduction in BECs, where blocking of Gq/G11 proteins suppresses the large 

fraction of Piezo1-induced calcium entry, suggesting other downstream amplification 

mechanisms accounting for most of the increased calcium 62. Nonetheless, the precise 

mechanism for the Piezo1-mediated Orai1 activation in LECs is yet to be defined. Both 

Piezo1 and Orai1 are membrane-bound calcium channels capable of extracellular calcium 

uptake. One possibility is that Piezo1 physically interacts with Orai1 and actives its calcium 

uptake. Binding proteins of Piezo1 have recently been identified, including sarcoplasmic/

endoplasmic-reticulum Ca2+ ATPases (SERCA) 63. SERCA2 binds to an intracellular linker 

of Piezo1 that connects the pore-module and mechanotransduction-module and subsequently 

suppresses its calcium channeling function 63. Because Orai1 is a well-known CRAC that 

triggers the store-operated calcium entry (SOCE) channel, it would be exciting to investigate 

the potential physical interaction between Piezo1 and Orai1. Another functional scenario 

is that Piezo1, like many cytokines/chemokines receptors, may activate the Orai1-mediated 

calcium entry by inducing ER calcium release through direct stimulation of the ER calcium 

channels such as IP3 receptors and ryanodine receptors 64. The third scenario is that Piezo1 

may also be present in the ER membrane and function as an ER calcium channel that 

directly exports calcium from the ER. Previous studies reported the presence of Piezo1 not 

only in the cytoplasmic membrane but also in other intracellular membranes, including ER 

membranes 65–67. It is thus possible to speculate that Piezo1 present in the ER membrane 

could sense the external mechanical force and consequently export calcium from the ER to 

the cytoplasm. If so, Stromal Interaction Molecule (STIM) proteins would detect this ER 

calcium depletion and immediately activate Orai1 64. We favor this mechanism, but it is 

not mutually exclusive to the second scenario as the cytoplasmic membrane-bound Piezo1 

would still activate other ER membrane-bound channels via cAMP and other intermediate 

molecules. Therefore, a further in-depth investigation will be needed to address this exciting 

question.

Because of its unique biochemical, molecular, and functional characteristics with clearly 

visible clinical values, Piezo1 has been an attractive therapeutic target for various human 

diseases. Thus, significant efforts have been spent to identify its agonists. Most notably, 

Yoda1 was identified as the first Piezo1 chemical agonist after screening ~3.25 million 

compounds using a cell-based fluorescence assay 13. Yoda1 was found to bind to a putative 

mechanosensory domain and, acting as a molecular wedge, facilitate the force-induced 

conformational changes, thus lowering the channel’s mechanical threshold for activation 
14. Nonetheless, Yoda1 has been considered an undesirable drug candidate due to its low 

solubility and high EC50 (10–20 μM) determined by electrophysiological assays (calcium 

current) using Piezo1-overexpressing HEK293 cells 13. However, Yoda1 could effectively 

induce various cellular and molecular phenotypes in human primary endothelial cells even at 

a concentration of 0.12–1.0 μM 22–24, approximately 50–100 times lower than the initially 

reported EC50 13. Although different assays were employed to estimate the EC50 values, it 

is possible that endothelial cells may be uniquely sensitive to Yoda1. Based on this in vitro 
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concentration data, we determined effective in vivo dosages of Yoda1 using fluid drainage 

assays and chose low (71 μg/kg/day) and high (213 μg/kg/day) dosages for the current 

studies. We did not note any Yoda1 solubility problems at these dosages. More importantly, 

mice continuously treated with Yoda1 at these dosages for 35 days did not develop any 

significant health issues or notable changes in their blood biochemistry (data not shown). 

Considering that Piezo1 is expressed in various cell types and that Piezo1 loss-of-function 

mutations have been associated with human diseases, Yoda1 or its further optimized analogs 

could be drug candidates. Therefore, the potential therapeutic values of Piezo1 agonists are 

worthy of further investigation.

In conclusion, our study defined a molecular mechanism underlying flow-induced lymphatic 

expansion. In particular, we identified Piezo1 as a mechanosensor that senses the flow-

generated mechanical force and triggers Orai1-induced calcium influx. Accordingly, our 

studies revealed a pro-lymphangiogenic property of Piezo1 activation. A Piezo1 agonist, 

Yoda1, was found to be capable of activating lymphatic expansion in a mouse lymphedema 

model, suggesting its potential therapeutic value against post-surgical lymphedema. 

Moreover, the newly defined Piezo1-controlled mechanotransduction pathway provides a 

molecular basis for the generalized lymphatic dysplasia caused by PIEZO1 mutations 

in humans. Overall, the outcome of our work offers a better understanding of how the 

lymphatics expand in response to increased tissue fluid volume and flow.
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Non-standard Abbreviations and Acronyms

LEC lymphatic endothelial cell

GLD generalized lymphatic dysplasia

BEC blood vascular endothelial cell

CaM calmodulin

CreERT2 Cre recombinase (Cre) fused to a mutant estrogen ligand-

binding domain

Piezo1ΔLEC Piezo1 deletion in lymphatic endothelial cells

NICD1 Notch1 intracellular domain
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Novelty and Significance

What Is Known?

• Tissue fluid build-up and increased interstitial pressure coincide with 

embryonic lymphatic development.

• Shear stress generated by fluid flow brings two opposing consequences to 

blood and lymphatic vessels: growth arrest and growth activation.

• Shear stress activates calcium entry in lymphatic endothelial cells through 

the Store Operated Calcium Entry (SOCE) mechanism, which leads to Notch-

downregulation and consequential lymphatic sprouting.

What new information does this article contribute?

• Piezo1 senses the shear stress and activates the SOCE mechanism.

• Genetic or pharmacological stimulation of Piezo1 triggers lymphatic 

sprouting.

• This mechanism can be therapeutically applicable to prevent surgery-

associated lymphedema.

Lymphatics drain tissue fluid, and a high tissue fluid level activates lymphatic growth. 

However, the underlying mechanism remained unknown. Our study aimed to define 

the molecular basis for fluid flow-induced lymphatic expansion. We found that Piezo1 

plays a critical molecular sensor in lymphatic endothelial cells that senses the fluid flow-

generated force and increases the intracellular calcium influx. Increased calcium entry 

downregulates Notch, consequentially lymphatic sprouting. Genetic or pharmacological 

activation of Piezo1 efficiently ameliorates surgery-associated lymphedema by increasing 

lymphatic regeneration. Together, our study provides the molecular basis for flow-

induced lymphatic expansion and offers a novel therapeutic concept against lymphedema.
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Figure 1. Piezo1 Is Required for Flow-Activated Notch Downregulation
(A) Western blot analyses showing the expression of Piezo1, Orai1, Prox1, and β-actin in 

three sets of the same donor-derived BECs and LECs. (B) Detection of endogenous Piezo1 

expression in developing lymphatics using a novel Piezo1 reporter mouse with Piezo1-

CreERT2-BFP (blue fluorescence protein) driver allele and Ai47 (CAG-LSL-3XGFP) 34 

reporter allele. The Piezo1-CreERT2-BFP driver was created by CRISPR/Cas9-mediated 

insertion of a DNA cassette (CreERT2-P2A-BFP-WPRE-polyA) immediately following the 

ATG initiation codon in the endogenous Piezo1, allowing CreERT2 and BFP to mirror the 

endogenous Piezo1expression pattern. Tamoxifen (6 mg) was injected into pregnant females 
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bearing Piezo1 reporter embryos at E12.5 or E13.5. After two days, embryos were harvested 

at E14.5 or E15.5, respectively. Embryonic back skins were stained with an anti-Prox1 

antibody to detect lymphatic vessels. White arrows indicate Prox1-negative blood vessels. 

Scale bars: 100 μm. (C) Flow-activated calcium influx is blocked by knockdown of Piezo1 

or Orai1 in LECs. Cells were transfected with Piezo1 siRNA (siPiezo1), Orai1 siRNA 

(siOrai1), or scrambled siRNA (siCTR) for 24 hours and then subjected to laminar flow 

(2 dyne/cm2) 5. N=10 per group. Statistics: two-way repeated-measures ANOVA. (D, E) 

Orai1 and Piezo1 knockdown similarly abrogated the flow-induced downregulation of NICD 

in LECs. Cells were transfected with the corresponding siRNA for 24-hours and subjected 

to laminar flow (LF, 2 dyne/cm2) for 12- or 24-hours, or alternatively cultured under the 

static condition for 24 hours. (F) Piezo1 knockdown in LECs abrogated the flow-induced 

regulation of Orai1 downstream genes such as Dtx1, Dtx3L, Klf2, and Notch1. Experiments 

were repeated at least three times.
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Figure 2. Piezo1 is a Mechanosensor for the Orai1-Regulated Notch Pathway.
(A) Piezo1 overexpression (O.E.) mimicked the flow-mediated regulation of NICD1, 

Dtx1, Dtx3L, and Klf2 in the absence of flow. LECs were transfected with a control 

vector or a mouse Piezo1-expressing vector for 48 hours before cells were harvested. 

(B) Yoda1 regulates the Orai1-downstream genes. LECs were treated with Yoda1 at the 

indicated concentrations for 24 hours under the static condition. (C) Regulation of Orai1 

downstream genes by Yoda1 was inhibited by Piezo1 knockdown in LECs for 24 hours, 

followed by Yoda1 treatment (250 nM, 24 hours). (D) Orai1 inhibition abrogated the 
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NICD-downregulation caused by Piezo1 overexpression (O.E.). LECs were transfected with 

a control or a Piezo1 vector for 24 hours and then treated with an Orai1 inhibitor SKF-96365 

(SKF, 10 nM) for 24 hours. (E) Orai1 inhibition suppressed Yoda1-activated calcium influx. 

LECs were loaded with a calcium dye (Fluo-4) and treated with SKF-96365 (SKF, 5 or 10 

μM) for 10 minutes, followed by Yoda1 treatment (2 μM). N=10 per group. Statistics: two-

way repeated-measures ANOVA. (F) An Orai1 agonist IA65 recapitulates the flow-mediated 

mechanotransduction phenotypes: NICD downregulation and Dtx1/Dtx3L upregulation. 

LECs were treated with IA65 at the indicated concentrations for 24 hours under the static 

condition. (G) NICD downregulation caused by IA65 treatment was suppressed by Orai1 

knockdown but not by Piezo1 knockdown.
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Figure 3. Piezo1 KO Phenocopies Lymphatic Defects of Orai1 KO, Klf2 KO, and NICD TG.
(A) Diagram showing lymphatic-specific conditional knockout or transgenic strategy for 

Piezo1, Orai1, Klf2, or NICD1. Defective lymphatic sprouting in embryonic back skins 

caused by lymphatic-specific deletion of Piezo1 (B-E), Orai1 (F-I), and Klf2 (J-M) or 

by ectopic NICD1 expression (N-Q), compared to their wild-type control littermates. 

Lymphatics were visualized by anti-Lyve1 whole-mount staining. Scale bars: 500 μm in 

B, D, F, H, J, L, N, and P; 100 μm in C, E, G, I, K, M, O, and Q. Graphs showing the relative 

numbers of lymphatic vessel tip (R), branches (S), and vessel thickness (T) in embryos 
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of wild-type (WT), lymphatic-specific Piezo1 (P1ΔL), Orai1 (O1ΔL), and Klf2 (K2ΔL) 

deletions, or NICD transgenic expression (NICD TG). Successful Cre-mediated genomic 

recombination was confirmed using PCR-based genotyping analyses (Figure S2). Embryos 

from multiple litters per group were analyzed (WT n=5 mice vs. P1ΔL n=5 mice, WT n=4 

mice vs. O1ΔL n=8 mice, WT n=6 mice vs. K2ΔL n=4 mice, and WT n=4 mice vs. NICD 

TG n=4 mice). Statistics: Mann-Whitney U test.
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Figure 4. Piezo1 Is Required for Postnatal Lymphatic Development and Maintenance
(A) Diagram illustrating postnatal induction of lymphatic-specific Piezo1 KO. Tamoxifen 

was injected into the 3-week-old juvenile control or Piezo1ΔLEC mice, followed by 

lymphatic analyses at 7 weeks. Lymphatics were visualized using Prox1-tdTomato reporter 

allele 40. Lymphatic Piezo1 KO was induced in young adults (3 weeks old) by Tamoxifen 

injection at Days 21, 23, and 25. The colon mesentery (B-E) and hindlimb skins (F-I) were 

collected for lymphatic analyses at 7 weeks. Branch points per lymphatic vessel length (BP/

Length) and distance between two branch points (BP-BP) were compared in the mesentery 
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(J,K) and hindlimb (L,M) between wild type and Piezo1ΔLEC mice. Each dot represents one 

animal (WT n=6 mice vs. Piezo1ΔLEC n=7 mice) (J,K), or one limb (n=10 mice per group) 

(L,M). Scale bars: 100 μm. Statistics: Mann-Whitney U test (J and K), and two-tailed t-test 

(L and M).
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Figure 5. Dtx3L Overexpression Rescues Lymphatic Defects Caused by Piezo1 KO
(A) Genetic components of the mice for this experiment: Prox1-tdTomato, Prox1-CreERT2, 

Piezo1 fl/fl, and/or Dtx3L transgenic (TG) allele. pA, poly-A sequences. (B-I) Lymphatic 

vessels in control back skin (B,C), lymphatic-specific Dtx3L transgenic back skin (D,E), 

lymphatic-specific Piezo1 KO back skin (F,G), and lymphatic-specific Dtx3L transgenic/

Piezo1 KO back skin (H,I). Pregnant mice were injected with Tamoxifen at E11.5 and 

13.5, and embryos were harvested at E15.5. Scale bars: 1 mm (B, D, F, H), 100 μm 

(C, E, G, I). (J-M) Graphs showing the percent changes in lymphatic tip number (J), 
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branch point number (BP No.) (K), and the distance between two branch points (BP-BP 

dis.) (M). Six different litters were analyzed (CTR n=14, Dtx3lTG n=8, Piezo1ΔLEC, n=12, 

and Piezo1ΔLEC; Dtx3lTG n=12 mice). Images in panel B-I were obtained from one 

representative litter. Lymphatic vessels were visualized by the Prox1-tdTomato reporter. 

Statistics: two-tailed t-test.
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Figure 6. Transgenic Piezo1 Expression Promotes Lymphatic Sprouting and Network Formation
(A) Genetic components of the mice for this experiment: Prox1-tdTomato, Prox1-CreERT2, 

and/or mouse Piezo1 cDNA transgenic (TG) allele. (B, C) Pregnant females were injected 

with Tamoxifen at E11.5 and 13.5, and their embryos were harvested at 15.5 for lymphatic 

analyses. Lymphatic vessel tip number (Tip no.), branch point (BP no.), and lymphatic 

density of Piezo1 TG embryos (n=6 mice) were compared to those of their control 

litter embryos (CTR, n=4 mice). (D, E) Alternatively, newborns (P0) were injected with 

Tamoxifen, and their mesenteries were harvested at P4. Mesenteric lymphatics in the colon 
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are shown (D). The number of branch points per lymphatic vessel length and distance 

between two branch points in the colon and intestine mesentery lymphatics of the control 

vs. Piezo1 TG pups (n=6 mice per group) (E). Each dot represents one bunch of mesentery 

lymphatic pre-collectors. Scale bars: 1 mm. Lymphatic vessels were visualized by the 

Prox1-tdTomato reporter. Statistics: Mann-Whitney U test (C), and two-tailed t-test (E).
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Figure 7. Piezo1 Activation Stimulates Lymphangiogenesis in Adults
(A) Primary LECs were transiently transfected with a control (CTR), human Piezo1-, or 

mouse Piezo1- vector for 48 hours and then subjected to Ki67 immunostaining (n=6 per 

group). (B) LECs were treated with vehicle or Yoda1 at 200 or 400 nM for 24 hours and 

subjected to Ki67 immunostaining (n=6 per group). (C) LECs were transiently transfected 

with siRNA for control (siCTR), Orai1 (siOrai1), or Piezo1 (siPiezo1). After 24 hours, 

cells were treated with vehicle or Yoda1 (300 nM) for 24 hours, followed by total cell 

number counting (n=4 per group). (D) The effect of Yoda1 on 3-D lymphatic network 
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formation was assessed. LECs are allowed to form 3-D lymphatic networks in fibrin 

gels containing vehicle or Yoda1 (500 nM) in a vessel-on-a-chip device 42. After 3 days, 

lymphatic networks were fixed and stained against VE-Cadherin. Scale bars: 100 μm. (E) 

Morphometric analyses of the 3-D lymphatic vessels. BP, branch point (n=6 per group). (F) 

Western blots showing ERK1/2 phosphorylation in LECs treated with Yoda1 (400 nM) for 

the indicated time. The vehicle-treated sample is marked 0 minutes, and Glyceraldehyde-3-

Phosphate Dehydrogenase (GAPDH) levels are also shown as loading controls. (G) Yoda1 

activated dermal lymphangiogenesis in the mouse ears. These ears were harvested from mice 

subjected to the tail lymphedema model (Figure 8). Adult Prox1-EGFP lymphatic reporter 

mice were i.p. injected daily with vehicle or Yoda1 (71 μg/kg/day) over 35 days. (H) The 

numbers of lymphatic tips and valves were compared between the two groups (Vehicle n=8 

and Yoda1 n=9 mice). (I) Yoda1 activated postnatal growth of the ocular lymphatics. Vehicle 

(10 μL, DMSO) or Yoda1 (10 μL, 50 μM in DMSO) was injected into the subconjunctival 

area of adult Prox-1-tdTomato mice every other day. The eyes were harvested 6 days after 

the first injection. (J) Numbers of lymphatic tip and valve were compared between the 

vehicle (n=7 mice) vs. Yoda1-injected groups (n=8 mice). (K) Matrigel matrix pre-mixed 

with vehicle or Yoda1 (500 nM) was intradermally injected into the flank of adult Prox1-

EGFP mice. After two weeks, Matrigel plugs were harvested, and lymphatic ingrowth was 

visualized. Mouse VEGFC (50 ng/mL) was added to both groups to promote lymphatic 

expansion. 7 mice were used in each group. (L) Lymphatic vessels numbers and vessel 

length were compared between vehicle- vs. Yoda1-containing Matrigel plugs (n=14 Matrigel 

plugs per group). Scale bars: 200 μm in G and I; 500 μm in K. Statistics: Mann-Whitney U 
test (C and L), and two-tailed t-test (A, B, E, H, and J).
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Figure 8. Yoda1 Prevents Lymphedema Formation in Mouse: Potential Therapeutic Efficacy
(A) Experimental tail lymphedema images demonstrating a therapeutic efficacy of Yoda1. 

The tail lymphedema model was introduced to adult Prox1-EGFP mice. Vehicle control 

(n=18) or Yoda1 at low (n=15, 71 μg/kg/day) or high (n=13, 213 μg/kg/day) was i.p. injected 

daily from post-operation day (POD) 0 for 35 days. (B) Graph showing the degree of 

lymphedema by charting percent changes in the tail volume of each group over 35 days. 

Tail volume was measured weekly. (C) ICG-based lymphangiography assessing lymphatic 

function. At POD 35, ICG was injected at the tip of the tail, and fluorescent images were 
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captured over 96 hours. Representative images are shown after 3 min., 24 hours, and 48 

hours post-ICG-injection. (D) Graph showing the rate of ICG clearance reflecting lymphatic 

function. ICG fluorescence intensity was measured from captured images. N = 10/group. p < 

0.001 from 4 hours to 96 hours post-ICG-injection. Scale bars: 5 mm in panels A and C (F) 

H&E staining of paraffin sections prepared from an immediately distal area of the surgery 

site. (G) Thickness of the subcutaneous area was measured, and the relative values are 

charted. (H) Anti-Lyve1 immunohistochemistry visualizing lymphatic vessels (n=4 mice per 

group). (I) Graphs showing relative lymphatic vessel number (LV No), vessel size, and size/

number (n=4 mice per group). Vessel size is determined by measuring their circumferences. 

Scale bars: 100 μm in F and H. Statistics: ANCOVA (B and D), Mann-Whitney U test (G 
and I).
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