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Abstract  

Alphavirus infection induces dramatic remodeling of host cellular membranes, producing filopodia-

like and intercellular extensions. The formation of filopodia-like extensions has been primarily 

assigned to the replication protein nsP1, which binds and reshapes the host plasma membrane when 

expressed alone. While reported decades ago, the molecular mechanisms behind nsP1 membrane 

deformation remain unknown. Using mammalian epithelial cells and Chikungunya virus (CHIKV) as 

models, we characterized nsP1-induced membrane deformations as highly dynamic actin-rich 

lamellipodia and filopodia-like extensions. Through pharmacological inhibition and genetic 

invalidation, we identified the critical contribution of the Rac1 GTPase and its downstream effectors 

PAK1 and the actin nucleator Arp2 in nsP1-induced membrane deformation. An intact Rac1-PAK1-

Arp2 signaling axis was also required for optimal CHIKV genome replication. Therefore, our results 

designate the Rac1-PAK1-Arp2 pathway as an essential signaling node for CHIKV infection and 
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establish a parallel requirement for host factors involved in nsP1-induced plasma membrane 

reshaping and assembly of a functional replication complex. 

 

Importance  

The alphavirus nsP1 protein dramatically remodels host cellular membranes, resulting in the 

formation of filopodia-like extensions. Although described decades ago, the molecular mechanisms 

controlling these membrane deformations and their functional importance remain elusive. Our study 

provides mechanistic insight, uncovering the critical role of the Rac1 GTPase, along with its 

downstream effectors PAK1 and the actin nucleator Arp2, in the nsP1-associated phenotype. 

Furthermore, we demonstrate that the Rac1-PAK1-Arp2 pathway is essential for optimal CHIKV 

genome replication. Our findings establish a parallel in the cellular mechanisms governing nsP1-

induced plasma membrane reshaping and the production of a functional replication complex in 

infected cells. 
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Introduction 1 

RNA viruses reconfigure and manipulate the cytoskeleton network of their host to optimize 2 

the different stages of the viral life cycle. This manipulation specifically facilitates the endocytosis or 3 

micropinocytosis of incoming viral particles. It also promotes genome replication and contributes to 4 

the assembly and egress of progeny. Additionally, it critically determines intracellular trafficking of 5 

viral components and transmission to neighboring cells (reviewed in (1)). Viral manipulation of the 6 

host cytoskeleton often manifests by forming highly dynamic actin-rich plasma-membrane 7 

extensions called filopodia and lamellipodia. Filopodia consist of 10-100 μm long finger-like plasma-8 

membrane extensions containing tightly packed actin filaments cross-linked by fascin into a stiff 9 

structure with accumulated myosin at the tip (2, 3). The rate at which the protrusions form is 10 

determined by actin polymerization at the filament tip facilitated by a dense complex of actin-11 

binding proteins consisting of formin, Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) 12 

polymerases, and Eps8 (epidermal growth factor receptor kinase substrate 8) (4–7). Filopodia extend 13 

at the leading edge of cells to promote motility and adhesion and serve as sensory probes or in 14 

establishing cell-to-cell contacts (3). Lamellipodia are broad, sheet-like membrane protrusions, 15 

typically 1–5 μm wide and 100–300 nm thick, enriched with a 2D network of short, branched actin 16 

filaments, also participating in cell motility, migration, and mechanosensing (8). Actin filaments 17 

contained in both extension types are regulated by small guanosine triphosphatases (GTPases) in the 18 

Rho superfamily (9). These small monomeric proteins that include at least 20 members fluctuate 19 

between inactive and active states depending on guanosine diphosphate (GDP) or guanosine 20 

triphosphate (GTP) binding. In an active state, Rho GTPases recruit and activate downstream effector 21 

molecules at the plasma membrane, regulating actin nucleators and elongators (10). RhoA (Ras 22 

homolog family member), Cdc42 (cell division control protein 42), and Rac1 (Ras-Related C3 23 

Botulinum Toxin Substrate 1) are the best-characterized GTPases contributing to actin organization 24 

during membrane reshaping (11, 12). RhoA activation cascade involves the downstream Rho-25 



 4 

associated protein kinase (ROCK) to regulate actin polymerization at the front of lamellipodia. 26 

However, it is also active in focal adhesion and stress fiber assembly (13, 14). Rac1 and Cdc42 27 

regulate both distinct and shared effectors – the Neuronal Wiskott-Aldrich Syndrome protein (N-28 

WASP) for Cdc42, the WASP family Verprolin homolog (WAVE) complex for Rac1 and IRSp53 and the 29 

serine/threonine kinase PAK1 (p21-activated kinase) for Rac1 and Cdc42). These effectors converge 30 

on the activation of the actin-related protein 2/3 (ARP2/3) complex, which controls the 31 

polymerization and dynamics of actin filaments (12, 15). Functionally, actin polymerization involved 32 

in membrane ruffles and lamellipodia is primarily regulated by both Rac1 and Cdc42 pathways. Cdc42 33 

and associated signaling are the primary mediator of filopodium extension (3, 9, 11). Nevertheless, 34 

there is significant cross-talk between Rac1 and Cdc42 GTPases, and filopodia can form in the 35 

absence of Cdc42, protruding from the actin network of growing lamellipodia (16, 17). 36 

As with other viruses, Alphaviruses dramatically reshape the cytoskeleton of their host, 37 

resulting in the formation of filopodia-like extensions (18–20). This family of mosquito-borne viruses 38 

includes Chikungunya virus (CHIKV), which rapidly spread in the mid-2000s, highlighting the 39 

significant impact these viruses can have on human health and the economy (21). CHIKV is 40 

transmitted to humans through the bite of infected Aedes sp. Mosquitoes, causing a febrile illness 41 

with debilitating joint pain that can last for months (22). At the cellular level, CHIKV infection begins 42 

with the intracytoplasmic release of its single-stranded, positive sense RNA genome of approximately 43 

12 kb in length. This genome is divided into two ORFs encoding for four nonstructural proteins (nsP1, 44 

nsP2, nsP3, and nsP4), two envelope glycoproteins (E1 and E2), one capsid protein (C), and three 45 

peptides (E3, 6K and the transframe protein TF) (23). Translation of the 5’ ORF in the incoming 46 

genome results in the accumulation of two nonstructural polyproteins, P123 and P1234, which are 47 

sequentially processed by the nsP2 protease to release the viral enzymes: nsP1, the viral 48 

methyl/guanylyl transferase involved in RNA capping; nsP2 that also displays helicase and NTPase 49 

activities; nsP3, mainly involved in interaction with cellular cofactors, and nsP4, the viral RNA-50 

dependent RNA polymerase that catalyzes the synthesis of viral RNAs (24–26). These mature 51 
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nonstructural proteins assemble to form the viral replicase, an essential unit for viral genome 52 

replication, located in the cytoplasmic face of plasma membrane-derived replication organelles, 53 

referred to as spherules (27–29). Within these organelles, identified as specialized sites of genome 54 

replication, nsP1 assembles into a dodecameric pore connecting the spherule to the cytoplasm. This 55 

pore not ony serves as a scaffold for the assembly of the replication complex assembly but also caps 56 

the 5’-terminus of newly synthesized RNA extruded into the cytoplasm (27, 28, 30). Structurally, nsP1 57 

in this ring interacts with lipid bilayers through a central membrane-binding domain consisting of a 58 

stretch of palmitoylated cysteines conserved across Alphaviruses (27, 31, 32). In infected cells, this 59 

motif targets the viral replication complex to cholesterol-rich membrane microdomains, which is 60 

essential for genome replication (19, 20, 33–35). Additionally, palmitoylated cysteines also 61 

determine nsP1’s capacity to dramatically reshape cell membranes into extensions (19, 20, 35, 36). 62 

Currently, the cellular machinery contributing to nsP1’s membrane reshaping capacity has not been 63 

elucidated, and the functional significance of the resulting extensions reported decades ago is 64 

unknown. Thus, this nsP1-associated phenotype remains one of the most enigmatic characteristics of 65 

Alphavirus infection.  66 

To adress this gap in knowledge, we investigated nsP1-induced cell deformations and 67 

questioned the direct contribution of cytoskeleton regulatory pathways. Our observations defined 68 

nsP1-induced cell extensions as highly dynamic lamellipodia and thin membrane extensions positive 69 

for actin, and VASP, Eps8, and fascin filopodia markers. The biogenesis of these filopodia-like 70 

protrusions was directed by the actin cytoskeleton network independently of microtubule 71 

involvement. Using drug perturbation experiments and genetic invalidation with siRNAs, we decipher 72 

the direct contribution of the main Rho GTPases in nsP1-associated phenotype. Our findings 73 

underscore the crucial role of Rac1 in nsP1-induced membrane deformations, while also pinpointing 74 

PAK1 serine-threonine kinase and Arp2 in the Arp2/3 actin nucleating complex as downstream 75 

effectors in cytoskeleton manipulation and membrane remodeling by nsP1. Furthermore, our 76 

investigation into the functional role of the Rac1-PAK1-Arp2 pathway in the CHIKV infectious cycle, 77 
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revealed its critical importance in viral genome replication. Overall, our data identify the Rac1-PAK1-78 

Arp2 pathway as a critical player in nsP1-induced filopodia formation. Additionally, they underscore 79 

the parallell necessity of Rac1 signaling pathway for nsP1-associated membrane deformation and 80 

optimal genome replication.  81 

Results  82 

CHIKV nsP1 induces the formation of highly dynamic lamellipodia and filopodia-like extensions 83 

depending on conserved palmitoylated cysteines.  84 

Alphavirus-infected cells are characterized by the formation of cell extensions (32, 37, 38). We first 85 

revisited this capacity for CHIKV in human epithelial cells. HEK293T, and HeLa cells were infected 86 

with CHIKV-377-mCherry reporter virus derived from the BNI-CHIKV 899 isolate, which encodes 87 

mCherry fused to nsP3, at a multiplicity of infection (MOI) of 3 for 16 hrs. In all cells tested, CHIKV 88 

infection resulted in dramatic membrane reshaping (Figure 1A). Compared to uninfected controls, 89 

CHIKV-positive cells exhibited an unusual number of plasma membrane protrusions resembling 90 

lamellipodia and filopodia (shown for HEK293T in Figure 1A). Interestingly, immunofluorescence 91 

studies revealed the accumulation of nsP1 at the plasma membrane bordering these extensions and 92 

sometimes at the tip, suggesting its contribution to virus-induced membrane remodeling. 93 

Considering other viral components, the nsP1 signal occasionally overlapped with nsP3 protein 94 

fluorescence and with double-stranded RNA (dsRNA), a replication intermediate, indicating the 95 

presence of active CHIKV replication complexes assembled on membranes bordering these 96 

extensions (Figure 1A, inset). This observation was reminiscent of our cryo-electron microscopy 97 

analysis of CHIKV-infected cells (J. Girard, O. Le-Bihan et al. 98 

https://doi.org/10.1101/2023.02.25.530016). A comparable profile of membrane reshaping was 99 

observed upon ectopic expression of the CHIKV nsP1 protein in HEK293T cells (Figure 1B) and in HeLa 100 

cells (Figure 2). Remarkably, similar morphological changes were observed when nsP1 was expressed 101 

in its native form or when fused with a fluorescent protein at either its C-terminus (nsP1-DsRed) or 102 
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N-terminus (GFP-nsP1) (Figure 1B). Upon ectopic expression, these different nsP1 proteins 103 

accumulated at the plasma membrane and in discrete intracytoplasmic compartments promoting 104 

highly dynamic morphological changes. Time-lapse video microscopy revealed at least two types of 105 

events at the plasma membrane. Firstly, we observed filopodia-like extensions that rarely exceeded 106 

10 µm in length, rapidly growing and retracting from the body of the transfected cell (Figure 1C). 107 

Secondly, we frequently observed the formation of lamellipodia-like protrusions followed by 108 

retraction, resulting in the persistence of thin cell extensions tightly associated with the substrate 109 

(Figure 1D, red arrows). Thin extensions and lamellipodia deformations were simultaneously 110 

observed from the same cell, with filopodia sometimes extending from the lamellipodium (Figure 1D; 111 

white arrows). These phenotypes were significantly reduced in cells expressing an nsP1 mutant, 112 

referred to as nsP1AAA, in which the triplet of palmitoylated cysteines at position 418-420 in the nsP1 113 

membrane binding domain was replaced with a triplet of alanines (Figure 1B). In these cells, the 114 

filopodia number per cell quantified using the FIJI software was markedly lower than observed for 115 

the wild-type nsP1 (Figure 1E). Moreover, the length of the remaining extensions was significantly 116 

decreased when compared to cells expressing the wild-type GFP-nsP1 (Figure 1F). Nevertheless, this 117 

mutant still promoted the formation of a small number of filopodia compared with GFP-expressing 118 

cells, suggesting that palmitoylation is not the only determinant of nsP1-induced filopodia 119 

extensions.  120 

Conservation of nsP1-induced membrane deformation capacity across alphavirus evolution. 121 

 Alphaviruses are classified into two monophyletic groups based on their geographical distribution 122 

and clinical manifestations in humans (39). CHIKV, Semliki Forest virus (SFV), and Sindbis virus (SINV) 123 

belong to the Old World viruses that typically causing arthritis symptoms. In contrast, New World 124 

alphaviruses like Venezuelan equine encephalitis virus (VEEV) manifest with neurological symptoms. 125 

Despite sharing at least 40% sequence identity, these two groups have evolved distinct virus-host 126 

interactions to replicate efficiently (40, 41). To investigate the conservation of nsP1 phenotype across 127 
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alphavirus evolution, the nsP1 coding sequence from SFV (SFV6 strain), SINV (AR339 strain), or VEEV 128 

(TC-83 strain) were cloned in-frame with GFP and transfected in HeLa cells. 24 hrs after transfection, 129 

confocal microscopy revealed, akin to CHIKV, a dramatic induction of cell protrusions comprising 130 

lamellipodia- and filopodia-like deformations (Figure 2A). However, a quantitative analysis of 131 

filopodia count showed that VEEV nsP1 induced significantly fewer filopodia per cell compared to 132 

CHIKV, SFV, and SINV (Figure 2B). We also explored whether nsP1 from Eilat virus (EO329 isolate), an 133 

alphavirus restricted to mosquito cells could induce membrane deformations in human cells. We 134 

observed that Eilat nsP1 did not significantly promote cell membrane protrusions compared to the 135 

control condition. Previous studies have linked membrane deformation ability to conserved cysteine 136 

residues covalently modified by palmitoylation in nsP1’s central domain (18, 19, 35, 36, 42). Amino 137 

acid sequence comparison showed that EILV nsP1 possesses a unique cysteine at the corresponding 138 

position, similar to SINV (Figure 2C). Since EILV is arthropod-specific, our observation prompts the 139 

necessity to reinvestigate EILV nsP1’s palmitoylation and membrane deformation capacity in 140 

mosquito cells.  With this exception, nsP1’s capacity to reshape cell membranes appears to be a 141 

common feature of human-infecting alphaviruses, resulting in the formation of highly dynamic 142 

filopodia- and lamellipodia-like structures.  143 

nsP1-induced membrane reshaping is mediated by the actin cytoskeleton.  144 

Morphological and mechanical changes at the plasma membrane are orchestrated by the 145 

coordinated activities of microtubules, actin filaments, and stress fibers comprising the cytoskeleton. 146 

We investigated their respective contribution in nsP1-induced reshaping of HeLa cell membranes. 147 

Actin was visualized by transfecting the CMV-LifeAct-TagRFP plasmid, which expresses a fluorescent 148 

peptide staining filamentous actin structures in eukaryotic cells without disrupting actin dynamics 149 

(43). Co-transfection with GFP-nsP1, resulted in significant changes in the actin network compared to 150 

control cells that express the GFP protein (Figure 3A). Stress fibers were notably reduced, and actin 151 

appeared largely disorganized, while cortical actin beneath the plasma membrane remained largely 152 
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intact. Interestingly, nsP1 fluorescence frequently colocalized with actin signal, overlapping in 153 

cytoplasmic foci or along cytoplasmic filaments proximal to the plasma membrane. This filamentous 154 

colocalization of nsP1 with actin was particularly evident along filopodia-like structures and in the 155 

form of fibers in lamellipodia-like processes emerging from the cell body of transfected cells. 156 

Quantitative analysis of this colocalization, performed by calculating Pearson’s coefficient, yielded an 157 

average value of 0.743+ 0.096 across 95 regions of interest in 9 cells (Figure 3C). These observations 158 

suggest a direct crosstalk between nsP1 and the actin cytoskeleton. Contrasting with this result, the 159 

tubulin network, detected with an antibody that recognizes β-tubulin, was not perturbed in nsP1-160 

expressing cells (Figure 3B). Moreover, nsP1-induced cell extensions were negative for β-tubulin 161 

signal with an average Pearson’s correlation coefficient of 0,194+0.159, determined across 95 cell 162 

regions of interest in 11 cells (Figure 3C)). In light of these observations, actin fluorescence was 163 

tracked through live-video confocal microscopy to assess its re-distribution during nsP1-induced 164 

membrane protrusion formation. Time-lapse series were carried out using cells that co-express GFP-165 

nsP1 and LifeAct-TagRFP. Intense actin filaments were observed at the base of and along growing 166 

filopodia-like protrusions (frame at 0 sec) and also in lamellipodia-like structures that were also 167 

positive for nsP1 signal (Figure 3D, frame at 90 sec). To assess the functional role of actin filaments 168 

and microtubules in nsP1-induced filamentous projections, we utilized cytochalasin D and 169 

nocodazole depolymerization agents acting on actin and microtubules, respectively. Non-toxic 170 

concentrations of these drugs were determined and added to cells 16 hrs after transfection with a 171 

GFP-nsP1 expression plasmid. Under these conditions, cytochalasin D potently reduced the number 172 

of extensions per cell compared with mock-treated condition (Figure 3E and 3F). In contrast, 173 

nocodazole less dramatically decreased the number of cell extensions per cell.  174 

Characterization of nsP1-induced cell extensions.  175 

Filopodia are typically characterized by the presence of actin filaments cross-linked by fascin into a 176 

stiff structure (44), along with the presence of a regulatory complex at their tip composed of VASP 177 
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and Eps8 that accelerates actin filament growth (4–7). To delve deeper into the nature of nsP1-178 

induced cell extensions, we investigated the co-localization of the previously mentioned filopodia 179 

markers with membrane deformations. Cells were co-transfected to express a non-tagged nsP1 and 180 

GFP-fused Fascin, Eps8, or VASP. Confocal imaging of the cells revealed enrichment of Eps8, VASP, 181 

and fascin in nsP1-positive cell extensions (Figure 4A). While fascin was detected along the cell 182 

extensions, Eps8 protein was concentrated at the tip of these processes. Interestingly, in many 183 

instances, this signal colocalized with nsP1-enriched foci, as evidenced by the calculation of Pearson’s 184 

correlation coefficient (Figure 4B). VASP was also detected in these extensions but did not 185 

consistently localize to the growing extremity, contrary to conventional filopodia (5, 6). Instead, VASP 186 

primarily concentrated at the base of filopodia and was also detected along the cell extension, 187 

exhibiting a profile very similar to fascin. These findings, therefore, identify CHIKV nsP1-induced cell 188 

extensions as actin-rich processes containing canonical filopodia markers but lacking VASP 189 

accumulation at the tip. Together with nsP1 localization at filopodia extremities, this suggests the 190 

involvement of an unconventional assembly mechanism.    191 

Functional Rac1 GTPase is critical for nsP1-induced cell extension.  192 

The actin cascades essential for filopodia formation are primarily initiated by Rho, Rac, and Cdc42 193 

GTPases (Figure 5A) (45). We questioned the contribution of these GTPases in nsP1-induced cell 194 

extensions by employing pharmacological inhibitors. HeLa cells expressing the GFP-nsP1 protein 195 

were treated with NSC23766, ML141, or Y27632 inhibitors, selectively targeting Rac1, Cdc42, or 196 

ROCK (a downstream effector of RhoA), respectively (46–48). Drugs were added to cells 4 hrs post-197 

transfection to prevent any inhibition of nsP1 transgene expression. The absence of drug toxicity was 198 

controlled in parallel (not shown). After an additional 20 hrs in culture, we quantified the number 199 

and length of plasma membrane extensions. GFP-nsP1 fluorescence level was detected in all 200 

conditions at a level equivalent to that observed in mock-treated cells (Figure 5B). Our quantitative 201 

analysis revealed that the number and length distribution of filopodia formed in the presence of 202 
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ML141 and Y-27632 were comparable to that assembled in the control condition. However, the 203 

number of filopodia per cell was slightly more heterogeneous in the presence of Y-27632  (Figure 5B 204 

and 5C). In contrast, a significant reduction in filopodia count was observed in cells treated with 205 

NSC23766, which specifically prevents the conversion of the inactive Rac1-GDP to active Rac1-GTP 206 

(46) compared with the mock-treated culture. Filopodia formed under this condition were shorter 207 

than in mock-treated cells (Figure 5D). To confirm the possible regulatory role of Rac1 in nsP1-208 

induced membrane deformation and to avoid off-target drug effects, similar experiments were 209 

conducted in cells transfected with Rac1 siRNA or non-targeting controls before transfection of the 210 

GFP-nsP1 plasmid. Reduced Rac1 expression was confirmed by immunoblot (Figure 5E). Filopodia 211 

count analysis revealed that these cells displayed significantly fewer membrane extensions than 212 

control cells (Figure 5F and 5G). As observed in the presence of NSC23766, the remaining extensions 213 

were shorter than in cells transfected with non-targeting siRNA (Figure 5H). Finally, we confirmed the 214 

requirement of Rac1 GTPase activity in nsP1-associated phenotype by co-transfecting plasmids 215 

encoding the untagged nsP1 with plasmids encoding either a Rac1 dominant negative mutant 216 

(RacN17) or a wild-type Rac1 (RacWT) fused with GFP. Cells expressing the green fluorescence were 217 

investigated for cell membrane deformations. As depicted in Figure 5I, expression of the Rac1-N17 218 

mutant impaired the formation of nsP1-induced cell extensions compared to cells expressing the 219 

wild-type Rac1 GTPase. Overall, these results underscore the necessity of a functional Rac1 protein 220 

for the production and growth of actin-containing nsP1-induced filopodia-like extensions.       221 

Characterization of Rac1 downstream effectors.  222 

In its GTP-bound form, activated Rac1 interacts with specific effectors to initiate many signaling 223 

cascades regulating cytoskeleton dynamics. Notably, Rac1 effector proteins such as p21 activating 224 

kinase (PAK1), insulin receptor substrate of 53 kDa (IRSp53), and IQ Motif Containing GTPase 225 

Activating Protein 1 (IQGAP), regulate the Arp2/3 actin polymerization complex (49). Additionally, 226 

Rac1 interacts with and activates phosphatidylinositol-4-phosphate 5-kinase (PIP5-kinase), a key 227 
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enzyme in the metabolism of phospholipids that promotes actin nucleation by the Arp2/3 complex 228 

(50). To decipher which pathway(s) may contribute to nsP1 activity in membrane deformation, Rac1 229 

effectors were targeted with siRNA in HEK293T cells before transfection of the GFP-nsP1 plasmid and 230 

quantification of cell extensions. Decreased expression of the targeted protein was confirmed by 231 

Western blot analysis (Figure 6A). Our analysis revealed that nsP1-induced extensions formed less 232 

efficiently in cells with invalidated Rac1 effectors than in control cells (Figures 6B and 6C). 233 

Specifically, siRNA against PIP5K1, IRSP53, and IQGAP mildly reduced the number of nsP1-induced 234 

cell extensions per cell. However, a more pronounced reduction in filopodia number per cell was 235 

observed in cells transfected with siRNA against PAK1 (Figure 6C). Furthermore, PAK1 siRNA 236 

dramatically reduced the length of the remaining cell extensions (Figure 6D). Finally, we investigated 237 

the contribution of the downstream Arp2/3 actin polymerization complex to the nsP1-associated 238 

phenotype. siRNA transfection against Arp2 significantly reduced the number and length of GFP-239 

nsP1-induced cell extensions compared to control cells (Figures 6C and 6D). These results collectively 240 

highlight the pivotal role of Rac1 in the formation of nsP1-induced cell extensions. While suggesting a 241 

potential redundant contribution of IRSp53, PIP5K1, and IQGAP in this phenotype, our observations 242 

designate PAK1 and Arp2 as major downstream effectors of nsP1-induced membrane deformation.  243 

Role of the Rac1/PAK1/Arp2 signaling pathway in the CHIKV life cycle.  244 

Filopodia formation induced by viruses from distinct families facilitates virus multiplication through 245 

diverse mechanisms (51, 52). After establishing the contribution of the Rac1/PAK1/Arp2 signaling 246 

axis in nsP1-induced cell extensions, we investigated its significance in CHIKV infection. Focusing on 247 

Rac1’s pivotal role, we examined CHIKV infection in cells cultured with non-toxic concentrations of 248 

NSC23766. The cells were preincubated with the drug for 1 hr and then infected with a CHIKV-249 

luciferase reporter virus (strain LR-OPY1) containing a luciferase gene in the C-terminus of nsP3 250 

sequence, used at an MOI of 2.5 for 6 hrs. This time point corresponds to a single alphavirus 251 

replication cycle (53). Under these conditions, CHIKV infection, monitored by quantification of the 252 
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reporter-encoded luciferase in the cell lysates, was significantly reduced in NSC23766-treated cells 253 

(Figure 7A). This inhibitory effect was further confirmed by qRT-PCR measurement of intracellular 254 

genomic RNA over time (Figure 7B). In these experimental conditions, Y27632 and ML-141 also 255 

significantly decreased CHIKV infection when added to the cells before the virus challenge (Figure 256 

7A). To further elucidate the proviral function of GTPases, we assessed their requirement for CHIKV 257 

intracellular replication. Since the CHIKV entry process is completed after 1h of viral challenge (53, 258 

54), we investigated whether Rho GTPase inhibitors would retain their antiviral activity when added 259 

after this time point. Cells were infected with the CHIKV-luciferase reporter virus for 1 hr, after which 260 

the viral inoculum was removed and replaced with fresh medium supplemented with increasing 261 

concentrations of NSC23766 for 6 hrs, before quantification of CHIKV-encoded luciferase activity 262 

(Figure 7C). In these conditions, NSC23766 exhibited a potent dose-dependent inhibition on CHIKV 263 

intracellular replication, a result confirmed by quantification of CHIKV RNA genomes over time 264 

(Figure 7D). In contrast,  Y27632 and ML-141 only marginally reduced CHIKV infection without any 265 

dose-dependent activity (Figure 7C). These observations suggest that Cdc42 and ROCK are mainly 266 

involved at the entry step of CHIKV, while Rac1 plays a central role in the intracellular replication of 267 

the virus.  268 

In alphavirus-infected cells, nsP1 is integral to the viral replicase, where it orchestrates the bending 269 

of the plasma membrane, a crucial event in the biogenesis and maintenance of replication organelles 270 

hosting genome replication and transcription (27, 31). Given Rac1’s implication in nsP1-mediated 271 

membrane deformation, we assessed its possible involvement in CHIKV genome replication as an 272 

indicator of spherules biogenesis and/or functionality.  To this end, we utilized a CHIKV 273 

transreplication system that mimics the intracellular steps of the viral cycle. Plasmids encoding the 274 

CHIKV nsPs and a pseudogenome template, in which the coding sequences are replaced by luciferase 275 

reporter genes (55), were co-transfected into HEK293T cells. Six hrs post-transfection, the medium 276 

was supplemented with increasing concentrations of NSC2766. Quantification of genome replication, 277 

reflected by luciferase activity in the cell lysate, confirmed that the Rac1 inhibitor caused a dose-278 
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dependent reduction in CHIKV genome replication (Figure 8A) without significantly affecting nsPs 279 

translation, as assessed by immunoblot analysis of nsP1 expression in the cell lysate (Figure 8B). This 280 

result was validated by transfecting the CHIKV transreplicon system into cells co-expressing either 281 

GFP-Rac1N17 or GFP-Rac1WT constructs (Figure 8C). After 24 hrs, replicon activity was decreased by 282 

two-fold in cells expressing the dominant negative GFP-Rac1N17 mutant compared to mock-283 

transfected cells, while activity remained unchanged in cells expressing the GFP-Rac1WT protein. 284 

Similarly, transfection of Rac1-specific siRNA (siRac1) resulting in a 75 % loss in Rac1 expression 285 

decreased CHIKV genome replication by 70 % compared with the non-targeting siRNA (siCtrl) (Figure 286 

8B). Given that Rac1 activity controls PAK1 and Arp2 previously identified as key effector in nsP1-287 

induced membrane deformation, we investigated their requirement for CHIKV genome replication by 288 

cotransfecting the CHIKV transreplication system together with siRNA targeting PAK1 or Arp2 289 

(Figures 8E and 8F). Decreased expression of PAK1 or Arp2 significantly reduced the activity of the 290 

transreplication system. These findings suggest that Rac1 and its downstream effectors PAK1 and 291 

Arp2, are essential for the CHIKV life cycle and genome replication. Therefore, the requirement for a 292 

functional Rac1-PAK1-Arp2 axis in CHIKV genome replication parallels the functional importance of 293 

this signaling axis for nsP1-induced membrane reshaping.  294 

Discussion  295 

Alphavirus infection of mammalian cells has been long reported to induce a profound reorganization 296 

of the host cell plasma membrane (56, 57). These morphological alterations manifest with the 297 

emergence of long-distance extracellular extensions (>10 μm), positive for α-tubulin and actin, 298 

specifically induced by the expression of the E2 envelope glycoprotein (37, 58, 59). Additionally, 299 

shorter tubulin-negative filamentous processes of approximately 2 to 7 μm in length have been 300 

observed during infection. This phenotype is recapitulated by the isolated expression of the viral 301 

methyl/guanylyltransferase nsP1 (42). Despite being described decades ago, nsP1-induced cell 302 

extensions were incompletely characterized. Moreover, the cellular machinery hijacked for their 303 
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production and their functional implication in the Alphavirus life cycle has remained poorly 304 

understood. Therefore, this study was designed to address these gaps. Using mammalian epithelial 305 

cells as a model, we confirm that CHIKV nsP1, expressed as an isolated protein, induces dramatic 306 

reshaping of the cell plasma membrane, resulting in the growth of filopodia-like protrusions. We 307 

report that nsP1 also promotes the production of lamellipodia-like structures, which retract, leaving 308 

behind thin extensions attached to the culture substrate. Both events are highly dynamic, resulting in 309 

the accumulation of actin-positive thin membrane processes at the plasma membrane. These 310 

extensions are almost abolished by the actin-depolymerizing agent cytochalasin D. Interestingly, 311 

despite the absence of tubulin in these cell extensions, the frequency of nsP1-induced cell 312 

protrusions was reduced by half by using the tubulin inhibitor nocodazole, suggesting an 313 

actin/microtubules crosstalk that warrants further investigations (60, 61). In this study, we focused 314 

on actin regulators to provide a first mechanistic insight into nsP1-associated phenotype. Using 315 

chemical and genetic invalidation strategies, we identified the Rac1 GTPase and its downstream 316 

effectors PAK1 and Arp2 in the actin nucleator complex as key players in nsP1-induced membrane 317 

deformations. Remarkably, we found that the Rac1-PAK1-Arp2 pathway is also critical for genome 318 

replication, establishing a positive correlation between nsP1-induced plasma membrane reshaping 319 

and functional replication complex formation.   320 

Previous investigations on the nsP1-associated phenotype primarily focused on nsP1 sequence 321 

determinants responsible for its deformation capacity. These studies have highlighted the critical 322 

contribution, particularly in mammalian cells, of a central cysteine palmitoylation motif conserved 323 

across alphavirus evolution (35, 36, 42, 62). In this study, we confirmed that the nsP1-associated 324 

membrane deformation capacity is generally conserved across alphavirus evolution and requires the 325 

presence of at least one conserved cysteine in its palmitoylation motif. However, despite bearing this 326 

conserved determinant, VEEV nsP1 exhibited a limited ability to remodel the plasma membrane 327 

compared to other Old World Alphavirus included in this study. Unexpectedly, we also observed that 328 

EILV nsP1 scarcely deformed the membranes of human epithelial cells despite having a conserved 329 
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cysteine residue at the palmitoylation site. Differences in nsP1 membrane reshaping capacity in 330 

human and arthropod cells have been documented previously (62), suggesting host-dependent 331 

interaction of nsP1 with the plasma membrane. The incapacity of the mosquito-adapted EILV nsP1 to 332 

remodel the plasma membrane of human epithelial cells reported in this study parallels these 333 

differences. Additionally, EILV has been identified as a mosquito-restricted Alphavirus, unable to 334 

replicate its genome in human epithelial cells (63, 64). While the mechanisms underlying this 335 

restriction remain unclear, the unusual nsP1 phenotype observed in this study may be part of this 336 

mechanism.  337 

Here, we provide the first detailed characterization of membrane deformations induced by CHIKV 338 

nsP1 in mammalian cells. We report that the isolated expression of nsP1 results in the formation of 339 

thin cell extensions positive for actin and actin-bundling proteins, fascin and Eps8. Notably, these 340 

markers differentiate filopodia from tubulin-containing tunneling nanotubes, which also appear as 341 

thin, elongated cell membrane extensions, and are frequently observed in viral infections (65, 66). 342 

Additionally, nsP1-associated processes stained positive for VASP, an actin polymerase that typically 343 

localizes at the filopodia tip to accelerate actin filament assembly and filopodia growth (66). 344 

Contrasting with this picture, VASP localization at the tip of nsP1-induced cell projections was not 345 

reproducibly detected; instead nsP1 frequently accumulated at these tips, suggesting that CHIKV 346 

nsP1 enables the production of unconventional filopodia-like extensions.  347 

Filopodia formation in physiological conditions is mainly controlled by the activation of Cdc42 (3) and 348 

RhoA (67), which are involved in the polymerization of actin into linear filaments. However, in our 349 

experiments, neither Cdc42 nor RhoA significantly contributed to the nsP1-associated phenotype. 350 

Instead, we observed a significant decrease in nsP1-induced filopodia number and size, upon 351 

inhibition of Rac1 using NSC23766, expression of the Rac1N17 mutant and Rac1-specific siRNA, 352 

establishing the critical contribution of Rac1 in this process. Similarly, we identified Rac1 downstream 353 

effectors PAK1 and Arp2, part of the Arp2/3 actin polymerization complex, as essential players in 354 
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nsP1-induced membrane extensions. Rac1 GTPase is a crucial regulator of the Arp2/3 complex, 355 

producing a branched cortical actin meshwork necessary for membrane ruffling, lamellipodia 356 

formation, and assembly of multimolecular focal complexes (9, 12). Nevertheless, Rac1, in 357 

cooperation with the Arp2/3 complex, is also involved in filopodia formation through the convergent 358 

actin fibers elongation model of branched actin (68). In this process, actin networks formed in 359 

lamellipodia are further extended by elongation factors, resulting in parallel actin fibers cross-linked 360 

by fascin. We observed that nsP1-induced filopodia not only protrude directly from the body of 361 

transfected cells but also frequently extend beyond the leading edge of lamellipodia. Therefore, 362 

Rac1’s role in promoting nsP1-mediated filopodia assembly is compatible with a convergent 363 

elongation model of branched actin. Interestingly, Rac1 is a host cofactor for many different human 364 

viruses, contributing to morphological changes in infected cells. Among others, Rac1 controls 365 

filopodia formation in cells infected by Dengue virus, Human immunodeficiency virus, and Herpes 366 

Simplex virus (69–72). In Alphaviruses, Rac1 and Arp3, another constituent in the Arp2/3 complex, 367 

have been identified as cofactors in late infection (73). By controlling actin filament polymerization, 368 

they assist in trafficking of the E2 envelope glycoprotein to the cell surface. However, in contrast to 369 

this study, which involved PIP5K1α as an intermediate in this pathway, our results did not identify a 370 

critical role for this lipid kinase in the biogenesis of nsP1-induced filopodia. Instead, it designates the 371 

serine/threonine kinase PAK1, a well-known Rac1 downstream effector, as essential to this process. 372 

Thus, E2-induced late actin reorganization and nsP1-induced cell extensions likely mobilize distinct 373 

Rac1-controlled signaling pathways. Despite this converging evidence regarding Rac1 manipulation 374 

by Alphaviruses, the mechanisms by which this GTPase becomes activated, especially upon nsP1 375 

expression, remains unresolved. Under physiological conditions, Rac1 activation is regulated by 376 

specific guanine nucleotide exchange factors (GEFs) acting as nodes for upstream signals (74). These 377 

GEFs interact with membrane-bound Rac1, converting the inactive GDP-bound Rac1 into an active 378 

GTP-bound state. Although Rac1 inhibition by NSC23766 and expression of a dominant negative 379 

Rac1-N17 mutant both prevented nsP1-mediated membrane deformation, direct evidence of Rac1 380 
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activation by nsP1 was not consistently observed in this study (not shown). Nonetheless, our recent 381 

findings regarding nsP1’s affinity for cholesterol-enriched plasma membrane microdomain, where 382 

Rac1 also partitions (35, 75), suggest a possible crosstalk between these two proteins.  383 

Having established the critical contribution of the Rac1-PAK1-Arp2 pathway in nsP1-induced filopodia 384 

processes, we examined its contribution to the CHIKV life cycle. We observed that Rac1, Cdc42, and 385 

RhoA GTPases are all essential for optimal infection of human epithelial cells. However, using a well-386 

established CHIKV replicon system to assess intracellular replication steps, we found that only Rac1 387 

invalidation decreased genome transcription/late translation without affecting intracellular nsPs 388 

expression. We established a similar contribution for PAK1 and Arp2 downstream effectors of Rac1. 389 

Altogether, our results identify RhoGTPases as CHIKV cofactors with variable contribution to early 390 

and intracellular replication steps, highlighting the crucial role of the actin-regulating Rac1-PAK1-391 

Arp2 axis in genome replication. This model contrasts with the results of Radoshitzsky and colleagues 392 

(73), who used cells stably expressing a noncytotoxic, persistently replicating CHIKV mutant where 393 

Rac1 signaling was dispensable for genome replication (76). However, it corroborates our previous 394 

work demonstrating the essential requirement of actin dynamics for CHIKV post-entry events (54). 395 

Previous studies have suggested interactions between Alphavirus replicase and the actin network, 396 

based on the  observation of replication complexes aligned with actin fibers in the cytoplasm of 397 

infected cells (77, 78) and the presence of high concentrations of actin in purified replication 398 

complexes (79, 80). Furthermore, the recent discovery of interactions between CHIKV nsP3 and the 399 

actin cytoskeleton rearranging protein CD2 associated protein (CD2AP), which are required for 400 

optimal infectivity, also supports the direct interplay between CHIKV replication machinery with actin 401 

(81). Our results highlight the need to further explore the relationships between actin-dependent 402 

membrane rearrangements induced by nsP1 and the mechanisms of viral genome replication.  In the 403 

context of the relationship between nsP1 palmitoyl-dependent membrane affinity, filopodia 404 

formation, and viral infectivity (18, 82), our finding on the role of the Rac1/PAK1/Arp2 signaling axis 405 
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in both membrane deformations and viral replication opens new perspectives for understanding this 406 

process. 407 

Material and Methods  408 

Cell culture: Human epithelial HEK293T cells (ATCC# CRL-3216), HeLa cells (ATCC# CCL-2), BHK21 409 

cells (ATCC# CCL-10) used for propagation and Vero cells (ATCC# CCL-81) used for virus titration were 410 

grown in Dulbecco's modified Eagle's medium (DMEM GlutaMAX, high glucose, Thermo Fisher 411 

Scientific) supplemented with penicillin and 10% heat-inactivated fetal calf serum (FCS, Lonza). Cell 412 

cultures were maintained at 37°C in a 5% CO2 atmosphere. In drug experiments, cell viability was 413 

measured using Cell Titer 96 Aqueous one solution cell proliferation assay (Promega) following the 414 

manufacturer's protocol. 415 

Viruses and infection: Reporter viruses CHIKV-luc (LR2006_OPY1 strain) and CHIKV-m377 (BNI-CHIKV 416 

899 isolate), containing respectively the renilla luciferase or the mCherry coding sequence inserted 417 

into nsP3 sequence, have been described  previously (76, 83). Virus stocks were produced and titered 418 

using plaque assay as reported (35). Virus-encoded luciferase quantification was performed by lysing 419 

the cells with Passive Lysis Buffer (Promega), followed by incubation with the Genofax C luciferase 420 

reagent (Yelen Analytics). Luminescence was measured using a Spark 10M fluorometer (Tecan). 421 

Values were normalized to protein content in the sample determined using the BCA Assay (Pierce). 422 

Plasmids transfection and siRNA knockdown: CHIKV nsP1 expression plasmids were derived from 423 

the CHIKV-LR-OPY1 (84) infectious clone. The GFP-nsP1 and GFP-nsP1AAA mutant were generated as 424 

reported previously (35). The sequences coding for SFV (SFV6 strain), SINV (AR339 strain), VEEV (TC-425 

83 strain), or EILV (EO329 isolate), were PCR amplified the using primers shown in Table 1 and 426 

subcloned into the peGFP-C1 plasmid. Plasmid encoding GFP-Eps8, GFP-VASP and GFP-fascin are gifts 427 

from Andrea Disenza (IFOM Foundation, Institute FIRC of Molecular Oncology, Milan, Italy) (85). 428 

Expression plasmids for GFP-Rac1WT and GFP-Rac1N17 mutant were provided by Cécile Gauthier-429 

https://journals.asm.org/doi/full/10.1128/jvi.01764-18#T1
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Rouvière. siRNA targeting Rac1, Arp2, PAK1, and the nontargeting control siRNA  were purchased 430 

from Sigma-Aldrich. siRNA against IRSp53, IQGAP and PIP5K1 were from IDT (Table 1). Plasmids and 431 

siRNA (50nM) were transfected using JetPrime reagent according to the manufacturer’s 432 

recommendations (Polyplus Transfection).  433 

Drug treatment: The Rac1 inhibitor NSC23766 (N6‐[2‐[5‐(Diethylamino)pentan‐2‐ylamino]‐6‐methyl‐434 

4‐pyrimidinyl]‐2methylquinoline‐4,6‐diamine), ML-141 (4-[4,5-Dihydro-5-(4-methoxyphenyl)-3-435 

phenyl-1H-pyrazol-1-yl]benzenesulfonamide) an inhibitor of Cdc42, ROCK inhibitor Y27632 (1R,4r)-4-436 

((R)-1-aminoethyl)-N-(pyridin-4-yl)cyclohexanecarboxamide), CK-666 (2-Fluoro-N-[2-(2-methyl-1H-437 

indol-3-yl)ethyl]-benzamide) an inhibitor of the Arp2/3 complex, nocodazole, and cytochalasin D 438 

were purchased from Sigma Aldrich. IPA3 was obtained from MedChemExpress.  439 

Antibodies: Antibodies against Rac1 (#ARC03) was purchased from Cytoskeleton. Rabbit polyclonal 440 

sera against PAK1 (#A301-260A), and Arp2 (#A305-216A-T) were from Bethyl. Anti-PIP5K1 (#67483-1) 441 

mAbs, anti-IRSp53 (#11087-2-AP from Proteintech), and anti-IQGAP (#22167-1-AP) were from 442 

Proteintech. Tubulin was detected using the 9F3 monoclonal antibody (Cell signaling technology) and 443 

dsRNA was revealed using the J2 monoclonal antibody (Scicons). Anti-nsP1 rabbit polyclonal serum 444 

was kindly provided by Pr Andres Merits (University of Tartu, Estonia). Anti-GAPDH (G8795) and anti-445 

β actin (A3854) used in immunoblots were purchased from Sigma-Aldrich. Secondary reagents (anti-446 

mouse and anti-rabbit antibodies conjugated with HRP, Alexa488, Alexa594, or Alexa647) were from 447 

(Invitrogen).  448 

Microscopy and image analysis: Cells were grown on glass coverslips, washed with PBS and then 449 

fixed with 4% formalin (Sigma Aldrich) for 10 min at room temperature. Image acquisition was 450 

performed in bright field and GFP channel on an Axiovert Digital microscope (Carl Zeiss SAS, France) 451 

equipped with a 100X NA 1.4 oil-immersion objective (Zeiss). For confocal microscopy, the cells were 452 

permeabilized with 0.1% Triton X-100 in PBS and the nonspecific signal was blocked with 0.2% bovine 453 
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serum albumin, 0.05% Tween 20 in PBS. Incubation with primary antibody was performed for 2 hrs at 454 

room temperature. Secondary reagents were added for 1 h at room temperature, and nuclei were 455 

stained with 4’,6-Diamidino-2-Phenylindole, dihydrochloride (DAPI; Sigma-Aldrich). After the final 456 

washes, coverslips were mounted with ProLong Gold Antifade mounting media (Thermo Fisher 457 

Scientific). Actin was labeled by transfection of CMV-LifeAct-TagRFP plasmid (43) into the cells. 458 

Images were acquired using a Leica SP5-SMD scanning confocal microscope equipped with a 63×, 1.4 459 

numerical aperture Leica Apochromat oil lens at the Montpellier Resources Imaging platform. Image 460 

analysis was performed utilizing the ImageJ software and the JACoP plugin for Pearson’s coefficient 461 

calculation considering region of interest after enhancement of signal-to-noise ratio.    462 

Filopodia number Analysis: Optical sections of cells were imaged at 0.50 μm intervals from the 463 

bottom of the cell using a Leica SP5-SMD confocal microscopy system. For each image, 15–20 optical 464 

sections were taken, and the max projection of the stack was used for analysis. Filopodia numbers 465 

and lengths were determined using the FIJI software. Filopodia were only quantified along the 466 

periphery of cells. Filopodia was defined as >1 μm and grouped considering their size (<2 µm; 2-4µm; 467 

>4µm). The 2 test was used to assess difference in class distribution compared to the control 468 

sample. 469 

CHIKV trans-replication assay: Plasmid encoding the nonstructural polyprotein from CHIKV was 470 

transfected into HEK293T cells with an equal amount of the HSPolI-Fluc-Gluc (55) plasmid, which 471 

encodes for a replication-competent CHIKV pseudogenome containing luciferase reporter sequences 472 

under the control of genomic and subgenomic promoters respectively. After 24 hrs in culture, the 473 

cells were washed in PBS and lysed using Passive Lysis Buffer (Promega). Expression of luciferase was 474 

determined using the Genofax A reagent and a Spark luminometer (Tecan). Reporter activities were 475 

normalized to the protein content in the sample, determined using the BCA Assay (Pierce). 476 
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Immunoblotting: Cells were incubated on ice in lysis buffer containing 50 mM Tris–HCl (pH 8.0), 100 477 

mM NaCl, 1 mM MgCl2, 1% Triton X-100, and protease inhibitors (Complete; Roche). Lysates were 478 

clarified by centrifugation at 10,000 × g for 30 min and denatured by heating at 95°C for 5 min. 479 

Samples were separated by SDS-PAGE and then transferred to a polyvinylidene fluoride membrane 480 

(Hybond, Amersham). Membranes were blocked against nonspecific binding by using 0.5% casein, 481 

0.1% Tween 20 in PBS, and incubated overnight at 4°C with primary antibodies. After wash steps with 482 

PBS containing 0.1% Tween 20, the membranes were probed with HRP-conjugated secondary 483 

antibodies for 1h at room temperature and then incubated with Luminata Forte (Merck). 484 

Chemiluminescence was detected using a ChemiDoc (Bio-Rad). Band intensity was determined with 485 

the ImageJ software, considering the GAPDH or actin signal as an internal control. 486 

 487 

RT-qPCR quantification of viral genomes: Cells were lysed with the Luna® Cell Ready lysis module 488 

(New England Biolabs) according to manufacturer’s instructions. One-step quantitative real-time 489 

qRT-PCR amplification of CHIKV genomic RNA was performed using the LightCycler®480 thermocycler 490 

(Roche Diagnostics). Five microliter of cell lysate was assayed with a final concentration of  0.4 µM of 491 

CHIKV-For and CHIKV-Rev primers each (Table 1) using the Luna® Universal One-Step RT-qPCR Kit 492 

(New England Biolabs). The relative abundance of CHIKV RNA was normalised and calculated against 493 

that of the GAPDH housekeeping gene as an endogenous reference using the 2−ΔΔCT method (86). 494 

Each sample had three independent biological replicates. 495 

Statistical analysis: All of the analyses (unpaired Student’s t-test or X2 tests for size distribution ) 496 

were performed using GraphPad Prism version 6 (GraphPad Software Inc.). *: p<0.05; **: p<0.01; 497 

***: p<0.001. 498 

Data availability: The data to support the findings of this study are included within the article. 499 
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Figure legends 741 

Figure 1:  CHIKV nsP1 significantly reshapes the cell membranes. (A) HEK293T or HeLa cells were 742 

infected for 16h with the CHIKV-m377 virus for 16 h, labelled antibodies against nsP1 and DAPI, and 743 

then processed for confocal imaging. Virus replication sites were detected using anti-dsRNA 744 

antibodies. Filopodia and lamellipodia formed at the cell surface are indicated by white and red 745 

arrows respectively. Inset are enlarged and colocalized signals are indicated (yellow arrows). Phase 746 

contrats image of non infected (NI) HEK293T is shown as control. (B) HEK293T cells expressing the 747 

native nsP1 protein, detected using specific antibodies, or expressing the indicated fusion proteins 748 

were analyzed by confocal microscopy. A phase-contrast image of cells cxpressing the GFP-nsP1 749 

protein is shown. (C & D) Still images video of cells transfected with GFP-nsP1 showing the dynamic 750 

of filopodia-like extensions (C) and lamellipodia (D). In D, filopodia growing from lamellipodia are 751 

indicated by a white arrow and retracting ruffles with persisting fibers attached to the substrate are 752 

shown by a red arrow. The number (E) and length (F) of filopodia-like extensions formed in CHIKV-753 

infected cells and in cells expressing GFP, GFP-nsP1 and GFP-nsP1AAA were quantified, each dots 754 

representing an independent cell (n≥8). Results are representative of 3 independent experiments. 755 

Figure 2: nsP1 membrane deformation capacity is conserved across evolution in human-relevant 756 

alphavirus. (A) Confocal imaging of HeLa cells expressing nsP1 encoded by CHIKV, SFV, SINV, VEEV 757 

and EILV fused with GFP. Nuclei were stained with DAPI. Scale bar: 10µm. (B) Filopodia numbers 758 

were quantified from at least 8 cells (A). Results are representative of 3 independent experiments. 759 

(C) Amino acid sequence alignment of nsP1 from alphavirus in this study. Conservation of 760 

palmitoylated cysteines is indicated in boldface.  761 

Figure 3: Contribution of actin cytoskeleton in nsP1-induced membrane extensions. HeLa cells 762 

transfected with GFP or GFP-nsP1 were either (A) cotransfected with the CMV-LifeAct-TagRFP 763 

plasmid to visualize cellular actin, or (B) labelled with anti-tubulin mAbs. Nuclei were stained with 764 

DAPI. Colocalized fluorescences are shown by arrows and  Pearson’s coefficient determined from the 765 
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region of interest are indicated. Scale bar: 10 µm. (C) Pearson’s coefficient quantifying colocalization 766 

of GFP-nsP1 with actin or tubulin. Each value corresponds to a region of interest determined from 9 767 

cells for actin and from 11 cells for tubulin. (D)Time-lapse microscopy of HEK293T cells expressing 768 

GFP-nsP1 and CMV-LifeAct-TagRFP. The frames display the position changes of filopodia over time 769 

(indicted in seconds). Colocalized actin and nsP1 fluorescences in filopodia and in lamellipodia are 770 

indicated by white arrows and green arrows respectively. (E) Confocal imaging of cells expressing the 771 

GFP-nsP1 protein incubated for 4 hrs in the presence of 0.25 µM cytochalasin D (CytoD), 0.1 µM 772 

nocodazole (NoD), or vehicle (Mock). (F) Number of filopodia per cell was determined from >15 cells 773 

in (C), each dot representing an independent cell. Results are representative of 3 independent 774 

experiments. 775 

Figure 4: Presence of filopodia markers fascin, Eps8 and VASP on nsP1-induced cell extensions.  776 

HeLa cells expressing an untagged nsP1 were cotransfected with plasmids encoding either Eps8-GFP, 777 

VASP-GFP, or fascin-GFP proteins as indicated. After 24 hrs the cells were labelled with anti-nsP1 778 

antibodies and processed for confocal imaging. Nuclei were stained with DAPI. Scale bar: 10 µm. 779 

Figure 5: Rac1 GTPase is critical for nsP1-induced membrane protrusions. (A) Schematic 780 

representation of Rho GTPase-dependent actin regulation in filopodia and lamellipodia formation. 781 

Inhibitors used in this study are indicated (created with Biorender.com). (B) HeLa cells transfected to 782 

express GFP-nsP1 were cultured in the presence of vehicle (Mock), NSC23766 (100 µM), ML-141 (20 783 

µM) or Y-27632 (20 µM) for 24 hrs before analysis by confocal microscopy. Nuclei are stained with 784 

DAPI. Scale bar: 10 µm. For each condition, filopodia number (C) and length (D) were determined 785 

from >20 cells. (E) Cells transfected with siRNA against Rac1 (siRac1) or a non-targeting control 786 

(siCtrl) were analyzed for Rac1 and GAPDH expression. Rac1 expression level determined using 787 

GAPDH as an internal control is indicated for each condition. (F) Then the cells were transfected to 788 

express GFP-nsP1 and processed for confocal microscopy after 24 hrs. Nuclei were stained with DAPI. 789 

Filopodia count (G) and length (H) were determined from >20 cells, each dots representing an 790 
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independent cell. (I) HEK293T cells were cotransfected to express the untagged nsP1 together with  791 

either a GFP-tagged Rac1 protein (GFP-Rac1WT) or a Rac1 dominant negative mutant (GFP-Rac1N17). 792 

The cells were processed as above. Results are representative of 3 independent experiments. 793 

Figure 6: PAK1 and Arp2 effectors of Rac1 are pivotal in nsP1-induced membrane deformation.  (A) 794 

HEK293T cells were transfected with non-targetting siRNA or siRNA targeting Arp2, PAK1, IQGAP and 795 

PIP5K1 for 48 hrs and with siRNA targeting IRSp53 for 72 hrs. Knockdown efficiency was controlled by 796 

immunoblotting. Host protein expression level was determined by densitometry scanning using 797 

GAPDH as an internal control. Values normalized to 1 for the control condition are indicated for each 798 

condition. (B) Then, the cells were transfected to express GFP-nsP1, stained with DAPI and analyzed 799 

by confocal microscopy. Filopodia count per cell (C) and extension length (D) were determined from 800 

>25 cells in (B), each dots representing an independent cell. Results are representative of 3 801 

independent experiments. 802 

Figure 7: Rac1 GTPase activity is required for CHIKV infection. HEK293T cells were infected with a 803 

CHIKV-Luc reporter virus for 1 hr (MOI 1) and then incubated with increasing concentrations of 804 

GTPase inhibitor added to the culture medium 1 hr before (A) or after (C) the viral challenge. After 6 805 

hrs in culture, infection was determined by quantifying luciferase activity in the cell lysates 806 

(histograms). Drug toxicity was determined using uninfected cells maintained under similar 807 

conditions for the duration of the experiment (dotted line). Results represent the mean of triplicates. 808 

The experimental design is depicted above each histogram. (B and D) Cells maintained with medium 809 

alone (black dots) or medium supplemented with 25 µM NSC23766 (white dots) added 1h before (B) 810 

or after (D) CHIKV challenge were subjected to qRT-PCR quantification of viral RNA at 3, 6 and 8 hrs 811 

post-infection. Values represent mean of triplicates and are representative of 3 independent 812 

experiments. 813 

Figure 8: Rac1 and its downstream effectors PAK1 and Arp2 are required for CHIKV genome 814 

replication. (A) HEK293T cells transfected with the CHIKV transreplication system were incubated 815 
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with the indicated concentrations of NSC23766. Genome replication was determined by 816 

quantification of cell-associated luciferase activity. Cell viability is indicated for each condition 817 

(dotted line). (B) Expression of nsP1 in mock-treated cells and in cells maintained in the presence of 818 

75 µM NSC23766 (NSC) was determined by immunoblot. NsP1 expression level determined using 819 

actin as internal control is indicated. (C) Genome replication was evaluated as in (A) in cells 820 

expressing the GFP-tagged Rac1WT or Rac1N17 GTPases or the control GFP protein.  (D-F) Cells 821 

transfected with siRNA against Rac1 (D), PAK1 (E), or Arp2 (F), or with a non-targetting control (siCtrl) 822 

for 48 hrs were analyzed for target protein expression by immunoblot. Relative band intensity 823 

normalized according to actin level is indicated. The cells were then transfected with the CHIKV 824 

transreplication system, and genome replication was determined after 24 hrs by quantification of 825 

luciferase activity in the cell lysate. All values represent the mean of triplicates and are 826 

representative of 3 independent experiments.  827 
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Table 1: Primer and siRNA sequences 828 

PCR primers  

nsP1 SINV -Fw 5’- TTTCACTCGAGccATGGAGAAGCCAGTAGTAAAC 

nsP1SINV-Rev 5’- GTTTCGGGCCCTTATGCTCCGATGTCCGCCTGGA 

nsP1SFV-Fw 5’-CGAAGCTCGAGCCATGGCCGCCAAAGTGCAT 

nsP1SFV-Rev  5’-TCCACGGGCCCTGCACCTGCGTGATACTC 

nsP1VEEV-Fw 5’- GGCTTCCTCGAGCCATGGAGAAAGTTCACGTTG 

nsP1VEEV-Rev 5’- GTCTCGGGCCCTTAGGCCCCAGCCTCTTGTAAC 

nsP1EILV-Fw 5’- ACAGATCTCGAGccATGGAGAAACCAACTGTTAAC 

nsP1EILV-Rev  5’- GGTCTGGGCCCTTACCCGCCGATGTCGTCGGAG 

CHIKV-Fw 5’-GGCAGTGGTCCCAGATAATTCAA 

CHIKV-Rev 5’-GCTGTCTAGATCCACCCCATACA 

GAPDH-For 5’-GCTCACCGGCATGGCCTTTCGCGT 

GAPDH-Rev 5’-TGGAGGAGTGGGTGTCGCTGTTGA 

siRNA  

Rac1 5’- GAACAGAACUGCUAUUUCCUCUAAU 

Arp2 5’- GGGUAACAAUGGGUGGUCUUCUGAU 

PAK1 5’- GGAUGAAGGCCAAAUUGCAGCUGUG 

IRSp53 5’- AUGGGGAAGAAUUACGAGAAGGCAC 

IQGAP 5’- GGUUGCAGUACUAUAUUGUAAGCTT 

PPP5K1 5’- GCCAGGCUAUAGUAAUUAUUACUAT 

Non-targeting  5’-GAAGAACUGCUAUUUCCUCUAAAU 
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