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Summary

Ras signaling is typically associated with cell growth but not in direct regulation of motility or 

polarity. By optogenetically targeting different nodes in Ras/PI3K/Akt network in differentiated 

human HL-60 neutrophils, we abruptly altered protrusive activity, bypassing chemoattractant 

receptor/G-protein network. First, global recruitment of active KRas4B/HRas isoforms or 

RasGEF, RasGRP4, immediately increased spreading and random motility. Second, activating 

Ras at the cell rear generated new protrusions, reversed pre-existing polarity, and steered 

sustained migration in neutrophils or murine RAW264.7 macrophages. Third, recruiting RasGAP, 

RASAL3, to cell fronts extinguished protrusions and changed migration direction. Remarkably, 

persistent RASAL3 recruitment at stable fronts abrogated directed migration in three different 
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chemoattractant gradients. Fourth, local recruitment of Ras-mTorC2 effector, Akt, in neutrophils 

or Dictyostelium amoebae generated new protrusions and rearranged pre-existing polarity. Overall, 

these optogenetic effects were mTorC2-dependent, but relatively independent of PI3K. Thus, 

receptor-independent, local activations of classical growth-control pathways directly control actin 

assembly, cell shape, and migration modes.

eTOC BLURB

Pal et al uncover that chemoattractant receptor-independent, local activation of the Ras-mTorC2-

Akt growth factor signal transduction network is directly required for actin organization, polarity, 

and directed migration in immune cells. Moreover, localized network activity is necessary for 

immune cell chemotaxis and may be considered essential for immune response signaling.

Graphical Abstract:

Keywords

immunity; biochemical excitability; cancer; leukocytes; development; metastasis

Introduction

Neutrophils initiate the innate immune response by sensing chemical cues and rapidly 

migrating towards sites of tissue damage and infection1–3. This directed migration is 
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coordinated by rearrangements of signal transduction proteins and lipids to the leading or 

trailing edges of the cell. This dictates the location and dynamics of cellular protrusions and 

contractions that move the cell4–11. Misdirected neutrophil migration is responsible for a 

wide array of autoimmune and inflammatory conditions in adults1,12,13. Discovering the key 

signal transduction events that direct cytoskeletal activity, cellular protrusions, and migratory 

behavior in cells of the immune system will facilitate development of next generation 

treatments14,15.

Multiple pathways have been implicated in migration in neutrophils and other mammalian 

cells; it is likely that each contributes to a larger network. Chemoattractant mediated 

receptor/G-protein stimulation generates PIP3 at the cell’s leading edge and local 

PI3K activation triggers Rac activation, actin polymerization, protrusion formation, and 

migration9,10,16–34. However, other studies suggest that PI3K/PIP3 signaling is not 

singularly essential for directed migration27,29,35–43. This is highlighted in observations 

of PI3K-independent pathways involving Gβγ-DOCK2-ELMO1 or Gβγ-PAK1-PIXα 
mediated Rac or Cdc42 activation in F-actin formation at the leading edge44–50. It is 

also unclear whether Akt, which is brought to the cell’s leading edge by PI3K/PIP3, is 

necessary for mammalian cell migration since it has been reported that Akt1 isoform is a 

negative regulator of motility whereas Akt2 promotes it42,51–54. Notably, G-protein coupled 

chemoattractant receptors also activate Ras, which in turn stimulates mTorC2 and Akt, and 

is important for cell growth, survival, and energy metabolism55–60.

Although it may control gene expression events involved in cell migration, it is unknown 

whether the Ras-mTorC2-Akt growth factor signaling axis is directly required for 

actin organization, polarity, or directed migration. Knockout or knockdown studies with 

modulators of Ras activity have not given a conclusive understanding of Ras proteins 

in mammalian chemotaxis56,61. Biochemical and genetic investigations in the established 

model organism, Dictyostelium discoideum, have shown that Ras is activated by G-

protein coupled receptor stimulation but also spontaneously at protrusions, which has not 

been shown in migrating mammalian cells5,6,62–71. However, as multiple Ras isoforms 

are expressed in this amoeba it has been difficult to demonstrate that Ras activity is 

essential for migration and has prevented assignment of specific roles for each isoform 

by gene deletions70,72–74. To circumvent this problem, researchers conditionally expressed 

constitutively active Ras isoforms which produced phenotypes over many hours, however, 

allowing sufficient time for signaling networks to re-adjust through protein rearrangement or 

differential gene expression63,70,75–77. Although these studies implicated Ras in migration, 

they did not show that local activation of these growth control pathways on the membrane 

could bring about localized protrusions and directed motility. Moreover, these results were 

observed in free-living amoeba, and may or may not apply to migratory cells in humans.

In the past decade, optogenetic tools have been developed to locally perturb upstream 

receptor/G-protein networks or downstream cytoskeletal components, namely Rac, Cdc42, 

and RhoA, to induce polarity and persistent directed motility in different cellular 

systems18,78–88. Modifications of these optical approaches allowed us to address critical 

questions about growth factor pathways which could not be answered with previous 

methods. First, is Ras and its downstream effectors important for mammalian migration? 
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Can activation of individual signaling components of growth factor networks on the 

cell membrane influence cytoskeletal arrangement and affect motility? Does activation of 

different growth signaling nodes, such as Ras or Akt, have similar or opposing effects 

on cellular protrusions and migration? Second, chemoattractant gradients can bias pre-

existing front-back axis of the cell, but the occupied receptors activate a vast array of 

downstream signaling events80,89–94. Can localized activation of individual components 

of growth control pathways at the cell back override pre-existing polarity? Conversely, 

can localized inhibition of growth control pathway components at the cell front convert 

it to a back? Can such inhibition override the signal from chemoattractants? Using 

subcellular optogenetics, we abruptly and locally perturbed Ras and Akt activity, bypassing 

chemoattractant-sensing receptor/G-protein network. Our studies answer these questions 

and show that cell shape, actin assembly, and migration modes in mammalian cells are 

controlled by local, spontaneous activities of the Ras-mTorC2-Akt axis of classical growth-

control pathways.

Results

For optical manipulation of signaling in migratory neutrophils, we engineered a blue 

light-inducible, cryptochrome-based dimerization system in differentiated human HL-60 

neutrophil-like cells. This process was performed in a stepwise manner. First, the plasma 

membrane component CIBN, fused to a C-terminal CAAX motif, was expressed from 

an integrated lentiviral vector in wildtype neutrophils. Second, the F-actin polymerization 

biosensor, LifeAct tagged with an infrared fluorophore, was stably co-expressed to 

generate a dual-expressing cell line. Third, the cytosolic recruitable component, CRY2PHR-

mcherry2, was stably introduced to these dual-expressing cells by transposon-based 

integration (Figure S1A). Illuminating the entire periphery of these ‘triple expressors’ with 

488 nm light resulted in global recruitment of cytosolic CRY2PHR, fused with a protein of 

interest, to the plasma membrane (Figure S1B–D). The corresponding linescan shows that 

the CRY2PHR-mcherry2 intensity peak shifts from cytosol to plasma membrane when blue 

light is switched on, demonstrating membrane recruitment (Figure S1E). Similarly, once 

blue light was selectively shined on front or back of the cell, the CRY2PHR-fused protein 

of interest was locally recruited to the illuminated region of the membrane (Figure S1B–C). 

This system thus allowed us to spatio-temporally control activities of signaling components 

on the membrane in a tightly regulated fashion.

Global Ras activation increased spreading and motility in neutrophils

Using our optogenetic system, we investigated role of Ras activation on neutrophil 

morphology in absence of chemoattractant-mediated receptor stimulation. Within 30 

seconds of turning on the 488 nm light, constitutively activated HRas G12V isoform 

lacking its C-terminal CAAX motif, HRas G12V ΔCAAX, was recruited uniformly on 

the cell membrane. In next 90 seconds, an increase in F-actin-rich protrusions, marked 

by LifeAct, was observed and cells started moving rapidly (Figure 1A, Video S1A). In 

a representative kymograph for these cells, narrow regions of LifeAct intensity existed 

in absence of blue light. However, once light was switched on, LifeAct intensity on 

the membrane increased substantially with a concomitant increase in cell area. In HRas-
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activated state, cells also demonstrated spreading and contraction periodically (Figure 1B). 

As illustrated in Figure 1C, there was an overall ~40% increase in cell area. Additionally, 

HRas activity on the membrane polarized cells and improved their migratory ability (Figure 

1A). This led to 70% and 20% increase in migration speed (Figure 1D–F) and aspect ratio 

(proxy for polarity; Figure 1G), respectively, in recruited cells. As one control, we looked 

at cells in the same population which showed no detectable recruitment of HRas G12V 

ΔCAAX to the membrane, presumably due to low expression of CIBN-CAAX. These cells, 

even in presence of blue light, did not show any appreciable change in size of F-actin 

patches, protrusion shape, cell area, migration speed or polarity (Figure S1F–L). Thus, 

HRas-mediated signaling at the membrane improves spreading and migration of neutrophils.

To test whether these cytoskeletal changes are Ras isoform-specific, we expressed 

constitutively active KRas4B G12V ΔCAAX in neutrophils. Once blue laser was switched 

on and KRas4B membrane recruitment occurred, within 40 seconds, these cells formed 

broad F-actin-driven lamellipodium and showed increased motility (Figure 1H, Video S1B). 

Representative kymograph showed that, upon activating KRas4B, LifeAct intensity was 

tightly coordinated with cell area. During spreading and contracting stages of the cell, 

LifeAct intensity increased and decreased accordingly (Figure 1I). In non-recruiting cells 

of this population, narrow regions of LifeAct intensity were present stochastically, and 

motility was minimal (Figure S2A–B). Overall, KRas4B activation gave rise to 70%, 50%, 

and 20% increase in cell area, migration speed, and polarity, respectively (Figure 1J–N). 

In non-recruiting cells, these migration parameters remained unchanged over time (Figure 

S2C–G). Altogether, HRas activity was a stronger inducer of motility whereas KRas4B 

promoted more spreading.

Although Ras activation-mediated cytoskeletal changes and motility occurred without 

chemoattractant, we wanted to ensure that these phenotypes were caused solely by active 

Ras recruitment and not basal G-protein coupled receptor signaling95. To test this, we 

inhibited heterotrimeric G-protein activity in neutrophils using a combination of Gαi and 

Gβγ inhibitors, pertussis toxin (PTX) and gallein, respectively (Figure S2H–I)51,78,92,96–99. 

Dual inhibitor treatment prevented typical, uniform chemoattractant-induced burst of F-actin 

polymerization around the cell periphery and subsequent polarized migration, indicating that 

G-protein signaling was completely stalled (Figure S2I). However, within 30–40 seconds 

of KRas4B G12V ΔCAAX global recruitment in these inhibited cells, they polarized 

and migrated with broad fronts as observed previously (Figures 1H, S2J, Video S1B–C). 

Representative kymograph showed that narrow LifeAct patches were converted to broad 

ones, accompanied with increase in cell area once laser was switched on (Figure S2K). This 

suggests that spontaneous Ras activity on the membrane, independent of receptor-mediated 

G-protein signaling, is sufficient to activate neutrophil motility and polarity, and Ras should 

be included as an intermediary coupling G-protein activity to downstream signaling.

Since individual Ras isoforms could promote migration, we wondered whether concerted 

Ras activation by a RasGEF would have a similar or stronger effect. We selected 

RasGRP4 since it is expressed exclusively in myeloid cells and its dysregulation causes 

various diseases100,101. Its involvement in immune cell migration is yet unknown. Time-

lapse imaging and kymograph analysis showed that, within 3 minutes of RasGRP4 
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membrane recruitment, narrow, transient pseudopods were converted to wide, sustained 

lamellipodium resulting in prolonged migration (Figure 2A–C, Video S1D). Altogether, 

RasGRP4 recruitment caused over 86% increase in cell area, accompanied with ~70% and 

~25% rise in migration speed and polarity, respectively (Figure 2D–H). Neutrophils in the 

same population with cytosolic, non-recruiting RasGRP4 were not activated (Figure S3A–

G). Also, no response was observed when CRY2PHR component, without being fused to 

either activated Ras or RasGEF, was recruited (Figure S3H–N, Video S1E).

Next, we aimed to provide a mechanistic insight to actin assembly guiding Ras-driven 

lamellipodium formation. We assessed effects of blocking the actin nucleator, Arp2/3 

complex, whose activation by Scar/WAVE causes lamellipodia formation in immune 

cells10,102,103. After treating recruitable RasGRP4-expressing neutrophils with Arp2/3 

complex inhibitor, CK-666, they rounded up, actin polymerization on the cortex vanished, 

and migration was abrogated. Despite RasGRP4 recruitment, neutrophils did not display 

any F-actin-rich protrusions, spreading, motility, or polarity (Figure S4A–H). Altogether, 

Ras activity on the membrane leads to Arp2/3-mediated F-actin polymerization causing 

spreading and migration.

Local Ras activation or inhibition reverses pre-existing polarity

Activating Ras over the entire cell periphery led to formation of actin-rich lamellipodia, 

increased polarity, and persistent migration, but could local Ras activation at the cell rear 

generate new protrusions and re-organize polarity? To answer this, we recruited RasGRP4 

to a quiescent back region in migrating neutrophils by intermittently applying 488 nm 

light near it, as indicated by dashed white box (Figure 3A, Video S2A). Immediately after 

RasGRP4 localized to the back, the front contracted, ruffles started diminishing, and cell 

slowed down. Simultaneously, several finger-like F-actin-rich structures appeared at the 

recruitment site, which gradually broadened into sustained protrusions. This forced the 

cell to move in the other direction by rearranging its front-rear axis (Figure 3A–E). This 

phenomenon was analyzed in the angular histogram which showed that probability of new 

protrusion generation was highest at or near RasGRP4 recruitment site (Figure 3B).

Since RasGRP4 may activate numerous Ras proteins, we next asked whether local activation 

of a specific Ras isoform could elicit a similar response at the cortex. To examine this, 

we transiently recruited HRas G12V ΔCAAX to the back of migrating neutrophils. This 

arrested protrusion formation at the front, and caused a concomitant increase in F-actin 

polymerization at the recruitment site. As a result, the cell changed its direction of 

migration, reversing its pre-existing polarity (Figure 3C–E, Video S2B). The corresponding 

angular histogram demonstrated that new protrusion formation could be biased towards 

activated HRas G12V recruitment site (Figure 3D). When stimulated by chemoattractant 

from behind, neutrophils usually maintain their pre-existing polarity and make a U-turn 

towards the new source; they can only switch polarity if gradient is extraordinarily steep and 

perfectly positioned (Figure 3F)90. Apparently, local Ras activation is equivalent to a very 

steep chemoattractant gradient.

We next examined effects of inhibiting Ras activity on cytoskeletal assembly and 

protrusions, which might be expected to stop migration. We studied a RasGAP, RASAL3, 
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which was recently characterized for its immunomodulatory functions in neutrophils. It is 

possible that these effects on immune response were due to inhibition of migration, but this 

was not assessed104. For our experiment, we transiently recruited RASAL3 to the leading 

front by applying light periodically near the existing protrusions, as shown by dashed white 

box (Figure 3G, Video S2C). Upon doing so, protrusions were restricted and eventually 

collapsed in on themselves. Thus, a new back formed at the recruitment site, whereas a 

new F-actin rich front emerged on the other end of the cell. The angular histogram analysis 

agreed with our observation that all new protrusions formed away from the RASAL3 

recruitment site (Figure 3H). A similar observation was made when RASAL3 was locally 

recruited in activated macrophages (Figure S4I, Video S2D). Therefore, through its RasGAP 

function, RASAL3 changed cell’s direction by reversing its pre-existing polarity (Figure 3G, 

I).

We next enquired whether dynamically recruiting RASAL3 over the entire cell periphery 

would shut down all protrusive activity. For this experiment, we selected chemoattractant-

activated macrophage possessing F-actin driven protrusions around its periphery, as shown 

by pink arrows. Once we applied blue light continuously around the perimeter, RASAL3 

was recruited globally causing cell shrinkage and protrusions vanishing instantaneously 

(Figure S4I, Video S2D). We could reproduce this phenotype in non-polarized neutrophil 

having protrusions around its perimeter. Upon applying blue laser continuously around its 

periphery, RASAL3 was globally recruited causing protrusions to disappear completely. 

This was accompanied by a concomitant decrease in cell area (Figure S4J–K, Video S2E).

Locally recruiting CRY2PHR alone did not bias new protrusion formation nor affect front-

rear axis of the cell (Figure 3J–L, Video S2F). This suggested that reversing polarity, either 

to create new protrusions at the back or inhibit existing protrusions at the front, is due 

to localized Ras activation or inhibition, and not due to cryptochrome recruitment or light 

irradiation. Altogether, transient Ras activation is sufficient and necessary to orchestrate 

cytoskeletal arrangement and generate protrusions.

Local Ras signaling is necessary for directionally persistent migration

These results prompted us to ask whether local Ras activation could direct persistent 

migration in neutrophils. To test this, Ras was stably and locally activated on the membrane 

by persistently recruiting RasGRP4 in cells without chemoattractants. First, when we 

applied laser near the cell rear, as highlighted by dashed white boxes, it reoriented itself 

and moved towards the light source. Next, when we shifted the light source further in the 

same direction, the cell followed obediently. Again, once we shifted the light near the cell 

back, it readjusted its pre-existing polarity, created a new front, and made its way to the 

light. We observed this directionally-sensitive migration with all subsequent changes in light 

source location (Figure 4A, Video S3A). Across the population, neutrophils persistently 

migrated over several cell lengths towards the light source irrespective of the direction of 

optical input, as demonstrated by their directional index of 0.46±0.26 (Figure 4B–C). Even 

in quiescent macrophages, which have low basal motility, locally activating Ras directed 

movement towards the light, albeit slowly (Figure S4L–M, Video S3B). Therefore, local Ras 

signaling is sufficient for directed motility in immune cells.
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Our results show that localized Ras activation can steer chemoattractant-independent 

motility, but is it necessary for chemotaxis? We answered this by optically recruiting 

RASAL3 to the fronts of neutrophils migrating in gradients of different classes of 

chemoattractants37,105–108. In stable gradients of ‘end-target’ chemoattractants, such as 

N-formyl-met-leu-phe (fMLP) and C5a receptor agonist (ChaCha peptide), cells migrated 

persistently towards the attractant source in the right reservoir of microfluidic chamber-slide, 

as underlined by their chemotactic indices (CIs) of 0.66±0.17 and 0.58±0.18, respectively. 

However, when laser was applied continuously at the front of chemotaxing cells, as shown 

by dashed white boxes, their F-actin protrusions slowly diminished, they slowed down, and 

eventually formed new protrusions away from the direction of chemoattractant source. These 

stark changes were reflected in their CI of 0.17±0.35 or −0.04±0.35 in fMLP or ChaCha 

peptide gradient, respectively (Figure 4D–G, J–M, Video S3C–D). Overall, local Ras 

inhibition resulted in 30% or 35% reduction in average cell speed and 13% or 10% decrease 

in cell area in populations exposed to fMLP or ChaCha gradient, respectively (Figure 

4H–I, N–O). Next, we tested an ‘intermediary’ chemoattractant, such as Leukotriene B4 

(LTB4), and observed a similar stalling of directed migration after recruiting RASAL3 to the 

front. This caused a significant drop of CI from 0.59±0.21 to −0.35±0.4, and 30% or 12% 

reduction in cell speed or area, respectively (Figure 4P–U, Video S3E). Altogether, localized 

Ras activity is necessary for neutrophil chemotaxis and may be considered essential for 

immune response signaling.

mTorC2 is more important than PI3K for Ras activation of polarity and migration

Our next aim was to delineate Ras downstream signaling in neutrophils. We first examined 

the role of PI3K/PIP3 pathway using a combination of optogenetic and pharmacological 

inhibition approaches. Although PI3K is a direct effector of Ras and an important regulator 

of polarization and migration in many cells, role of Ras-activated PI3K in neutrophil 

motility is unknown22,41,42,51. We selected the PI3Kγ inhibitor, AS605240, which depleted 

PIP3 as indicated by signal loss of its biosensor, PH-Akt, on the neutrophil membrane 

(Figure S5A)109,110. Upon inhibitor treatment, RasGRP4-expressing cells lost polarity and 

migration was largely diminished (Figure 5A–B, Video S3F). Kymograph showed a few 

spontaneous, narrow patches of LifeAct in PI3K-inhibited cells (Figure 5C). Within 2 

minutes of RasGRP4 recruitment, PI3K-inhibited cells regained polarity, developed F-actin 

rich fronts, and migrated (Figure 5B, Video S3F). Upon recruitment, LifeAct patches 

broadened and increased in number along with widening of cell area (Figure 5C). Overall, 

Ras activation caused an increase of 50%, 38%, and 64% in cell area, polarity, and migration 

speed, respectively, in PI3K-inhibited population (Figure 5D–H). We observed a similar 

recovery in polarity and migration in pan-PI3K inhibitor, LY294002-treated neutrophils 

after RasGRP4 recruitment (Figure S5B–E, Video S3G)111. In non-recruiting cells where 

RasGRP4 recruitment was undetectable, there was no recovery from PI3K inhibition 

(Figure S5F–L). We independently assessed opto-RasGRP4-induced Akt phosphorylation 

at Thr308 and Ser473 positions as an indirect readout of Ras activation in PI3K-inhibited 

population. Basal phosphorylation at both crucial residues disappeared with inhibitor 

treatment, but recovered to untreated levels upon RasGRP4 recruitment, indicating Ras 

activates downstream Akt even when PI3K is strongly suppressed (Figures 5I, S6A–C). 
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These suggest that while PI3K activity may be crucial for spontaneous motility, it is not as 

important for optically-triggered migration.

To test whether Ras regulates mTorC2 signaling in neutrophil polarization and migration, 

we treated RasGRP4-expressing cells with mTor inhibitor, PP242 (Figure 5J)112. Inhibited 

cells rounded up and ceased motility quickly, and we did not observe any recovery upon 

recruiting RasGRP4 (Figure 5K–Q, Video S3H). The mTorC1 inhibitor, rapamycin, did 

not affect neutrophil shape or size, suggesting that PP242-induced cytoskeletal changes 

were due to mTorC2 inhibition, and not mTorC1 (Figure S6D–E). Additionally, Akt 

phosphorylation at both Thr308 and Ser473 failed to recover with RasGRP4 recruitment 

in PP242-treated population (Figures 5R, S6F–H), suggesting Ras activates Akt via mTorC2 

complex.

Ras-mTorC2 effector, Akt, activates cellular protrusions and migration

We next asked whether Akt activity directly affects cellular protrusive activity. There are 

two Akt isoforms in neutrophils, Akt1 and Akt2. Despite several studies, there is no clear 

consensus as to whether the effect of each on motility is positive or negative53,54. To resolve 

this dilemma, we transiently recruited Akt1 to the quiescent back of a moving cell. As 

a result, front protrusions started retracting, and a broad new protrusion soon emerged 

at the site of recruitment (Figure 6A–C, E, Video S4A). This phenomenon was observed 

consistently across the population, as highlighted in the angular histogram (Figure 6D). To 

test if the polarity reversing ability of Akt1 was due to its kinase activity, we similarly 

recruited a Akt kinase-dead mutant, Akt1T308A, to the cell rear113. Akt1T308A mutant could 

not bias fresh protrusion formation at its recruitment site and polarity remained unaffected, 

as confirmed by its angular histogram (Figure S6I–M, Video S4B).

To test if protrusion-promoting effects of Akt are isoform-specific, we recruited Akt2 over 

the entire cell perimeter. After 6 minutes of recruitment, non-polarized, motility-incompetent 

neutrophils developed F-actin at the front, polarized, and eventually migrated with broad 

lamellipodium (Figure S7A, Video S5A). Representative kymograph showed a gradual 

increase in LifeAct intensity along with widening of cell area (Figure S7B). Akt2 activation 

caused 83%, 47%, and 21% improvement in cell area, migration speed, and aspect ratio, 

respectively (Figure S7C–G). No such phenotypic change was observed when CRY2PHR, 

without being fused to Akt2, was recruited (Figure S3H–N, Video S1E). Additionally, Akt2 

recruitment induced 3-fold increase in Ras activation, suggesting Akt may have positive 

feedback to Ras in migrating neutrophils (Figure S7H–J).

Are Akt-mediated cytoskeletal effects conserved across cell types and species? To answer 

this, we globally recruited PKBA (Akt1 homolog) on the Dictyostelium membrane, using 

iLID system114,115. Within a minute, rounded, quiescent cells polarized and migrated 

efficiently (Figure S7K, Video S5B). This phenomenon did not occur when control SsrA 

binding partner (SsbB) lacking PKBA was globally recruited, suggesting PKBA activation 

was responsible, and not light irradiation or SspB recruitment (Figure S7L, Video S5C). We 

proved that both Akt isoforms positively regulate protrusion generation and migration in an 

evolutionary conserved manner.
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Akt function overcomes PI3K inhibitors

It is well established that PI3K leads to phosphorylation of Akt kinase to promote 

proliferation, survival, and metabolism, in response to extracellular signals116. We checked 

if that holds true in neutrophil polarization and migration. We treated Akt1-expressing 

neutrophils with PI3Kγ inhibitor, AS605240, which removed polarity, depleted PIP3, and 

strongly suppressed motility. Interestingly, within 10 minutes of Akt1 recruitment, cells 

re-polarized, formed sustained lamellipodium, and migrated (Figure 6F–G, S5A, Video 

S5D). Kymograph showed slightly delayed increase in F-actin polymerization and cell 

spreading after switching on laser (Figure 6H). Box and whisker plots showed 70%, 

54%, and 47% increment in cell area, speed, and polarity, respectively (Figure 6I–M). Non-

recruiting cells in same population were unable to polarize, spread, or move (Figure S8A–

G). Upon treatment with pan-PI3K inhibitor, LY294002, we observed a similar recovery in 

neutrophil polarity, actin polymerization, and migration after Akt1 recruitment (Figure S8H–

K, Video S5E). Thus, PI3K-inhibited neutrophils could be activated only when detectable 

Akt1 accumulated on the membrane. We next checked whether kinase activity of Akt1 

was responsible for these cytoskeletal changes. For this, we globally recruited kinase-dead 

mutant, Akt1T308A, in PI3K-inhibited cells, which could not rescue actin polymerization, 

cell spread, motility or polarity (Figure S8L–N, Video S5F). Kymograph, bar plot and cell 

track analyses confirmed our observations (Figure S8O–T). Altogether, we confirmed that 

Akt phosphorylation and activation can occur even in presence of PI3K inhibitors.

Discussion

Our studies show that local activities of growth factor signaling cascades on the plasma 

membrane directly regulate immune cell polarity and migration. Our optogenetic approaches 

rule out secondary effects of long-term adaptation and assess immediate effects of localized 

activations. In absence of chemoattractant-mediated receptor stimulation, global increase 

in Ras activity promoted F-actin-driven lamellipodium formation, stable polarization, and 

persistent motility in neutrophils. Moreover, strategic activation of Ras alone at inactive, 

back regions of the cell membrane could generate fresh protrusions thereby reversing pre-

existing polarity. Additionally, stably localized Ras activity caused persistent, directional 

migration in these cells. Although similar effects can be brought about by local G-protein 

coupled receptor or cytoskeletal activation, our approach showed that localized activity 

of single components of Ras-mTorC2-Akt growth factor network could directly alter cell 

behavior. Moreover, our methods allowed us to locally inhibit Ras activity at the front, 

which extinguished existing protrusions and created a new cell rear. Importantly, local 

Ras inhibition at the fronts of chemotaxing cells abrogated directed migration in gradients 

of different classes of attractants, suggesting Ras activity is necessary for chemotaxis. 

Ras-mediated cytoskeletal effects worked primarily through mTorC2 complex. Consistently, 

spontaneously activating the Ras/mTorC2 effector, Akt, could reverse polarity and induce 

actin polymerization-driven protrusions and migration even in presence of PI3K inhibitors. 

Our results suggest that previously reported pathways for directed migration are likely part 

of a larger network, and compel us to include Ras-mTorC2-Akt growth factor pathway as a 

central part of the mammalian chemotactic network (Figure 7).
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In this study, we optogenetically actuated nodes in signaling networks that are 

conventionally associated with cell growth and survival as opposed to cytoskeletal 

organization or motility. Recently, optically perturbing receptor/G-protein signaling or 

downstream cytoskeletal activities of Rac, Cdc42, and RhoA, helped steer actin-driven 

migration. These studies highlighted that local activation or inactivation of single 

components can enhance existing polarity or reverse it and re-establish migration in a new 

direction18,78–88. We show that activation of single components of growth control pathways 

is not only sufficient for directed migration but necessary for chemoattractant-directed 

motility. These results likely explain why components of these signaling cascades have 

been reported as important for immune response. Altogether, these studies suggest that 

traditional concepts of “upstream” and “downstream” pathway components are an outdated 

and simplistic view, and that single component activation at multiple nodes can trigger 

global networks through extensive crosstalk and feedbacks.

Prioritizing response between different groups of chemoattractants allows neutrophils to 

transition between guidance cues and perform their physiological functions. ‘End-target’ 

attractants, such as fMLP and C5a, are pathogen- or injury-derived and compel neutrophils 

to focus their cytotoxic functions on their targets. ‘Intermediary’ chemoattractants, such as 

LTB4 and IL8, are secreted from those cells and guide more neutrophils out of vasculature 

and towards the pathogen or injury site. Although reports propose that PI3K-Akt or p38 

MAPK signaling is needed for migratory response to intermediary or end-target signal, 

respectively, molecular mechanisms underlying this prioritization are unclear105–108,117. 

However, both chemoattractant types stimulate receptor to activate Rac, Cdc42 and RhoA 

and polymerize actin118,119. Our local RASAL3 recruitment results suggest that productive 

Ras signaling at fronts of chemotaxing cells in gradients is essential for both types of 

attractants. We conclude that the two signaling pathways, mediating decision-making, are 

fundamentally similar.

Previous studies have attributed polarity in neutrophils to various factors. A compelling 

argument was made for membrane tension as an inhibitor of cytoskeletal activation120–122. 

Our results are consistent with a membrane or cortical tension scheme since eliciting a 

protrusion at the back with RasGRP4 is accompanied by a collapse of the front, and 

conversely, causing a collapse of a front with RASAL3 leads to protrusion formation in the 

erstwhile back. Other experiments suggest that cell cortex and cytoskeleton integrity, but not 

necessarily its dynamics, is essential for polarity94. We do not directly test this model since 

our experiments always involved dynamic cytoskeletal changes. However, using our optical 

tools, role of the cytoskeleton could be tested in neutrophils immobilized with a cocktail 

of cytoskeleton-stalling inhibitors. Would optical localization of a single component, such 

as Ras, recruit other components in the signaling cascade to the same place, or would 

localization of the second component be also subjected to the polarity axis? Interesting 

questions like these could be answered using our system.

Some of the most notable regulators of mammalian chemotaxis are PI3K/PIP3 and 

mTorC251,122–125. PIP3 is localized at leading edge of migrating cells but its precise role 

in chemotaxis has been debated22,29,35–43. In neutrophils, recruitment of PI3K and focal 

production of PIP3, elicits a local protrusion27,51. In cells lacking PTEN or Ship1, which 
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have elevated levels of PIP3, protrusion formation is drastically altered126–128. Furthermore, 

PIP3 was required for leading edge protrusion formation elicited by local optogenetic 

activation of Rac18. In our studies, PIP3 was required for basal motility but was largely 

dispensable for Ras-mediated protrusion formation. On the other hand, inhibitors of mTor, 

but not mTorC1, completely blocked basal and RasGEF-induced motility, suggesting that 

mTorC2 was critical for both. In Dictyostelium, TorC2 is important but not essential 

for chemotaxis4,63,129,130. Using optogenetic approaches to combine perturbations and 

expansion to many more components will help unravel networks.

Traditionally, growth factors activate PI3K which leads to phosphorylation of activation 

loop of Akt in almost all cell types42,131. Here, we showed that Akt activation may take 

place even when PI3K signaling is strongly suppressed. When PI3K was pharmacologically 

inhibited in neutrophils, polarity and migration were drastically improved by optically 

activating Akt on the membrane. Here, Akt may either be phosphorylated by PDKs 

independently of PIP3, or residual PIP3 in PI3K-inhibited cells may be sufficient in 

activating recruited Akt132. Thus, productive PI3K signaling may not be as important for 

functional Akt activation.

Despite being activated through similar mechanisms, it has been reported that Akt 

isoforms perform different roles in growth and metabolism133,134. In migration, it has been 

suggested that Akt1 and Akt2 serve opposing functions135–139. Even with the same isoform, 

opposing functions have been implied in different experiments115,140. We suggest that these 

differences might be attributable to selective genetic compensation, which can occur in 

knockout and overexpression studies, or to different assays in different cell types. Using our 

optogenetic tools to bypass such experimental artefacts, we demonstrated that, irrespective 

of isoform or cell type, spontaneous Akt activation promotes cell polarization and motility.

Although neutrophils’ intimate involvement in diseases make them ideal therapeutic 

targets, measures are required to delimitate their harmful side-effects from beneficial 

responses. Current neutrophil-based therapeutics primarily target cell surface chemokine 

receptors141. Since chemokine receptors activate multiple downstream signaling pathways, 

pharmacologically targeting them have several off-target effects. Our optogenetic study in 

model leukemic neutrophils showed that individually targeting activities of these signaling 

components have strong effects on motility and polarity. We provided proof-of-concept that 

targeting specific signaling nodes affects neutrophil behavior, but with greater control.

Limitations of the study

Although we discovered mechanisms of directed migration in mammalian cells, the study 

has several limitations. First, migration involves a network of molecular interactions. The 

experiments were limited to the study of just a few components which were chosen based 

on our hypotheses. Our experiments demonstrate that local activation of growth factor 

pathway components cause immediate, local protrusions to form. Our diagrams suggest 

that growth factor pathway feeds into previously proposed events including PI3K and Rac 

activation, leading to cytoskeletal rearrangements. We cannot rule out that activation of 

growth factor pathway modulates cytoskeletal activity differently. Second, we speculate that 

our perturbations set in motion the coordinated activation of many components controlling 
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polarity and migration. However, due to technical limitations, we could monitor only a 

few. A powerful approach would be to monitor numerous biosensors during optogenetic 

perturbations. Perhaps all act in concert or only certain ones are involved.

STAR Methods

Resource availability

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Peter N. Devreotes (pnd@jhmi.edu)

Materials Availability—All unique reagents generated in this study are available from the 

lead contact without restriction.

Data and Code Availability—All data are provided in the main or supplementary text. 

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request. This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Female human neutrophil-like HL-60 cell line was a kind gift from Dr. 

Orion Weiner (UCSF). Cells were cultured in RPMI medium 1640 containing L-glutamine 

and 25 mM HEPES (Gibco; 22400–089). This medium was supplemented with 15% 

heat-inactivated fetal bovine serum (FBS; Thermo Fisher Scientific; 16140071) and 1% 

penicillin-streptomycin (Thermo Fisher Scientific; 15140122). For subculturing, cells were 

split at a density of 0.15 million cells/ml and passaged every 3 days. Stable lines were 

maintained similarly, in presence of selection antibiotics. For differentiating, 1.3% DMSO 

was added to cells at a density of 0.15 million cells/ml, followed by incubation for 5–7 days, 

before experimentation142. This myeloid leukemia cell line, upon differentiation, serves as 

an effective model to investigate human neutrophils61,143. Stable lines of HL-60 cells were 

similarly differentiated, and selection antibiotics were removed for experimentation.

Male mouse monocyte/macrophage RAW 264.7 cell line was obtained from Dr. N. Gautam 

(Washington University School of Medicine). Cell line was maintained in DMEM medium 

containing 4.5 g/L glucose, sodium pyruvate, and sodium bicarbonate (Sigma-Aldrich; 

D6429). Culture medium was supplemented with 10% FBS and 1% penicillin-streptomycin. 

At ~90% confluency, cells were harvested by scraping and subcultured at a split ratio of 

1:4144.

Female human embryonic kidney HEK293T cell line was grown in DMEM medium 

containing 4.5 g/L glucose and sodium pyruvate (Gibco; 10569–010). Medium was 

supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were maintained 

according to ATCC guidelines.

All mammalian cells were maintained under humidified conditions at 37°C and 5% CO2, 

and experiments were done with cells at low passage.
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Wild type Dictyostelium discoideum cells of the axenic strain AX2 were used in this study. 

Cells were subcultured, either in suspension or on tissue culture dishes, in HL-5 medium at 

22°C. Stable cell lines, generated by electroporation, were grown in presence of hygromycin 

B and G418 sulphate. All experiments were carried out within 2 months of thawing the cells 

from frozen stocks.

METHOD DETAILS

Preparation of reagents and inhibitors—Fibronectin (Sigma-Aldrich; F4759–2MG) 

was dissolved in 2 ml sterile water, followed by dilution in 8 ml PBS to make a 

stock solution of 200 μg/ml. N-Formyl-Met-Leu-Phe (fMLP, Sigma-Aldrich; 47729) was 

dissolved in DMSO (Sigma Aldrich; D2650) to make stock solution of 10 mM. FKP-(D-

Cha)-Cha-r (ChaCha peptide, Anaspec; 65121) was dissolved in PBS to prepare a 2.5 mM 

stock solution. Leukotriene B4 (LTB4, Cayman Chemical; 20110) was purchased as a ready-

made stock solution of 297 μM in ethanol. AS605240 (Sigma-Aldrich; A0233), LY294002 

(Invitrogen; PHZ1144) or PP242 (EMD Millipore; 475988) was dissolved in DMSO to 

make a stock solution of 20 mM, 50 mM or 20 mM, respectively. Pertussis toxin (PTX, 

Sigma-Aldrich; 516560–50UG) was reconstituted in 500 μl sterile water to prepare a 100 

μg/ml stock. Gallein (Sigma-Aldrich; 371708–5MG) or CK-666 (EMD Millipore; 182515) 

was dissolved in DMSO to make 20 mM or 50 mM stock solution, respectively. Janelia 

Fluor 646 HaloTag (Promega Corporation; GA1120) was dissolved in DMSO to make a 

200 μM stock. 2.5 mg/ml puromycin (Sigma-Aldrich; P8833) or 10 mg/ml blasticidine S 

(Sigma-Aldrich; 15205) stock was prepared in sterile water. Hygromycin B (Thermo Fisher 

Scientific; 10687010) or G418 sulphate (Thermo Fisher Scientific; 10131035) was available 

as ready-made 50 mg/ml stock solution. All stocks were aliquoted and stored at −20°C. 

According to experimental requirements, further dilutions were made in PBS or culture 

medium before adding to cells.

Cloning—All DNA oligonucleotides were ordered from Sigma-Aldrich. For lentiviral 

constructs, CIBN-CAAX (Addgene #79574) or LifeActmiRFP703 (Addgene #79993) ORF 

was subcloned into pLJM1-eGFP plasmid (Addgene #19319), in place of the eGFP 

gene, using primer sets P1/P2 or P3/P4 respectively (Table S1). We procured PiggyBac™ 

transposon system from Dr. Sean Collins (UC Davis) which consists of a transposon 

and a transposase expression plasmid145. CRY2PHR-mcherry2 gene (Addgene #26866) 

was first sub-cloned into the transposon plasmid using primers P5/P6. Next, at the C-

terminal of CRY2PHR-mcherry2 gene in the transposon plasmid, we introduced HRas 

G12V ΔCAAX (Addgene #18666), KRas4B G12V ΔCAAX (Addgene #9052), RasGRP4 

(Addgene #70533), RASAL3 (Addgene #70521), Akt1 (Addgene #86631), Akt1T308A 

(Addgene #49189), or Akt2 (Addgene #86593) gene using primer sets P7/P8, P9/P10, P11/

P12, P13/P14, P15/P16, P17/P18, or P19/P20, respectively (Table S1). pFUW2-RFP-PH-Akt 

construct was developed previously in our lab146.

For non-viral constructs, RASAL3 (Addgene #70521) or RasGRP4 (Addgene #70533) 

was subcloned into pCRY2PHR–mCherryN1 plasmid (Addgene #26866), at the C-terminal 

of CRY2PHR-mcherry2 gene, using primers P21/22 or P23/24 (Table S1). pEGFPN1-
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Lifeact-7Alinker-Halo7 plasmid was a kind gift from Dr. Akihiro Kusumi (Okinawa Institute 

of Science and Technology Graduate University)147.

For Dictyostelium constructs, CAAX-deleted Venus-iLID (Addgene #60411) fused to 

plasma membrane targeting N150 fragment or tgRFPt-SSPB R73Q (Addgene #60416) gene 

was subcloned in pDM358 (dictyBase #534) or pCV5 (dictyBase #23) plasmid using AgeI/

SbfI or AgeI/BamHI restriction digestion, respectively. Next, at the C-terminal of tgRFPt-

SSPB R73Q gene in pCV5, we introduced PKBA gene using primer sets P25/26 (Table S1).

All constructs were verified by diagnostic restriction digestion and Sanger sequencing 

(JHMI Synthesis and Sequencing Facility).

Stable cell line construction—Stable expression lines in HL-60 cells were generated 

by a combination of 3rd-generation lentiviral- and PiggyBac™ transposon-integration based 

approaches78,148. Virus was prepared in HEK293T cells grown to ~80% confluency in 10 

cm cell culture dish (Greiner Bio-One; 664160). For each reaction, a mixture of 3.32 μg 

pMD2.G (Addgene plasmid #12259), 2 μg pMDLg/pRRE (Addgene plasmid #12251), 4.64 

μg pRSV-Rev (Addgene plasmid #12253), and 10 μg pLJM1 construct with gene of interest 

(CIBN-CAAX or LifeActmiRFP703) or pFUW2-RFP-PH-Akt construct were transfected 

using Lipofectamine 3000® as per manufacturer’s instructions (Invitrogen; L3000–008)149. 

After 96 hours, virus containing culture medium was harvested at 3000 rpm for 20 mins at 

4°C. In a 6-well plate (Greiner Bio-One; 657160), entire viral medium was added to 4×106 

HL-60 cells (seeded at a density of 0.25×106 cells/mL) in presence of 10 μg/mL polybrene 

(Sigma; TR1003). After 24 hours, viral medium was removed, and cells were introduced to 

a mix of fresh and conditioned (mixed) culture medium. For selecting LifeActmiRFP703 or 

RFP-PH-Akt expressors, infected cells were sorted after 5 days, and subsequently, grown to 

confluency. For selecting CIBN-CAAX-expressors, infected cells were allowed to recover 

for 24 hours, and subsequently, incubated with 1 μg/mL puromycin in 24-well cell culture 

plate (Greiner Bio-One; 662160) for 4–5 days. Resistant cells were grown to confluency in 

puromycin.

For transposon integration in HL-60 cell line, 5 μg transposon plasmid, containing 

CRY2PHR-mcherry2 fused to a gene of interest, was co-electroporated with an equal 

amount of transposase expression plasmid into two million cells using Neon™ transfection 

kit (Invitrogen; MPK10025B). Cells and DNA mix were resuspended in buffer ‘R’ before 

electroporation in 100 μl pipettes at 1350 volts for 35 ms in Neon™ electroporation system 

(Invitrogen; MPK5000). Cells were resuspended in mixed culture medium in a 6-well 

plate and allowed to recover for 24 hours. Post-recovery, transfected cells were selected 

in presence of 10 μg/mL blasticidine S for 5–6 days. Once blasticidine S was removed, 

resistant cells were transferred to 48-well cell culture plate (Sarstedt; 83.3923), and further 

grown over 3–4 weeks into stable cell lines. Stable cells were maintained throughout in 

Blasticidine S.

Stable lines in Dictyostelium cells were generated by electroporation as described 

previously130,150. Briefly, 5×106 cells were harvested, washed and resuspended in 100 

μl chilled H-50 buffer. Next, 2 μg each of N150-Venus-iLID/pDM358 and tgRFPt-SSPB 
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R73Q-CTRL/pCV5 (control) or tgRFPt-SSPB R73Q-PKBA/pCV5 plasmids were mixed 

with cell suspension, and transferred to chilled 0.1 cm-gap cuvette (Bio-Rad, 1652089). 

Transfection took place over two rounds of electroporation at 850 V and 25 μF with 

an interval of 5 secs (Bio-Rad Gene Pulser Xcell Electroporation Systems, 1652660). 

Electroporated cells were incubated on ice for 10 mins, and subsequently transferred to 

HL-5 culture medium, supplemented with heat-killed Klebsiella aerogenes (lab stock), in 

10 cm cell culture dish. On the following day, 50 μg/ml hygromycin B and 20 μg/ml G418 

sulphate were added to cells and selected over 3–4 weeks.

Transient transfection—RAW 264.7 macrophage-like cells were transiently transfected 

by nucleofection using Amaxa cell line kit V (Lonza; VACA-1003) as previously 

described130,144. Briefly, 3×106 cells were harvested and added to 100 μl supplemented 

Nucleofector Solution V containing 0.7 μg CIBN-CAAX (Addgene #79574), 1.1 

μg CRY2PHRmcherry2-RASAL3 or RasGRP4, and 0.7 μg pEGFPN1-Lifeact-7Alinker-

Halo7151. Cell and DNA were mixed gently, transferred to a Lonza cuvette and 

electroporated with Amaxa Nucleofector II device (Lonza; LOAAB-1001) using program 

‘D-32’. After a single pulse, cells were transferred carefully to 0.5 ml pre-warmed culture 

medium and incubated at 37°C and 5% CO2 for 10 mins. Subsequently, 2×105 cells were 

transferred to each well of 8-well chambered coverglass (LAB-TEK; 155409) and left in 

the incubator for 1 hour. Next, 0.5 ml warm culture medium was added to each sample and 

incubated for 4 hours before imaging.

Microscopy and FACS—Two microscopes were used for time-lapse imaging: 1) Zeiss 

LSM780-FCS single-point, laser scanning confocal microscope (Zeiss Axio Observer with 

780-Quasar confocal module) and 2) Zeiss LSM800 GaAsP single-point, laser scanning 

confocal microscope with a wide-field camera. In these microscopes, argon laser (488 nm 

excitation) was used for GFP or Venus visualization, solid-state laser (561 nm excitation) 

was used for mcherry2 or RFP, and diode laser (633 nm excitation) was used for miRFP703 

or Janelia Fluor 646 HaloTag. 40X/1.30 Plan-Neofluar oil objective was used, along with 

digital zoom. Microscopes were equipped with temperature-controlled chamber held at 5% 

CO2 and 37°C for imaging mammalian cells. Zeiss 780 and 800 were operated by ZEN 

Black and ZEN Blue software, respectively.

For high-speed sorting, we used two instruments: 1) BD FACSAria IIu cell sorter and 2) 

SH800S cell sorter (Sony). We used 561 nm excitation laser to sort for RFP expression, and 

633 nm excitation to sort miRFP703 expressors. Briefly, cells were harvested, resuspended 

in sorting buffer (1x PBS, Ca2+/Mg2+ free; 0.9% heat-inactivated FBS; 2% penicillin-

streptomycin) at a density of 15×106 cells/ml, and sorted using 100 μm microfluidic sorting 

chip. High expressors (top 1%-10%) were collected in fresh culture medium (containing 2% 

penicillin-streptomycin) and grown to confluency.

Optogenetics—All optogenetic experiments with differentiated HL-60 cells, except for 

chemotaxis assays, were done in absence of any chemoattractant. On day of the experiment, 

differentiated neutrophils were allowed to attach on chambered coverglass, coated with 

fibronectin at a density of ~35 μg/cm2, for 40 mins. Next, depending on experimental 

requirements, attached cells were treated with inhibitors (20 μM AS605240, 50 μM 
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LY294002, 20 μM PP242, 20 μM gallein, or 100 μM CK-666) for 10 mins before imaging. 

For pertussis toxin (PTX) treatment, differentiated cells were incubated with 1 μg/ml PTX 

for 20 hours before imaging. For global recruitment experiments on the Zeiss LSM780 

microscope, 488 nm excitation laser was switched on after imaging for at least 300 secs. 

Photoactivation and image acquisition were done once every 7 secs for single plane imaging. 

Laser intensity during image capture was at a low level (laser power of 1.7% or ~0.05 mW 

at the objective) so that protein recruitment over the entire cell periphery was maintained 

throughout without inducing light damage. For local recruitment studies on the Zeiss 

LSM800 microscope, a small region of interest was drawn (shown as dashed white box 

in images or solid yellow box in videos), which was irradiated with 488 nm laser (power 

of 5% or ~0.21 mW at the objective) in multiple iteration. For optically-driven migration 

experiments, regions of interest were repositioned as neutrophils or macrophages migrated, 

to maintain an approximately constant distance between them and the cell boundary. In 

chemotaxis assays, regions of interest were positioned continuously close to F-actin rich 

fronts of migrating cells. 488 nm excitation laser was switched on after imaging for at least 

120 secs.

We discovered that pre-treatment of differentiated, migration-competent HL-60 cells with 

heat-killed Klebsiella aerogenes vastly improved efficiency of CRY2-CIBN optogenetic 

system. Briefly, we treated 107 differentiated cells, grown on 10 cm cell culture dish, with 

13 μg/ml heat killed Klebsiella aerogenes (lab stock) for 7 hours. Dead bacteria were rinsed 

off along with non-adherent neutrophils on fibronectin-coated chambered coverglass, and all 

imaging was completed within 5 hours.

Transiently transfected RAW 264.7 cells were transferred to 450 μL pre-warmed HBSS 

buffer supplemented with 1 g/L glucose, and subsequently stained with 5 nM Janelia Fluor 

646 HaloTag for 15 mins. During imaging, cells were activated with 10 μM C5a-receptor 

agonist FKP-(D-Cha)-Cha-r. Local recruitment studies were performed similarly to HL-60 

cells.

Optogenetic experiments with Dictyostelium cells were done in the absence of any 

chemoattractant. Cells were allowed to attach on chambered coverglass for 30 mins before 

imaging. For recruitment experiments, 488 nm excitation laser was switched on after 

imaging for at least 250 secs. Photoactivation and image acquisition were done once every 

5–10 secs for single plane imaging. Very low laser intensity (10–20% of what was used 

for mammalian optogenetics) was sufficient to stably recruit SspB over the cell perimeter 

without inducing light damage.

2D Chemotaxis assay—All chemotaxis assays using chemotaxis μ-slides (Ibidi; 80322) 

were performed as described previously152,153. Briefly, 2×106 differentiated HL-60 cells, 

pre-treated with heat-killed bacteria, were harvested, and resuspended in 100 μl fresh culture 

medium. 20 μl cell suspension was loaded in the collagen-coated channel and cells were 

allowed to adhere for 1 hour. Subsequently, each reservoir was filled with 55 μl fresh 

medium. On the Zeiss LSM800 microscope, 30 μl 10 nM freshly-made chemoattractant 

solution (fMLP, ChaCha peptide or LTB4) was added to the right reservoir and imaging was 
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started immediately. Photoactivation and image acquisition of chemotaxing cells was done 

for upto 2 hours, as described in the ‘optogenetics’ section.

Akt phosphorylation assay—This assay was performed as described previously with 

minor modifications27. Briefly, 107 differentiated and pre-treated opto-RasGRP4 expressing 

HL-60 cells were harvested and resuspended in 1 mL culture medium. Next, cell suspension 

was treated with 20 μM AS605240 or PP242 for 10 mins. The inhibitor-treated sample 

was split equally into two wells of a 6-well plate; one well was illuminated for 10 mins 

using a 470 nm LED with a current output of 900 mA (Lightspeed Technologies) while the 

other well was not. An untreated and unilluminated control was maintained throughout the 

experiment. Finally, cells from all samples were harvested, resuspended in 225 μl 1× SDS 

sample buffer, and boiled for 5 mins for western blot analysis.

Ras activation assay—This assay was done using Ras activation assay biochem 

kit (Cytoskeleton, Inc.; BK008S) as per the manufacturer’s instructions. Briefly, 

4×107 differentiated and pre-treated opto-Akt2 expressing HL-60 cells were harvested, 

resuspended in 500 μl culture medium and illuminated with 470 nm LED for 10 mins as 

described previously. An unilluminated control was maintained throughout the experiment. 

Next, samples were placed on ice, media was aspirated, and washed with chilled 1×PBS. 

Cells were then resuspended in 1 ml ice-cold lysis buffer supplemented with 1× protease 

inhibitor cocktail and lysed for 10 mins on ice. Immediately, lysates were clarified at 

10,000×g, 4°C for 5 mins. 100 μl of each supernatant (input) was removed for western blot 

quantitation of total Ras. Remaining 900 μl from each supernatant was incubated with 100 

μg (30 μl) agarose beads conjugated with RBD (active Ras binding domain of human Raf1) 

at 4°C for 1.5 hours. The Raf-RBD beads were pelleted by centrifugation at 3500×g at 4°C 

for 1 min, washed once with 500 μl wash buffer, and finally resuspended in 30 μl 2× SDS 

sample buffer. Beads and inputs were boiled for 5 mins for subsequent western blot analysis.

Immunoblotting—For western blots, protein samples equivalent to at least 106 cells or 30 

μl beads, were loaded per well of pre-cast 4–15% polyacrylamide gels (Bio-Rad; 5671085) 

at 100 V for 1.5 hours. Gels were transferred onto PVDF membranes (Bio-Rad; 162–0262) 

for 10 mins using a Trans-Blot Turbo semi-dry transfer apparatus (Bio-Rad; 1704150EDU). 

Membranes were blocked using Intercept Blocking buffer (Li-Cor; 927–60001) for 1 hour. 

Akt phosphorylation at Thr308 or Ser473 (~60 kDa) was detected with rabbit anti-phospho-

AktT308 (Cell Signaling; 13038) or anti-phospho-AktS473 (Cell Signaling; 4060) antibody, 

respectively. Total Akt (~56 kDa) was detected with rabbit anti-pan Akt antibody (Cell 

Signaling; 9272). Total GST tagged Raf1-RBD protein bound to beads was detected 

with rabbit anti-GST antibody (EMD Millipore; AB3282). These primary antibodies were 

used at a dilution of 1:1000. Total Ras (~20 kDa) was detected by mouse anti-pan Ras 

antibody (Cytoskeleton Inc.; AESA02) at a dilution of 1:250. After overnight primary 

antibody incubation at 4°C, blots were probed with goat anti-rabbit IRDye 680RD- or 

goat anti-mouse IRDye 800CW-conjugated secondary antibody (1:10,000 dilution; Li-Cor; 

925–68071 or 925–32210) for 1 hour. Near-infrared signal from the blots was detected via 

Odyssey CLx imaging system (Li-Cor).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image Analysis—Images were analyzed on Fiji/ImageJ 1.52i (NIH) and MATLAB 2019a 

(MathWorks, MA, USA) as described previously130. Results were plotted using GraphPad 

Prism 8 (GraphPad software, CA, USA) and Microsoft Excel (Microsoft, WA, USA).

Linescan intensity profile: Linescans were generated in Fiji/ImageJ 1.52i software. A 

straight line segment (width of 12 pixels) was drawn on the red channel, using the line tool 

option, across the cell. Using the “Plot Profile” option, we obtained the average intensity 

value along that line for the red channel. Values were normalized and graphed in Microsoft 

Excel.

Kymographs: Cell segmentation was done against the background using a custom code 

written in MATLAB 2019b, after standard image processing steps were carried out. 

Membrane kymographs were generated from segmented cells as described earlier154. We 

used a linear color map for normalized intensities, where blue indicated lowest intensity and 

yellow denoted highest.

Cell migration analysis: Analysis was performed by segmenting neutrophil cells in Fiji/

ImageJ 1.52i software. For this, image stack was thresholded using the ‘Threshold’ option. 

‘Calculate threshold for each image’ box was unchecked, and range was not reset. Next, 

cell masks were created by size-based thresholding using the ‘Analyzed particles’ option. 

To optimize binarized masks, ‘Fill holes’, ‘Dilate’, and ‘Erode’ were done several times. 

For creating temporal color-coded cell outlines, ‘Outline’ was applied on binarized masks, 

followed by ‘Temporal-Color Code’ option. Next, ‘Centroid’ and ‘Shape descriptors’ boxes 

were checked in ‘Set Measurements’ option under ‘Analyze’ tab. This provided us with 

values for centroid coordinates and aspect ratio. Mean and SEM from replicates of aspect 

ratio values were determined and plotted in GraphPad Prism 8. The starting point for 

centroid values was set to zero for each track, and these new coordinates were plotted in 

Microsoft Excel to generate migration tracks. Before- and after-recruitment tracks for a 

cell have the same color-code to aid comparison. Velocity was calculated by computing 

displacement between two consecutive frames. Displacement was then divided by time 

interval to obtain speed for each cell. These speed values were then time-averaged over all 

frames to produce data points for cell speed which were plotted as box-and-whisker graphs 

in GraphPad Prism 8.

Directional analysis of cells in Fig. 4A and B was done with semi-automatic segmentation 

code in MATLAB.

Chemotactic and Directional Indices: For cells moving in a chemoattractant gradient 

aligned along the x-axis, the chemotactic index (CI) was computed using the formula:

CI = xn − x1

i = 1
n − 1

( xi + 1 − xi
2 + yi + 1 − yi

2)1/2
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which corresponds to the net displacement along the x-axis, divided by the total 

displacement along the trajectory. For cells responding to a light stimulus, a similar formula 

was obtained. However, because the laser light is not aligned to any particular axis, we 

rotated the trajectories so that the displacement along the rotated x-axis is towards the 

location of the laser source. Specifically, suppose that when the laser light is applied 

at location p, q  the cell centroid is in position x0, y0 . We compute the rotation angle: 

θ = tan−1 y0 − q
x0 − p . We then rotate each cell centroid position xi, yi  to xi, yi  for each frame i

during the run according to:

xi = xi cos θ + yi sin θ

yi = − xi sin θ + yi cos θ

The rotated coordinates where then used to compute the directional index (DI):

DI = xn − x1

i = 1
n − 1

( xi + 1 − xi
2 + yi + 1 − yi

2)1/2

Local protrusion formation analysis: The region of recruitment in the red channel 

was marked using the ‘segmented line’ tool in ImageJ software. Next, ‘Fit spline’ and 

‘Straighten’, two custom-written macros, were sequentially used to determine the midpoint 

of the recruited region. The centroid was estimated with help of another ImageJ macro. 

Holding centroid as vertex, the angle between the midpoint of recruitment region and new 

protrusion was determined using the ‘angle’ tool. In MATLAB, these values were plotted 

with the help of ‘polarhistogram’ command. The minimum number of bins for each plot 

was determined by Sturges’ formula. For each histogram, at least 40 fresh protrusions were 

considered.

Statistical Analysis—Unless otherwise mentioned, all statistical analyses were 

performed by paired or unpaired 2-tailed non-parametric tests on GraphPad Prism 8 and 

Microsoft Excel. For Fig. 4C, the signrank test in MATLAB was used. All results are 

expressed as mean ± SD from at least 3 independent experiments. ns denotes P>0.05, * 

denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001, **** denotes P ≤ 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Global Ras activation directly increases random migration bypassing 

chemoattractants

• Local Ras activity reverses polarity and steers migration via mTorC2-Akt 

activation

• Local Ras inhibition blocks directed migration toward three different 

chemoattractants

• Direct Akt activation improves polarity and migration, independently of PI3K 

activity
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Figure 1. Global recruitment of constitutively active Ras isoforms improves neutrophil polarity 
and migration.
Confocal images of differentiated HL-60 neutrophil expressing (A) CRY2PHR-mcherry2-

HRas G12V ΔCAAX or (H) CRY2PHR-mcherry2-KRas4B G12V ΔCAAX (red; upper 

panel) and LifeActmiRFP703 (cyan; lower panel), before or after 488 nm illumination. 

Time in min:sec format; scale bars 5 μm. (B, I) Representative kymographs of cortical 

LifeAct in cells of A and H. Cartoon depicts recruitment, F-actin polymerization, or cell 

shape status corresponding to the kymographs. Box-and-whisker plots of (C, J) cell area, 
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(F, M) average speed, and (G, N) aspect ratio, before (black) and after (red) HRas G12V 

ΔCAAX or KRas4B G12V ΔCAAX recruitment. Centroid tracks of neutrophils showing 

random motility (D, K) before and (E, L) after HRas G12V ΔCAAX or KRas4B G12V 

ΔCAAX recruitment. Each track lasts at least 5 mins and was reset to same origin. nc=19 

(HRas G12V ΔCAAX) or nc=20 (KRas4B G12V ΔCAAX) from atleast 3 independent 

experiments; asterisks indicate significant difference, ****P ≤ 0.0001 (Wilcoxon-Mann-

Whitney rank sum test). See also Figures S1–S2.
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Figure 2. RasGEF activation on neutrophil membrane induces polarity and migration.
(A) Confocal images of differentiated HL-60 neutrophil expressing CRY2PHR-mcherry2-

RasGRP4 (red; upper panel) and LifeActmiRFP703 (cyan; lower panel), before and after 

488 nm illumination. Time for mat and scale bars as in Figure 1. (B) Color-coded (at 

1 min intervals) outlines of cell shown in A. (C) Representative kymograph of cortical 

LifeAct intensity in cell in panel A. Color map as in Figure 1. Cartoon depicts membrane 

recruitment, actin polymerization or cell shape status corresponding to kymograph. Box-

and-whisker plots of (D) cell area, (G) average speed, and (H) aspect ratio, before (black) or 

after (red) RasGRP4 recruitment (nc=19). Statistical analysis as in Figure 1. Centroid tracks 

of neutrophils (nc=19) showing random motility before (E) or after (F) recruitment. Tracks 

presented as in Figure 1. See also Figure S3.
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Figure 3. Localized Ras activation or inhibition rearranges front-rear polarity in neutrophils.
Time-lapse confocal images of differentiated HL-60 neutrophil expressing (A) 
CRY2PHR-mcherry2-RasGRP4, (C) CRY2PHR-mcherry2-HRas G12V ΔCAAX, (G) 
CRY2PHR-mcherry2-RASAL3, or (J) CRY2PHR-mcherry2-CTRL (red; upper panel) and 

LifeActmiRFP703 (cyan; lower panel). RasGRP4, HRas G12V ΔCAAX or CTRL was 

recruited to the cell back whereas RASAL3 was recruited to the front by local 488 nm 

illumination, as shown by dashed white boxes. For RasGRP4, HRas G12V ΔCAAX or 

CTRL, pink arrows highlight new protrusion formation at the opposite end of recruitment. 

Pal et al. Page 35

Dev Cell. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For RASAL3, pink arrows highlight protrusion disappearance at recruitment site and 

appearance of new ones away from it. Time and scale bars as in Figure 1. (B, D) Polar 

histograms of RasGRP4 (nc=16 and np=44) or HRas G12V ΔCAAX (nc=23 and np=42) 

demonstrate higher probability of fresh protrusion formation near recruitment area. (H, 
K) Polar histogram for RASAL3 (nc=21 and np=41) shows higher probability of fresh 

protrusion formation away from recruitment area whereas for CTRL (nc=15 and np=40), 

new protrusion formation is not biased by its recruitment. (E, I, L) Cartoons depict Ras 

opto-activation or -inhibition at the cell back or front by RasGRP4/HRas G12V ΔCAAX or 

RASAL3 recruitment causes formation of new front or back, respectively. For opto-CTRL 

(control), its recruitment has no effect on reversing pre-existing polarity. (F) Cartoon 

showing cell making a ‘U-turn’ to reorient itself towards fMLP source without breaking 

pre-existing polarity. See also Figure S4.
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Figure 4. Local Ras signaling is necessary for directionally persistent migration.
(A) Confocal images of differentiated HL-60 neutrophil expressing CRY2PHR-mcherry2-

RasGRP4 and LifeActmiRFP703 (cyan). RasGRP4 was recruited by locally applying 488 

nm light (dashed white box), which was repositioned continuously as the cell migrated. 

Shown in green and red are the centroid locations of the cell during the 15 previous (red) 

and future (green) frames (truncated at the first and final frames). Time and scale bars 

as in Figure 1. (B) Cell trajectories (nt=25, nc=10) after laser was applied. The trajectory 

was rotated so that, in the new coordinates, moving along the x-direction corresponds to 
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movement toward the laser location. Tracks lasted atleast 70 secs and were reset to same 

origin. (C) Box and whisker plot of directional index (DI) for trajectories in B. Sign rank 

statistical test against the zero DI gives p< 3e-5 significance. (D, J, P) Confocal images of 

HL-60 neutrophil expressing CRY2PHR-mcherry2-RASAL3 and LifeActmiRFP703 (cyan) 

chemotaxing in gradients of N-formyl-met-leu-phe (fMLP), C5a receptor agonist (ChaCha 

peptide), or Leukotriene B4 (LTB4), respectively. Local 488 nm illumination was applied 

continuously near front protrusions (dashed white boxes). Pink arrows highlight protrusion 

disappearance at illumination site and appearance of new ones away from it. Time and 

scale bars as in Figure 1. (E-F, K-L, Q-R) Neutrophil centroid tracks showing directed 

motility towards fMLP (nc=13), ChaCha peptide (nc=12) or LTB4 (nc=10), respectively, 

before and after RASAL3 membrane recruitment. Tracks last atleast 2 mins and were reset 

to same origin. Box-and-whisker plots of (G, M, S) chemotactic indices, (H, N, T) average 

cell speed and (I, O, U) cell area before (black) or after (red) RASAL3 recruitment in 

fMLP (nc=13), ChaCha peptide (nc=12), and LTB4 (nc=10) gradients, respectively; atleast 3 

experiments. Statistical analysis as in Figure 1. See also Figure S4.
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Figure 5. mTorC2 is more important than PI3K for Ras activation of polarity and migration.
Strategy for testing effects of (A) PI3Kγ inhibitor, AS605240, or (J) mTor inhibitor, 

PP242 on RasGRP4-mediated F-actin polymerization and migration. Confocal images of 

(B) AS605240- or (K) PP242-treated HL-60 neutrophil expressing CRY2PHR-mcherry2-

RasGRP4 (red; upper panel) and LifeActmiRFP703 (cyan; lower panel), before or after 

global 488 nm illumination. Time and scale bars as in Figure 1. (C, L) Representative 

kymographs of cortical LifeAct intensity in AS605240- or PP242-treated RasGRP4-

expressing neutrophil of panel B or K, before and after 488 nm illumination. Cartoon depicts 
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recruitment, F-actin polymerization or cell shape status corresponding to the kymographs. 

Box-and-whisker plots of (D, M) cell area, (E, N) aspect ratio and (H, Q) average 

speed, before (black) and after (red) RasGRP4 recruitment in AS605240- or PP242-treated 

neutrophils, respectively. nc=15 from atleast 3 independent experiments. Statistical analyses 

as in Figure 1. Centroid tracks of AS605240- or PP242-treated neutrophils (nc=15) showing 

random motility before (F, O) or after (G, P) RasGRP4 recruitment, respectively. Tracks 

presented as in Figure 1. (I, R) Representative western blots demonstrating phospho-Akt 

levels (Thr308 and Ser473; 60kDa) in untreated/unrecruited, AS605240- or PP242-treated/

unrecruited or AS605240- and PP242-treated/RasGRP4-recruited whole cell lysates. Total 

Akt (56kDa) was used as loading control. For each condition, results were triplicated (n=3). 

See also Figures S5–S6.
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Figure 6. Spontaneous Akt1 activation rearranges polarity and promotes migration even in 
presence of PI3K inhibitors.
Strategy for testing if Akt1 opto-activation promotes F-actin polymerization and migration 

in absence (A) or presence (F) of PI3Kγ inhibitor, AS605240. (B) Cartoon of Akt1 

WT protein sequence with PH, kinase, and hypervariable domains, highlighting T308 

phosphorylation as critical for kinase activity. (C, G) Time-lapse confocal images of 

differentiated HL-60 neutrophil expressing CRY2PHR-mcherry2-Akt1 WT (red; upper 

panel) and LifeActmiRFP703 (cyan; lower panel). Akt1 WT was recruited (C) exclusively to 
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cell back by applying 488 nm laser near it (dashed white box) or (G) all over cell boundary 

by global illumination. In C, pink arrows highlight Akt1 WT-induced new protrusion 

formation. Time and scale bars as in Figure 1. (D) Polar histogram demonstrates higher 

probability of fresh protrusion formation near recruitment area; nc=19 and np=49. (E) 
Cartoon illustrating Akt1 opto-activation at the back makes neutrophils turn by reversing 

polarity. (H) Representative kymograph of cortical LifeAct intensity in AS605240-treated 

Akt1 WT-expressing neutrophil in panel G, before and after 488 nm laser was turned on. 

Color map as in Figure 1. Cartoon depicts recruitment, F-actin polymerization or cell shape 

status corresponding to kymograph. Box-and-whisker plots of (I) cell area, (L) average 

speed, and (M) aspect ratio, before (black) or after (red) global Akt1 WT recruitment. 

Statistical analyses as in Figure 1. Centroid tracks of neutrophils showing random motility 

before (J) or after (K) recruitment. Tracks presented as in Figure 1. nc=20 from atleast 3 

independent experiments. See also Figures S6–S8.
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Figure 7. Proposed model of local growth factor network activation-mediated actin 
polymerization and migration.
The prevalent pathways in directed cell migration are illustrated in grey within pink dotted 

boxes. In pathway 1, chemoattractant-mediated G-protein coupled receptor stimulation 

activates PI3K/PIP3 which, through Rac and Scar/WAVE, initiates Arp2/3 complex-

mediated actin polymerization and migration. Pathways 2 and 3 are PI3K-independent 

ones where receptor-Gβγ-DOCK2-ELMO1 or receptor-Gβγ-PAK1-PIXα mediated Rac 

or Cdc42 activation causes F-actin formation at the leading edge. In our illustration, 

we have not included feedback loops in these pathways. Our model demonstrates that 

chemoattractant/G-protein network-independent localized Ras activity is modulated by 

RasGRP4 and RASAL3. Ras locally activates mTorC2, and not PI3K, to activate Akt which 

triggers Arp2/3-based actin polymerization, protrusion formation, and directed migration 

even in absence of chemoattractant gradients. Moreover, spontaneous Akt activation directs 

cytoskeletal organization and migration even when PI3K signaling is strongly suppressed. 

We did not test whether Ras is activated by Gβγ or Akt triggers Rac (grey dashed 

arrows). Altogether, Ras-mTorC2-Akt growth factor network is integrated into mammalian 

chemotactic network.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal phospho-Akt (Thr308) (D25E6) XP® Cell Signaling Technology Cat #13038S; RRID: AB_2629447

Rabbit monoclonal phospho-Akt (Ser473) (D9E) XP® Cell Signaling Technology Cat #4060S; RRID: AB_2315049

Rabbit polyclonal Akt Cell Signaling Technology Cat #9272S; RRID: AB_329827

Mouse monoclonal p21 Ras Cytoskeleton Inc. Cat #AESA02

Rabbit polyclonal GST EMD Millipore Cat # AB3282; RRID: AB_91439

Goat anti-rabbit IRDye 680RD-conjugated secondary Li-Cor Cat #925-68071; RRID: AB_2721181

Goat anti-mouse IRDye 800CW-conjugated secondary Li-Cor Cat #925-32210; RRID: AB_2687825

Bacterial and virus strains

CIBN-CAAX expressing 3rd generation Lentivirus this paper N/A

LifeActmiRFP703 expressing 3rd generation Lentivirus this paper N/A

Klebsiella aerogenes Lab stock N/A

Chemicals, peptides, and recombinant proteins

RPMI medium 1640 Gibco Cat #22400-089

Heat-inactivated fetal bovine serum Thermo Fisher Scientific Cat#16140071

Penicillin-streptomycin Thermo Fisher Scientific Cat#15140122

DMSO Sigma-Aldrich Cat # D2650

DMEM medium Sigma-Aldrich Cat #D6429

DMEM medium Gibco Cat #10569-010

HL-5 medium Lab stock N/A

Fibronectin Sigma-Aldrich Cat #F4759-2MG

N-Formyl-Met-Leu-Phe Sigma-Aldrich Cat #47729

FKP-(D-Cha)-Cha-r Anaspec Cat #65121

Leukotriene B4 Cayman Chemical Cat #20110

AS605240 Sigma-Aldrich Cat #A0233

LY294002 Invitrogen Cat #PHZ1144

PP242 EMD Millipore Cat #475988

Rapamycin Cayman Chemical Cat #13346

Pertussis toxin Sigma-Aldrich Cat #516560-50UG

Gallein Sigma-Aldrich Cat #371708-5MG

CK-666 EMD Millipore Cat #182515

Janelia Fluor 646 HaloTag Promega Corporation Cat # GA1120

Puromycin Sigma-Aldrich Cat # P8833

Blasticidine S Sigma-Aldrich Cat #15205

Hygromycin B Thermo Fisher Scientific Cat#10687010

G418 sulphate Thermo Fisher Scientific Cat #10131035

Lipofectamine 3000 Invitrogen Cat #L3000-008
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REAGENT or RESOURCE SOURCE IDENTIFIER

Polybrene Sigma-Aldrich Cat #TR1003

Protease inhibitor cocktail Roche Cat#11836170001

Pre-cast 4–15% polyacrylamide gel Bio-Rad Cat#5671085

Intercept blocking buffer Li-Cor Cat #927-60001

Critical commercial assays

Neon transfection kit Invitrogen Cat #MPK10025B

Amaxa cell line kit V Lonza Cat #VACA-1003

Ras pull-down activation assay biochem kit Cytoskeleton, Inc. Cat #BK008S

Experimental models: Cell lines

Female human neutrophil-like HL-60 cell line Millius et al142,143 N/A

Male mouse monocyte/macrophage RAW 264.7 cell line Meshik et al144 N/A

Female human embryonic kidney HEK293T cell line Lab stock N/A

Dictyostelium discoideum cells of the axenic strain AX2 Lab stock N/A

Oligonucleotides

Primers (P1-P26) for cloning, See Table S1 This paper N/A

Recombinant DNA

CIBN-CAAX/pLJM1 This paper Addgene Plasmid #201749

LifeActmiRFP703/pLJM1 This paper Addgene Plasmid #201750

SC0085 transposase expression plasmid Yusa et al145 N/A

pFUW2-RFP-PH-Akt Zhan et al146 N/A

pEGFPN1-Lifeact-7Alinker-Halo7 Shirai et al147 N/A

pMD2.G Didier Trono Lab (EPFL, Switzerland) 
(unpublished)

Addgene Plasmid #12259

pMDLg/pRRE Dull et al149 Addgene Plasmid #12251

pRSV-Rev Dull et al149 Addgene Plasmid #12253

CRY2PHR-mcherry2-CTRL/SC0030 This paper Addgene Plasmid #201751

CRY2PHR-mcherry2-HRas G12V ΔCAAX/SC0030 This paper Addgene Plasmid #201752

CRY2PHR-mcherry2-KRas4B G12V ΔCAAX/SC0030 This paper Addgene Plasmid #201753

CRY2PHR-mcherry2-RasGRP4/SC0030 This paper Addgene Plasmid #201754

CRY2PHR-mcherry2-RASAL3/SC0030 This paper Addgene Plasmid #201755

CRY2PHR-mcherry2-Akt1/SC0030 This paper Addgene Plasmid #201756

CRY2PHR-mcherry2-Akt1T308A/SC0030 This paper Addgene Plasmid #201757

CRY2PHR-mcherry2-Akt2/SC0030 This paper Addgene Plasmid #201758

pCIBN-CAAX Idevall-Hagren et al151 Addgene Plasmid #79574

pCRY2PHR-mcherry2-RasGRP4 This paper Addgene Plasmid #201759

pCRY2PHR-mcherry2-RASAL3 This paper Addgene Plasmid #201760

N150-Venus-iLID/pDM358 This paper Addgene Plasmid #201763

tgRFPt-SSPB R73Q-CTRL/pCV5 This paper Addgene Plasmid #201761

tgRFPt-SSPB R73Q-PKBA/pCV5 This paper Addgene Plasmid #201762
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Fiji (ImageJ) Ver 1.52i N/A http://imagej.nih.gov/ij

GraphPad Prism Ver 8.00 N/A https://graphpad.com

MATLAB Ver R2019a N/A https://mathworks.com

Other

Neon electroporation system Invitrogen Cat #MPK5000

0.1 cm-gap cuvette Bio-Rad Cat#1652089

Gene Pulser Xcell Electroporation Systems Bio-Rad Cat#1652660

Amaxa Nucleofector II device Lonza Cat #LOAAB-1001

HPLS-45 470 nm LED controller system LightSpeed Technologies Cat #HPLS-R1000-3DExt

10 cm cell culture dish Greiner Bio-One Cat#664160

6-well cell culture plate Greiner Bio-One Cat#657160

24-well cell culture plate Greiner Bio-One Cat#662160

48-well cell culture plate Sarstedt Cat #83.3923

8-well chambered coverglass LAB-TEK Cat#155409

Chemotaxis μ-slides Ibidi Cat #80322

PVDF membrane Bio-Rad Cat #162-0262

Trans-Blot Turbo semi-dry transfer system Bio-Rad Cat #1704150EDU
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