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Abstract

Rationale—Lymphatic vessels function to drain interstitial fluid from a variety of tissues. 

Although shear stress generated by fluid flow is known to trigger lymphatic expansion and 

remodeling, the molecular basis underlying flow-induced lymphatic growth is unknown.

Objective—We aimed to gain a better understanding of the mechanism by which laminar shear 

stress activates lymphatic proliferation.

Address correspondence to: Dr. Alex K. Wong, Division of Plastic and Reconstructive Surgery, Keck School of Medicine of USC, 
1510 San Pablo Street, Suite 415, Los Angeles, CA 90033-4680, Tel. (323) 442-7920, Fax. (323) 442-7573, 
Alex.Wong@med.usc.edu. Dr. Young-Kwon Hong, Departments of Surgery/Biochemistry, Molecular Biology, University of Southern 
California, Norris Comprehensive Cancer Center, 1450 Biggy St. NRT6501, Los Angeles, CA 90033, Tel: 323-442-7825, 
young.hong@usc.edu. 

AUTHOR CONTRIBUTIONS
DC, EP, EJ, YS, MH, SL, JB, and GG performed experiments and collected data.
SS, YG, CK, EB, AH provided the resources.
JP, AW, YH designed and supervised the research.

DISCLOSURES
The authors declare no conflict of interest with this study.

HHS Public Access
Author manuscript
Circ Res. Author manuscript; available in PMC 2018 December 19.

Published in final edited form as:
Circ Res. 2017 April 28; 120(9): 1426–1439. doi:10.1161/CIRCRESAHA.116.309548.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods and Results—Primary endothelial cells from dermal blood and lymphatic vessels 

(BECs and LECs) were exposed to low-rate steady laminar flow. Shear stress-induced molecular 

and cellular responses were defined and verified using various mutant mouse models. Steady 

laminar flow induced the classic shear stress responses commonly in BECs and LECs. 

Surprisingly, however, only LECs showed enhanced cell proliferation by regulating the VEGF-A, 

VEGF-C, FGFR3, and p57/CDKN1C genes. As an early signal mediator, ORAI1, a pore subunit 

of the calcium release-activated calcium (CRAC) channel, was identified to induce the shear stress 

phenotypes and cell proliferation in LECs responding to the fluid flow. Mechanistically, ORAI1 

induced upregulation of KLF2 and KLF4 in the flow-activated LECs and the two KLF proteins 

cooperate to regulate VEGF-A, VEGF-C, FGFR3 and p57 by binding to the regulatory regions of 

the genes. Consistently, freshly isolated LECs from Orai1 knockout embryos displayed reduced 

expression of KLF2, KLF4, VEGF-A, VEGF-C, and FGFR3, and elevated expression of p57. 

Accordingly, mouse embryos deficient of Orai1, Klf2, or Klf4 showed a significantly reduced 

lymphatic density and impaired lymphatic development.

Conclusions—Our study identified a molecular mechanism for laminar flow-activated LEC 

proliferation.
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endothelial cell growth; vascular endothelial growth factor
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INTRODUCTION

The lymphatic system is composed of lymphatic vascular networks and lymphoid tissues 

and is essential for tissue fluid homeostasis, immune cell trafficking and lipid absorption and 

transport. Lymphatic vessels may be largely classified to two distinct compartments: 

capillary vs. collecting vessels. Lymphatic capillaries function to uptake tissue fluids, lipids, 

large molecules and cells, collectively called lymph fluid, from the interstitial space. During 

this lymph fluid uptake, lymphatic endothelial cells (LECs) lining the capillaries may 

experience interstitial fluid flow with a basal-to-apical direction at their intercellular 

junctions. Drained lymph fluid then flows toward downstream collecting lymphatics, 

imposing laminar shear stress on the luminal surface of capillary LECs. It has been recently 

reported that, as the embryos develop, accumulating interstitial fluid gradually increases 

fluid pressure and creates fluid flow that imposes shear stress on the luminal LECs in 

developing lymphatic capillaries 1, 2. On the other hand, the collecting lymphatic vessels 

function to transport the lymph fluid to the lymph nodes and back to the circulation. LECs 

lining the collecting vessels may more frequently experience oscillatory flows. Studies 

showed that this type of fluid flow serves as a key signal for development of the luminal 

valves, a hallmark of collecting lymphatic vessels 1, 3, 4.
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It has been known that hemodynamics deliver a profound influence on vascular 

morphogenesis throughout development 5–7. Because interstitial fluid drainage is a primary 

function of lymphatic vessels, fluid flow force and pattern have been hypothesized to play 

key roles in lymphatic development as important non-biological stimuli 8. Indeed, previous 

studies reported that interstitial flow associated with functional drainage acts as a critical 

lymphangiogenic mediator by controlling LEC migration, VEGF-C expression, and 

lymphatic capillary network formation 9–11. Increased embryonic fluid drainage was 

demonstrated to coincide with and promote initial lymphatic development, possibly serving 

as an embryonic signal for lymphatic expansion 2. Here, we investigated a mechanism by 

which steady laminar flow can trigger lymphatic expansion. Our study revealed that low-rate 

steady laminar flow activates a highly selective calcium channel ORAI1 to upregulate 

Krüppel-Like Factors (KLF) 2 and 4, which directly regulate the genes promoting cell 

proliferation and survival. Our data not only offers a better understanding of shear force-

induced lymphatic expansion, but also provides important insights into the mechanisms 

whereby endothelial cells incorporate hemodynamics signals into their biological responses.

METHODS

Cell culture, related reagents and flow application

Human primary dermal BECs and LECs were isolated from human foreskins with approval 

by the Institutional Review Board, University of Southern California (PI: YK Hong) and 

cultured in Endothelial Basal Media (EBM, Lonza)-based media as previously described 
12, 13. Primary human umbilical venous endothelial cells (HUVECs) were purchased and 

cultured in EBM-based media (EGM Bullet Kit, Lonza). Steady laminar flow was applied 

using culturing media as previously reported 14 on monolayer cells for indicated times at 2 

dyne/cm2 for all experiments in this study. Sources of antibodies are listed in Supplemental 

Method.

Animal-related work

Animal-related works were approved by the University of Southern California Institutional 

Animal Care and Use Committee (IACUC) (PI: YK Hong). Prox1-tdTomato 15 and Orai1 
knockout (KO) 16–19 mice were previously described. Prox1-CreERT2 mouse was a gift 

from Dr. Taija Mäkinen (Uppsala University, Sweden) 20. Cdh5(PAC)-CreERT2 mouse was 

generated and provided by Dr. Ralf Adams (University of Münster, Germany) 21. Floxed 

Klf2 mouse 22 was kindly provided by Dr. Kristin Hogquist (University of Minnesota) and 

floxed Klf4 mouse (B6.129S6-Klf4tm1Khk/Mmmh Klf4) 23 was obtained from the Mutant 

Mouse Regional Resource Centers (MMRRC). All mutant mice were maintained outbred for 

the experiments.

Isolation of mouse LECs

Mouse embryonic dermal and postnatal lymph node LECs were isolated from embryos 

harvested at E16.5 as described in Supplemental Methods.
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Statistical analyses

Error bars in all graphs represent the mean ± standard deviation (SD), unless otherwise 

stated. Normally distributed continuous variables between the experimental and control 

groups were compared by two-tailed t-test. Statistical significance between the two groups 

was calculated as p value using Microsoft Excel (Microsoft Office) and GraphPad PRISM6 

(GraphPad Software, Inc). A P value less than 0.05 is considered to be statistically 

significant.

RESULTS

Steady laminar flow selectively activates proliferation of lymphatic endothelial cells

Studies have shown that steady laminar flow imposes an anti-proliferative effect to blood 

vessel-derived endothelial cells through mechanisms involving p21Cip1 and p53 24–30. In 

comparison, the impact of steady laminar flow on developing lymphatic vessels has not been 

fully understood. We therefore investigated the effect of steady laminar flow on proliferation 

of LECs and its underlying molecular basis. As the precise flow shear force levels in 

developing lymphatic vessels in vivo are unknown, we first evaluated the effect of different 

doses of shear force (0.25, 0.5, 1, 2, and 5 dyne/cm2) on cultured human dermal LECs and 

then searched for the effective or preferable force level, also known as the set point 31, that 

triggers the classic in vitro endothelial shear stress responses. Specifically, we focused on 

the cellular (cell elongation and alignment along the flow direction), molecular (upregulation 

of the key shear response regulators, KLF2 and KLF4), and biochemical (activation of 

intracellular calcium influx) responses 26, 27. These pilot studies revealed that elongation and 

alignment of LECs could be clearly triggered by steady laminar flow at 2 dyne/cm2 and 

above (Online Figure I A). In comparison, upregulation of KLF2 and KLF4 was detectable 

from the lowest shear force examined (0.25 dyne/cm2) and progressively increased as the 

force level increased (Online Figure I B,C). Moreover, activation of calcium uptake by the 

laminar flow was clearly detectable at the force levels of 2 and 5 dyne/cm2 (Online Figure I 

D). Based on these studies, laminar flow force at 2 dyne/cm2 was chosen for our 

experiments in this study. Under this shear force condition, laminar flow triggered human 

dermal LECs and BECs to become elongated and aligned to the direction of flow (Fig.1A). 

Human umbilical venous endothelial cells (HUVECs) did not show as much clear changes 

in their cell morphology even after 48 hr. probably because the applied shear force (2 

dyne/cm2) was much lower than the reported set-point for HUVECs 31. Nonetheless, all 

endothelial cells upregulated the established shear stress genes, KLF2, KLF4, and eNOS, in 

response to this low level of shear force (Fig.1B–D). PROX1 expression in LECs was not 

altered by the current flow condition (Online Figure II), suggesting that the LEC identity 

was not compromised by this shear force condition 4. Importantly, steady laminar flow 

significantly stimulated LEC proliferation, while expectedly suppressing the growth of 

BECs and HUVECs, as determined by three independent assays measuring total cell 

numbers, the relative number of cells in the S-phase, and the relative percentage of BrdU-

incorporated cells (Fig.1E–G). When different doses of shear force were applied from 0 to 5 

dyne/cm2, a force level stronger than 1 dyne/cm2 was required to activate proliferation of 

cultured LECs, wherease 2 dyne/cm2 yielded the highest activation of LEC proliferation 

(Online Figure III A). Consistent with these data, steady laminar flow at 2 dyne/cm2 
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suppressed the expression of cyclin-dependent kinase inhibitor 1C (CDKN1C/p57) and, 

notably, this flow-induced p57 downregulation was only detectable in LECs, but not in 

BECs and HUVECs (Fig.1H). We also verified these results using freshly isolated mouse 

lymph node (LN) LECs as another source of LECs: Consistent with human LECs, mouse 

LN LECs displayed enhanced cell proliferation, upregulation of KLF2 and KLF4, and 

downregulation of p57 in response to steady laminar flow (Online Figures III B & IV 

A,E,F). Notably, the laminar flow suppressed cell death of LECs, as well as of BECs and 

HUVECs as previously reported 14, 32 (Fig.1I). Together, these results demonstrate that, 

although LECs, BECs and HUVECs largely display comparable classic shear stress 

responses in response to steady laminar flow, only LECs exhibit the unique pro-growth 

phenotypes.

Molecular players in the laminar flow-induced lymphatic cell proliferation

We next set out to identify the molecular players in laminar flow-activated LEC proliferation 

and found that laminar flow at 2 dyne/cm2 commonly upregulated VEGF-A in LECs, BECs 

and, as reported14, 34, in HUVECs 14, 33 (Fig.2A). Interestingly, however, the flow force 

induced the expression of VEGF-C and FGFR3 selectively in LECs, not in BECs and 

HUVECs (Fig.2B,C). A progressive upregulation of VEGF-A, VEGF-C and FGFR3, as well 

as a gradual downregulation of p57, were detectable in LECs by the increasing laminar flow 

forces (Online Figure I E–H). This flow-induced regulation of VEGF-A, VEGF-C, and 

FGFR3 was also confirmed in freshly isolated mouse LECs (Online Figure IV B–D). 

Moreover, steady laminar flow increased phosphorylation of VEGFR2 and VEGFR3 in 

LECs without changing the total protein levels (Fig.2D,E). Notably, previous studies 

reported ligand-independent activation of VEGFR2 34 and VEGFR3 31 by fluid shear stress 

to induce eNOS activation and arterial remodeling, respectively. We therefore investigated 

whether the laminar flow-induced phosphorylation of these VEGFRs was dependent on the 

presence of their ligands. Pre-treatment of LECs with anti-VEGF-A antibody and/or soluble 

VEGFR3 protein significantly reduced the flow-induced phosphorylation of both VEGFR2 

and VEGFR3 (Fig.2F). These data suggest that VEGF-A and VEGF-C, which are 

upregulated by laminar flow (Fig.2A,B), are necessary for the flow-induced phosphorylation 

of VEGFR2 and VEGFR3 in LECs. Moreover, small chemical-based inhibition of VEGFR2, 

VEGFR3, and FGFR3, but not CXCR2 (chosen as a negative control), reduced the flow-

activated LEC proliferation (Fig.2G). To exclude potential off-target effects of these 

chemical inhibitors, non-chemical blocking reagents were also used: An anti-VEGF-A 

neutralizing antibody and a soluble VEGFR3 protein, individually or together, profoundly 

inhibited the laminar flow-induced LEC proliferation (Fig.2H). Similarly, siRNA-mediated 

knockdown of FGFR3 reduced the flow-activated LEC growth (Fig.2I), confirming a 

significant contribution of FGFR3 to the flow-activated LEC proliferation. Together, our 

studies demonstrate that low-rate steady laminar flow upregulates VEGF-A, VEGF-C, and 

FGFR3 in LECs, which together play important roles in the flow-activated proliferation of 

LECs.

ORAI1 mediates the laminar flow-induced calcium influx and KLF2/4 regulation in LECs

We next investigated a mechanism that may contribute to LEC-specific activation of cell 

proliferation by laminar flow. Because intracellular calcium increase is known to be an 
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immediate response of endothelial cells upon the onset of laminar flow 7, through which 

shear stress upregulates KLF2 35, we investigated whether the calcium signaling may play a 

role in orchestrating the laminar flow-induced LEC phenotypes. Time-lapse calcium 

imaging using a protein calcium reporter GCaMP3 36 showed that low-rate steady laminar 

flow activated the calcium influx in LECs within the first minute of the flow onset (Online 

Figure V A,B) 37, consistent with previous studies 37, 38. Moreover, this calcium influx was 

efficiently blocked by a low concentration of SKF-96365 39, a chemical inhibitor of the 

store-operated Ca2+ entry (SOCE) 40. In addition, SKF-96365 prevented the laminar flow-

induced cell elongation in both LECs and BECs (Fig.3A). To be more specific, we next 

knocked-down the expression of ORAI1, a pore subunit of the highly selective calcium 

release-activated calcium (CRAC) channel on the plasma membrane 16–19. Importantly, 

siRNA-mediated ORAI1 inhibition significantly blocked or delayed the laminar flow-

induced cellular elongation of both cell types (Fig.3A). Moreover, ORAI1 knockdown 

significantly reversed the flow-induced upregulation of KLF2 and KLF4 in LECs with much 

less impact to BECs (Fig.3B,C). Using freshly isolated mouse embryonic LECs, we also 

confirmed that SKF-96365 treatment reversed the flow-induced regulation of KLF2 and 

KLF4 (Online Figure IV G–I). Together, our studies identified ORAI1 as an essential 

calcium channel for the laminar flow-induced calcium uptake, cell morphology change, and 

regulation of KLF2 and KLF4 in LECs.

ORAI1 plays a key role in the laminar flow-induced LEC proliferation

In addition, ORAI1 knockdown in LECs strongly reduced the flow-induced expression of 

VEGF-C and FGFR3, with a marginal suppression of VEGF-A only at 12 hr. (Fig.4A, 

Online Figure IV J–L). In comparison, ORAI1 knockdown in BECs mainly reversed the 

VEGF-A upregulation without much impact to the expression of VEGF-C, and FGFR3 (Fig.

4B). When calcium influx in LECs was chemically blocked by Bapta-AM or SKF-96365, or 

genetically inhibited by ORAI1 knockdown, the laminar flow-induced p57 downregulation 

was significantly abolished (Fig.4C,D, Online Figure IV M). Similarly, inhibition of calcium 

influx in freshly isolated mouse LECs with SKF-96365 reversed the laminar flow-induced 

regulation of VEGF-A, VEGF-C, FGFR3, and p57 (Online Figure IV A–D). Consistent with 

these molecular phenotypes, ORAI1 knockdown also prevented the laminar flow-activated 

LEC proliferation (Fig.4E). In comparison, however, ORAI1 knockdown did not reverse the 

flow-mediated suppression of BEC growth. Moreover, freshly isolated mouse embryonic 

LECs from wild type vs. Orai1 KO embryos displayed differential responses to laminar 

flow: genetic deletion of Orai1 largely abrogated the above-observed flow-induced 

regulation of KLF2, KLF4, VEGF-A, VEGF-C, FGFR3 and p57 (Online Figure VI), further 

verifying an essential role of ORAI1 in the flow-induced regulation of these genes. 

Therefore, our studies show that ORAI1 is responsible for the shear stress-induced 

intracellular calcium influx in LECs and plays an essential role in the laminar flow-activated 

LEC proliferation.

ORAI1 deletion reduces lymphatic vessel density during development

We next investigated lymphatic phenotypes in Orai1 KO mice to validate our in vitro 

findings. Heterozygote Orai1 KO (Orai1 +/−) mice 16, 17 were intercrossed with the Prox1-
tdTomato lymphatic reporter mice 15, which allows a convenient visualization of lymphatic 
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vessels due to the expression of the tdTomato reporter under the direction of the Prox1 

promoter. From this genetic cross, we obtained Prox1-tdTomato/Orai1 KO embryos (Prox1-
tdTomato; Orai1−/−) along with their control heterozygote embryos (Prox1-tdTomato; 
Orai1+/−) at E14.5. Indeed, Orai1 KO significantly inhibited embryonic lymphatic 

development with a notable reduction in lymphatic vessel area (Fig.5A–D, Online Figure 

VII A). Moreover, Orai1 deletion also profoundly reduced lymphatic sprouting, which was 

documented in detail in a separate study 37. The reduced number of LECs was also 

detectable in the trachea of rarely-surviving postnatal Orai1 KO mice, where the tracheal 

lymphatics were significantly smaller in diameter, compared to those in the wild type 

littermates (Fig.5E–H, Online Figure VII B). In order to confirm the ORAI1-regulated gene 

expression phenotypes, we determined the expression levels of the flow-regulated molecular 

players in LECs and BECs freshly isolated from the back skins of control and Orai1 KO 

embryos. Indeed, genetic deletion of Orai1 caused a reduced expression of VEGF-A, VEGF-

C, KLF2, KLF4, and FGFR3 as well as upregulation of p57 in Orai1 KO LECs (Online 

Figure VIII). These in vivo expression signatures are consistent with the in vitro gene 

expression profiles seen in the ORAI1-depleted cultured LECs (Figs.3 & 4). In BECs, by 

comparison, Orai1 KO altered expression of VEGF-A and KLF4 only. Together, our studies 

suggest that Orai1 deletion prevents the flow-enhanced LEC proliferation and thus impairs 

lymphatic development due to dysregulation of the molecular players involved in the flow-

induced LEC proliferation.

KLF2 and KLF4 directly regulate the molecular players in flow-induced LEC proliferation

Previous studies have genetically placed KLF proteins upstream of the VEGF signaling in 

the shear-exposed vascular endothelial cells 14, 41, 42. We therefore aimed to establish the 

genetic relationships among these molecular players. Individual knockdown of KLF2 or 

KLF4 using two different siRNA complexes markedly altered the flow-induced regulation of 

VEGF-A, VEGF-C, FGFR3 and p57 (Fig.6A, Online Figure IX A–D). Consistent with this 

regulation, when mouse LECs freshly isolated from Klf2 KO embryos were subjected to the 

laminar flow, they displayed defective regulation of these genes (Online Figure IX E). 

Combined knockdown of KLF2 and KLF4 caused largely additive effects on the flow-

induced regulation of the genes (Fig.6A, Online Figure IX F).

Conversely, adenoviral overexpression of KLF2 or KLF4 in LECs significantly upregulated 

VEGF-A, VEGF-C, and FGFR3, while downregulating p57 (Fig.6B,C). Chromatin 

immunoprecipitation (ChIP) assays were performed to investigate whether KLF2 and/or 

KLF4 proteins directly bind to the regulatory sequences of these genes. Many KLF proteins 

have been reported to bind to similar DNA sequences, known as the KLF consensus binding 

motif (CACCC), presumably due to a high homology in their zinc finger domains 41. 

Because KLF2 and KLF4 proteins were previously reported to bind to the VEGF-A gene 

and regulate its expression 42–44, we focused our study on the other three genes, VEGF-C, 

FGFR3 and p57. In order to find the functional enhancer regions of the VEGF-C and FGFR3 

genes, we took advantage of the epigenetic signatures reported by the Encyclopedia of DNA 

Elements (ENCODE) Consortium, and identified several regions with the enhancer histone 

marks (high H3K4Me1 and H3K27Ac, low H3K4Me3) upstream the VEGF-C and FGFR3 

genes (Online Figure X). We then investigated whether KLF2 and/or KLF4 proteins are 
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physically associated with these putative enhancer regions by ChIP assays. Indeed, both 

KLF2 and KLF4 were found to bind to the 210-kb upstream area of the VEGF-C gene and 

these bindings were profoundly increased by laminar flow (Fig.6D, Online Figure X). 

Notably, neither protein bound to the130-kb and 50-kb upstream regions. Similarly, when 

LECs were exposed to steady laminar flow, KLF2 and KLF4 were recruited to a putative 

enhancer region present 34-kb upstream the FGFR3 coding sequence (Fig.6D, Online Figure 

X). In comparison, both KLF proteins occupy the proximal promoter of p57 under the static 

condition, and the laminar flow only slightly increased their binding to the region (Fig.6D).

We next investigated the cellular phenotypes of LECs after the individual or combined 

knockdown of KLF2 and/or KLF4. Single knockdown of each gene did not clearly alter the 

flow-induced activation of cell cycle progression of LECs or BECs (Fig.6E). However, 

simultaneous knockdown of both KLF proteins decreased the S-phase population in LECs, 

but not in BECs. On the other hand, the flow-enhanced cell survival was reversed in both 

cell types by combined inhibition of KLF2 and KLF4 (Fig.6F). We next studied whether 

overexpression of KLF2 and KLF4 could reverse the dysregulation of VEGF-A, VEGF-C, 

FGFR3 and p57 in ORAI1-depleted LECs. To address this, ORAI1 was knocked-down first 

and then KLF2 and KLF4 were adenovirally expressed in LECs. These LECs were then 

subjected to laminar flow, or cultured under the static condition. As expected, laminar flow 

upregulated VEGF-A, VEGF-C, and FGFR3, and suppressed p57 expression (Online Figure 

XI A–D) and this flow-induced gene regulation was abrogated by ORAI1 knockdown as 

seen above (Figs.3 & 4). Importantly, when KLF2 and KLF4 were ectopically expressed in 

the ORAI1-depleted, flow-exposed LECs, the flow-mediated regulations of VEGF-A, 

VEGF-C, FGFR3, and p57 were significantly restored. The expected expression levels of 

ORAI1, KLF2, and KLF4 were also verified (Online Figure XI E–G). Together, these data 

demonstrate that KLF2 and KLF4, which are downstream targets of ORAI1, directly 

regulate VEGF-A, VEGF-C, FGFR3, and p57, and play key roles in the laminar flow-

induced activation of LEC proliferation.

Abnormal lymphatic development by tissue-specific deletion of Klf2 or Klf4

We next studied the in vivo roles of KLF2 and KLF4 in developing lymphatic vessels 

through targeted deletion. Mice harboring the floxed Klf2 alleles (Klf2 fl/fl) 45 were crossed 

with the Cdh5(PAC)-CreERT2 mice (also known as VE-CadCreERT2) expressing the 

tamoxifen-responsive Cre in endothelial cells 21. Resulting pregnant females were i.p. 

injected with tamoxifen at E11.5 and E13.5 to induce endothelial-specific deletion of Klf2 
(Klf2 ECKO), and the embryos were harvested at E15.5 for vascular analyses. Indeed, the 

Klf2 ECKO embryos revealed defective lymphatic network formation, characterized with 

reduced lymphatic branching, irregular vessel thickness, and round-end sprouts, without 

similar defects in blood vessel development (Fig.7A–D, Online Figure XII A) 37. Image 

analyses revealed that the relative lymphatic area is significantly reduced in Klf2 ECKO 

embryos, compared to their control litter embryos (Online Figure VII C).

Similarly, the Klf4 gene was deleted selectively in developing lymphatic vessels in embryos 

using the Prox1-CreERT2 driver line 20. Compared to those in the control litter embryos, the 

back skins of Klf4 ECKO embryos displayed profound defects in lymphatic branching 
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morphogenesis and hierarchical network formation with a decreased lymphatic density (Fig.

7E–J, Online Figure VII D). Cd31-positive blood vessels were unaffected as expected due to 

the Prox1-CreERT2 –driven lymphatic deletion (Online Figure XII B). Finally, we asked 

whether overexpression of KLF4 could increase lymphatic density using endothelial-specific 

Klf4 transgenic mouse (Klf4 EC-Tg) 46, where KLF4 is ectopically expressed under the 

direction of the Cdh5/VE-Cad promoter. Indeed, lymphatic vessels were significantly 

enlarged in the ear skins of the Cdh5-Klf4 mouse compared to those in their control litter 

mates (Fig.7K,L), indicating that ectopic KLF4 expression may increase lymphatic density 

presumably by activating LEC proliferation. Together, the outcome of these animal-based 

studies was consistent with our in vitro studies as described above and further demonstrated 

the important roles of KLF2 and KLF4 in lymphatic development.

DISCUSSION

As oxygen delivery is a major function of blood vessels, oxygen deficiency serves as a 

strong non-biological stimulus for blood vessel growth. Similarly, as lymphatic vessels 

function to drain tissue fluid, fluid flow generated by interstitial fluid drainage triggers 

lymphatic vessel expansion and remodeling 1. Because of their distinct physiological roles, 

blood and lymphatic vessels are expected to differentially respond to various patterns and 

forces of fluid flow. Studies have shown that laminar flow suppresses proliferation of blood 

vessel-derived cells through mechanisms involving p21Cip1 and p53 24–29. However, the 

effects of laminar flow on lymphatic development and function need to be better understood. 

In this study, we investigated whether and how low-rate steady laminar flow triggers 

lymphatic expansion and remodeling, particularly focusing on proliferation and survival of 

LECs. Based on the outcome of our study, we built a working model for a molecular 

mechanism underlying the laminar flow-induced LEC proliferation and survival (Online 

Figure XIII). In this model, the CRAC calcium channel ORAI1 is an early and essential 

mediator of the laminar flow-induced LEC proliferation. In response to laminar flow, 

ORAI1 activates intracellular calcium influx and upregulates KLF2 and KLF4. These two 

KLF proteins together promote the cell cycle progression of LECs through upregulation of 

VEGF-A, VEGF-C, and FGFR3, and concurrent downregulation of the cell cycle inhibitor, 

p57. Secreted VEGF-A and VEGF-C may deliver their activities through autocrine and/or 

paracrine manners, especially onto those present immediately downstream. In comparison, 

upregulated FGFR3 may make the cells more sensitive to its limited ligands, such as FGF2. 

We therefore conclude that the interplay of ORAI1 and KLF2/4 proteins may direct the 

laminar flow-induced lymphatic expansion and remodeling by activating the proliferation 

and survival of LECs.

The precise shear force level in developing lymphatic networks is not known and it will be 

technically challenging to determine the force level. Previously, several reports estimated 

shear levels in certain postnatal lymphatics. The shear force level in a collecting lymphatic 

vessel was found to be ~0.64 dyne/cm2 under the normal physiological condition 47. Shear 

levels for mouse tail capillaries 48 and human skin capillaries 49 were about ~0.001 

dyne/cm2 and ~0.003 dyne/cm2, respectively. Compared to these quiescent mature postnatal 

lymphatics, developing lymphatics in the rapidly expanding embryos are likely to experience 

significantly elevated levels of shear force in order to deal with the overwhelming amount of 
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embryonic tissue fluid. In fact, an elegant study by Planas-Paz et al 2 demonstrated the 

presence of functional fluid drainage and flow as early as embryonic day 11.5 by showing 

the interrelationship among embryonic fluid accumulation, fluid pressure increase, 

stretching of LECs, VEGFR-3 phosphorylation, proliferation of LECs, and functional fluid 

drainage. In comparison, an anti-proliferative effect on BECs and HUVECs, which was 

previously seen by the higher, physiologically more relevant shear levels (10~30 dyne/cm2) 
24–30, was also detected by our low-rate shear force (2 dyne/cm2).

ORAI1 is a pore component of a calcium-selective ion channel on the plasma membrane and 

activates the SOCE process 40. Although it was initially discovered from studying defective 

Ca2+ entry in T cells that is associated with severe combined immune deficiency (SCID), 

ORAI1 has been found to be expressed in a number of different cell types including arterial, 

venous and capillary endothelial cells, and to play essential roles in various molecular and 

cellular responses toward physiological stimuli and pathological insults 50, 51. A recent study 

convincingly demonstrated that the intracellular calcium dynamics in cultured LECs 

depends on the magnitude of the shear stress and also that blockage of CRAC channels 

significantly reduced the calcium mobilization 38. Consistent with this study, we identified 

ORAI1 as an important CRAC channel responsible for the SOCE process activated by 

laminar flow in LECs. When ORAI1 was chemically or genetically inhibited in cultured 

LECs, laminar flow could no longer activate the classic shear stress responses. Moreover, the 

ORAI1 inhibition in LECs abolished the flow-induced regulation of VEGF-A, VEGF-C, 

FGFR3 and p57, and efficiently reversed the cell proliferation activated by laminar flow. 

Consistent with these cellular phenotypes, Orai1 KO embryos displayed significant defects 

in lymphatic development with reduced numbers of LECs. Our data suggest that KLF2 and 

KLF4 are downstream effectors of ORAI1 for the laminar flow-induced lymphatic 

phenotypes.

KLF2 and KLF4 transcription factors have been shown to act as critical regulators of 

endothelial homeostasis. Because of their closely related structures, functions, and 

expressions 52–55, they are believed to play shared and/or overlapping roles in vascular 

development and maintenance. Notably, numerous previous studies show that KLF2 and 

KLF4 negatively regulate vasculogenesis and angiogenesis 41. KLF2 inhibits VEGF-

mediated angiogenesis 56 and laminar shear stress inhibits endothelial cell metabolism via 

KLF2-mediated repression of PFKFB3 57. KLF2 induces a gene expression pattern that can 

be seen in functionally quiescent endothelial cells 58 and suppresses angiogenesis of liver 

endothelial cells through ERK1/2 59. KLF2 decreased the hypoxia-induced VEGF protein 

level in HUVECs 42. Loss of epigenetic KLF4-mediated transcriptional suppression was 

found to be crucial for upregulation of VEGF-A in breast cancer cells 44. However, their 

positive roles in vascular development have also been documented. KLF2 was shown to 

activate VEGF/VEGFR-2 signaling and survival of HUVECs in response to laminar flow 14. 

This study, however, did not report any mitogenic activity of the flow-activated VEGF/

VEGFR-2 signaling in HUVECs 14. KLF2 cooperates with a ETS family protein ERG to 

activate Flk1/VEGFR2 expression during vascular development 60. KLF2 and KLF4 

genetically interact to maintain endothelial integrity in mouse embryonic vasculogenesis 53. 

Considering these debated roles of KLF2 and KLF4 in vascular development, it is quite 

unexpected and unique to find that KLF2 and KLF4 concertedly activated the cell cycle 
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progression of LECs by regulating the expression of VEGF-C, FGFR3 and p57 in response 

to laminar flow. Especially, the two KLF proteins bind to the enhancer areas present as far as 

~210-kb and ~34-kb from the coding sequences of VEGF-C and FGFR3, respectively. In 

comparison, the two KLF proteins bind to the proximal promoter of p57 to suppress its 

expression, suggesting that differential transcriptional programs regulate VEGF-C/ FGFR3 

vs. p57 in response to the laminar flow. Together, KLF2 and KLF4 proteins may, 

individually and concertedly, regulate vascular development and maintenance in different 

manners depending on the physiological and pathological settings of the cells.

One important question in our study was why the low-rate steady laminar flow delivers 

distinct cell proliferative effects to LECs and BECs. Although different types of endothelial 

cells may prefer different levels of flow rates, or set points 31, to initiate their remodeling 

program, our data showed that LECs, BECs and HUVECs commonly displayed the 

molecular signatures of shear stress responses, most clearly the upregulation of KLF2, KLF4 

and eNOS, in response to the low-rate laminar flow condition. In addition, higher rate 

laminar flows, which are comparable to blood flow, instead suppress proliferation of 

vascular endothelial cells 24–30. Therefore, we speculate that the flow-induced cell 

proliferation program is unique to LECs, but absent in BECs, and that distinct pathways may 

operate to trigger the seemingly opposing proliferative responses between LECs and BECs. 

It seems that the flow-responsive cell proliferation program in LECs employs the ORAI1-

KLF pathway to regulate VEGF-A, VEGF-C, FGFR3 and p57 and to activate the cell cycle 

progression of LECs. Accordingly, ORAI1 inhibition abrogated the flow-induced cell cycle 

progression of LECs, while not affecting the flow-induced growth suppression of BECs.

In summary, we demonstrated that low-rate laminar flow activates proliferation of LECs. We 

also identified the important molecular mediators and players involved in the laminar flow-

induced LEC proliferation. We propose that this phenotype and the underlying mechanism 

are unique to LECs, as proliferation of blood vessel-derived endothelial cells was not 

stimulated by the same condition, despite the comparable upregulation of KLF2 and KLF4. 

These findings are consistent with the function and physiology of lymphatic vessels, as 

LECs would experience an extensive shear stress during functional interstitial fluid drainage. 

Recent studies showed that the pore-forming subunit of a mechanosensitive ion channel is 

required for vascular development and plays a key role in integrating vascular architecture 

with physiological force 61, 62. It will be interesting to define the flow sensing mechanism in 

LECs, and to study how the flow sensors activate ORAI1 and downstream genes.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Fluid flow profoundly influences lymphatic development and remodeling.

• Interstitial pressure-driven lymphatic drainage may activate lymphatic 

expansion.

What New Information Does This Article Contribute?

• Our study revealed that steady laminar flow selectively enhances endothelial 

cells from lymphatic vessels, but not from blood vessels.

• We defined a molecular mechanism by which steady laminar flow activates 

lymphatic endothelial cell proliferation.

A major function of lymphatic vessel is to drain tissue fluid. While lymphatic vessels are 

essential for fluid flow, fluid flow also controls lymphatic vessel development. This 

reciprocal feedback control mechanism appears to be critical for tissue fluid balance and 

distribution in our body. Here, we investigated this reciprocal feedback control, 

specifically by deciphering a molecular mechanism explaining how physical force 

generated by fluid flow can be translated to biological phenomenon, namely cell 

proliferation. Our study uncovered that fluid flow enhances the intracellular calcium level 

and thus activates key transcriptional regulators. These regulators induce the expression 

of genes involved in endothelial growth. Our study provides a mechanistic understanding 

on flow-induced lymphatic growth.
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Figure 1. Low-rate steady laminar flow selectively activates proliferation of LECs
(A) Steady laminar flow (LF, 2 dyne/cm2) induced elongated cell morphology and alignment 

in LECs and BECs, with marginal changes in HUVECs. Scale bars: 50 μm. (B,C) Western 

blot assays showing upregulation of KLF2 (B) and KLF4 (C) in LECs, BECs and HUVECs 

in response to steady laminar flow (2 dyne/cm2) for indicated time. (D) Quantitative RT-

PCR (qRT-PCR) showing upregulation of eNOS in LECs, BECs and HUVECs by steady 

laminar flow (2 dyne/cm2) for 8 and 16 hr. (E) Total cell number increase after static 

culturing or laminar flow exposure. Equal number of LECs, BECs, and HUBECs were 

plated and subjected or not to laminar flow (2 dyne/cm2). After 24 hr., total cell number was 

counted and the percent increase from the initial cell numbers was graphed. (F) LECs, 
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BECs, and HUBECs were cultured under the static or flow condition (2 dyne/cm2) and the 

relative percentage of cells in the S-phase was determined using flow cytometry. (G) BrdU-

incorporation assays showing the percent of BrdU-positive LECs under the static or flow 

condition for 48 hr. Top: Fluorescent images showing BrdU-incorporated cells (Green) and 

total nuclei (Blue). Bottom: Bar graph representing the percent of the BrdU-positive cells. 

(H) Western blot assays showing LEC-specific downregulation of p57 by laminar flow (2 

dyne/cm2). (I) ELISA-based cell death assays showing that laminar flow (2 dyne/cm2) 

commonly reduced cell death in all cell types. Error bars in the graphs represent the standard 

deviation (SD) of the mean. Laminar flow was steadily applied at 2 dyne/cm2 as previously 

described 14. Using two-tailed t-test, statistical significance was calculated between the static 

vs. laminar flow conditions, and the significance level was expressed as follows: *, p < 0.05; 

**, p < 0.01; ***, p < 0.001.
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Figure 2. Molecular players in laminar flow-induced LEC proliferation
(A–C) Steady laminar flow (LF) upregulated VEGF-A (A) in LECs, BECs, and HUVECs, 

while activing the expression of VEGF-C (B) and FGFR3 (C) specifically in LECs, 

determined by ELISA (A,B) and western blot assays (C). (D,E) Laminar flow increased 

phosphorylation of VEGFR2 (D) and VEGFR3 (E) in LECs. LECs were exposed to laminar 

flow and then subjected to immunoprecipitation (IP) for VEGFR2 or VEGFR3, followed by 

immunoblotting (IB) for phosphorylated tyrosine (pY). As controls, LECs under the static 

condition were treated with VEGF-A (20 ng/ml) or VEGF-C (20 ng/ml) for 15 minutes 

before cell harvest. (F) Western blot assays showing the ligand-dependency of the flow-

induced phosphorylation of VEGFR2 and VEGFR3 in LECs. LECs were pre-incubated for 

10 min. with a VEGF-A neutralizing antibody (α-VEGF-A, 20 ng/mL) and/or soluble 

VEGFR3 receptor (sVEGFR3, 20 ng/mL), followed by static culturing or laminar flow for 

24hr. Western blots were performed using antibodies against phospho-VEGFR2, whole 

VEGFR2, phospho-VEGFR3, whole VEGFR3 and β-actin. As controls, LECs under the 

static condition were treated with VEGF-A (20 ng/ml) or VEGF-C (20 ng/ml) for 15 min. 

before cell harvest. (G–I) BrdU-incorporation assays were performed to estimate the roles of 

VEGFRs and FGFR3 in the laminar flow-induced LEC proliferation. (G) LECs were pre-

treated for 10 min. with chemical inhibitors of FGFR3 (FGFRi, 50 μM of PD 166866), 

VEGFR2 (Ki, 50 μM of Ki8751), VEGFR3 (MAZ, 50 μM of MAZ51), or CXCR2 (SB, 50 
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μM of SB225002), followed by static culturing or laminar flow exposure for 24 hr. before 

BrdU assays. (H) LECs were pre-incubated for 10 min. with a VEGF-A neutralizing 

antibody (α-VEGF-A, 20 ng/mL) and/or soluble VEGFR3 receptor (sVEGFR3, 20 ng/mL), 

followed by 24-hr. exposure to static culturing or laminar flow and then subjected to the 

BrdU assays. (I) LECs were transfected with two different siRNAs for FGFR3 (siFGFR3-1, 

siFGFR3-2), or control siRNA (siCTR), overnight prior to static culturing or laminar flow 

for 24 hr. and then subjected to BrdU assay. Laminar flow was applied at 2 dyne/cm2 as 

previously described 14. Error bars indicate the standard deviations (SD) of the mean. Using 

two-tailed t-test, statistical significance was calculated between the static vs. laminar flow 

conditions (A,B) or between the control vs. treated groups (G–I). Statistical values: **, p < 

0.01; ***, p < 0.001.
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Figure 3. ORAI1 mediates the laminar flow-induced upregulation of KLF2 and KLF4 in LECs
(A) Inhibition of ORAI1 impaired the flow-induced cellular elongation and alignment of 

LECs and BECs. LECs or BECs were exposed to laminar flow (2 dyne/cm2) using culture 

media in the absence (CTR) or presence of SKF (SKF-96365, 10 μM). Alternatively, the 

cells were transfected with non-specific siRNA (siCTR) or ORAI1 siRNA (siORAI1-1) for 

24 hr. before the onset of laminar flow (2 dyne/cm2). Scale bars: 50 μm. (B,C) qRT-PCR 

analyses showing the expression of KLF4, KLF2 and ORAI1 in LECs (B) and BECs (C), 

which were transfected with non-specific siRNA (siCTR) or ORAI1 siRNA (siORAI1) for 

24 hr. before the onset of laminar flow (2 dyne/cm2). Another set of ORAI1 siRNA 

(siOrai1-2) was used and comparable results were obtained (Online Figure IV G–I). Error 

bars indicate the standard deviations (SD) of the mean. Using two-tailed t-test, statistical 

significance was calculated between the siCTR vs. siORAI1 groups. Statistical values: *, p < 

0.05; **, p < 0.01; ***, p < 0.001.

Choi et al. Page 24

Circ Res. Author manuscript; available in PMC 2018 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. ORAI1 is essential for the laminar flow-response phenotypes of LECs
(A,B) qRT-PCR analyses showing the expression of VEGF-A, VEGF-C and FGFR3 in 

LECs (A) and BECs (B) that were transfected with non-specific siRNA (siCTR) or ORAI1 

siRNA (siORAI1-1) for 24 hr. and exposed to laminar flow (2 dyne/cm2) for 0, 12 or 24 hr. 

Another set of ORAI1 siRNA (siOrai1-2) was used and comparable results were obtained 

(Online Figure IV J-L). (C) Western blot analyses (left) showing the expression of p57 in 

LECs that were pre-treated with vehicle (DMSO), Bapta-AM (3 μM), or SKF-96365 (SKF, 

10 μM) for 30 min. and exposed to laminar flow (2 dyne/cm2) for 0 (Static), 6, 12, or 24 hr. 

Expression of p57 protein was quantified and normalized against β-actin in the graph (right). 

(D) Western blot analyses (top) showing the expression of p57 in LECs that were transfected 

with non-specific siRNA (siCTR) or ORAI1 siRNA (siORAI1) for 24 hr. and exposed to 

laminar flow (2 dyne/cm2) for 0 (Static), 12, and 24 hr. p57 expression was quantified and 

normalized against β-actin in the graph (bottom). Another set of ORAI1 siRNA (siOrai1-2) 

was used and comparable results were obtained (Online Figure IV M). (E) BrdU-

incorporation assay showing the relative percent of cells in the S-phase. LECs or BECs were 

transfected with control siRNA (siCTR) or ORAI1 siRNA (siORAI1) for 24 hr. and cultured 

under the static or flow condition (2 dyne/cm2) for 24 hr. before BrdU-incorporation assay. 

Error bars: the standard deviations (SD) of the mean. Statistical significance was calculated 

using two-tailed t-test between the control vs. treated groups (C), between the siCTR vs. 
siORAI1 groups (D), or between the siCTR/Static vs. other groups (E). Statistical values: *, 

p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 5. ORAI1 is required for embryonic lymphatic development
(A–D) Developing dermal lymphatic vessels were visualized in Orai1 heterozygote (+/−) 

and homozygote (−/−) KO embryos (E14.5) using the Prox1-tdTomato lymphatic reporter 
15. Compared to lymphatic vessels of Orai1 heterozygote embryos (A,C, n=5), those of 

homozygote KO embryos (B,D, n=4) displayed a significantly reduced number of LECs and 

impaired lymphatic vessel formation in the dorsolateral (A,B) and dorsal midline (C,D) 

areas. (E–H) Lymphatic vessels in the trachea of rarely surviving 3-week old Orai1 KO 

mouse (F,H, n=3) were abnormally thinner, compared to those of heterozygote littermates 

(E,G, n=6). Boxed areas in panels E and F are enlarged in panels G and H, respectively. 

Scale bars; 100 μm (A–D, G,H), 500 μm (E,F). Relative lymphatic vascular areas were 

shown in Online Figure VII A,B.
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Figure 6. KLF2 and KLF4 regulate molecular players in flow-induced LEC proliferation
(A) qRT-PCR data showing the effects of KLF2, KLF4 or combined knockdown on the 

expression of VEGF-A, VEGF-C, FGFR3 and p57 in LECs exposed to laminar flow. 

Knockdown was performed for 24hr. prior to the onset of laminar flow (2 dyne/cm2) for 12 

or 24hr. Data were obtained by using 2 independent siRNA for KLF2 (siKLF2-1, siKLF2-2) 

and KLF4 (siKLF4-1, siKLF4-2), individually and together, and displayed here and Online 

Figure IX A–D. Expression levels of KLF2 and KLF4 after individual or combined 

knockdowns are shown in Online Figure IX F. (B,C) qRT-PCR assays showing the 

expression of these genes in LECs that were infected for 48 hr. with adenovirus expressing 

KLF2 (Ade-KLF2) (B), or KLF4 (Ade-KLF4) (C). Ade-CTR, control adenovirus. (D) ChIP 

assays showing association of KLF2 and KLF4 proteins to the regulatory regions of the 

VEGF-C, FGFR3, and p57 genes. LECs were exposed to laminar flow (2 dyne/cm2) for 6 hr. 

and ChIP assays were performed using normal IgG, anti-KLF2 or anti-KLF4 antibody and 

the primers against the indicated upstream sequences (UPS) regions. Detailed locations of 

these regions can be found in Online Figure X. (E,F) Effects of the individual or combined 

knockdown of KLF2 and/or KLF4 on the percent of cells in the S phase (E) and on the cell 

death (F) of LECs. LECs were transfected with control siRNA (siCTR), KLF2 siRNA 

(siKLF2) and/or KLF4 siRNA (siKLF4) for 24 hr. under the static condition, followed by 

flow cytometry-based measurement of the S phase cell population (E) or by ELISA-based 

measurement of cell death (F). Statistical significance was calculated using two-tailed t-test 

between the siCTR vs. siKLF2/siKLF4 groups (A,E,F), or between the Ade-CTR vs. Ade-

KLF2/KLF4 groups (B,C). Statistical values: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 7. Defective lymphatic development by targeted deletion of Klf2 or Klf4
(A–D) Developing dermal lymphatic and blood vessels were stained using anti-Lyve1 (A,C) 

and anti-Cd31 (B,D) antibodies, respectively, in the control embryos (Klf2 +/+; Cdh5(PAC)-
CreERT2) or endothelial-specific inducible Klf2 KO embryos (Klf2 fl/fl;Cdh5(PAC)-
CreERT2). Tamoxifen-responsive Cre was activated by intraperitoneal injection of tamoxifen 

(1.5 mg) into pregnant females at E11.5 and 13.5, and their embryos were harvest at E15.5 
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for vascular analyses. Relative vascular areas (%) are shown in Online Figure VII C. More 

than 6 embryos were analyzed per genotype. (E–J) Dermal lymphatic and blood vessels 

were visualized in the control embryos (Klf4 +/+; Prox1-CreERT2; Prox1-tdTomato) or 

lymphatic-specific Klf4 KO embryos (Klf4 fl/fl; Prox1-CreERT2; Prox1-tdTomato) at E15.5. 

Tamoxifen-responsive Cre was activated in the same way as for the Klf2 deletion described 

above. Lymphatic vessels were visualized using the tdTomato reporter. Enlarged images of 

the boxed regions are shown in the specified panels. Relative vascular areas (%) are shown 

in Online Figure VII D. More than 6 embryos were analyzed per genotype. (K,L) The ear 

lymphatics of wild type (WT) or Cdh5-KLF4 transgenic adult mice 46 were stained with 

anti-Lyve1 antibody (K). Relative lymphatic vascular area (%) in wild type and Cdh5-KLF4 
transgenic mice (n >3) were quantitated (L). Error bars display the standard deviations (SD) 

of the mean. Statistical values: *, p < 0.05. Scale bars: 500 μm (A–N, S), 100 μm (O–R).
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