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SUMMARY 

Cell polarization is important for various biological processes. However, its regulation, 

particularly initiation, is incompletely understood. Here we investigated mechanisms by which 

neutrophils break their symmetry and initiate their cytoskeleton polarization from an apolar state 

in circulation for their extravasation during inflammation.  We show here that a local increase in 

plasma membrane (PM) curvature resulting from cell contact to a surface triggers the initial 

breakage of the symmetry of an apolar neutrophil and is required for subsequent polarization 

events induced by chemical stimulation.  This local increase in PM curvature recruits SRGAP2 

via its F-BAR domain, which in turn activates PI4KA and results in PM PtdIns4P polarization.  

Polarized PM PtdIns4P is targeted by RPH3A, which directs PIP5K1C90 and subsequent 

phosphorylated myosin light chain polarization, and this polarization signaling axis regulates 

neutrophil firm attachment to endothelium. Thus, this study reveals a mechanism for the 

initiation of cell cytoskeleton polarization.   
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INTRODUCTION 

Cell migration plays an important role in many biological contexts including embryonic 

development, wound healing, tumor metastasis, and particularly various aspects of leukocyte 

biology including leukocyte infiltration, recruitment, trafficking, and homing (de Oliveira, et al., 

2016; Nourshargh and Alon, 2014; Kolaczkowska and Kubes, 2013; Ley, et al., 2007). Before a 

cell can migrate, it has to polarize through spatial reorganization of signaling and structural 

molecules. Cell polarization is not only necessary for migration, but also confers the 

directionality of the migration. Primary neutrophils, neutrophil-like cell lines, and Dictyostelium 

are popular models for studying directional cell migration induced by the gradient of a 

chemoattractant, which was also known as chemotaxis.  Those cells form polarized 

cytoskeleton structures including lamellar F-actin at the leading edge (the front) and actomyosin 

at the uropod (the back) upon chemoattractants stimulations. The formation of lamellar F-actin 

at the front is primarily driven by chemoattractant-activated small GTPase RAC proteins, 

whereas PIP3-linked mechanisms help to localize, consolidate, and stabilize F-actin 

polymerization. Chemoattractants also stimulate small GTPase RHOA activation and myosin 

light chain phosphorylation (pMLC), and induce their localizations at the back of the cell. This 

“back” polarization, which underlies the formation of the actomyosin structure or uropod, may 

provide pushing force for cell locomotion, but is more important for neutrophil firm adhesion to 

the endothelium during infiltration (Hind, et al., 2016; Devreotes and Horwitz, 2015; Nichols, et 

al., 2015; Xu and Jin, 2015; Graziano and Weiner, 2014; Majumdar, et al., 2014; Woodham and 

Machesky, 2014; Tang, et al., 2011; Cramer, 2010; Insall, 2010; Xu, et al., 2010; Sanchez-

Madrid and Serrador, 2009; Wang, 2009; Gomez-Mouton and Manes, 2007; Ridley, et al., 

2003).   

 While chemoattractants act through their G protein-coupled receptors to provide a 

chemical input in cell polarization regulation, integrin signaling, as another extracellular chemical 

input, can also confer neutrophils polarity in the absence of any chemoattractant by inducing 
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PIP5K1C90 polarization (Xu, et al., 2010). During in vivo infiltration, circulating naive neutrophils 

are captured by integrin-mediated adhesion after selectin-mediated rolling, before they are 

stimulated by chemoattractants (Kolaczkowska and Kubes, 2013; Ley, et al., 2007). PIP5K1C is 

one of three PIP5K1 molecules that are responsible for phosphatidylinositol(4,5)-bisphosphate 

(PtdIns4,5P2) synthesis in most of cells (Clarke, et al., 2007). This PIP5K1C90 polarization has 

important impacts on chemoattractant-induced polarization and chemotaxis. It is not only 

important for polarized RHOA activation and pMLC polarization at the uropods, but also to 

determine the initial cellular polarity, which chemoattractant-induced polarization has to follow 

initially (Tang, et al., 2011). 

 It is noteworthy that most of the studies of cell polarization initiated by chemical 

stimulation (chemoattractant and/or integrin) were done with cells that had already attached to 

surfaces. Stochastic polarity was suspected to exist in the attached cells, which, in combination 

with positive feedback circuitry and self-organizing capability of macromolecules such as 

polymerized actin and myosin and microtubules, was used to explain spontaneous or uniform 

stimulation-induced cellular polarization (Ladoux, et al., 2016; Woodham and Machesky, 2014; 

Asnacios and Hamant, 2012; Altschuler, et al., 2008; Sohrmann and Peter, 2003). In this study, 

we demonstrate that extracellular chemical stimulation is insufficient for breaking cellular 

symmetry or initiating cytoskeleton polarization in neutrophils. Instead, local increase in plasma 

membrane (PM) curvature, which results from cell contact to a surface, initiates the breakage of 

cellular symmetry through polarized localization of an F-BAR-containing protein SRGAP2 and 

subsequent PM PtdIns4P.  These PM curvature-induced polarization events supersede those 

induced by chemoattractants and integrins.   
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RESULTS  

Attachment Is Required for Neutrophil Polarization. When neutrophils were stimulated with 

a chemoattractant, the chemoattractant not only stimulated the formation of F-actin and 

phosphorylation of MLC, it also caused polarization of F-actin and pMLC (Fig. 1A-B & S1A). 

Namely, the newly formed lamellar F-actin was localized at one end, whereas pMLC was at the 

other end of a cell. This is a well-documented phenomenon observed in mouse, human and 

zebrafish neutrophils regardless under uniform or gradient chemoattractant stimulations (Gao, 

et al., 2015; Record, et al., 2015; Lam, et al., 2014; Kumar, et al., 2012; Liu, et al., 2010; Shin, 

et al., 2010; Xu, et al., 2010; Shi, et al., 2009; Subramanian, et al., 2007; Wong, et al., 2007; 

Francis, et al., 2006; Van Keymeulen, et al., 2006; Bodin and Welch, 2005; Xu, et al., 2005; 

Srinivasan, et al., 2003; Xu, et al., 2003; Seveau, et al., 2001).  However, we realized that such 

polarization events had only been examined and reported in cells that had been attached to a 

surface.  When we treated mouse neutrophils suspended in physiological media with MIP2, 

neither F-actin nor pMLC showed polarized localization.  Instead, F-actin and pMLC were 

largely colocalized (Fig. 1B-C & S1B).  The same result was also observed with fMLP 

stimulation of mouse neutrophils (data not shown) and CXCL12 stimulation of mouse primary 

CD8+ T cells (Fig. S1C).  Thus, we concluded that cell attachment was a previously unrealized 

prerequisite for these polarization events in neutrophils stimulated by chemoattractants.   

 

SRGAP2 Is Important for pMLC Polarization.  We hypothesized that cell attachment results in 

alteration in plasma membrane (PM) curvature, which may be a cue for neutrophil polarization.  

The BAR (Bin–Amphiphysin–Rvs) domain-containing proteins are known to sense and induce 

PM curvature (Simunovic, et al., 2015; Suetsugu, et al., 2010; Frost, et al., 2009).  We thus 

performed siRNA screening of BAR domain-containing genes that are expressed in mouse 

neutrophils based on gene expression analysis.  We found that silencing of the Srgap2 (Slit-

Robo-GTPase activating protein 2) gene, but not any of other five BAR domain-containing 
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genes, disrupted polarized localization of pMLC upon chemoattractant stimulation (Fig. S2A).  

We confirmed the importance of SRGAP2 in pMLC polarization by observing defective pMLC 

polarization in neutrophils isolated from SRGAP2-deficient mice (Fig. 2A & S2B-D). In addition, 

the SRGAP2 protein and pMLC were co-polarized at the same side of activated neutrophils 

(Fig. 2B & S2E).  None of these BAR domain-containing proteins including Srgap2, however, 

appeared to be involved in F-actin polarization (Fig. 2A & S2C; data not shown). 

 

SRGAP2 Is Important for Neutrophil Adhesion.  While SRGAP2-deficiency did not grossly 

alter chemotactic behaviors of neutrophils under a chemoattractant gradient in a Dunn chamber 

(Fig. S2F), it reduced neutrophil adhesion to endothelial cells in a flow chamber assay (Fig. 2C).  

Concordantly, SRGAP2-deficient neutrophils showed decreased binding of ICAM1 (Fig. 2D).  

Moreover, SRGAP2-deficient neutrophils exhibited impaired adhesion to WT endothelia in an 

intravital microscopic observation of blood vessels in inflamed cremaster muscles (Fig. 2E). 

There was also a reduction in the number of transmigrated SRGAP2-deficient neutrophils and a 

lack of TNFα-induced reduction in the number of rolling Srgap2-/- cells in the inflamed vessels 

(Fig. 2F-G), which could be the result of the reduction in neutrophil adhesion. 

 We next adopted the cardiac ischemia-reperfusion (IR) model to evaluate if SRGAP2 

plays a significant role in neutrophil recruitment in a disease model (Hoyer and Nahrendorf, 

2017; Vinten-Johansen, 2004). We generated hematopoietic-loss of SRGAP2 by transferring 

Srgap2-/- bone marrow into lethally irradiated WT recipient mice. The lack of SRGAP2 in 

hematopoietic cells ameliorated IR injuries to the hearts by lessening IR-induced changes in 

percentage of ejection fraction (EF) and fractional shortening (FS) (Fig. 2H & S2G), decreasing 

the infarction areas (Fig. 2I-J & S2H), and reducing the infiltration of neutrophils into the injured 

cardiac tissues (Figure 2K-M & S2I).  Of note, SRGAP2-deficiency does not affect the number 

of various leukocytes in circulation (Table S1).  Although these results do not prove that 

SRGAP2-deficiency ameliorates IR-induced cardiac injury exclusively via impairment of 
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neutrophil adhesion and recruitment, they clearly demonstrate an impairment of neutrophil 

recruitment by SRGAP2-deficiency in an in vivo pathophysiological model. In addition, these 

cardiac IR phenotypes are consistent with the impairment of neutrophil adhesion and 

recruitment. Putting all of the data together, we conclude that SRGAP2 regulates pMLC 

polarization and has an important role in neutrophil adhesion to endothelial cells and recruitment 

in vivo.   

 

SRGAP2 Regulates RAB21, RPH3A and PIP5K1C90 Polarization.  We have previously 

characterized a pathway that directs polarization of PIP5K1C90 via directional transport of 

RAB21 vesicles (Yuan, et al., 2017).  Polarized PIP5K1C90 is required for polarized RhoA 

activation and pMLC localization (Xu, et al., 2010). In addition, neutrophils lacking PIP5K1C90 

show similar adhesion phenotypes to those of SRGAP2-null neutrophils (Xu, et al., 2010). 

Together with the observation that SRGAP2 and PIP5K1C90 were polarized to the same side of 

stimulated neutrophils (Fig. S3A), we decided to examine if SRGAP2 regulates PIP5K1C90 and 

RAB21 polarization in neutrophils.  The lack of SRGAP2 significantly reduced the number of 

neutrophils exhibiting polarized localization of PIP5K1C90 or RAB21 (Fig. 3A, B).  Of note, in 

our preparation of primary neutrophils, there were about 20% of cells that failed to respond to 

any stimulation regardless of assays (migration, polarization, etc) likely due to the lack of 

maturity or poor cell health status.   

In our previous study, we also identified RPH3A as an effector of RAB21, which is 

required for targeting the RAB21 vesicles to their final polarized destinations, even though how 

RPH3A directs the polarized vesicle transport remained unknown (Yuan, et al., 2017).  While 

RPH3A-deficiency had no effect on SRGAP2 polarization (Fig. S3B), SRGAP2-deficiency 

disrupted RPH3A polarization (Fig. 3C).  These results, together with the co-polarization of 

SRGAP2 and RPH3A at the same side of neutrophils (Fig. 3D), suggest that SRGAP2 may be a 
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direct or indirect target for RPH3A and guides RPH3A-associated RAB21 vesicles to their 

polarized destination.   

 

PM PtdIns4P Shows Polarized Localization in Neutrophils.  The simplest possibility would 

be that RPH3A binds to SRGAP2 to serve as a direct target.  However, we could not detect this 

interaction using a number of approaches including co-immunoprecipitation in overexpressed 

cells and pull-down assays using recombinant proteins (data not shown).  It is thus possible that 

there might be an intermediate(s) between SRGAP2 and RPH3A. RPH3A contains C2 domains, 

which are known to bind to phosphatidylinositol (PtdIns) lipids (Corbalan-Garcia and Gomez-

Fernandez, 2014).  Our characterization of RPH3A-PtdIns interactions indicated that RPH3A 

preferentially bound to PtdIns4P (Fig. 4A).  Lipid-binding was assessed using a liposome 

floatation assay (Zhang, et al., 2013; Boswell, et al., 2012), in which liposomes with a 

composition similar to the inner leaflet of the PM were used. In addition, Ca2+ enhanced this 

binding (Fig. 4A), which is a common characteristic of C2 domains (Rizo and Sudhof, 1998).  

Because the F-BAR domain of SRGAP2 can bind to PtdIns4P (Coutinho-Budd, et al., 2012), we 

decided to investigate if PtdIns4P has a role in neutrophil polarization.   

Despite the abundance of PtdIns4P in the Golgi (De Matteis, et al., 2013), this lipid has 

been detected in other intracellular locations including PM (De Matteis, et al., 2013; Hammond, 

et al., 2012; Jethwa, et al., 2012; Nakatsu, et al., 2012; Hammond, et al., 2009). We tested the 

role of PM PtdIns4P in neutrophil polarization by employing a method reported by Hammond et 

al (Hammond, et al., 2012). In this system, rapamycin induces rapid recruitment of active sac1 

(an S. cerevisiae phosphatase for PtdIns4P) fused to the FKBP protein (designated as FKBP-

SAC) to PM-anchored Lyn11-FRB to specifically hydrolyze PM PtdIns4P (Fig. S4A).  FKBP-SAC 

and mCherry-tagged Lyn11-FRB plasmids were electroporated at 5:1 ratio into neutrophils, 

which were subsequently separated into the florescence-positive and negative populations by 

fluorescence-activated cell sorting (FACS). Given the plasmid ratio in transfection, most of the 
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fluorescent cells should contain FKBP-SAC, and rapamycin should induce PM PtdIns4P 

depletion in these cells. Even though some of the fluorescence-negative cells may also contain 

FKBP-SAC, they cannot respond to rapamycin without the PM anchor and thus were used as 

the control. We validated the depletion system by staining the neutrophils with an anti-PtdIns4P 

antibody (Hammond, et al., 2012). The antibody detected two obvious pools of signals in the 

control cells; one is colocalized with the Golgi marker TGN38, whereas the other is non-Golgi 

and proximal to PM (Fig. S4B).  The PM-PtdIns4P depletion system specifically diminished the 

non-Golgi pool without affecting the Golgi pool, suggesting that the non-Golgi pool is likely the 

PM PtdIns4P pool (Fig. S4B).  This experiment additionally validated the antibody-based 

PtdIns4P detection system and more importantly revealed that PM PtdIns4P showed polarized 

localization in stimulated neutrophils.  Furthermore, we found that PtdIns4P was co-polarized 

with RPH3A and SRGAP2 at the same side of stimulated neutrophils (Fig. 4B-C). 

 

PM PtdIns4P Is Important for Neutrophil Polarization. We next examined the impact of PM 

PtdIns4P depletion on neutrophil polarization.  PM PtdIns4P depletion significantly impaired 

polarized localization of RPH3A (Fig. 4D), PIP5K1C90 (Fig. S4C), RAB21 (Fig. S4D) or pMLC 

(Fig S4E). In addition, depletion of PM PtdIns4P also resulted in reductions in firm adhesion of 

neutrophils to endothelial cells under shear flow and neutrophil ICAM binding (Fig. 4E), the 

same phenotypes observed for inactivation of SRGAP2 (Fig. 2C-D), RAB21, RPH3A, or 

PIP5K1C (Yuan, et al., 2017; Xu, et al., 2010). Thus, these data together indicate that PM 

PtdIns4P has an important role in polarization of PIP5K1C90, RAB21, RPH3A and pMLC. 

Consistent with our hypothesis that PM PtdIns4P may be the target for RPH3A-directed 

polarization, RPH3A-deficiency did not affect PtdInd4P polarization in neutrophils (Fig. 4F).  

Moreover, depletion of PtdIns4,5P2 using the system described by Hammond et al (Hammond, 

et al., 2012) did not affect PIP5K1C90 polarization (Fig. S4F), while PtdIns4P depletion did not 

affect Ptdins3,4,5P3 contents or polarization (Fig. S4G) (Kwon, et al., 2007). These results 
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further affirm the conclusion that PtdIns4P, rather than other PtdIns lipids, plays a key role in the 

PIP5K1C polarization axis. 

 

SRGAP2 Regulates PM PtdIns4P Polarization.  Although PM PtdIns4P depletion affects 

many of the polarization events described above, it did not affect SRGAP2 polarization (Fig. 

5A). However, SRGAP2-deficiency impaired PtdIns4P polarization in neutrophils (Fig. 5B), 

suggesting that SRGAP2 may act upstream of PtdIns4P polarization. Re-expression of WT 

SRGAP2 or its GAP activity-deficient mutant, but not the F-BAR domain lacking mutant, 

restored PtdIns4P polarization impaired by SRGAP2 knockdown in neutrophils (Fig. S5A). 

These results, together with co-localization of SRGAP2 with PtdIns4P (Fig. 4C), suggest that 

SRGAP2 may regulate PtdIns4P polarization.  Among the four PtdIns kinases that can convert 

PtdIns to PtdIns4P, silencing of PI4KA, but not others, significantly affected the detection of 

polarized PM PtdIns4P (Fig. 5C, D & S5B).  In fact, PI4KA-silencing reduced PM PtdIns4P 

content without affecting Golgi PtdIns4P content (Fig. 5C, E and F), whereas PI4KB and 

PI4K2A knockdown reduced Golgi PtdIns4P contents (Fig. 5C, F).  PI4KA silencing also 

impaired pMLC polarization without affecting F-actin polarization (Fig. S5C), and its effects on 

PM PtdIn4P polarization and content could be rescued by coexpression of human PI4KA (Fig. 

S5D).  Moreover, we found that PI4KA and SRGAP2 co-immunoprecipitated (Fig. S5E) and that 

SRGAP2 could stimulate the lipid kinase activity of PI4KA in an in vitro kinase assay (Fig. S5F).  

These results together provide a mechanism for SRGAP2 to polarize PM PtdIns4P. Namely, 

polarized localization of SRGAP2 stimulates polarized formation of PtdIns4P, while the 

interaction of SRGAP2 with PtdIns4P (Coutinho-Budd, et al., 2012) may help to stabilize 

PtdIns4P polarization and serve as a possible feedforward-local amplification mechanism by 

recruiting additional SRGAP2, leading to further production of PtdIns4P.  Now the question is 

how SRGAP2 is polarized in neutrophils.   
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Attachment-induced PM Curvature Polarizes SRGAP2.  Freshly isolated neutrophils in 

suspension are spherical, but their attachment to a surface would results in cell shape change 

leading to local alteration in PM curvature.  SRGAP2 contains an inverse F-BAR domain, which 

is recruited to concave curvatures of lipid membranes where it polymerizes and in turn helps to 

stabilize the curvatures (Sporny, et al., 2017; Charrier, et al., 2012; Guerrier, et al., 2009).  

Together with our observation that SRGAP2 F-BAR domain is required for PtdIns4P polarization 

(Fig. S5A), we hypothesized that a local increase in PM curvature around the attachment zone 

might recruit SRGAP2 via its inverse F-BAR domain. Indeed, while the F-BAR domain of 

SRGAP2 fused to EGFP (FBAR-GFP) showed non-polarized localization in neutrophils in 

suspension (Fig. 6A), cells attached to a surface showed increased localization of FBAR-GFP at 

the cusps above the coverslip, resulting in dorsoventral polarization of FBAR-GFP (Fig. 6B). In 

other words, more FBAR-GFP is localized ventrally than dorsally. Among these dorsoventrally 

polarized cells, near one half also displayed noticeable anteroposterior polarization (Fig. 6C, E). 

When polarization of FBAR-GFP was observed at real time, we noticed that the cells that 

showed anteroposterior polarization often had movements on the coverslip (probably due to 

lateral drifting prior to settling onto the surface) before they arrested on the surface (Fig. S6A).  

Polarization intensified rapidly after the cell came to the stop with the polarization direction 

conforming to the prior movement direction (Fig. S6A).  We interpreted these results to suggest 

that cell attachment-induced PM curvature increase recruits SRGAP2 to the cusps of cell 

attachment, leading to dorsoventral polarization of SRGAP2.  On the other hand, cell movement 

on the surface due to lateral drifting results in steeper PM curvature at the trailing end of the cell 

as schemed in Fig. S6A.  The steeper PM curvature would have a higher affinity for SRGAP2, 

leading to anteroposterior polarization of SRGAP2.  If this idea is correct, neutrophils subjected 

to shear flow, which they normally experience during their attachment to the endothelium during 

inflammation, would result in increased anteroposterior polarization, as the shear flow would 

cause even steeper PM curvature at the trailing end by pushing the cell body forward. Indeed, 
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when neutrophils were subjected to shear flow in a flow chamber, there was a significant 

increase in the percentage of the cells showing anteroposterior polarization of FBAR-GFP (Fig. 

6D-E).  Importantly, FBAR-GFP polarized in a direction coinciding with the flow direction (Fig. 

6D), a phenomenon we have also previously described for PIP5K1C90 polarization (Xu, et al., 

2010). Moreover, the GFP-fusion protein with I-Bar of IRSp53, F-Bar of FBP17 or N-Bar of 

Nadrin2 showed no polarization even under shear flow (data not shown). Furthermore, we 

observed FBAR-GFP polarization in neutrophils attached to inflamed blood vessels in live 

zebrafishes in the direction of blood flow (Fig. 6F).  

It is important to note that the polarization of SRGAP2 FBAR-GFP described above 

occurred on poly-lysine (PK)-coated surfaces in the absence of exogenous chemoattractants or 

integrin ligands. We further confirmed the independence of FBAR-GFP polarization on 

chemoattractant or integrin signaling by pre-treating neutrophils with pertussis toxin (PTx) or a 

cocktail of integrin antibodies.  As a validation, PTx treatment blocked MIP2-induced 

phosphorylation of AKT (Fig. S6B), while the anti-integrin cocktail blocked RPH3A polarization 

(Fig. S6C) and neutrophil spreading on fibrinogen (Fn) (Fig. S6D). Neither pre-treatment, 

however, affected attachment-induced SRGAP2 polarization (Fig. 6G).  These results suggest 

that cell attachment-induced SRGAP2 polarization is independent of chemoattractant or integrin 

signaling and may act upstream of chemoattractant signaling as chemoattractant failed to 

polarize neutrophils in suspension (Fig. 1B-C). 

To further test if changes in membrane curvature actually alter FBAR-GFP recruitment, 

we used micropipettes to aspirate single neutrophils in suspension to artificially create negative 

PM curvature (relative to the cytosol).  FBAR-GFP was expressed in the neutrophils isolated 

from the mT/mG mouse (Muzumdar, et al., 2007) that expressed membrane-associated 

TdTomato fluorescent protein (memRed; used as an internal control).  Ratio images of FBAR-

GFP to memRed were generated to more accurately assess FBAR-GFP PM localization.  Upon 

aspiration, rapid increases of FBAR-GFP localization at the PM inside the micropipettes were 
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observed (Fig. 6H).  Because the PM inside the micropipette has a higher concave curvature 

than the PM outside the micropipette, the above observation is consistent with our hypothesis 

diagramed in Fig. S6A that increased PM curvature leads to efficient recruitment of FBAR-GFP 

and probably SRGAP2 via its F-BAR domain.  We also carried out the aspiration experiment 

with micropipettes with different orifices, which led to different PM curvatures and quantified 

FBAR-GFP localization and membrane curvature as described in Fig. S6E.  We found a 

significant positive correlation of PM curvature with FBAR-GFP localization (Fig. 6H and S6F).  

This provides further support for our hypothesis that, within a certain range, the degree of PM 

curvature is correlated with FBAR-GFP recruitment.  

We also divided the PM inside the pipette into two zones, the tip and tube zones (Fig. 

S6E), and quantified them separately.  There were significant positive correlations between PM 

curvature and FBAR-GFP localization in both zones (Fig. S6G-H). Because the PM in the tip 

zone was not and might never have been in contact with any surface, this tip zone correlation 

result further affirms the conclusion that PM curvature rather than its contact with a surface 

recruits FBAR-GFP.  On the other hand, PMs inside the tube zone are constrained by the 

pipette walls from forming membrane structures such as the filopodium or protrusion and likely 

have the same membrane tension.  The significant positive correlation observed in this tube 

zone indicate that changes in membrane tension or formation of membrane structures such as 

the filopodium or protrusion are unlikely the primary mechanism for SRGAP2 F-BAR domain 

polarization in neutrophils. We also performed the same experiment with primary mouse CD8+ T 

cells and observed similar results (Fig. S6I, J).  Taken together, our results indicate that a local 

increase in membrane curvature resulting from initial steps of cell attachment is the primary 

mechanism for polarization of FBAR-GFP and probably SRGAP2 in neutrophils, T cells, and 

probably other leukocytes.   
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Membrane Curvature Increase Drives PM PtdIns4P Polarization. Next, we wanted to 

determine if PM PtdIns4P polarizes as FBAR-GFP in a membrane curvature-dependent way, 

but independently of chemoattractant or integrin stimulation.  As we observed with FBAR-GFP, 

polarized localization of PtdIns4P was detected by the anti-PtdIns4P antibody in neutrophils 

placed on PK-coated surfaces, but not in cells in suspension (Fig. S7A-B).  We also detected 

PtdIns4P localization using a fluorescent PtdIns4P probe, GFP-P4M.  P4M is a protein domain 

of the SidM protein from L. pneumophila that has a high affinity and specificity for PtdIns4P 

(Schoebel, et al., 2010; Brombacher, et al., 2009).  GFP-P4M works faithfully as a PtdIns4P 

probe in live cells (Hammond, et al., 2014).  We co-expressed TagRFP (Navaroli, et al., 2012) 

as an internal imaging control.  PM GFP-P4M polarized in neutrophils attached to PK-coated 

surfaced, but not in cells in suspension (Fig. 7A-C).  Similar to what we observed for FBAR-

GFP, most of GFP-P4M showed dorsoventral polarization at the cusps of cell attachment (Fig. 

7B), less than a half of which also showed anteroposterior polarization (Fig. 7C, E).  Shear flow 

increased the number of anteroposteriorly polarized cells (Fig. 7D-E).  Importantly, pre-

treatment with either PTx, which blocks chemoattractant signaling, or the anti-integrin cocktail 

did not affect PM GFP-P4M polarization in attached cells (Fig. 7F).  In cells co-expressing GFP-

P4M and FBAR-TagRFP, these two proteins showed co-polarization to the same side of the 

cells (Fig. S7C).  Finally, we performed the micropipette aspiration experiment to induce 

controlled PM curvatures while monitoring PM PtdIns4P localization.  When neutrophils 

expressing GFP-P4M and memRed were aspirated, as for FBAR-GFP, significant positive 

correlations of concave membrane curvatures to GFP-P4M localization were observed (Fig. 7G 

& S7D-F).  Thus, these results demonstrate that PM PtdIns4P, like SRGAP2 FBAR-GFP, 

polarizes upon cell attachment via local increase in PM curvature independently of 

chemoattractant or integrin signaling as depicted in Figure S7G.    
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DISCUSSION 

In this study, we elucidate mechanisms by which an apolar neutrophil breaks its cellular 

symmetry to initiate cytoskeleton polarization.  The initiation of leukocyte polarization had been 

assumed to be exclusively dependent on extracellular chemical stimulations including 

chemoattractants and integrins.  We, however, show here that chemical stimulation alone is not 

sufficient for induction of polarization of lamellar F-actin and pMLC, two prominent cytoskeleton 

markers, in neutrophils in suspension.  Neutrophil contact to a surface is a prerequisite for 

polarization of these cytoskeleton markers. Our further investigation reveals a mechanism by 

which cell attachment induces uropod pMLC polarization (Fig. S7G). Namely, increased local 

PM curvature resulting from cell contact to a surface recruits a F-BAR domain-containing protein 

SRGAP2, which in turn activates a lipid kinase PI4KA, resulting in PM PtdIns4P polarization. 

PM PtdIns4P is recognized by RPH3A, an effector of RAB21, leading to polarization of RAB21, 

PIP5K1C90, and eventually pMLC.  Thus, cell contact to a surface or PM curvature change 

alone can induce some forms of neutrophil polarization, namely SRGAP2 and PM PtdIns4P 

polarization, independently of chemokine or integrin signaling.  However, subsequent 

polarization of RPH3A, RAB21, PIP5K1C90, and pMLC, as depicted in Fig. S7G, requires both 

PM curvature change and chemokine\integrin stimulation (Yuan, et al., 2017; Tang, et al., 2011; 

Xu, et al., 2010).   

We show that CD8+ T cells also require PM curvature change for their cytoskeleton 

polarization. Thus, our findings on cell polarization initiation likely extend beyond neutrophils to 

other circulating leukocytes. In addition to alteration in PM curvature through cell attachment 

and pipette pulling described in this study, other forms of cell shape changes including cells 

squeezing through matrices in 3D migration can also presumably lead to cell polarization 

through similar mechanisms.  Moreover, our findings suggest that caution is warranted for the 

interpretation of many of the previous observations made with attached cells, as these cells 

already possess certain forms of polarization that could instruct polarization events controlled by 
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extracellular chemical stimuli and might not have been fully considered in the interpretation of 

the results. This is particularly true for the interpretation of cell polarization under uniform 

extracellular chemical stimulation and “spontaneous” polarization.  PM curvature-induced 

cellular polarity unraveled in this study may have unmasked the mystery of “stochastic polarity” 

that was proposed to be needed for these types of cellular polarization (Ladoux, et al., 2016; 

Woodham and Machesky, 2014; Asnacios and Hamant, 2012; Altschuler, et al., 2008; 

Sohrmann and Peter, 2003).   

SRGAP2 and its F-BAR domain were shown to recognize concave membrane curvature 

(Sporny, et al., 2017; Charrier, et al., 2012; Guerrier, et al., 2009).  This is consistent with our 

observation of recruitment of SRGAP2 to the cusps above the coverslip (dorsoventral 

polarization) when cells were placed on a coverslip (Fig. 6B) due to increases in PM curvature 

at the cusps. This cell contact-induced dorsoventral SRGAP2 polarization may represent the 

initial step of breaking cellular symmetry.  The anteroposterior polarization of FBAR-GFP (Fig. 

6C,D) is the consequence of lateral cell movement during cell settlement in the static 

experiments or under shear flow. The lateral movement presumably results in a steeper 

curvature at the trailing end of the cell, leading to increased localization of SRGAP2 via its F-

BAR domain.  This idea is well supported by the significant positive correlation of steeper PM 

curvature with greater localization of SRGAP2 FBAR-GFP (Fig. S6F) and PtdIns4P probe GFP-

P4M (Fig. S7D) revealed by the single neutrophil aspiration experiments.  Because shear flow is 

a physiological norm for neutrophils, anteroposterior polarization of SRGAP2 and its 

downstream events would unsurprisingly occur at a high rate in vivo.  Indeed, FBAR-GFP was 

observed in inflamed blood vessels in vivo under flow in live zebrafish (Fig. 6F). 

We showed that PI4KA was required for cell attachment-induced PM PtdIns4P 

polarization.  The stimulation of PI4KA kinase activity by SRGAP2 provides a mechanism for 

SRGAP2 polarization to lead to PtdIns4P polarization. Although there might be other 

mechanisms, PI4KA polarization unlikely is one of them, as we could not observe polarization of 
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endogenous or tagged PI4KA by immunostaining or PI4KA-GFP in live cells under the 

manipulations that caused polarization of SRGAP2 and PtdIns4P (data not shown).   

While we have characterized a detailed biochemical mechanism for cell 

attachment/membrane curvature to regulate “back” polarization of PIP5K1C90 and pMLC, how 

cell attachment dictates “front” F-actin polarization in response to chemical stimulation remains 

unknown.  We assume that PM curvature changes and proteins that recognize the curvature or 

cell shape changes may be involved.  However, none of the BAR domain-containing proteins 

we believe that are expressed in neutrophils was involved (Fig. S2A).  It is possible that there is 

a broader functional redundancy or different types of proteins that recognize the membrane 

curvature/cell shape change are required for the F-actin polarization.  Future work is warranted 

to investigate these questions.    
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FIGURE LEGENDS 

Figure 1. Neutrophil Polarization Requires Cell Attachment.  Mouse neutrophils attached on 

fibrinogen (Fn)-coated coverslips (A) or suspended in a microtube (C) were stimulated uniformly 

with MIP2 (100 nM) for 3 min at room temperature.  Cells were stained with Alexa633-phalloidin 

(for staining F-actin) and anti-pMLC followed with an Alexa488-secondary antibody and 

observed with a confocal microscope. Reconstructed 3D images of two representative cells per 

condition are shown.  The 3D raw images of Cell 1 in A and Cell 1 in C are shown as Movie S1 

and Movie S2 respectively. Quantification of colocalization of pMLC and F-actin is also shown 

(B).  Each data point represents a cell.  The experiments were repeated three times. The grid 

scales (A,C) are 1 µm.   

See also Figure S1. 

Figure 2. Importance of SrGAP2 in Neutrophil Polarization and Adhesion. 

A) SRGAP2-deficiency disrupts pMLC polarization.  WT or Srgap2-/- neutrophils were stimulated 

and examined for F-actin and pMLC localization as in Fig. 1A.  Each data point represents a 

cell. The experiments were repeated three times. 

B) SRGAP2 is co-polarized with pMLC in stimulated neutrophils. Neutrophils were stimulated as 

in Fig. 1A and examined for SRGAP2 and pMLC localization by immunostaining with anti-pMLC 

and anti-SRGAP2 (C14), followed by Alexa488 (green) and Alexa633 (red)-conjugated 

secondary antibodies, respectively.  Reconstructed 3D confocal images of two representative 

cells per condition are shown. Each data point represents a cell.  

C-D) SRGAP2-deficiency impairs neutrophil attachment to endothelial cell under shear flow and 

ICAM1 binding. Each data point represents a biological replicate. The experiments were 

repeated three times. 

E-G) SRGAP2-null neutrophil showed impaired attachment to endothelium in inflamed 

cremaster muscle venues.  Lethally irradiated WT mice received either WT or Srgap2-/- bone 



25 
 

marrow transfer and were subjected to intravital examination two month later.  Adhesion (E), 

transmigration of neutrophils (F), and rolling flux (G), were determined after stimulation of the 

cremaster muscle with TNFα (0.5 µg) for 4h. Two-tailed Student’s t-Test and two-way Anova 

test were performed for E,F and G respectively. Each data point represents the observation with 

one vessel. Three mice were used for each condition. 

H-J) SRGAP2-deficiency ameliorates ischemia-reperfusion (IR) injury in the heart. Mice 

receiving WT or Srgap2-/- bone marrows were subject to ischemia-reperfusion injury.  Changes 

in percentage of ejection fraction (EF%) and fractional shortening (FS%) are shown.  

Representative images (I) and quantification (J) of infarction areas are also shown. Area at risk 

(AAR) are identified as the Evans Blue stain negative area, whereas Infarct Size (IS) as the 

white area within AAR. Each point represents an individual mouse. The experiments were 

repeated three times and representative results were shown in H-J. 

K-M) SRGAP2-deficiency decreases neutrophil infiltration in the injured heart tissues as 

determined by flow cytometry (K) or quantification of histological images stained with an anti-Ly-

6B.2 antibody (L).  Representative image of Ly-6B.2-stained sections are shown (M). Each data 

point (J,K) represents an individual mouse.  Each data point (L) represents a random imaging 

field from one section within similar location of the heart (12 fields from 4 mice). The 

experiments were repeated three times and representative results were shown in K-M. Scale 

bars are 1 mm (I) and 0.1 mm (M). The grid scales (A, B) are 1 µm. 

See also Figure S2. 

Figure 3. SRGAP2 Regulates PIP5K1C90, RAB21 and RPH3A Polarization.  

A-C) SRGAP2-deficiency impairs PIP5K, RAB21 and RPH3A polarization.  Neutrophils were 

stimulated as Fig. 1A and stained by anti-PIP5K1C90 (A), anti-RAB21 (B), or anti-RPH3A (C), 

followed by an Alexa488-conjugated second antibody before imaged by confocal microscopy.  

Representative optical section images of two cells from each genotype are shown.  
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Quantification of polarization was performed as described in the Star Methods.  Each data point 

represents the average of more than 10 cells per observation field, and the experiment was 

repeated three times.   

D) Co-polarization of RPH3A and SRGAP2 in neutrophils. Neutrophils were stimulated as in Fig. 

1A before stained with anti-RPH3A and anti-SRGAP2 (G10) antibodies, followed with Alexa488 

(green) and Alexa633 (red) conjugated secondary antibodies, respectively. Representative 

optical section images of two cells are shown. Each data point represents a cell. The 

experiments were repeated three times. Scale bars are 3 µm. 

See also Figure S3. 

Figure 4. RPH3A Binds to and Polarizes Downstream of PtdIns4P.   

A) RAPH3A binds to PtdIns4P, but not other PtdIns lipids as determined by the liposome 

flotation assay. Calcium (100 µM) was present as indicated and in the right panel. The 

experiments were repeated three times. The quantification of RPH3A binding to PtdIns4P in the 

presence or absence of Ca2+ is shown.  

B-C) Co-polarization of RPH3A or SRGAP2 with PtdIns4P. Neutrophils were stimulated as in 

Fig. 1A before being co-stained with anti-RPH3A or anti-SRGAP2 (C14) with anti-PtdIns4P 

antibodies, followed by Alexa488 (green) and Alexa633 (red) conjugated secondary antibodies 

as indicated in the figure. Representative optical section images of two cells are shown.  The 

PtdIns4P stain encircled in yellow denotes the Golgi pool. Each data point represents a cell. The 

experiments were repeated three times. 

D) Depletion of PtdIns4P impairs polarization of RPH3A. Neutrophils were transfected with 

Lyn11-FRB-mCherry and FKBP-SAC at 1:5 ratio and separated into mCherry positive (PM-SAC) 

and negative (Ctr) pools by FACS. These neutrophils were then stimulated as in Fig. 1A in the 

presence of 1 µM rapamycin before being stained with anti-RPH3A and Alexa488-conjugated 

secondary antibody. Representative optical section images of two cells from each condition are 
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shown. Each data point represents the average of more than 10 cells per observation field, and 

the experiment was repeated four times. 

E) PtdIns4P depletion impairs neutrophil attachment to endothelial cell under shear flow and 

ICAM1 binding. Each data point represents a biological replicate. The experiments were 

repeated three times.  

F) RPH3A-deficiency does not affect PtdIns4P polarization. Neutrophils were stimulated as in 

Fig. 1A and stained with anti-PtdIns4P. Each data point represents the average of more than 10 

cells per observation field, and the experiment was repeated five times.  

Scale bars (B-D) are 3 µm. 

See also Figure S4. 

Figure 5. SRGAP2 Polarizes PtdIns4P via PI4KA.  

A) PtdIns4P depletion does not impair polarization of SRGAP2. Neutrophils were transfected 

and treated as in Fig. 4D before being stained with anti-SRGAP2 (G10) and Alexa488 

conjugated secondary antibody. Representative optical section images of two cells from each 

condition are shown.  Each data point represents the average of more than 10 cells per 

observation field, and the experiment was repeated five times. 

B) SRPAG2-deficiency impairs PtdIns4P polarization. Neutrophils were stimulated as in Fig. 1A 

and stained with anti-PtdIns4P and Alexa633 conjugated secondary antibody. Representative 

optical section images of two cells from each genotype are shown.  Each data point represents 

the average of more than 10 cells per observation field, and the experiment was repeated five 

times. 

C-F) PI4KA is involved in PtdIns4P polarization. Neutrophils were transfected with siRNAs for 

various PtdInsP kinases for 48 hours and treated as in Fig. 1A before being stained with anti-

PtdIns4P and anti-TGN38 antibodies followed by Alexa633 (red) and Alexa488 (green) 

conjugated secondary antibodies, respectively.  Representative confocal optical section images 
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(C) and quantification of PtdIns4P polarization (D) and PM (E) or Golgi (F) PtdIns4P staining 

intensities are shown. The PM or Golgi PtdIns4P staining intensities are expressed as the ratios 

of PM or Golgi PtdIns4P to TGN38 staining. Each data point represents the average of more 

than 10 cells per observation field.   

Scale bars (A-C) are 3 µm. 

See also Figure S5. 

Figure 6. SrGAP2 F-BAR-domain Polarizes upon Attachment Independently of Chemical 

Stimulation. 

A-C) SRGAP2 F-BAR-domain polarizes depending on cell attachment.  Neutrophils were 

cotransfected with SrGAP2 F-BAR-domain-GFP (FBAR-GFP) and TagRFP for 6 hours.  They 

were either embedded in Hydrogel as suspended cells (A) or attached to PK-coated coverslips 

(B-C) for confocal microscopy. Representative 3D reconstructed images of two independent 

cells are shown. The 3D raw images are shown as Movie S3 (Cell 1 in A), Movie S4 (Cell 1 in 

B) and Movie S5 (Cell 1 in C).  Dorsal (D)-ventral (V) and anterior (A)-posterior (P) axes are 

denoted. The experiments were repeated three times. 

D-E) Shear flow promotes anteroposterior polarization. Neutrophils were cotransfected as in A 

and placed in a flow chamber with PK-coated surface. The attached cells were subjected to 

shear flow (2 dyn/cm2) for 10 min and imaged by a confocal microscope.  Representative 3D 

reconstructed images of two independent cells are shown. The 3D raw images of Cell 1 in D are 

shown as Movie S6.  Each data point represents the average of more than 10 cells per 

observation field, and the experiment was repeated five times.  

F) SrGAP2 F-BAR-domain polarizes in inflamed blood vessels of zebrafish.  

G) PTx treatment or integrin neutralization has no effects on SRGAP2 polarization. Neutrophils 

were pre-treated with a control IgG, a cocktail of neutralizing integrin β1 and β2 antibodies (10 

µg/ml), or pertussis toxin (PTx, 1 µg/ml for 2 hr at 37 oC) before being subjected to shear flow 
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treatment as in D in a flow chamber with PK-coated surface.  Attached cells were stained with 

anti-SRGAP2 (G10) antibody and imaged by confocal microscopy.  Cells showing 

anteroposterior polarization were scored.  Each data point represents the average of more than 

10 cells per observation field, and the experiment was repeated three times. 

H) Micropipette aspiration leads to polarization of SrGAP2 F-BAR-domain to regions of high 

concave curvature (relative to the cytosol), namely along the pipette walls and the semi-

spherical tip of the aspirated tongue. Membrane-associated TdTomato (memRed) expressing 

neutrophils from mT/mG mice were transfected with FBAR-GFP. Images of a representative cell 

are shown. The experiments were repeated ten times.  

Scale bars (F,H) are 3 µm, and the grid scales (A-D) are 1 µm.  

See also Figure S6. 

Figure 7. PM PtdIns4P Polarizes upon Attachment.  

A-C) GFP-P4M polarizes depending on cell attachment.  Neutrophils were cotransfected with 

GFP-P4M and TagRFP for 6 hours.  They were either embedded in Hydrogel as suspended 

cells (A) or attached to PK-coated coverslips (B-C) for confocal microscopy. Representative 3D 

reconstructed images of two independent cells are shown. The experiments were repeated 

three times.  

D-E) Shear flow promotes anteroposterior polarization of GFP-P4M. Neutrophils were 

transfected and treated as in Fig. 6D. Representative 3D reconstructed images of two 

independent cells are shown. Each data point represents the average of more than 10 cells per 

observation field, and the experiment was repeated five times.  

F) GFP-P4M polarization does not depend on chemical stimulation. Neutrophils were 

transfected with GFP-P4M and treated as in Fig. 6G.  Cells attached to PK-coated coverslips 

were imaged by confocal microscopy.  Cells showing anteroposterior polarization were scored.  

Each data point represents the average of more than 10 cells per observation field. 
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G) Higher membrane curvature generated by micropipette aspiration leads to polarization of 

GFP-P4M. MemRed expressing neutrophils from mT/mG mouse were transfected with GFP-

P4M. The bright spots are likely Golgi.  Images of a representative cell are shown. The 

experiments were repeated ten times. Scale bar (G) is 3 µm, and the grid scale (A-D) is 1 µm.  

See also Figure S7.  

















 

eTOC Blurb 

The molecular mechanisms controlling cell polarization are incompletely understood. Ren and 

Yuan et al. show that local increase in plasma membrane (PM) curvature resulting from cell 

attachment recruits and polarizes an inverse FBAR domain protein SRGAP2 to initiate cell 

cytoskeleton polarization, which is important for neutrophil adhesion to endothelium. 

 






