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Abstract

Ca2+ signals control cell migration by regulating forward movement and cell adhesion. However, 

it is not well understood how Ca2+-regulatory proteins and second messengers are spatially 

organized in migrating cells. Here we show that receptor tyrosine kinase and phospholipase C 

signaling are restricted to the front of migrating endothelial leader cells, triggering local Ca2+ 

pulses, local depletion of Ca2+ in the endoplasmic reticulum, and local activation of STIM1, 

supporting pulsatile front retraction and adhesion. At the same time, the mediator of store-operated 

Ca2+ influx STIM1 is transported by microtubule plus ends to the front. Furthermore, higher Ca2+ 

pump rates in the front relative to the back of the plasma membrane enable effective local Ca2+ 

signaling by locally decreasing basal Ca2+. Finally, polarized phospholipase C signaling generates 

a diacylglycerol gradient towards the front that promotes persistent forward migration. Thus, cells 

employ an integrated Ca2+ control system with polarized Ca2+ signaling proteins and second 

messengers to synergistically promote directed cell migration.

Introduction

Migration is a fundamental property of many metazoan cells that allows organisms to 

develop, repair tissues, and defend against pathogens. Cells can move in a directed fashion 

in response to soluble chemicals or ligands (chemotaxis), mechanical cues (mechanotaxis), 

and substrate-bound chemo-attractants (haptotaxis)1,2. Directed migration is often studied in 
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single cells but is also critical for groups of cells that migrate collectively towards an open 

space or chemoattractant3. Leader cells at the front of the group respond to environmental 

stimuli similarly to migrating single cells, while follower cells located behind the leader 

cells migrate based on cues from their neighboring cells4.

To move forward and turn, cells require spatial and temporal coordination of force-

generating components such as actin and myosin5–7, as well as regulatory proteins such as 

Rac, RhoA and Cdc428,9. Nevertheless, how these molecular processes are coordinated for 

successful cell migration is still incompletely understood.

Ca2+ signals are one such coordinator of cell migration10,11 partly through local Ca2+ pulses 

near the leading edge that activate myosin light chain kinase (MLCK) and modulate nascent 

focal adhesions6,12,13. Nevertheless, it remains unclear why Ca2+ levels are often lower in 

the front than in the back of migrating cells11,14,15, whether receptor tyrosine kinase (RTK), 

phospholipase C (PLC) or stromal interaction molecule 1 (STIM1) signaling is polarized, 

whether the co-generated second messenger diacylglycerol (DAG) regulate cell migration in 

parallel, and whether Ca2+ signaling differs between leader cells and follower cells during 

collective sheet migration.

Many receptor stimuli induce PLC to generate inositol-1,4,5-trisphosphate (IP3), which 

activates IP3 receptor (IP3R) in the endoplasmic reticulum (ER), and locally or globally 

release Ca2+ stored in the ER. Ca2+ signals are terminated by removal of released Ca2+ 

through plasma membrane (PM) Ca2+ ATPase (PMCA) to the outside, and through ER Ca2+ 

ATPase (SERCA) back into the ER16. PLC also produces the lipid second messenger DAG 

which often acts synergistically with Ca2+ in activating cellular processes17,18. In addition, 

STIM1 proteins sense low luminal ER Ca2+ and signal across the ER membrane to activate 

PM Ca2+ influx channels (SOC) at junctions where the ER contacts the PM.

Here we use live-cell imaging of migrating sheets of endothelial cells to determine if and 

how this Ca2+ signaling system is spatially organized during migration. We identified 

gradients in cytosolic and ER Ca2+ levels as well as polarized distributions of growth factor 

receptor signaling, Ca2+ pulses, DAG, Ca2+ pumps and STIM1, together generating an 

integrated Ca2+ control system that is uniquely suited to regulate directionality, speed and 

turning of endothelial leader cells as they move into open space.

Results

Receptor tyrosine kinase signaling is polarized in migrating leader cells

We investigated the collective migration of human umbilical vein endothelial cells 

(HUVEC) plated as confluent monolayers. Growth factors promote the migration of 

HUVECs into a band of open space that can be generated by removing cells using a scratch 

tool4,19. In the presence of uniform fibroblast growth factor (bFGF), phospho-tyrosine 

signals were higher in the front than in the back of leader cells. In contrast, cells in serum-

free medium or cells stimulated with bFGF, but inhibited by the pan-tyrosine kinase 

inhibitor Ponatinib20, lost this phospho-tyrosine gradient (Fig. 1a,b and Supplementary Fig. 

1a), arguing that receptor tyrosine kinase (RTK) signaling is polarized. The phospho-
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tyrosine gradient was restricted to leader cells, as it was not observed in follower cells inside 

the monolayer (Fig. 1b).

We next tested whether PLC, a downstream target of RTK signaling, was also activated in a 

polarized fashion, using an improved DAG sensor to monitor whether PLC-generated DAG 

was polarized in migrating cells (PKCγ-C1AC1A; See Methods). A PM marker was used as 

a reference (Supplementary Fig. 1b,d). Strikingly, the ratio of membrane-localized DAG 

sensor over the PM marker was higher in the front versus the back of the cell, arguing that a 

gradient in PLC activation is converted into a gradient in DAG signaling (Fig. 1e,f and 

Supplementary Fig. 1d). As has been shown in other cells, we used an Akt-PH translocation 

sensor for phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to confirm that this co-produced 

lipid second messenger is polarized21 (Fig. 1c,d and Supplementary Fig. 1d).

PLC activation also generates IP3, which releases Ca2+ from the ER. Indeed, use of a plasma 

membrane targeted Ca2+ indicator GCaMP6s-CAAX22 revealed a higher frequency of local 

Ca2+ release pulses in the front than in the back of cells (Fig. 1g and Supplementary Movie 

1; see Methods). Furthermore, these local Ca2+ pulses in the front were dependent on the 

presence of either bFGF or serum, and were suppressed by Ponatinib (Fig. 1h; 

Supplementary Fig. 1e–h). Together, these data support the interpretation that cyclic local 

Ca2+ pulses in the front of the cell as well as a gradient of DAG are both induced by local 

RTK-mediated PLC activation (Fig. 1g). These signals and gradients were exclusively 

observed in leader but not follower cells. Nevertheless, despite the polarized Ca2+ pulses in 

the front, the average cytosolic Ca2+ levels distributed in an inverted manner with markedly 

lower levels in the front than in the back of the cell (Fig. 1i,j), similar to observations in 

other cell types11,14,15.

Identification of Ca2+ signaling proteins that regulate collective cell migration

We next conducted siRNA knockdown experiments targeting Ca2+ regulators and used 

automated microscopy to compare changes in cytosolic Ca2+ level and cell migration speed 

of leader cells12,19 (Fig. 2a; see Methods). Knocking down the components of the store-

operated Ca2+ (SOC) influx pathway, STIM1 and Orai, decreased cytosolic Ca2+ levels, 

while knocking down the Ca2+ pumps PMCA (which pumps Ca2+ out of cells through the 

plasma membrane) and SERCA (which pumps Ca2+ from cytosol into ER) or calmodulin 

(CALM, which regulates PMCA and other Ca2+ regulatory proteins), increased intracellular 

Ca2+ levels (Fig 2a,b and Supplementary Fig. 2b). Unexpectedly, these changes in basal 

Ca2+ were paralleled by opposing changes in migration speed (Fig 2b). This inverse 

correlation was confirmed by the over-expression of YFP-conjugated STIM1, which 

increased basal Ca2+ and at the same time reduced speed (Fig. 2c and Supplementary Fig. 

2c). The same opposing effect on migration speed was observed when we increased or 

decreased basal Ca2+ levels using the SERCA Ca2+ pump inhibitor thapsigargin and the 

SOC Ca2+ influx inhibitor BTP223 (Fig. 2d,e). An inhibitory role of local Ca2+ signal 

pulses12 was confirmed by observing that loading migrating HUVECs with increasing 

amounts of Fura-2 dampened local Ca2+ pulses and increased the speed of migration 

(Supplementary Fig. 2e; See Methods, Supplementary Fig. 1g and Supplementary Table 1 

for estimation of basal free cytosolic Ca2+ levels).
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In order for pulses of Ca2+ to have functional consequences, they must be of sufficiently 

high amplitude to activate targets, i.e. by Ca2+ forming a complex with calmodulin and 

MLCK. We generated small decreases or increases in the cytosolic Ca2+ levels by titrating 

BTP2 or thapsigargin. HUVECs were then fixed and stained with anti-phospho-myosin light 

chain (pMLC) antibody to monitor the activity of MLCK. Indeed, we noticed an increase of 

pMLC staining upon small increases in cytosolic [Ca2+] (Fig. 2f,g). This argues that changes 

in Ca2+ in the front of less than two-fold can activate MLCK and myosin II. The tight 

binding of Ca2+/calmodulin to MLCK (Kd of 1.1 nM) lowers the required level of Ca2+ 

needed to activate MLCK24, providing a plausible explanation why small Ca2+ signals are 

sufficient for activation. In support of this interpretation, treatment with the SOC inhibitor 

BTP2 decreased local Ca2+ pulses (Supplementary Fig. 2f,g) and nascent focal adhesions 

(Fig. 2h,i and Supplementary Fig. 2h,i) with a rate similar to the one caused by the myosin II 

inhibitor Blebbistatin. Thus, small Ca2+ pulses have a critical physiological role in the cyclic 

regulation of local MLCK activity in the front of migrating HUVEC cells.

The relative strength of cell-matrix adhesion determines whether STIM1 enhances or 
suppresses the speed of migration

Our result for STIM1 knockdown on HUVEC migration speed differed from previous 

studies performed in cancer25,26 and smooth muscle27,28 cells which showed reduced 

migration following STIM1 knockdown. We verified STIM1 knockdown by Western 

blotting (Supplementary Fig. 2a and Supplementary Fig. 3g) and further validated our 

findings by performing rescue experiments, where the effect of STIM1 depletion was 

reversed by overexpression of exogenous STIM1, and where BTP2 treatment abrogates 

rescue by exogenous STIM1 (Supplementary Fig. 2c,d). STIM1 knockdown using the same 

siRNAs also had a small but opposing effect on migration of H1299 metastatic lung cancer 

cells compared to HUVEC cells (Fig. 3a).

A possible reconciliation between the opposite results in the two cell types is the role of 

SOC and local Ca2+ pulses in enhancing the assembly rate of focal adhesion complexes as 

shown here (Fig. 2h,i) and in previous studies12,29. Although cell-matrix adhesion is critical 

for cell migration, strong cell-matrix adhesion can impede cell motility30. Therefore, 

increased cell-matrix adhesion might have contrasting effects on cell migration in weakly 

(metastatic cancer cells) versus strongly (HUVEC) adherent cell types. Consistent with this 

hypothesis, cell migration speed for H1299 cells was higher when plated on high (20 μg/ml), 

comparted to low (0.3 μg/ml) density fibronectin (Fig. 3b). Interestingly, when SOC was 

blocked using the inhibitor BTP2, cells on low fibronectin slowed down (Fig. 3b, left) while 

cells on high fibronectin accelerated migration (Fig. 3b, right). Furthermore, using the focal 

adhesion component paxillin as a marker, H1299 cells formed more focal adhesion 

complexes on high fibronectin than on low fibronectin, while BTP2 decreased focal 

adhesions in both conditions (Fig. 3c,d and Supplementary Fig. 3a,b). Cells over-expressing 

STIM1 protein also formed more focal adhesions (Fig. 3e,f and Supplementary Fig. 3c–f), 

indicating that SOC is sufficient to enhance focal adhesion. Finally, both STIM1 and 

paxillin over-expression enhanced migration speed for H1299 cells on low fibronectin but 

decreased speed for cells on high fibronectin (Fig. 3g). Thus, STIM1 and SOC-mediated 
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Ca2+ signals enhance matrix adhesion, which in turn either accelerates or slows cell 

migration depending on whether adhesion is weak or strong, respectively.

STIM1 is polarized to the front of migrating cells by microtubule plus end-based transport

We discovered that expressed YFP-STIM1 was significantly enriched in the front of 

migrating leader cells (HUVEC) when compared to a CFP conjugated ER marker protein 

(Fig. 4a–c and Supplementary Fig. 4a). STIM1 can be transported within the ER membrane 

by binding to the microtubule plus end protein EB131. To test whether microtubule-

mediated transport was responsible for the polarization of STIM1, we expressed a YFP-

conjugated EB1-binding deficient mutant STIM132 (S1NN) (Fig. 4d). YFP-S1NN increased 

overall SOC influx to a similar degree as wild-type YFP-STIM1 (YFP-S1wt), indicating that 

the mutant maintained its full ability to control Ca2+ influx (Supplementary Fig. 4b,c). 

However, YFP-S1NN failed to polarized in migrating cells (Fig. 4e), arguing that wild-type 

STIM1 is actively transported by microtubule plus ends to the front and that microtubule-

based targeting is important for STIM1 localization but not its activity. Nonetheless, 

HUVEC cells expressing high levels of wild-type STIM1 dramatically decreased their 

motility, whereas cells expressing similar levels of YFP-STIM1-S1NN showed a smaller 

reduction in speed (Fig. 4f). This suggests that the localization of STIM1 towards the front is 

important for its role in cell migration.

Since STIM1 only regulates SOC after its localization to ER-PM junctions, localization of 

STIM1 at ER-PM junctions can be used as an indicator for SOC Ca2+ influx. We expressed 

YFP-tagged STIM1 together with a CFP-tagged marker for ER-PM junctions in migrating 

HUVECs. The ER-PM marker includes a single ER membrane-spanning region, a 

cytoplasmic linker that is several nm long, and a polybasic PM interaction domain (See 
Methods). Confocal images focused at the bottom membrane of the cells showed enhanced 

accumulation of YFP-STIM1 at ER-PM junction sites in the front compared to the back, 

arguing that not only is STIM1 polarized towards the front but, in addition, there is 

enhanced STIM1 activity to activate SOC in the front (Fig. 5a–d and Supplementary Fig. 

4d). In support of this interpretation, the S1NN STIM1 mutant, even though it was evenly 

distributed within the ER (Fig. 4e), was also enriched at ER-PM junctions in the front (Fig. 

5c).

A gradient in the level of Ca2+ in the lumen of the ER of polarized HUVEC cells

Since STIM1 localization to ER-PM junctions is directly regulated by ER luminal Ca2+ 

levels, we tested if the ER luminal Ca2+ level is lower in the front. An ER luminal Ca2+ 

FRET probe33,34 (Fig. 5e and Supplementary Fig. 4e,f) revealed that intra-ER Ca2+ was 

lower towards the front of migrating cells compared to the back (Fig. 5e,f). Because local 

Ca2+ pulses are more frequent in the front than the back of migrating cells (Fig. 1g and 

Supplementary Movie 1), the lowerlevel of luminal ER Ca2+ in the front was likely a result 

of local IP3-mediated Ca2+ release16. In support of this hypothesis, the pan-RTK inhibitor 

Ponatinib reduced the translocation of STIM1to ER-PM junctions in the front of migrating 

cells (Supplementary Fig. 4g–i).
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Low basal Ca2+ in the front of migrating cells is maintained by enhanced pump activity of 
the plasma membrane Ca2+ ATPase (PMCA)

Our previous12 and current studies showed that MLCK is dynamically regulated by local 

Ca2+ pulses near the front of migrating cells. Therefore, cells have to maintain a basal Ca2+ 

level in the front below a critical threshold to prevent persistent MLCK activation (Fig. 

2f,g)12,24. Experiments with the Ca2+ indicator Fura-2 (Fig 6a), confirmed (Fig. 1j) that 

HUVEC cells exhibit a Ca2+ gradient with lower basal Ca2+ levels in the front. This gradient 

is reduced by increased buffering of Ca2+ when we increased Fura-2 in the cytosol (Fig 6b). 

When we elevated cytosolic Ca2+ levels using the SERCA inhibitor thapsigargin35, the 

previously reported correlation between local Ca2+ pulses and lamellipodia retraction12 was 

lost (Supplementary Fig. 5a,b). This suggests that low basal Ca2+ levels in the front are 

critical for cyclic regulation of lamellopodia retraction and adhesion by Ca2+ pulses.

To attain low cytosolic Ca2+ in the front, cells may pump Ca2+ either more strongly into the 

ER through SERCA pumps, or, alternatively, out of the cell through PM-localized Ca2+ 

pumps (PMCA). Polarized SERCA pump activity was likely not involved in setting up the 

gradient since inhibition of SERCA using thapsigargin increased rather than an decreased 

the Ca2+ gradient (Supplementary Fig. 5c,d). However, inhibition of PMCA in migrating 

cells using either the inhibitor Caloxin 2A1 or La3+, reduced the Ca2+ gradient (Fig. 6c) 

while overall cytosolic Ca2+ levels were elevated (Supplementary Fig. 5e) and sheet 

migration was decreased (Supplementary Fig. 6c).

In a second protocol, we simultaneously treated migrating cells with the SERCA inhibitor 

thapsigargin, the SOC inhibitor BTP2 and also chelated external Ca2+ using EGTA. This 

protocol immediately released Ca2+ from the ER into the cytosol, followed by a slower 

removal of Ca2+ from the cytosol to the extracellular space. The time-course of the change 

in local Ca2+ level (the slope in Fig. 6d) during the removal phase can be used to derive the 

local Ca2+ pump rate of PMCA (pump rate over local cell volume). A comparison of the 

local Ca2+ level (x-axis) and the local Ca2+ pump rate (y-axis) for each time point showed 

that the pump activity (slope in Fig. 6e) in the front of migrating cells is significantly higher 

than in the back (Fig. 6e,f). The same differential pump activity was confirmed by uniformly 

releasing Ca2+ using a UV pulse from an intracellular NP-EGTA Ca2+ buffer, which 

induced a cell-wide transient Ca2+ spike (Fig. 7a–d). Furthermore, the differential pump 

activity could be eliminated by inhibitors of PMCA (Fig. 6g and Supplementary Fig. 5f), but 

not by inhibitors of Na+-Ca2+ exchangers, known to contribute to basal Ca2+ homeostasis 

(Fig. 7e,f and Supplementary Fig. 6a,b). This confirmed a specific role of PMCA in 

generating Ca2+ gradients in HUVEC.

A gradient in PMCA pump rate could either be mediated by differential regulation of local 

PMCA activity36–38, by differences in the surface-to-volume ratio between the front and the 

back or by having more relative PMCA in the front compared to the back. We observed a 

polarized distribution of GFP-tagged PMCA4, an isoform that is prominently expressed in 

HUVEC39, compared to a tdimer2-tagged PM marker (Fig. 7g,h and Supplementary Fig. 

6d,e). Thus, cells lower basal Ca2+ in their front during migration by having locally higher 
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PM Ca2+ pump rates in the front and this higher rate is at least in part the result of a 

polarized distribution of PMCA.

Gradient in DAG is necessary for effective directed migration

When we treated migrating cells with the PLC inhibitor U73122, the DAG gradient 

observed in Fig. 1 disappeared (Fig. 8a). To clarify if the DAG gradient was the result of a 

gradient of its precursor PI(4,5)P2, we monitored the distribution of PI(4,5)P2 using the 

PI(4,5)P2 sensor PH-PLCδ. Ratio imaging of PH-PLCδ and a PM marker showed no 

significant difference in PI(4,5)P2 distribution (Supplementary Fig. 1c,d), further supporting 

the interpretation from Fig. 1 that migrating leader cells establish a gradient in DAG from 

front to back by inducing locally higher PLC activity in the front.

However, treatment of HUVEC cells with the PLC inhibitor U73122 slowed the speed of 

migration (Fig. 8b and Supplementary Fig. 7a), which was opposite from the expected result 

since PLC inhibition suppresses Ca2+ signaling which we showed accelerates migration 

(Fig. 2a–e). This raised the possibility that the co-generated gradient in DAG has an 

important parallel role in enhancing the speed of cell migration. In support of such a role of 

DAG, we observed that high expression of the DAG binding translocation sensor YFP-PKC-

C1AC1A caused a dose-dependent decrease in the speed and directionality of cell migration 

(Fig. 8c–e), likely caused by a dominant negative effect whereby the DAG biosensor 

partially sequesters PM DAG. Furthermore, application of two different DAG kinase 

inhibitors that increase the intracellular concentration of DAG40 both increased the speed 

and persistence of leader cells in a concentration-dependent manner (Supplementary Fig. 

7b).

Since protein kinase C (PKC) is a main intracellular target of DAG and since PKCs have a 

role in regulating actin polymerization by phosphorylating actin regulators such as 

MARCKS, adducin, fascin, and ERM proteins41, we tested whether DAG enhances directed 

cell migration through PKC. Indeed, addition of the PKCβ inhibitor Ruboxistaurin decreased 

the sheet migration speed in a concentration-dependent manner (Supplementary Fig. 7c, the 

left most bars). Interestingly, at intermediate concentrations of ruboxistaurin, inhibition of 

DAG kinase restored migration (Fig. 8f and Supplementary Fig. 7c), consistent with the 

interpretation that DAG signals through PKCβ to promote directed cell migration. Together, 

this suggests that local RTK signaling in the front causes local PLC activation and DAG 

production, which in turn selectively activates PKCβ in the front.

Discussion

Our study shows that migrating endothelial leader cells establish a gradient in basal free 

Ca2+ levels with Ca2+ levels being lowest in the front. This is at least in part a result of 

higher localized PM Ca2+ pump activity in the front (Supplementary Fig. 8c and Fig. 7g,h) 

and is facilitated by a slow diffusion coefficient of Ca2+ (D=10 μm2/s, reduced by Ca2+ 

buffers)42 and a relatively extended length of HUVECs of x0 ~ 55 ± 16 μm (Supplementary 

Fig. 7d). Given these parameters, the diffusion-mediated equilibration time of x0
2/(2*D) ~ 

150 sec is longer than the time required for Ca2+ pump-mediated Ca2+ extrusion, enabling a 

Ca2+ gradient to form (Fig. 1i,h and Fig. 6a). We further identified a parallel gradient of 
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Ca2+ levels in the lumen of the ER (Fig. 5e,f) that we could explain by bFGF4,19,43 signaling 

being restricted towards the front of migrating leader cells and generating local PLC 

activation (Fig. 1a–f). We also showed that RTK and PLC signaling as well as Ca2+ 

gradients are largely absent in follower cells inside the sheet (Fig. 1b). The absence of 

significant RTK signaling both in the back of leader cells and in the front and back of 

follower cells suggests that cell-cell contacts may locally suppress receptor signaling.

Localized receptor signaling towards the front has two major consequences; it explains the 

localized cyclic IP3-triggered small local Ca2+ release pulses (Supplementary Fig. 1e,f) and 

the establishment of a DAG gradient (Fig. 1e). While little was previously known about the 

existence of gradients in DAG during migration, local DAG signals have been observed in 

pollen tube germination in plants44,45, after activation of T-cell receptors46–48, during 

phagocytosis49–52, and in neuronal synapses to regulate secretion of neuro-transmitters53,54. 

Finally, we show that STIM1 is activated locally in the front of migrating cells (Fig. 4) as a 

result of (i) directed STIM1 transport to the front mediated by microtubule plus end 

transport and (ii) lower ER Ca2+ levels in the front mediated by local RTK signaling. The 

resulting polarized SOC signaling provides a key mechanism to maintain the spatial and 

temporal dynamics of the Ca2+ signaling system.

The functional relevance of our study builds on previous findings on the roles of MLCK in 

membrane retraction12 and the role of STIM125–29 in regulating cell migration and 

adhesion. Here we investigated whether Ca2+, diacylglycerol, and STIM1 act in a polarized 

fashion and have synergistic roles in regulating directed migration. We show that 

microtubule plus-end-mediated transport of STIM1 to the front and that local STIM1 

activation in the front is critical for its role in regulating migration. Our study argues that 

STIM1 likely acts indirectly on adhesion by enhancing local Ca2+ influx and by reloading 

ER Ca2+ stores in the front to permit local Ca2+ pulses to be cyclically triggered and MLCK 

to be locally activated. It is interesting that our study identified an opposite effect of SOC 

influx on cell migration compared to previous studies in cancer cells25,26. We were able to 

explain this discrepancy by showing that the relative strength of cell-matrix adhesion can 

decide whether SOC influx and additional adhesion decelerates or accelerates migration.

Our study further argues that the polarization of DAG that we discovered selectively 

activates the actin machinery in the front to enhance forward movement and to promote a 

more persistent polarized migration state. While several actin regulatory proteins, including 

classic and novel protein kinase C (PKC), protein kinase D, and RasGRP proteins45,55, are 

activated by DAG, our kinase inhibitor data suggests that the classical PKC pathway, which 

relies on combined Ca2+ and DAG signals, is significantly involved. Previous studies 

showed that PKCs can regulate migration56, likely in a synergistic fashion, by 

phosphorylating myosin57, by regulating the actin cytoskeleton41 or by the turn-over of 

integrin complexes58. Together with our finding of DAG polarization, this suggests that 

selective DAG signaling and PKC activation of actin regulators in the front promotes 

polarization and persistence of migration.

In summary, our study provides an integrated model of the spatial organization of the PLC-

Ca2+-DAG-STIM1 signaling system. We show that core Ca2+ systems components are 
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polarized in migrating endothelial leader cells including upstream receptor signaling, local 

Ca2+ pulses, DAG, Ca2+ pumps, basal cytosolic and ER Ca2+ levels as well as STIM1 

distribution and STIM1-mediated store-operated Ca2+ influx (Fig. 8g and Supplementary 

Fig. 8). Together with the actin regulators Rac, Cdc42, RhoA and PIP3, this Ca2+ and 

diacylglycerol regulatory system dynamically controls polarization and persistence of 

migration as well as local adhesion and turning.

Methods

Cell culture

HUVEC (Lonza, C2519A) were cultured in EGM2 (Lonza, CC-3162) kit, as described 

previously12. HUVEC was tested to be free from mycoplasma by H.W.Y and A.H. H1299 

cells (provided by Dr. Chang, Stanford University) were grown in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin / streptomycin. For migration experiments, glass bottom 96-well plates (Greiner) 

were coated with fibronection (Life Technologies) at concentrations ranging from 0.31 μg to 

20 μg/mL in 1X PBS (GIBCO) for 2 h. H1299 cells were plated at 50,000 /cm2 (for single 

cell tracking) or 100,000 /cm2 (for sheet migration assay) 12 hours prior to experiments.

Reagents and dyes

Fura-2/AM, Fluo-3/AM, thapsigargin, basic fibroblast growth factor (bFGF), and CellMask 

membrane dye were purchased from Invitrogen. BTP2 was purchased from Calbiochem. 

Ponatinib from Selleck, U73122 from Tocris, Diacylglycerol kinase inhibitor I, 

Diacylglycerol kinase inhibitor II, 3,4-DCB and lanthanum chloride (LaCl3) from Sigma 

Aldrich, Ruboxistaurin from AG Scientific, Caloxin 2A1 from Ana Spec. 2,4-DCB from 

Santa Cruz. mAb anti-phospho-tyrosine antibody was from Santa Cruz (PY20, sc-508) and 

was used at 1:500 dilution for immunofluorescence. Paxillin:FITC antibody was purchased 

from BD Biosciences (P13524-050 / 610053, Mouse IgG1 clone 349) and used as 1:100 for 

immunofluorescence. Anti-Phospho-myosin light chain 2 (Ser19, #3671, Rabbit) was 

purchased from Cell Signaling and used at 1:500 for immunofluorescence.

siRNA and DNA constructs

In vitro diced siRNA pools were generated as described previously12,17. In brief, a ~600 bp 

DNA fragment selected from the coding region of each gene was amplified by two nested 

polymerase chain reactions (PCR) using human cDNA as template and primers with T7 

promoters. Sequences of primers for nested PCR are available in Supplementary Table 2. 

dsRNA was then generated by in-vitro transcription using T7 polymerase and treated with 

Giardia Dicer to produce fragments of 24–27 bp. A synthetic pool of siRNAs targeting 

STIM1 was purchased from Dharmacon (MU-011785-00-0002). mCD4-YFP and mCD4-

CFP were generated by replacing GFP by YFP or CFP in mCD4-GFP using AgeI and AauI 

sites (New England BioLabs). The YFP-S1NN construct was derived form YFP-STIM1 by 

site-directed mutagenesis using primers S1NN-F: 5′-AGC CGA AAC ACA CGC AAT 

AAC CAC CTG GCT GGC AAG -3′ and S1NN-R: 5′-CTT GCC AGC CAG GTG GTT 

ATT GCG TGT GTT TCG GCT -3′. mCD4-GFP63, GFP-PMCA4b39, YFP-STIM17, PLCδ-

PH64, tdimer2-lyn65, T1ER (an enhanced version of D1ER, Addgene plasmid #47928)34, 
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GFP-Paxillin and mCitrine-Paxillin12 have been described. C1A domain of C1A-C1A-

EYFP (labeled as YFP-C1AC1A) and CFP were from rat PKCγ 26–89 aa. We generated 

tandem C1A constructs to increase affinity of the sensor to diacylglycerol. The insert was 

synthesized by Epoch Life Science Inc. (Texas, USA) with EcoR1/ BamH1 restriction 

enzyme sites and ligated into pEYFP or pECFP N1 vector (Clontech). Two Gly-Ala linkers 

were inserted into the constructs. First Gly-Ala x6 is in between two C1A domains and 

second Gly-Ala repeats plus polylinker from the N1 vector bridges C1A and the fluorescent 

tag. The ER membrane marker CFP-ER was made by ligating the transmembrane domain of 

STIM1 to the N-terminus of CFP in pECFP-N1 (Clontech). The CFP-luminal ER marker 

was from Clontech. The ER-PM junction marker was also generated by ligating the 

transmembrane and polybasic domains17,66 of STIM1 into the pEYFP-N1 or pECFP-N1 

(Clontech). GCaMP6s-CAAX was based on pGP-CMV-GCaMP6s22 (Addgene plasmid 

#40753). A CAAX motif (amino acids: KEKMSKDGKKKKKKSKTKCVIM) was added to 

GCaMP6s by PCR, cut with BamHI and NotI, and ligated into pEGFP-N1 (Clontech). 

Primers for GCaMP6s-CAAX: 5′-ATGGATCCGCCACCATGGGTTCTCATC-3′ (forward) 

and 5′-

ATGCGGCCGCTTACATAATTACACACTTTGTCTTTGACTTCTTTTTCTTCTTTTTA

CCA TCTTTGCTCATCTTTTCTTTTGCTCCTGCTCCCTTCGCTGTCATCATTTGTA-3′ 

(reverse).

Transfection

HUVEC or H1299 cells were plated on collagen (30 μg/mL) or fibronectin (concentration 

described above)-coated 96-well plates (Costar) or 8-well LabTek chamber slides 12 hours 

prior to transfections. For siRNA transfection, 40 nM of in-vitro diced or synthetic siRNA 

was transfected using Lipofectamine RNAiMAX (Invitrogen) in OPTI-MEMI for 6–8 h, 

following the manufacturer’s protocol. Migration assays or live-cell imaging were 

performed 48 h after transfection. For DNA transfection, 20 ng/μl of maxi-prepped DNA 

was transfected using Lipofectamine 2000 (Invitrogen) in OPTI-MEMI for 2–4 hours 

according to the manufacturer’s protocol. Cells were analyzed 6–12 h after transfection.

Cell migration

Wound healing assays were done as previously described4,12,19. In brief, HUVECs were 

plated as monolayers of 31,250 / cm2 in collagen (30 μg/mL)-coated 96-well plates. A 

uniform cell-free band was generated at the center of each well using a custom-built scratch 

tool12 for 96-well plates or a pipet tip and a ruler for LabTek chambers. Wounded 

monolayers were washed 3 times using 1X PBS before the addition of imaging medium. 

Sheet migration speed was measured by following the advancement of the cell sheet 

boundaries using cells labeled with CellMask plasma membrane dye, or by tracking 

individual cells stained with Hoechst 33342. As imaging medium for HUVEC, either 

EGM2, SFM, or SFM supplemented with bFGF (20ng/ml)(all buffered with 20 mM 

HEPES) was used as noted. H1299 cells were imaged in full growth medium (buffered with 

20 mM HEPES).
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Ca2+ Measurements

Fura-2/AM or GCaMP6s were used to measure cytosolic Ca2+ levels. Fluo-3/AM was used 

in UV photolysis experiments when Fura-2/AM could not be used. T1ER33,34, an enhanced 

version of D1ER construct, was used to measure luminal ER Ca2+ (Addgene plasmid 

#47928).

GCaMP6s-CAAX or T1ER were transiently transfected into HUVEC one day before the 

experiments. Dye loading was done as follows. Fura-2/AM and Fluo-3/AM were loaded at 

0.5–2 μM with 0.1% Pluronic F127 (Invitrogen) and 1 μM probenecid (Invitrogen) in 

endothelial serum-free medium (GIBCO) at 37°C for 30 minutes. The cytosolic Ca2+ was 

then measured and calibrated as described previously12. In brief, images were taken using 

20X Plan Fluar (ImageXpress microscope) or 40X NeoFluar (Nipkow microscope) 

objectives and epifluorescence illumination, with excitation wavelengths of 340 nm and 380 

nm for Ca2+-bound and Ca2+-free dyes, respectively, and the emission wavelength of 510 

nm. Relative Ca2+ levels were determined based on the ratio between the images acquired 

using 340 nm 380 nm excitation. For calibration, a set of solutions with Fura-2 and various 

concentrations of Ca2+ was prepared (10–1000 nM) by appropriately mixing Ca2+EGTA 

and K2EGTA, as previously described12. The calibration curve is shown in Supplementary 

Fig. 1g; the estimated Kd of Fura-2 was 101 nM. Because the Kd of Fura-2 is affected by 

ionic strength, sub-cellular localization, protein binding and temperature67,68, the actual 

intracellular Kd may be higher. Therefore, we included estimates for absolute intracellular 

[Ca2+] using also the Kd of 145 nM from the manufacturer59, and 224 nM from reference60. 

(Supplementary Table 1) Depending on the Kd values, the estimated basal cytosolic Ca2+ 

level falls between 45–105 nM in HUVEC, compatible with the measurement from previous 

reports61,62.

As indicated above, there are challenges for measuring absolute intracellular [Ca2+] in 

HUVEC. Therefore, instead of using absolute [Ca2+] values, we included relative units 

(R.U.) by normalizing [Ca2+] relative to the measured average basal cytosolic level. 1 R.U. 

means the Ca2+ level is close to the average cytosolic [Ca2+], while 2 R.U. means the Ca2+ 

level is approximately twice as high as the basal cytosolic [Ca2+]. In some cases we used the 

Fura-2 340/380 ratio where appropriate (Fig. 6d,e and Supplementary Fig. 1e–g, 

Supplementary Fig. 4c) or arbitrary signal intensity values for the control experiments using 

Fluo-3 (Fig. 7a,b).

Live-cell imaging

For cell tracking, cells were plated in 96-well plates and automated microscopy was 

performed using a ImageXpress 5000A (Molecular Devices), equipped with a temperature 

control unit, 4X S Fluor & 20X Plan Fluar objectives (Nikon) and a 300W xenon arc lamp. 

Cell nuclei were labeled using 100 ng/ml Hoechst 33342 for 1h at 37°C. As imaging 

medium, EGM2 supplemented with 20 mM HEPES and 1 mM of L-ascorbic acid was used. 

Plates were sealed and images captured every 15–30 minutes for 4–12 hours. For measuring 

local Ca2+ signals and DAG signals, cells were imaged using a custom-assembled spinning 

disc confocal/epifluorescence microscope system built around a Zeiss Axiovert 200M 

microscope. The system was outfitted with an automated x–y stage (ASI) and a custom-built 
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environmental chamber (Haison). The confocal light path was equipped with three lasers, 

442 nm (He-Cd, 300 mW, Kimmon), 514 nm (Ar-Kr, 400 mW, Melles Griot), and 593.5 nm 

(DPSS, 100 mW, CNI), a CCD camera (CoolSNAP HQ, Photometrics), and appropriate 

excitation and emission filters. The epifluorescence light path was equipped with a 100W 

HBO lamp, a CCD camera (CoolSNAP HQ, Photometrics) and appropriate filtersets. 40X 

1.3 NA or a 63X 1.4 NA Plan Apochromat objectives (Zeiss) were used and the system was 

controlled using μManager69. The cells were plated on the 8-well LabTek chamber slide 

with 40 mM Hepes, 1 mM L-ascorbic acid and 1 mM probenecid added to the EGM2 

medium. Images were taken by 2 × 2 binning in 37°C every 20 seconds for 6–15 minutes 

depending on the specific experiments. One pixel equals to 2.5 μm, 0.5 μm or 0.31 μm when 

4X, 20X or 40X objectives were used in the ImageXpress or Nipkow microscope.

Image processing

All images were processed using Matlab 2010b (Mathworks) as described previously12. In 

brief, local background subtraction was applied to every image as (new value of each pixel) 

= (old value of each pixel) – (the median value (for punctate analysis) or the 5th percentile 

value (for other analysis) of the pixels within 40 μm of that pixel). Cell borders and the 

nuclei were determined by the modified Otsu’s method70 for thresholds using the signals 

from the membrane markers and Hoechst, respectively. For STIM1 & ER images as shown 

in Fig. 4a and Supplementary Fig. S4a, and for FRET images using T1ER as shown in Fig. 

5e and Supplementary Fig. 4f, the mask of ER from a single image was determined by 

summation of the YFP / FRET and CFP image. The CAAX image as shown in 

Supplementary Fig. 4e was not used to generate the mask because ER signals were not 

present within 5μm of the cell boundary. Cell tracking was conducted by searching the 

nearest neighbor surrounding the specific nucleus. Specifically, the speed of sheet migration 

was determined by the advancement of the boundaries or the nuclei of leader cells in the 

front of the sheets. The parameters of individual migrating cells (speed, persistence, 

directionality, etc.) were then calculated based on the migration track of each cell. To 

determine the temporal changes of GFP-paxillin signal intensities after drug treatments (Fig. 

2h and Supplementary Fig. 2h), a 10 μm × 10 μm square box was chosen at the leading edge 

of migrating cells. The average signal intensity of each time point was recorded accordingly 

as described previously12. To quantify the gradients of STIM1 (Fig. 4b,c,e, Fig. 5b–d and 

Supplementary Fig. 4d), cytosolic or ER luminal Ca2+ (Fig. 1j, 4h and Fig. 6a), DAG (Fig. 

1f), PIP3 (Fig. 1d) and PI(4,5)P2 (Supplementary Fig. 1b–d), a ring covering the outer 20% 

area of the specific mask (ER or plasma membrane where applicable) was used to calculate 

the ratio in the front (0°), the back (180°), and the sides (between 0° and 180°). The local 

Ca2+ fluctuations shown in Fig. 1h and Supplementary Fig. 1h were calculated by averaging 

the absolute difference between local Ca2+ peaks and the median cytosolic level of each cell, 

followed by averaging the results from all cells. To compare the signal differences of 

phospho-tyrosine (Fig. 1a,b) or Ca2+ (Fig. 6,7 and Supplementary Fig. 5, Supplementary 

Fig. 6) in an individual cell, the front and back signal were calculated by averaging the 

signal intensities at the front 10% and the back 10% of the specific mask (ER or plasma 

membrane where applicable) along the direction of sheet migration.

Tsai et al. Page 12

Nat Cell Biol. Author manuscript; available in PMC 2014 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Annotated data analysis codes were attached as the Supplementary Note, which includes 

Supplementary Code 1 (basic processing), Supplementary Code 2 (gradient measurement) 

and Supplementary Code 3 (nuclear tracking).

Statistical tests

Multi-site imaging was done by either an automated microscope for images using 4X or 20X 

objectives, or a Nipkow spinning disk confocal microscope for images using 40X or 63X 

objectives. For sheet migration assays, 3–4 duplicates were performed for each condition 

depending on available wells and time-lapse routines in the 96-well plates. For imaging 

using the Nipkow microscope, 8 independent areas were taken over each of the 2–4 wells 

per condition. Therefore, although the sample sizes were not estimated before the 

experiments, they were generally larger than needed for adequate statistical results. For 

images from the ImageXpress or Nipkow microscope, every live cell at the border of the 

wound was used for quantitative analysis of fluorescent signals or migration parameters 

throughout the experiments. (To avoid too many traces in Fig. 8c, 50 cells were randomly 

selected from each group for demonstration, using the rand(.) function in Matlab. All cells 

were used for quantitative analysis as shown in Fig. 8e.) All Bars in the figures are ± 

standard errors of the mean (SEM). All statistical tests were performed using Matlab 

(Mathworks), as described preciously12. In brief, Student’s t test was used to compare the 

difference between two groups while one-way ANOVA was used for three or more groups. 

The statistical tests were chosen based on the assumption that the values were normally 

distributed, which was validated as shown in Supplementary Fig. 7d. In addition, based on 

the Central Limit Theorem, the mean values of samples will approximate normally 

distribution with the increase of sample size, justifying our choice of statistical tests. 

Specific p values were provided on the figure panels and p < 0.05 was considered 

statistically significant.

Repeatability of experiments

In main and supplementary figures, representative images were presented as Fig 1a,c,e,g,i, 

Fig 2a,f,h, Fig 3c,e, Fig 4a, Fig. 5a,e, Fig 7a,g, Supplementary Fig 1e,f, Supplementary Fig 

2a,f,h, Supplementary Fig 4a,e,f,g, Supplementary Fig 5a,c and Supplementary Fig 6d,e. 

Each representative image is complemented by data quantification with biological repeats, 

the number of which is mentioned in the figure legends. Throughout the paper, experiment 

were generally repeated at least three times, except those repeated twice including Fig. 2b,g, 

Fig. 3d,f,g, Fig. 5f,i, Fig. 6a, Fig. 7d,e,f,h, Fig. 8b,e,f, Supplementary Fig. 3, Supplementary 

Fig. 5b,d, Supplementary Fig. 6a–c and Supplementary Fig. 7a.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Receptor tyrosine kinase (RTK) signaling is restricted to the front of migrating leader cells. 

(a,b) bFGF-induced tyrosine phosphorylation was higher in the front of migrating cells 

(white arrows). Addition of the pan-RTK inhibitor Ponatinib blocked tyrosine kinase 

signaling in the front, but not in the back of leader cells. Follower cells did not respond to 

bFGF. HUVECs were fixed and stained with pY20 anti-phospho-tyrosine antibody (n = 107, 

105, 115, 110 and 107 cells for SFM, follower cells, and Ponatinib 0 nM, 25 nM and 100 

nM, respectively). SFM: serum-free medium. (c,e) Fluorescence ratio images of leader cells 

co-expressing YFP-Akt-PH (PIP3 sensor) or YFP-C1AC1A (DAG sensor) and a plasma 
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membrane marker (CFP-mCD4). PIP3 (c) and DAG (e) were enriched in the front of 

migrating cells. (d,f) Front-to-back gradients of PIP3 and DAG were present in leader, but 

not follower cells (24 leader and 42 follower cells in (d), 28 and 62 cells in (f)). (g) Ca2+ 

pulses in migrating HUVECs were measured as relative increases in local PM targeted 

GCaMP6s fluorescence intensity. Higher activities were observed in the front (#1) compared 

to the middle (#2) or back (#3) of migrating cells. (h) Relative mean amplitudes of local 

Ca2+ fluctuations measured over 3 minutes in the front of migrating cells in response to 

serum or serum plus Ponatinib (see also Supplementary Fig. 1e,f). Amplitudes of Ca2+ 

fluctuations were normalized to basal cytosolic levels (0.3 R.U. means the fluctuation is 

30% of the average cytosolic [Ca2+] level; n = 24 cells). (i,j) Migrating HUVECs expressing 

GCaMP6s-CAAX and the reference membrane marker mCD4 were used to measure Ca2+ 

gradients in leader and follower cells (n = 83 leader and n = 86 follower cells). Bars denote 

mean ± SEM in Fig. 1b,h. Student t test was used for Fig. 1b,d,f,h,j. In Fig. 1d,f,j, p values 

were calculated by comparing the ratio of the sensor / PM intensity ratios in the front and 

back (both regions were 10% of cell length).
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Figure 2. 
Store-operated Ca2+ (SOC) influx controls cell migration by regulating cell-matrix adhesion 

in the front of migrating cells. (a) HUVEC migration into open space was monitored by 

staining cells with CellMask (see Methods). Accelerated sheet migration was observed in 

STIM1-depleted compared to control cells. (b) Comparing changes in the rate of sheet 

migration and cytosolic Ca2+ levels in HUVECs treated with siRNAs targeting different 

Ca2+ signaling regulators. Average cytosolic [Ca2+] was normalized to the level of cells 

treated with siCntrl (n = 4 experiments for each siRNA). (c) Reduced single cell migration 

speed in cells over-expressing YFP-STIM1. Cells expressing YFP-ER were used as control 
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(n ~ 10,000 cells per condition). (d,e) Effects of the ER Ca2+ pump blocker thapsigargin (d) 
and the SOC inhibitor BTP2 (e) on cytosolic Ca2+ levels and on sheet migration speed. 

Notice that increasing cytosolic Ca2+ levels by thapsigargin decreased migration speed, and 

lowering Ca2+ levels by BTP2 increased migration speed (n = 4 experiments per condition). 

(f,g) Migrating HUVECs were treated with different concentrations of BTP2 or thapsigargin 

to reduce or elevate cytosolic Ca2+ levels. Cells were then fixed and stained with anti-

phospho-myosin light chain (pMLC) antibody. (f) pMLC signals were lower when SOC was 

blocked by BTP2 but higher when ER Ca2+ pumps were blocked by thapsigargin. CAAX: 

plasma membrane marker. (g) pMLC levels increased with increasing cytosolic [Ca2+] (n = 

123, 134, 127, 126, 123, 117 and 142 cells per condition from left to right). (h,i) Effect of 

BTP2 treatment on cell-matrix adhesion. Focal adhesion formation was monitored by 

expressing GFP-paxillin. BTP2 treatment rapidly decreased the intensities of GFP-paxillin 

puncta in the front of migrating cells, consistent with SOC influx promoting cell-matrix 

adhesion. Bars are mean ± SEM in Fig. 2b,d,e,g.
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Figure 3. 
SOC increases migration speed when cell-matrix adhesion is weak, but slows down 

migration when adhesion is strong. (a) Knocking down STIM isoforms increased sheet 

migration speed in HUVEC (left) but caused a small and significant reduction in speed in 

H1299 cells (right) (n = 4 experiments per condition). (b) H1299 cells migrated faster on 

high fibronectin. BTP2 treatment decreased migration speed of H1299 cells on low, but 

increased migration speed on high fibronectin. Each box shows the median (horizontal line) 

and the 25th and 75th percentiles. Lower and upper whiskers are minima and maxima, 
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respectively (n = 3 experiments per condition). (c–f) Fibronectin and SOC jointly regulate 

focal adhesions. H1299 cells were plated on low or high fibronectin and treated with BTP2 

or DMSO before fixation and staining with anti-paxillin antibody to label endogenous focal 

adhesions. (c) Paxillin puncta (white arrows) were prominent in cells on high fibronectin but 

were decreased in low fibronectin or when treated with BTP2. (d) Integrated punctate 

paxillin signals for different treatments in (c) (n = 115, 121 and 104 cells from left to right 

per condition). (e) Overexpression of YFP-STIM1 in H1299 cells (#1, 2) on low fibronectin 

increased cell substrate adhesion (paxillin staining) compared to control cells (#3). (f) 
Average paxillin puncta intensity for control cells and for cells expressing high levels of 

YFP-STIM1 (n = 42 and 23 cells from left to right per condition). (g) Single cell speed in 

sheet migration as a function of YFP-STIM1, mCitrine-paxillin or YFP-ER overexpression 

in H1299 cells. Overexpression of YFP-STIM1 and mCitrine-paxillin accelerated sheet 

migration on low fibronectin but decreased migration speed on high fibronectin. Solid lines 

and dashed lines are mean ± SEM; n = 4714 (red) & 4538 (blue) cells with STIM1, 3873 

(red) & 4327 (blue) cells with paxillin, and 5698 (red) & 5368 (blue) with ER marker. p 

value compares the blue and red group for cells with logeYFP > 6.5. Student’s t test was 

used in Fig. 3a,b,d,f,g. Bars are mean ± SEM in Fig. 3a,d,f.
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Figure 4. 
STIM1 is enriched in the front of migrating cells. (a,b) Migrating HUVEC expressed YFP-

STIM1 (STIM1) and a CFP-tagged ER marker (ER). Merged and ratio images are shown 

here and in Supplementary Fig. 4a to show the relative enrichment of STIM1 compared to 

an ER marker towards the front. White arrow indicates the direction of cell migration. (b) 
Quantification of the ratio of YFP-STIM1 / CFP-ER marker from front to back (see 

Methods). YFP-STIM1 was enriched in the front, whereas (c) the control YFP-ER was not 

(n = 36 cells per condition). (d–f) Enrichment of STIM1 in the front of migrating cells is 

mediated by binding to the microtubule plus-end binding protein EB1. (d) Domain structure 

of STIM1 and mutations preventing binding to EB1. (e) Unlike wild-type STIM1 (S1wt) 

protein (Fig. 4a,b and Supplementary Fig. 4a), the S1NN mutant was not enriched in the 

front of migrating cells. (n = 27 cells) (f) Over-expression of the S1NN mutant suppressed 

cell migration less than overexpression of S1wt. Bars are mean ± SEM (n ~ 10,000 cells per 

condition).
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Figure 5. 
STIM1 is locally activated in the front of migrating cells. (a) HUVEC cells were co-

transfected with YFP-STIM1 and the ER-PM junction marker CFP-ER-PM. Confocal 

images show focal planes at the bottom of the cell. The white arrow marks the direction of 

migration.YFP-STIM1 was enriched at front ER-PM junctions in migrating cells. (b) 
Quantification of the ratio of YFP-STIM1 / CFP-ER-PM from front to back in migrating 

cells. (n =14 cells) (c,d) Similar analysis as in (b) but for cells coexpressing YFP-S1NN and 

CFP-ER-PM (c) or coexpressing YFP-ER-PM and CFP-ER-PM. A smaller increase in 

relative S1NN activity was observed in the front (n = 10 cells for S1NN and n = 12 cells for 

the control group). (e,f) Decreasing luminal ER Ca2+ levels towards the front of migrating 

leader cells. (e) Ratio-imaging of a modified luminal ER Ca2+ FRET probe T1ER (see 

Methods) in migrating HUVECs. Adding the SERCA inhibitor thapsigargin (2 μM) and 

EGTA (3 mM) decreased ER Ca2+ levels (lower panel). (f) Gradient in luminal ER Ca2+ 

measured using the T1ER probe. Note that the lower Ca2+ levels in the front are still 

sensitive to EGTA+thapsigargin treatment (n = 79 cells for the control group; n = 49 cells 

for the thapsigargin + EGTA group).
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Figure 6. 
Polarized plasma membrane Ca2+ pump activity keeps cytosolic Ca2+ low in the front. (a) 
Basal cytosolic Ca2+ levels (measured using Fura-2) in the front were about 50% of the 

levels in the back of migrating cells (n = 14 cells). Local [Ca2+] was normalized to the 

average cytosolic level. Cytosolic measurements using GCaMP6s-CAAX are shown in Fig. 

1 i,j. (b) High Fura-2 increased the diffusion speed of Ca2+, so as to decrease the Ca2+ 

gradient between the front and back of migrating cells. Bars are mean ± SEM (n = 160, 160, 

80, 160 and 80 cells from left to right for each group). (c) Addition of the PMCA inhibitors 

Caloxin (200 μM) and La3+ (200 mM) significantly decreased cytosolic Ca2+ gradients in 

migrating cells. Bars are mean ± SEM (n = 47 cells per condition). (d–g) Cytosolic Ca2+ is 

transported out of the cell faster in the front than in the back. (d) Addition of thapsigargin, 

SOC inhibitor BTP2, and Ca2+ chelator EGTA to migrating HUVECs caused a transient 

increase in cytosolic Ca2+. Local extrusion pump rates were measured as a function of the 

Ca2+ level in the front or back over time. (e) Graph showing the relative pump rates 

(derivative of Ca2+ change) in the front and the back as a function of local [Ca2+]. The 

slopes reflect relative pump activity differences in the front and the back for each cell. (f) 
Statistical analysis of the relative Ca2+ pump activities in the front versus the back of 

migrating cells. Bars are mean ± SEM (n = 25 cells). (g) Cells pretreated with inhibitors of 

PMCA lost their differential Ca2+ pump activities. Bars are mean ± SEM (n = 47 cells for 

each group). Student t test was used for Fig. 6a,c,f,g. One-way ANOVA was used for Fig. 

6b.
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Figure 7. 
Higher Ca2+ pump activity in the front compared to the back generates a gradient of basal 

[Ca2+] in migrating cells. (a–d) UV flash photolysis experiments confirmed differential 

Ca2+ pump activities in migrating HUVECs as shown in Fig. 6c–e. (a) Migrating HUVECs 

were pre-loaded with Fluo-3/AM and NP-EGTA. Thapsigargin and EGTA were added 10 

minutes before imaging to block the activity of SERCA and influx Ca2+ channels. A UV 

pulse was used to induce a Ca2+ spike 1 minute after recording began. (b,c) Ca2+ pump 

activities (k) in the front and in the back were calculated based on Fluo-3 measurements 

following UV photolysis, similar to Fig. 6d,e. (d) Quantification of relative Ca2+ pump 

activities in the front and in the back of migrating cells. (n = 41 cells.) (e) Inhibitors of Na+-

Ca2+ exchangers 2,4-DCB or 3,4-DCB both caused a small increase cytosolic Ca2+ levels as 

measured by Fura-2. EGTA, Thapsigargin (Th) and BTP2 were used as positive controls. 

[Ca2+] was normalized using average cytosolic levels in the DMSO group (n = 4 wells for 

each group). (f) Addition of 10 μM 2,4-DCB or 3,4-DCB did not affect the differential Ca2+ 

pump activities. LaCl3 was used as a positive control (n = 41, 40, 35 & 42 cells in DMSO, 

2,4-DCB, 3,4-DCB and LaCl3). (g) PMCA4 is enriched in the front of migrating cells. 

HUVEC co-expressing GFP-PMCA4 and the plasma membrane marker tdimer2-lyn were 
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imaged by confocal microscopy. The merged (left) and the ratio-image (right) indicated 

enrichment of GFP-PMCA4 in the front (see also Supplementary Fig. 6d). The white arrow 

depicts the direction of cell migration. (h) Statistical analysis of the relative spatial 

distribution of GFP-PMCA4/tdimer2-lyn from the front to the back (n = 13 cells). A Student 

t test was used for Fig. 7d,f,h. In Fig. 7h, p values were calculated based on the ratio of the 

sensor / PM ratio in the front 10% region to that in the back 10% region of migrating cells. 

In Fig. 7d,e,f, Bars are mean ± SEM.
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Figure 8. 
A phospholipase C (PLC)-induced gradient of diacylgycerol (DAG) controls cell motility 

and directionality. (a) Addition of the PLC inhibitor U73122 (1μM) suppressed the DAG 

sensor accumulation observed in the front of control cells (n = 64 cells for control; n = 22 

cells for U73122). (b) The PLC inhibitor U73122 slowed down single cell speed of HUVEC 

as well as sheet migration speed in a dose-dependent manner (Supplementary Fig. 7a). 

U73122 was added to the cell sheets prior to time-lapse imaging (n = 2 experiments for each 

group). (c–e) Overexpression of YFP-C1AC1A reduced the measured migration parameters 

directionality, single cell speed and directional persistence. (c) Cell migration traces of 50 
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randomly chosen cells not expressing C1AC1A (left) and 50 cells overexpressing C1AC1A 

(right) are shown. The traces were aligned to start at the origin (0 μm, 0 μm) with the 

direction of the wound at the top. Cells expressing C1AC1A had relatively shorter traces and 

partially lost their orientation towards the open space. (d) Schematic of how the migration 

parameters speed, persistence and directionality shown in (e) were determined. (e) Statistical 

analysis of the change in directionality, speed, and persistence in response to YFP-C1AC1A 

overexpression were calculated for each migrating cell and correlated with binned levels of 

YFP-C1AC1A expression. Increasing YFP-C1AC1A expression resulted in decreasing 

directionality, speed, and persistence. Bars are mean ± SEM. (n = 1200 cells) (f) Partial 

inhibition of PKC by Ruboxistaurin decreased the rate of sheet migration. The reduction 

could be rescued by inhibiting DAG kinase using two types of inhibitors. Bars are mean ± 

SEM (n = 3 experiments per condition). (g) Schematic representation of the identified 

gradients in the Ca2+ and diacylglycerol signaling system. In Fig. 8a, p values were 

calculated by Student t test based on the ratio of the sensor / PM ratio in the front 10% 

region to that in the back 10% region of migrating cells. One-way ANOVA was used for 

Fig. 8b,e,f to determine the significance of difference between multiple groups.
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