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RACK1 promotes Shigella flexneri actin-mediated
invasion, motility, and cell-to-cell spreading

Karla N. Valenzuela-Valderas,1 Elmira Farrashzadeh,1 Yuen-Yan Chang,2,4 Yunnuo Shi,1 Renee Raudonis,1

Brendan M. Leung,3 John R. Rohde,1 Jost Enninga,2 and Zhenyu Cheng1,5,*

SUMMARY

Shigella flexneri is an intracellular bacterium that hijacks the host actin cytoskeleton to invade and dissem-
inatewithin the colonic epithelium. Shigella’s virulence factors induce actin polymerization, leading to bac-
terial uptake, actin tail formation, actin-mediated motility, and cell-to-cell spreading. Many host factors
involved in the Shigella-prompted actin rearrangements remain elusive. Here, we studied the role of a
host protein receptor for activated C kinase 1 (RACK1) in actin cytoskeleton dynamics and Shigella infec-
tion. We used time-lapse imaging to demonstrate that RACK1 facilitates Shigella-induced actin cytoskel-
eton remodeling at multiple levels during infection of epithelial cells. Silencing RACK1 expression
impaired Shigella-induced rapid polymerizing structures, reducing host cell invasion, bacterial motility,
and cell-to-cell spreading. In uninfected cells, RACK1 silencing reduced jasplakinolide-mediated filamen-
tous actin aggregate formation and negatively affected actin turnover in fast polymerizing structures,
such as membrane ruffles. Our findings provide a role of RACK1 in actin cytoskeleton dynamics and
Shigella infection.

INTRODUCTION

The bacterial pathogen Shigella flexneri (hereafter referred to as Shigella) extensively manipulates host functions to invade the colonic

epithelium.1 Shigella employs a type 3 secretion system (T3SS) to inject bacterial effectors into the host cytosol, exploiting host cell path-

ways of actin nucleation, polymerization, and depolymerization.2 The initial steps in bacterial entry involve the effectors IpaB and IpaC,

which induce massive actin polymerization at the primary entry site (focus), resulting in large membrane ruffles that engulf bacteria.3

This process requires IpaC-mediated activation of the host kinase Sarcoma (Src) kinase as well as Rac family small GTPase 1 (Rac1) and

cell division cycle 42 (Cdc42). Active Rac1 and Cdc42 subsequently recruit the actin related protein 2/3 (Arp2/3) complex.3–6 The Arp2/

3 complex binds to pre-formed actin filaments and triggers actin polymerization, forming filament branches.7 The binding of IpaC and

subsequent activation of Src has been further linked to cortactin phosphorylation.8 Active cortactin then recruits the Arp2/3 complex,

inducing actin polymerization.9 Actin depolymerization at the entry focus, driven by the effector IpaA, is also critical for bacterial

invasion.10,11

After host cell invasion, Shigella briefly resides within the endocytic vacuole. During this time, the bacterium induces IcsB-driven actin poly-

merization around the Shigella-containing vacuole (SCV), forming a cocoon-like structure. The actin cocoon rapidly depolymerizes, allowing

bacterial escape from the vacuole.12 In the cytosol, Shigella utilizes its adhesin IcsA to induce actin polymerization at one pole of the bacte-

rium, forming an actin ‘‘tail’’. IcsA mediates recruitment and activation of the neuronal Wiskott-Aldrich syndrome protein (N-WASP), followed

by recruitment of the Arp2/3 complex to activate actin polymerization.13–15 Shigella’s actin tail propels the bacterium within the host cytosol,

allowing actin-mediatedmotility, eventually leading to engagement and deformation of the host cell membrane into Shigella-containing pro-

trusions.16 These protrusions are then endocytosed by neighboring host cells, leading to secondary infections.17,18 Within the secondarily

infected cell, Shigella escapes a double-membrane vacuole formed by the membranes from the primary infected cell and the secondary in-

fected cell.19,20 Following these events, Shigella continues infection cycles by replicating, nucleating actin tails, and forming protrusions to

infect more cells.20

The puzzle of Shigella-host interactions is not complete, and it is likely to involve other host factors modulating the host cytoskeleton dur-

ing the successive invasion steps. For example, the host receptor for activatedC kinase 1 (RACK1), a tryptophan-aspartate repeat (WD-repeat)

seven-bladed b-propeller protein, interacts with various protein partners, including cytoskeleton proteins.21–23 RACK1 mediates focal
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adhesion formation by promoting the interaction of Src and the focal adhesion kinase (FAK).24 Focal adhesions are active sites for actin poly-

merization controlled by Rac1, Ras homologous (Rho), and Cdc42, forming attachment structures that link internal actin bundles called stress

fibers to the extracellularmatrix.25 The host cell cytoskeletonmachinery and its related proteins are prone to be targeted by Shigella virulence

factors, making RACK1 an interesting host factor to study in the context of Shigella-triggered cytoskeleton reorganization and infection.

Furthermore, RACK1 has been shown to interact with bacterial virulence factors. RACK1 acts as an immune sensor of Mycobacterium

tuberculosis effector EST12, triggering cell death via pyroptosis, whereas RACK1’s interaction with Yersinia pseudotuberculosis effector

YopK protects bacteria from phagocytosis. RACK1 is required for innate immune pathway activation in Caenorhabditis elegans infected

with Shigella26,27; however, this model organism is grown at temperatures that do not sustain Shigella’s T3SS. Despite these reports, the roles

of RACK1 during bacterial and specifically its role in Shigella infection remain poorly understood.

Here we demonstrate that RACK1 promotes Shigella infection and facilitates actin polymerization in infected cells. We used time-lapse

microscopy techniques and automated image data analysis to study the dynamics of Shigella infection in RACK1-depleted epithelial cells.

RACK1 silencing impacted distinct steps of the process of bacterial internalization and infection. Silencing RACK1 expression reduced actin

polymerization at Shigella’s entry site, impairing invasion. We observed a defect in Shigella’s actin tail polymerization and actin-mediated

motility in RACK1-silenced cells, leading to a cell-to-cell spreading impairment. We also examined the general role of RACK1 in actin cyto-

skeleton dynamics in uninfected cells. When inducing actin filament stabilization with jasplakinolide, RACK1-silenced cells had less filamen-

tous actin (F-actin) aggregate formation, suggesting a delay in actin polymerization. Finally, analysis of actin turnover measured by fluores-

cence recovery after photobleaching (FRAP) showed that RACK1 promotes actin turnover in membrane ruffles but not in stress fibers formed

in uninfected cells. Overall, our work reveals a previously unknown function of RACK1 in actin polymerization by aiding the formation of fast-

polymerizing actin structures, such as Shigella-induced entry foci and actin tails during bacterial infection, as well as membrane ruffles in un-

infected cells.

RESULTS

RACK1 facilitates Shigella growth in HeLa cells

To determine whether RACK1 plays a role in Shigella pathogenesis, we took a genetic approach to silence RACK1 expression in HeLa cells

using short hairpin RNAs (shRNAs) delivered by a lentiviral vector (pLKO). The shRNAs, designed to target different sections of the RACK1

mRNA (KD-92, KD-94, and KD-95), successfully reduced the relative expression of RACK1 compared with the control cells transduced with a

non-specific shRNA (NS, Figure 1A). Furthermore, we confirmed that RACK1 silencing does not interfere with tubulin or actin expression levels

(Figure 1A) and does not impact cell size (Figure S1). The stable RACK1-knockdown (KD) HeLa cell lines generated were then used to evaluate

the role of RACK1 in Shigella infection. Growth curves determined by gentamicin protection assay showed fewer colony-forming units (CFU)

of Shigella recovered from RACK1-KD than from NS cells and significantly lower growth rate (Figure 1B). While three knockdown cell lines

were used in this work, the cell line KD-92 was chosen for most experiments, such as the genetic complementation discussed below, due

to its stable knockdown of RACK1 expression. Shigella growth was restored by incorporating a recombinant copy of RACK1 gene into the

genome of the KD-92 cells using lentiviruses (pLJM1:RACK1). Gene expression, driven by the cytomegalovirus (CMV) promoter, was sufficient

to re-establish RACK1 expression levels to control (NS) levels in the KD-92 cell line (Figure 1C). Recovering RACK1 expression rescued the

growth defect of Shigella in KD-92 cells (Figure 1D).

Interestingly, we observed increased Shigella growth in NS cells transduced with pLJM1:RACK1 lentivirus compared with NS alone (Fig-

ure 1D). This finding prompted the investigation of RACK1 overexpression effects on Shigella infection. Due to difficulties in maintaining sta-

ble overexpression of RACK1, we instead performed transient overexpression in HeLa cells transfected with the high-expression plasmid

pEGFP harboring N- and C-terminus GFP-tagged RACK1. Forty-eight hours after transfection, these cells were infected with Shigella, and

growth was evaluated by gentamicin assay. Western blot analysis confirmed the expression of the fusion proteins (GFP-RACK1, RACK1-

GFP, Figure 1E). Consistent with the results observed in NS cells stably expressing recombinant RACK1 (Figure 1D), transient overexpression

of GFP-tagged RACK1 promoted Shigella growth, resulting in significantly higher bacterial load than transfection reagent control (Figure 1F).

Taken together, the RACK1 silencing, complementation, and overexpression experiments suggest that RACK1 plays an important role for

efficient Shigella growth within HeLa cells.

RACK1 recruitment to Shigella’s entry focus is required for efficient HeLa cell invasion

Then, we set out to investigate how RACK1 affected Shigella’s intracellular growth cycle. To invade epithelial cells, Shigella forms an entry

focus by triggering profuse fast actin polymerization and host membrane ruffles, which subsequently engulf the bacterium.6,28 This process

is mediated by multiple bacterial and host cell factors.6,29 Given that RACK1 is involved in focal adhesion regulation, we evaluated the role of

RACK1 during Shigella-induced cytoskeletonmodifications at the entry focus. Time-lapse imagingwas performed to determine if RACK1 was

recruited to entry foci. For this, HeLa cells stably expressing RACK1-GFP and F-tractin-mCherry (F-tractin is a peptide derived from the rat

neuronal inositol 1,4,5-triphosphate 3-kinase A that binds actin filaments30) were imaged every 60 s for 1.5 h after infection with Shigella. Fig-

ure 2A shows selected images from a time-lapse of a HeLa cell infected by Shigella (Video S1). Although the bacterium was not fluorescently

labeled, actin foci formed during Shigella invasion could be readily spotted (Figure 2A, yellow rectangle). The fluorescence intensity (FI)

change over time was measured in a specific region of interest (ROI) centered around an entry focus, confirming that RACK1 and actin

were recruited simultaneously to the entry focus (yellow rectangle in Figures 2A and 2B).

ll
OPEN ACCESS

2 iScience 26, 108216, November 17, 2023

iScience
Article



After cell invasion, Shigella damages the SCV and escapes into the cytosol, where it replicates. This process triggers the recruitment of the

host lectin galectin-3 (Gal-3) that binds to damaged membranes (Figure 2C).31 We evaluated if RACK1 was involved in vacuolar escape by

measuring the time between entry and recruitment of Gal-3 to the SCV. Immunofluorescence analysis showed RACK1 is not recruited to

Gal-3-positive SCVs (Figure S2A). Damaged SCVs become Gal-3 positive (Gal-3+) between 5 and 10 min after Shigella internalization into

HeLa cells, followed by release into the host cytosol (Figure S2B).12,28 RACK1 silencing did not alter the average time of bacterial escape

Figure 1. RACK1 promotes Shigella growth in HeLa cells

(A) Top: immunoblot confirming RACK1 silencing in HeLa cells. Anti-tubulin and anti-actin antibodies were used as loading controls. Bottom: fold change in

RACK1 expression was calculated relative to tubulin. One-way ANOVA followed by TukeyHSD; ***p < 0.001, ****p < 0.0001. See also Figure S1.

(B) Representative growth curves of Shigella in RACK1-silenced HeLa cells. Colony-forming units (CFU) were normalized by total protein/well to account for cells

lost during washes. Error bars are meanG standard deviation (SD) from one representative experiment in triplicate. Inset: Shigella growth rate (CFU/mg/h). One-

way ANOVA and TukeyHSD; *p < 0.05, **p < 0.01.

(C) Top: immunoblot showing RACK1 expression restoration in RACK1-KD-92 cells transduced with lentiviruses carrying pLJM1:RACK1 plasmid. Bottom: fold

change in RACK1 expression relative to tubulin. Error bars are mean G SD from 3 separate blots. Two-way ANOVA and TukeyHSD; *p < 0.05.

(D) Expression of pLJM1:RACK1 in RACK1-KD-92 cells restores Shigella growth in HeLa cells at 2 h postinfection. Error bars are meanG SD from 3 independent

experiments. Two-way ANOVA and TukeyHSD; *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Top: immunoblot confirming expression of GFP-tagged RACK1 in HeLa cells. Anti-Tubulin was the loading control. Bottom: fold change in RACK1 expression.

Error bars are mean G SD from 3 separate blots. One-way ANOVA and TukeyHSD; *p < 0.05.

(F) Shigella growth is enhanced in HeLa cells transiently expressing GFP-tagged RACK1. CFU/mL were measured at 2 h postinfection and normalized by total

protein/well to account for cells lost during washes. Error bars are mean G SD from three separate experiments. One-way ANOVA and TukeyHSD; *p < 0.05,

**p < 0.01, ***p < 0.001.
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Figure 2. RACK1 silencing alters Shigella’s entry focus formation dynamics and reduces bacterial invasion of HeLa cells

(A) RACK1 is recruited to the entry focus. Selected confocal images from a time-lapse showing RACK1-GFP (top) and mCherry-F-tractin (bottom) recruitment to

Shigella’s entry site (yellow rectangle). Scale bars, 5 mm (right) and 10 mm (left). White arrowheads show non-fluorescent Shigella. See also Video S1.

(B) Fluorescence intensity (FI) change over time in the rectangular area highlighted in A shows simultaneous recruitment of RACK1 (green) and actin (magenta) to

Shigella’s entry site. FI was normalized by dividing each time point value by the cell’s average FI per mm2 before Shigella entry.

(C) HeLa cell transfected with pmOrange-Galectin3 (red) and pEGFP-Actin (green). Themicrograph shows galectin-3 (Gal-3) recruitment to the SCV upon vacuole

rupture. Scale bar, 5 mm. See also Figure S2.

(D) RACK1 silencing reduces the percentage (%) of Shigella-infected HeLa cells. Dots are the % of infected cells found in one field of view out of 12 per condition.

Total number of cells analyzed in three separate experiments are shown under each plot. Unpaired t test *p < 0.05. See also Figure S3.

(E) RACK1 silencing reduces the number of entry events as shown by less Gal-3-positive SCV per infected HeLa cell found in KD-92 compared with NS. The

number of infected cells analyzed, pooled from 3 separate experiments, are shown under the plots. Wilcoxon rank-sum test; ****p < 0.0001.

(F) Confocal images from a time-lapse showing profuse actin recruitment (magenta) to Shigella’s entry site. The bacteria are shown in cyan. The images are

maximum projections of the original z stack. White dotted-line ovals mark a region of interest (ROI) enclosing the boundaries of the entry focus at its

maximum area (240-s time point). Scale bar, 10 mm.

(G) RACK1 silencing does not affect the maximum area of Shigella’s entry foci. Maximum area was determined as shown in F. Numbers under plots are the foci

analyzed in one representative experiment out of three. Wilcoxon rank-sum test; ns = not significant.

(H) RACK1 silencing increases foci duration. Numbers under plots are the foci analyzed in one representative experiment out of three. Wilcoxon rank-sum test;

****p < 0.0001.
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into the cytosol, which was around 8.5 min (Figures S2B and S2C). These results suggest that the growth inhibition phenotype observed in

RACK1-silenced cells is likely not caused by vacuolar escape impairment.

Given that RACK1was recruited to the entry site, we reasoned that silencing RACK1 expression could negatively impact bacterial invasion.

To test this, we captured 1.5 h of time-lapse videos post-inoculation with bacteria and quantified the percentage of successfully infected cells.

Some bacteria enter the host cell but fail to rupture the vacuole: therefore, entry-focus identification alone is not an appropriatemarker of cell

invasion. We showed that RACK1 does not interfere with SCV escape (Figure S2). Therefore, assuming all viable invading bacteria should

escape toward the cytosol, Gal-3 recruitment to the SCV was an ideal marker for invasion as it shows infection progression (Figure 2C).

We classified cells as being infected if they had at least one Gal-3+ SCV during the 1.5 h time-lapse video captured (Figure 2C). The

RACK1 KD-92 condition had�17% (62.1%G 16.4%) fewer infected cells than the control condition (78.6%G 12.5%, Figure 2D).We also quan-

tified the number of Gal-3+ SCVs per cell. Control NS cells had, on average, 3G 2 Gal-3+ SCV per cell, whereas KD-92 cells had 2G 1 Gal-3+

SCV per cell (Figure 2E), confirming a reduction of Shigella invasiveness upon RACK1 silencing. Shigella invasion of epithelial cells can be

dependent or independent of actin tails. The primary invasion event does not involve actin tail polymerization, whereas subsequent invasion

of neighboring cells (secondary invasion event) is actin-tail-dependent. We used DicsA-Shigella, a mutant that is unable to induce actin tail

polymerization, to evaluate primary entry. RACK1 silencing significantly reduced the number of cells containingDicsA-Shigella, indicating that

RACK1 is involved in primary infection events (Figure S3).

Shigella induces rapid and profuse actin polymerization at the entry site, resulting in filamentous (F)-actin accumulation in F-actin foci struc-

tures. The F-actin focus increases on size over time until Shigella is completely internalized (Figure 2F), followed by focus resolution and

plasmamembrane basal state recovery. We hypothesized that RACK1 silencing leads to alterations in actin dynamics required for entry focus

formation, reducing cell invasion. To test this, we evaluated the dynamics of Shigella-induced entry foci using time-lapse imaging. HeLa cells

expressing F-tractin-GFP were infected with dsRED-Shigella and imaged every 2 min for 1.5 h. The maximum expansion of each entry focus

was encircled to create an ROI (Figure 2F, dotted-line oval) from which the area was calculated. No significant differences were found in the

maximum area of the foci formed in KD-92 (154G 113 mm2) and NS cells (137G 133 mm2, Figure 2G). However, when measuring the duration

while the entry foci remained visible, we found that foci formed in KD-92 cells lasted significantly longer (11.1 G 7.02 min) than in NS cells

(6.29 G 4.19 min, Figure 2H).

To further understand how RACK1modulates foci formation, we quantified the rate of actin recruitment at the entry site. The FI of the focus

could be interpreted as the amount of F-actin polymerized around Shigella during entry. We used a logistic model to estimate the maximum

rate of actin recruitment (F-actin polymerization) based on the FI changes observed on each infection focus over time. Figure 2I shows an

example of an entry focus FI curve (dots) and the best-fitted curve (blue line), from which the maximum rate of F-actin recruitment was calcu-

lated. The logistic regression analysis revealed a modest but significant reduction in the actin recruitment rate in KD-92 cells (0.0085G 0.007

s�1) compared with NS cells (0.0121G 0.008 s�1, Figure 2J), suggesting that RACK1 is required for efficient actin polymerization around bac-

teria during foci formation. A slow actin recruitment rate in the KD-92 cells likely extends entry foci duration (Figures 2H and 2J) until enough

actin polymerization has occurred, increasing the focus area to maximum size before Shigella can be internalized.

RACK1 is required for actin tail polymerization and actin-mediated motility without localizing to the actin tail

Because RACK1 was required for actin recruitment to the Shigella invasion site, we sought to investigate whether RACK1 is also required for

actin tail formation. We first evaluated RACK1 recruitment to Shigella’s actin tail. After a thorough analysis of multiple lines of experiments,

including time-lapse microscopy of cells co-expressing RACK1-GFP and F-tractin-mCherry (Video S2) and confocal imaging of fixed samples,

no colocalization between the actin tail and RACK1 was found (Figure 3A). This shows that RACK1 is likely not a structural component of Shi-

gella’s actin tail. However, given that actin polymerization at the entry site was RACK1-dependent, we further evaluated whether RACK1

silencing impacts actin tail polymerization in both HeLa cells and the colonic epithelial cell line CaCo-2. The same three shRNAs (KD-92,

KD-94, and KD-95) used in HeLa cells successfully reduced the relative expression of RACK1 compared with the control cells transduced

with the non-specific shRNA in CaCo-2 cells (Figure S4). NS and KD-92 HeLa and CaCo-2 cells were infected with dsRED-Shigella for 3 h

to allow actin tail formation in a large portion of infected cells. Then, cells were fixed and stained with phalloidin-Alexa647 to detect

F-actin. As expected, most Shigella within NS cells were associated with an actin tail. In contrast, most Shigella appeared untailed in KD-

92 cells (Figure 3B). Quantification of tailed and untailed bacteria confirmed this observation. On average, in HeLa cells, 42.4% G 15.1%

of bacteria were associated with an actin tail in NS, whereas this percentage was reduced to 24.8% G 12.5% in KD-92 cells (Figure 3C,

left). Similarly, the percentage of tailed bacteria was significantly reduced in CaCo-2 cells upon silencing of RACK1 (62.2% G 5.4% in NS

and 37.6% G 6.9% in KD-92) (Figure 3C, right). These findings suggest that RACK1 is required for actin tail polymerization.

Given that the actin tails formed in CaCo-2 cells are less prominent than those formed in HeLa, we characterized the length and FI of the

tails formed in HeLa cells only. For this analysis, the perimeters of the Shigella tails weremanually outlined to generate ROIs fromwhich Feret’s

diameter and FI were measured. The Feret’s diameter was defined as the longest distance between two points along the tail’s boundary

Figure 2. Continued

(I and J) RACK1 silencing reduces the rate of actin recruitment to the entry focus. (I) Pink dots are actual FI values. The maximum rate (max. rate) of actin

recruitment was calculated as the slope of the fitted curve (blue line) obtained with a logistic model. a.u. = arbitrary units. (J) Actin recruitment rate to entry foci

calculated as described in I. Numbers under the boxplots are the foci analyzed in one representative experiment out of three. Wilcoxon rank-sum test;

*p < 0.05.
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(Figure 3D) and was used to estimate tail length. Actin tails formed in NS cells had a significantly higher Feret’s diameter (4.91G 3.2 mm) than

tails in KD-92 cells (3G 1.9 mm, Figure 3E). Furthermore, we calculated the total FI of the actin tails and found the tails formed in KD-92 cells

had lower total FI than those formed in NS cells (Figure 3F). The higher total FI values of tails formed in control cells indicate either brighter

tails or the same FI on a larger area, supporting the Feret’s diameter data. These findings indicate RACK1 promotes actin tail polymerization

and elongation.

We measured the actin-based motility of Shigella within infected cells to determine whether the decrease in actin tail length and total FI

observed in RACK1-KD cells affected bacterial motility. NS and KD-92 HeLa cells expressing F-tractin-GFP were infected with Shigella and

imaged every 60 s for 2 h. Bacteria were manually tracked from the moment they formed an actin tail until they stopped moving for more

than 5 consecutive frames (Figure 4A). Spatial locations were grouped into bacterial trajectories. Visual inspection of the trajectories displayed

in an x,y coordinate plot (starting point 0,0) readily showed distinct patterns. Shigella trajectories weremore linear, appearedmore dispersed

from the center of the plot, and exhibited more rapid movements (cyan) in NS cells than in KD-92 cells (Figure 4B). Indeed, the speed of

Shigella in RACK1-KD cells (0.03 G 0.021 mm/s) was 33.3% less compared with the NS cells (0.045 G 0.021 mm/s, Figure 4C).

In addition to speed, bacterial trajectories can also be characterized based on their tortuosity.32 The sinuosity index describes a trajectory’s

tortuosity, integrating changes of direction and step lengths (distance between 2 measured bacterial positions).32 More frequent

Figure 3. RACK1 does not localize to Shigella’s actin tail but it is required for efficient actin tail polymerization

(A) Confocal images of a HeLa cell infected with Shigella (cyan) showing RACK1 (green) does not co-localize to the actin tail (magenta). Scale bar, 8 mm. See also

Video S2.

(B and C) RACK1 silencing reduces the number of tailed Shigella. (B) Representative confocal images of NS and KD-92 HeLa cells infected with dsRED-Shigella.

Green arrowheads indicate bacteria (cyan) associated with actin tails (magenta). Scale bar, 10 mm. (C) Percentage of tailed Shigella per field of view in HeLa (left)

and CaCo-2 cells (right). Numbers under the boxplots are total bacteria counted, pooled from four separate experiments. Unpaired t test; **p < 0.01,

***p < 0.001. See also Figure S4.

(D and E) RACK1 silencing in HeLa cells impairs actin tail elongation. (D) Schematic of Feret’s diameter (red segment) calculation. Diagrams of Shigella with short

(top) and long (bottom) actin tails are shown. (E) Feret’s diameter of actin tails formed in NS and KD-92 HeLa cells. Numbers under plots show the actin tails

analyzed, pooled from three separate experiments. Wilcoxon rank-sum test; ****p < 0.0001.

(F) RACK1 silencing in HeLa cells reduces actin tail fluorescence. Total fluorescence intensity (FI) of actin tails formed in NS and KD-92 HeLa cells was calculated as

the product of tail’s area and average FI. Numbers under plots are actin tails analyzed, pooled from three separate experiments. Wilcoxon rank-sum test;

****p < 0.0001.
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reorientation events and a broader distribution of reorientation angles lead to less direct (more tortuous/sinuous) trajectories. A low sinuosity

index indicates a more direct trajectory. Given that longer trajectories are inevitably more tortuous than very short trajectories, we selected

trajectories with lengths between 30 and 80 mm to calculate sinuosity. Interestingly, Shigella trajectories were significantly more tortuous in

KD-92 cells (0.81 G 0.26) than in control cells (0.71 G 0.23, Figure 4D), suggesting RACK1 promotes trajectory straightness.

We reasoned that the higher trajectory tortuosity observed in the KD-92 cells could be caused by bacterial tumbling. Tumbles are stopping

events characteristic of bacterial motility that result in an erratic change of the trajectory’s direction.33 Tumbling events in Shigella’s trajec-

tories were identified by setting a minimum speed threshold of 0.02 mm/s. Typically, Shigella’s trajectories were interrupted by one or

more tumble event (speed <0.02 mm/s). The tumbles can be consecutive or intermittent. We quantified the average time bacteria spent in

static state (tumbling) and found that Shigella’s trajectories were interrupted by significantly more tumble events in KD-92 cells than in control

cells (Figure 4E). Shigella spent on average 3.6G 3 min tumbling in NS cells, whereas tumbling time was doubled in KD-92 cells (6.6G 5 min,

Figure 4E). While recording the trajectories, we observed that bacterial motility stops when Shigella loses or reduces the length of its tail. To

resumemovement, Shigellamust induce actin tail polymerization again. Thus, extended tumbling events found in RACK1-KD cells are consis-

tent with an actin-tail polymerization defect, delaying motility (Figures 3B and 3C).

RACK1 silencing inhibits Shigella cell-to-cell spreading

Shigella’s cell-to-cell spreading relies on efficient actin tail polymerization as the tail accelerates the bacterium to reach the host cell’s pe-

riphery, pushing the membrane out to form Shigella-containing membrane protrusions subsequently endocytosed by neighboring

cells.18,34 Therefore, we reasoned that the actin tail polymerization and intracellular motility impairment observed in RACK1-KD cells could

affect Shigella cell-to-cell spreading. To evaluate this, we implemented a modified plaque assay that allows time-lapse imaging of Shigella

spreading. Briefly, confluent cell monolayers stably expressing GFP were infected with a low-density dsRED-Shigella culture (OD600 diluted

to�0.0005 in imagingmedium). Methocel, a non-toxic transparent polymer, was used to overlay the cells restricting Shigella’s extracellular

diffusion. As Shigella spreads through the cell monolayer, it forms areas of infection called plaques. The size of these plaques correlates

with the efficiency of bacterial cell-to-cell spreading.35 Because Shigella cells were fluorescent, our plaque assay did not require fixation or

staining steps for visualization, and we used automatic segmentation for plaque area quantification. Conveniently, the 96-well format of

our plaque assay allowed simultaneous analysis of control (NS) and three stable RACK-KD cell lines (KD-92, KD-94, and KD-95). Significant

reduction in plaque area was observed in all three RACK1-KD HeLa cells (Figures 5A and 5B). We also evaluated Shigella cell-to-cell

Figure 4. RACK1 silencing impairs Shigella’s actin-mediated motility

(A) Schematics of Shigella (cyan) trajectory displaying multiple direction changes and actin-tail (magenta) lengths.

(B) Shigella trajectories from one representative experiment. Colors represent trajectories’ mean speed (mm/s).

(C) RACK1 silencing reduces the speed of Shigella movements. Numbers under plots are trajectories pooled from three separate experiments. Wilcoxon rank-

sum test; ****p < 0.0001.

(D) Shigella trajectories show higher sinuosity in RACK1-KD cells. Trajectories with lengths between 30 and 80 mm pooled from three independent experiments

were analyzed (number below boxplots). Unpaired t test; **p < 0.01.

(E) RACK1 silencing increases the time Shigella expends tumbling. Trajectories with one or more tumbling events were selected for this analysis. Plots show

trajectories pooled from three independent experiments (number of evaluated trajectories under boxplots). Wilcoxon rank-sum test; ****p < 0.0001.
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spreading in CaCo-2 cells. Like in HeLa cells, Shigella formed significantly smaller plaques in RACK1-KD cells than in the NS control

(Figures 5C and 5D).

To further examine the impact of RACK1 silencing on Shigella spreading, we captured high magnification (63X) time-lapse images of in-

fected cells overlaid with Methocel. We then manually recorded infection progression (Figure 5E). Analysis of the cumulative number of in-

fected cells recorded over 10 h of infection showed a significant reduction of Shigella’s dissemination rate in KD-92 cells compared with NS

cells (Figure 5F). Altogether, these results indicate that RACK1 contributes to effective Shigella cell-to-cell dissemination in epithelial cells.

RACK1 promotes actin polymerization in uninfected cells

Our findings in Shigella-infected cells suggest that RACK1 is likely a regulator of actin cytoskeleton dynamics. We then evaluated whether

RACK1 plays a role in actin polymerization independently of Shigella infection. Actin filaments are maintained in a dynamic equilibrium of

polymerization and depolymerization, also known as actin filament turnover. The filaments elongate as ATP-bound G-actin monomers are

Figure 5. RACK1 silencing reduces Shigella cell-to-cell spreading in HeLa and CaCo-2 cells

(A) Representative images showing dsRED-Shigella plaques (magenta) formed in control (NS) and RACK1-KD (KD-92) HeLa cells (F-tractin-GFP, green). Scale bar,

300 mm.

(B) RACK1-KD leads to plaque area reduction in HeLa cells. Plots show representative data from one out of three separate experiments. Numbers under the

boxplots are the numbers of plaques analyzed. Kruskal-Wallis followed by Dunn’s test; *p < 0.05, **p < 0.01, ***p < 0.001.

(C) Representative images of dsRED-Shigella plaques (magenta) formed in control (NS) and RACK1-KD (KD-92) CaCo-2 cells (GFP, green). Scale bar, 300 mm.

(D) RACK1-KD leads to plaque area reduction in CaCo-2 cells. Plots are from one out of three separate experiments. Numbers under the boxplots are the

numbers of plaques analyzed. Kruskal-Wallis and Dunn’s test; ***p < 0.001.

(E and F) Shigella cell-to-cell spreading is reduced in RACK1-silenced HeLa cells. (E) Representative time-lapse images showing dsRED-Shigella (red) cell-to-cell

spreading. Actin is shown in gray. Yellow outlines highlight the infected cells. (F) Cumulative number of infected cells over time. Cell-to-cell spreading curves are

shown as mean G SD from three experiments pooled, where 19 (NS = 10, KD-92 = 9) infection videos were analyzed. Inset: maximum spreading rate (infected

cells/min) was calculated. Unpaired t test; **p < 0.01.
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added to the filament’s fast-growing barbed end, whereas ADP-boundG-actin is dissociated from the slow-growing pointed end.36We used

the actin-binding compound jasplakinolide (Jasp) to evaluate the role of RACK1 in actin polymerization. Jasp stabilizes F-actin by inhibiting

filament depolymerization, thereby inducing the formation of F-actin amorphous aggregates.37 Treatment with 0.2 mMof Jasp for 2 h caused

the formation of multiple F-actin aggregates throughout the cytoplasm inNS and KD-92 HeLa cells (Figure 6A). These aggregates were quan-

tified using automatic segmentation (Figure 6B). We reasoned that if RACK1 promotes actin polymerization, RACK1-KD cells should be less

susceptible to the effect of Jasp-mediated aggregate formation. Indeed, the F-actin aggregates formed in KD-92 cells were smaller and dim-

mer than those in NS cells (Figures 6C and 6D). Also, the number of aggregates formed was reduced in KD-92 cells. On average, 14G 9 actin

aggregates were found per NS cells, whereas 10G 7 aggregates were found per KD-92 cells, suggesting that RACK1 facilitates filament poly-

merization (Figure 6E).

To further understand the role of RACK1 in actin polymerization, we evaluated the effect of RACK1 silencing on actin turnover in basal

conditions (i.e., uninfected cells). Fluorescence recovery after photobleaching (FRAP) has been widely used to analyze actin polymerization

dynamics.38 FRAP was assessed in two characteristic actin-rich cellular structures, membrane ruffles and stress fibers. HeLa cells transfected

with EGFP-actin were photo-bleached in a rectangular region of interest (ROI), and the fluorescence recovery was followed by time-lapse im-

aging (Figure 7A, red rectangles). EGFP-actin fluorescence was fast to recover in membrane ruffles (�6 s), indicating fast actin turnover in

these structures, whereas stress fibers had a slower actin turnover rate (�180 s, Figure 7A). We then evaluated actin turnover in RACK1-

silenced cells. The fitted recovery curves obtained frommembrane ruffles revealed slower actin turnover in KD-92 than in NS cells (Figure 7B,

left). A significant difference was confirmed by calculating the half-time of fluorescence recovery (t1/2), which was lower in NS cells (11.3G 4.6

s) than in KD-92 cells (30.2 G 8.2 s, Figure 7B, right), indicating RACK1 promotes actin turnover in membrane ruffles. On the other hand, no

significant difference was found in stress fiber actin turnover between NS (t1/2 = 16.1 G 9.3) and KD-92 (t1/2 = 20 G 11.3) cells (Figure 7C).

These results show that RACK1 is required for efficient actin turnover in fast-polymerizing structures such asmembrane ruffles but not in stress

Figure 6. Filamentous-actin (F-actin) aggregate formation is reduced in uninfected RACK1-KD cells treated with jasplakinolide

(A) Representative maximum projection images of control (NS) and RACK1-KD (KD-92) HeLa cells at 0 h and 2 h after 0.2 mM of jasplakinolide (Jasp) treatment.

Actin is shown in gray. Scale bar, 50 mm.

(B) Example of F-actin (gray) aggregate automatic segmentation (red outlines). Cells’ outlines (green) were manually drawn. Scale bar, 30 mm.

(C) The area of F-actin aggregates formed per cell is reduced in RACK1-silenced cells.

(D) The total fluorescence intensity (FI) of F-actin aggregates formed per cell is reduced in RACK1-silenced cells. Aggregate FI was normalized to the average FI of

cells before the addition of Jasp.

(E) The number (#) of F-actin aggregates per cell is reduced in RACK1-silenced cells.

Numbers under the boxplots in C–D indicate the number of cells analyzed, pooled from 2 independent experiments. Wilcoxon rank-sum test; ***p < 0.001,

****p < 0.0001.
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fiber formation. Membrane ruffles occur in cellular areas undergoing rapid actin cytoskeleton reorganization and very much resemble

Shigella-induced entry foci.3 Actin tails are also fast-polymerizing structures allowing Shigella to move at high speeds (0.045 G 0.021 mm/s

in control cells, Figure 4C). Overall, our data show that RACK1 is required for physiological and Shigella-induced fast-polymerizing actin

structures.

DISCUSSION

In this study, we investigated the role of the host scaffold protein RACK1 in Shigella flexneri infection of epithelial cells. Our findings also lead

us to explore the role of RACK1 in cytoskeleton organization in uninfected conditions. We showed via gentamycin assay that silencing RACK1

Figure 7. RACK1 silencing affects actin turnover in membrane ruffles but not in stress fibers

(A) Selected confocal images from a time-lapse showing fluorescence recovery after photobleaching (FRAP) of EGFP-actin in ruffles (top) and stress fibers

(bottom). Red rectangles show the bleached area. The whole cell is outlined in yellow, and background (cell-free area) areas are shown in green rectangles.

Scale bar, 10 mm.

(B and C) In the line plots, solid lines represent best-fit curves, and ribbons show the meanG SD of the samples analyzed. Boxplots show half-time fluorescence

intensity (FI) recovery. Numbers under the boxplots represent the number of cells analyzed per condition. Unpaired t test; ns = not significant; ****p < 0.0001. (B)

RACK1 silencing increases EGFP-actin fluorescence recovery time in ruffles naturally formed in uninfected HeLa cells. (C) RACK1 silencing does not impact EGFP-

Actin fluorescence recovery in the stress fibers of uninfected HeLa cells.
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expression significantly reduces Shigella growth in HeLa cells, whereas overexpression of RACK1 leads to more Shigella growth (Figure 1).

Time-lapse microscopy analysis showed that RACK1 localization to the entry focus is crucial for efficient actin recruitment around Shigella,

thus facilitating invasion (Figure 2). We also showed that actin tail polymerization, tail elongation, actin-based motility, and cell-to-cell

spreading are negatively impacted by RACK1 silencing (Figures 3, 4, and 5). Our data demonstrate that RACK1 is involved in multiple steps

of Shigella infection that share a requirement for actin cytoskeleton machinery and may collectively contribute to the positive correlation be-

tween RACK1 expression and the overall intracellular amount of Shigella. Our analysis of actin dynamics in physiological conditions (unin-

fected cells) revealed that RACK1 silencing reduces F-actin aggregate formation in response to jasplakinolide treatment and impairs actin

turnover in fast-polymerizing structures such as membrane ruffles (Figures 6 and 7). Together, these results suggest a crucial role of

RACK1 in actin cytoskeleton modulation, promoting the formation of fast-polymerizing structures during Shigella infection and in physiolog-

ical conditions.

Shigella invasiveness is mediated by the T3SS proteins IpaC and IpaB, which form a pore into the host cell membrane, allowing bacterial

effectors to be translocated inside the host cell. IpaC recruits the host kinase Src to the entry foci, leading to rapid actin polymerization and

ruffle formation.6 Similar to what was observed in RACK1-silenced cells, the expression of kinase-inactive Src in HeLa cells inhibits foci forma-

tion and Shigella uptake.39 TheAbelson tyrosine kinase (Abl) has also been linked to Shigella’s uptake. Abl phosphorylates Crk, which binds to

cortactin, triggering Arp2/3-mediated actin polymerization and subsequent bacterial internalization.40 Because RACK1 plays a key role in sta-

bilizing the inactive or active form of various kinases including Abl and Src,22,41,42 it is likely that RACK1 facilitates actin polymerization respon-

sible for forming hostmembrane ruffles that engulf Shigella. In support of this hypothesis, we found that RACK1 silencing significantly reduces

the rate of actin polymerization during Shigella-induced entry foci formation and impairs actin turnover in membrane ruffles (Figures 2J and

7B). The crosstalk between RACK1, Abl, and Src signaling during Shigella-induced actin polymerization at the entry site remains to be eval-

uated by further studies.

After Shigella uptake into the host cell, the bacterium briefly remains in the SCV. A thick F-actin-rich cage, coined as a cocoon, was recently

described to form around the SCV.12 Actin cocoon formation has been linked to vacuolar rupture by Shigella, and as we did not observe an

impact of RACK1 knockdown on the SCV rupture timing, we decided not to follow-up on a potential link between the actin cocoon and

RACK1. The next step after Shigella’s vacuolar escape is actin-mediated motility, which eventually leads to infection of neighboring cells.

We found RACK1 silencing was associated with a decrease in the percentage of bacteria forming actin tails, with shortening of tails and speed

reduction of motile bacteria (Figures 3 and 4). Although RACK1 seems to participate in actin tail formation, it was not recruited to the tail

(Figure 3A), suggesting its role is indirect. In vitro reconstitution of actin polymerization using purified proteins determined that actin,

N-WASP, Arp2/3, cofilin, and capping protein are the minimal required factors for Shigella’s actin tail polymerization.43 However, other

host proteins have been reported to enable more efficient actin tail formation and intracellular motility, such as, the transducer of Cdc42-

dependent actin assembly (Toca-1), Bruton’s tyrosine kinase (Btk), and Abl.44–46 These proteins, like RACK1, have not been shown to be

detectable at the actin tails, although it cannot be completely ruled out that these proteins could be part of actin tails under certain exper-

imental conditions.

The Abl kinase plays a crucial part not only in Shigella entry of host cells but also in promoting the polymerization and elongation of actin

tails via N-WASP phosphorylation.45 Bacterial speed decreases by 48% in cells without Abl,45 similar to the 33.3% reduction that we observed

in RACK1-KD cells. We postulate that RACK1 could promote actin tail polymerization and actin-mediated motility by stabilizing Abl in its

active conformation, leading to N-WASP phosphorylation. Efficient formation of actin tails is pivotal for bacterial spreading to neighbouring

cells. Our study shows that RACK1 depletion in HeLa andCaCo-2 cells impairs cell-to-cell spreading (Figure 5). This is an expected phenotype

because Shigella-containing membrane protrusions leading to dissemination seem to result solely from the force exerted by the actin tail

deforming the host plasma membrane.20

In the host cell cytoplasm, when Shigella loses the actin tail and starts replicating, the bacteria can be recognized by septins that trap them

inside septin cages, blocking actin tail polymerization.47 Septins are host cytoskeletal proteins that assemble into filaments, bundles, and rings

implicated in cell division.48 In RACK1-silenced cells, Shigellamay struggle to recover its actin tail due to septin cage entrapment, spending a

long time tumbling (Figure 4E). Mostowy et al. found thatmore tailed bacteria were present in septin-depleted cells but no alteration in speed

was observed, suggesting septins restrict tail elongation but not bacterial movement.49 The authors reported an average speed of 0.3 mm/s,

which is 6 times faster than our observations (0.045 mm/s). This difference is likely due to the methodology used. We measured the average

speed of trajectories recorded from images taken every 1 min for 2 h, whereas Mostowy et al. measured trajectories for 15 min (images taken

every 10 s). In thismanner, the authors likelymissed tumbling intervals commonly observed in Shigella trajectories (Figure 4E).We showed that

RACK1 depletion slowed down actin polymerization. This could provide sufficient time for septins to detect Shigella and initiate cage forma-

tion. Still, the role of septin-mediated restriction of Shigella’s intracellular growth and motility requires further study.

In addition to Shigella-induced actin polymerization, when RACK is silenced in uninfected cells, we found less F-actin aggregate formation

upon Jasplakinolide treatment and impaired actin turnover in membrane ruffles (Figures 6 and 7). Other reports have linked RACK1 to actin

cytoskeleton dynamics. For example, preventing the interaction of RACK1 with Src disrupts the actin cytoskeleton in embryonic mouse fibro-

blast NIH3T3 cells.50 Also, RACK1 promotes cytoskeletal reorganization in osteoclasts. In these cells, overexpression of a mutant RACK1 that

does not bind to Src reduces the formation of actin rings.51 Similarly, RACK1 silencing inmast cells induces cell rounding and fragmentation of

cortical F-actin.52

The cellular machinery required for fast-polymerizing actin structures, such as those found in the entry focus, actin tail, and membrane

ruffles, are governed by Abl and Src kinases6,39,45,53,54 through Cdc42/Rac1-mediated activation of N-WASP.55 N-WASP subsequently
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activates the Arp2/3 complex to promote actin polymerization. Because RACK1 was shown to regulate Abl and Src activation,42,50,56 it is

possible that RACK1 activity promotes actin turnover in highly dynamic structures rather than stable ones such as stress fibers (Figure 7C).

This finding was intriguing as RACK1 overexpression has been reported to increase the number of stress fibers in CHO cells.57 However, actin

polymerization in stress fibers is regulated by the small GTPase RhoA and its effectors Rho-associated protein kinase (ROCK) and Dia1.58,59

There are conflicting reports about the link between RACK1 and RhoA. In breast cancer cells, RACK1 was shown to promote migration

through interaction with RhoA and activation of the RhoA/Rho kinase pathway,60 whereas RACK1 silencing in Jurkat cells does not affect

RhoA activation. These findings suggest that RACK1-mediated regulation of RhoA is cell-type-specific. Our data show that, at least in

HeLa cells, RACK1 does not regulate stress fiber formation.

Our results demonstrate that RACK1 is essential for Shigella infection by facilitating actin recruitment to the site of infection, actin tail poly-

merization, actin-based motility, and cell-to-cell spreading in human epithelial cells. Collectively, our work supports a pro-virulence role of

RACK1 for Shigella through facilitating actin polymerization and a physiological role in actin cytoskeleton dynamics. Future studies will

help decipher the mechanism by which RACK1 regulates actin cytoskeleton dynamics in uninfected conditions and during Shigella infection,

a process most likely mediated by RACK1-kinase interactions.

Limitations of the study

In this study, we found that Shigella exploits the function of RACK1 to promote bacterial entry, actin tail formation, and cell-to-cell spreading.

However, themechanismbywhich RACK1 regulates actin cytoskeleton dynamics in Shigella-infected cells was not elucidated.Weproposed a

mechanism involving the RACK1-interacting partners Abl and Src kinases. However, whether these kinases are the link between Shigella-

mediated actin manipulation and RACK1 remains to be validated in future studies.We also revealed an interesting role of RACK in regulating

actin turnover in rapidly polymerizing actin structures. To gain more insights, further analysis of actin turnover, recruitment of actin polymer-

ization proteins to cell ruffles, and subsequent disassembly of actin structures will need to be assessed.
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Phosphate-Buffered Saline (PBS) Wisent Cat. No. 311-010-CL

Puromycin Gibco Cat. No. A11138-03

Blasticidin Gibco Cat. No. A11139-03

Gentamycin Sigma Cat. No. G4918

Polyethyleneimine (PEI) Sigma Cat. No. 765090

FuGENE Promega Cat. No. E2311

X-tremeGENE Sigma Cat. No. 6365779001

FluoroBrite DMEM Gibco Cat. No. A1896701

Fibronectin Sigma Cat. No. F1141

Paraformaldehyde (PFA) EM Sciences Cat. No. 157-8-100

Phalloidin-Alexa555 Invitrogen Cat. No. A34055

Phalloidin-Alexa647 Invitrogen Cat. No. A22287

Methocel A4M Sigma Cat. No. 94378

Jasplakinolide (Jasp) Thermo Fisher Scientific Cat. No. J7473

Critical commercial assays

BCA Protein Assay Kit Thermo Fisher Scientific Cat. No. 23225

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HeLa TakaraBio Cat. No. 631156

CaCo-2 ATCC Cat. No. HTB-37

HEK-293T cells ATCC Cat. No. CRL-3216

Oligonucleotides

attagtcgacatgactgagcagatgaccc This study RACK1_F-SalI

taattctagactagcgtgtgccaatggtca This study RACK1_R-XbaI

ccggtaccctgggtgtgtgcaaatactcg

agtatttgcacacacccagggtatttttg

This study shRNA-92_F

aattcaaaaataccctgggtgtgtgcaaat

actcgagtatttgcacacacccagggta

This study shRNA-92_R

ccggaggatggccaggccatgttatctcg

agataacatggcctggccatccttttttg

This study shRNA-94_F

aattcaaaaaaggatggccaggccatgtt

atctcgagataacatggcctggccatcct

This study shRNA-94_R

ccggcaagctgaagaccaaccacatctc

gagatgtggttggtcttcagcttgtttttg

This study shRNA-95_F

aattcaaaaacaagctgaagaccaacca

catctcgagatgtggttggtcttcagcttg

This study shRNA-95_R

Recombinant DNA

pEGFP-C1 Clontech Cat. No. 6084-1

pEGFP-N1 Clontech Cat. No. 6085-1

pLJM1 Addgene Cat. No. 91980

pLKO1 Addgene Cat. No. 10878

pLKO:NS Addgene Cat. No. 1864

psPAX2 Addgene Cat. No. 12260

pMD2.G Addgene Cat. No. 12259

pLV-Ftractin-GFP Roy Duncan, Dalhousie University N/A

pLV-F-tractin-mCherry Addgene Cat. No. 85131

pmOrange-Galectin3 Ray, K. et al.67 N/A

pEGFP-Actin Ray, K. et al.67 N/A

pEGFP:GFP-RACK1 This study N/A

pEGFP:RACK1-GFP This study N/A

pLJM1:RACK1 This study N/A

pLKO: KD-93 This study N/A

pLKO: KD-94 This study N/A

pLKO: KD-95 This study N/A

Software and algorithms

Fiji (ImageJ, version 2.3.0) Schindelin, J. et al.63 https://fiji.sc/

R package ‘‘growthrates’’ (version 8.2) N/A https://cran.r-project.org/web/

packages/growthrates/index.html

R package ‘‘trajr’’ (version 1.4.0) McLean, D. J. &

Skowron Volponi, M. A64

https://cran.r-project.org/web/

packages/trajr/index.html

Zeiss Zen Black software (version 2.3) N/A https://www.micro-shop.zeiss.com/en/

us/softwarefinder/software-categories/

zen-black/zen-black-system/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Zhenyu Cheng

(zhenyu.cheng@dal.ca).

Materials availability

Plasmids generated in this study are available upon request.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request
� This paper does not report original code.

� Any additional information required is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines culture

HeLa (cervical carcinoma), CaCo-2 (male colorectal adenocarcinoma) and HEK-293T (female embryonic kidney) cells were grown in DMEM

supplemented with 10% HI-FBS and 1% HEPES at 37�C with 5% CO2. Cells were passaged before reaching 100% confluency by adding

0.5 mL of 0.05% trypsin-EDTA to T-25 flasks incubating at 37�C until cells were dislodged from the flask. Cell suspensions were subsequently

diluted to the desired cell density.

Shigella strains culture

S. flexneri wild-type strain M90T expressing AfaI adhesin (Shigella), M90T expressing dsRED and AfaI (dsRED-Shigella), and a DIcsA mutant

strain expressing dsRED and AfaI (DIcsA-Shigella) were used in this study. The E. coli-derived afaI gene confers Shigella with much higher

invasion capabilities, which is desirable for time-lapse imaging.61 Shigella strains were grown in tryptic soy broth (TSB) supplemented with

15 g/L agar, 100 mg/mL carbenicillin and 0.02% (w/v) Congo red to select for functional T3SS system (red colonies). Inoculated TSB plates

were incubated for 15 to 20 h at 37�C.
For infection experiments, Shigellawere grown overnight (ON) in TSB, supplementedwith carbenicillin (100 mg/ml), at 37�Cwith shaking at

200 rpm. The next day, bacteria were diluted to 1/100 dilution in fresh TSBwith carbenicillin (100 mg/ml) and incubated for 2.5 hrs to an optical

density at 600 nm (OD600) between 0.4 to 0.6 (exponential growth phase). To prepare the inoculum, 1 mL of exponential Shigella growth cul-

ture was washed once with PBS by centrifuging at 5000 x g for 1 min; then, the culture was resuspended in serum-free DMEM to the desired

multiplicity of infection (MOI).

METHOD DETAILS

Recombinant DNA and lentiviral transduction

The RACK1 gene was amplified fromHeLa cDNA using primers RACK1_F-SalI and RACK1_R-XbaI and cloned into pEGFP-C1 and pEGFP-N1

to obtain pEGFP:GFP-RACK1 and pEGFP:RACK1-GFP, respectively. An untagged version of RACK1 was constructed by subcloning the

RACK1 gene from pEGFP-C1-RACK1 without the GFP gene into pLJM1, generating pLJM1:RACK1. RACK1 expression was silenced in

HeLa and CaCo-2 cells using shRNAs targeting three regions of the RACK1 mRNA (NM_006098.4). The shRNAs oligos were annealed and

cloned into the pLKO1 vector to generate pLKO: KD-93, pLKO: KD-94 and pLKO: KD-95. A pLKO:NS plasmid carrying scrambled RNA

was used as the negative control. Lentivirus particles carrying the silencing plasmids were produced in HEK-293T cells by co-transfecting

the pLKO constructs, psPAX2 packaging plasmid and pMD2.G envelope plasmid with 1 mg/mL of PEI, as previously described.62 Lentiviruses

carrying pLJM1-RACK1, pLV-F-tractin-GFP, and pLV-F-tractin-mCherry were generated using this protocol. The lentiviral particles were

subsequently used to transduce HeLa or CaCo-2 cells, generating stable RACK1-KD cell lines and fluorescent reporter cell lines. Puromycin

(1 mg/mL) or blasticidin (4 mg/mL) were used to select cells that stably express the transduced constructs.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BioVoxxel Toolbox: Speckle

Inspector plugin (version 2.5.7)

N/A https://imagej.net/plugins/biovoxxel-toolbox

R package ‘‘Frapplot’’ (version 0.1.3). N/A https://cran.r-project.org/web/

packages/frapplot/index.html
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RACK1 expression assessment by western blotting

HeLa or CaCo-2 cells transduced with lentiviruses carrying silencing shRNAs were harvested by trypsinization, washed twice in PBS, and re-

suspended in 400 ml of lysis buffer (2% SDS w/v, 50mM Tris/HCl pH 7.4). Lysates were boiled at 95�C for 5 min and sonicated at 25 watts for 30

sec. Debris was removed by centrifugation at 14000 x g for 10 min at four �C. Ten mg of these whole-cell lysates were separated on a 12% SDS

polyacrylamide gel. Proteins were then transferred to a 0.2 mm PVDF membrane, blocked with 5% non-fat milk, immunoblotted with anti-

RACK1 (1/1000), followed by anti-mouse-HRP (1/10000). Anti-Tubulin-HRP (1/5000) and Anti-Actin-HRP (1/5000) were loading controls. Quan-

titative analyses were performed using Fiji (ImageJ) software,63 measuring the RACK1 band intensity and normalizing it by the corresponding

tubulin band intensity.

Gentamycin protection assay to measure intracellular Shigella growth

Target cells (2.5 x105 cells/well) were seeded in 12-well plates. The following day, the cells were infected for 30 min at 37�C with 1 mL/well of

Shigella inoculum at the desired MOI. Following a wash with PBS, the monolayers were treated for 15 min with DMEM supplemented with

gentamycin (100 mg/mL) to eliminate extracellular bacteria. After threewashes with PBS, the cells were lysed (time-points: 0, 1, 2 and 3 hrs post

gentamycin treatment) with 200 mL of NP-40 buffer (0.1% NP40, 50 mM Tris-HCl pH 7.5, 5 mM EDTA, 10% glycerol, 100 mM NaCl) for 5 min.

The lysates were then serially diluted, inoculated into LB agar plates and incubated overnight at 37�C. Colony Forming Units (CFUs) were

counted and normalized by the total protein concentration (determined by BCA kit) on each well to account for cell number variability

due to losses during washes. Shigella growth rates on each cell line were calculated using the grow_logistic function from the R package

‘‘growthrates’’ (version 8.2).

Time-lapse confocal microscopy of Shigella invasion

To evaluate RACK1 recruitment to Shigella’s entry focus, HeLa cells (1x105 cell/well) stably expressing RACK1-GFP and F-tractin-mCherry

were seeded on 4-well 35 mm glass-bottom dishes. After 24 hrs, the cells were infected with Shigella (MOI 50) and imaged every 1 min for

1.5 hrs with a 63X objective on a Zeiss spinning disk microscope. We used a galectin-3 reporter to study the role of RACK1 during the Shigella

invasion of epithelial cells and vacuolar escape. For this experiment, 6 x 103 cells/well of KD-92 and NS HeLa were seeded on black 96-well

plates and transfected with pmOrange-Galectin3 (vacuolar rupture reporter31,67) and pEGFP-Actin following FuGENE’s manufacturer instruc-

tions. After 48 h, the cell media was replaced by 50 mL of FluoroBrite DMEM(imaging medium). Infection was performed by adding 50 mL of

Shigella inoculum (MOI 10) before image capture. Cells were imaged every 1 minute for 1.5 hrs at 37�C and 5% CO2 using the widefield mi-

croscopeNikon Eclipse Ti with 40Xmagnification. The number of infected cells was calculated by identifyingHeLa cells with at least oneGal-3

positive (Gal-3+) signal. Similarly, the number of Gal-3+ bacteria per cell was manually enumerated.

To analyze vacuolar escape, we manually noted the time of Shigella entry, defined as the time (in the video) where the first signs of actin

cytoskeleton reorganization induced by Shigella could be recognized (F-actin-GFP enrichment). After bacterial invasion, the recruitment of

Gal-3 to the damaged SCVmarked the time of vacuolar escape. These time points were used to calculate the vacuolar escape time in control

and RACK1-KD cells as follows: Gal-3+ time minus entry time = escape time.

To evaluate entry foci dynamics, NS and KD-92 HeLa cells stably expressing F-tractin-GFP were infected with dsRED-Shigella (MOI 10).

Z-stack images (4 slices, 1.2 mm apart) were captured every 2 min with a 63X objective on a Zeiss spinning disk microscope. Average projec-

tions of the top 4 slices were generated using Fiji software. Entry foci were identified by increasing F-actin recruitment around dsRED-Shigella

over time. The largest area reached by entry foci was encircled to create regions of interest (ROIs) from which the area and FI were measured,

starting from the first signs of actin recruitment until the FI returned to the basal level. The duration of each focus was calculated bymultiplying

the number of time points by 2 min (frame acquisition time). The FI data was used to calculate the rate of actin recruitment to the entry foci

using the R package ‘‘growthrates’’ (version 8.2). We repurposed the grow_logistic function from this package to estimate the actin’s

maximum recruitment rate (mumax) using the FI increment over time observed on each infection focus. The model’s fitting of the FI curves

was visually verified, and curves not well described by the model were eliminated from the final data set.

Primary infection evaluation

The DIcsA Shigella strain cannot spread from cell to cell due to a lack of actin tail polymerization reflecting the number of primary infected

cells. For this experiment, 2.5 x 104 RACK1-KD or NS control HeLa cells stably expressing F-tractin-GFP were seeded on black 96-well plate

wells. After 24 hrs, the cells were infected with 100 mL ofDIcsA Shigella (OD600 = 0.5 diluted 1/100). The infection was carried out for 30min at

37�C with 5% CO2, followed by 15 min of gentamycin (100 mg/mL) treatment. After this time, the cells were washed with PBS, and 100 mL of

FluoroBrite was added to each well and incubated for 4 hrs. Images were captured using a Zeiss Axio Observer Z.1 widefield microscope at

10X magnification. Cells with one or more intracellular bacteria were considered infected.

Immunofluorescence of infected epithelial cells for actin tail evaluation

For RACK1 localization, 2.5 3 105 HeLa cells stably expressing F-tractin-GFP were seeded on 12 mm round glass coverslips pretreated with

20 mg/mL of fibronectin. The cells were infected with dsRED-ShigellaMOI of 10 for 30 min at 37�C with 5% CO2, followed by treatment with

gentamycin (100 mg/mL) for 15min. The cells were washedwith PBS, and freshDMEMwas added before continuing the infection for twomore
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hours to allow actin tail polymerization. After infection, the cells were fixed with 4% paraformaldehyde for 20 min and immunolabeled with

anti-RACK1-Alexa647 (1/100) and phalloidin-Alexa555 (1/100).

For actin tail counting, shape, and FI measurements, 2.5 3 105 KD-92 and NS HeLa or CaCo-2 cells seeded on glass coverslips were in-

fected with dsRED-Shigella (MOI 10) for three hrs, fixed and stained with phalloidin-Alexa647 (1/100). Z-stacks (6 slices, 1.2 mm) were acquired

at 63Xmagnification on a confocal Zeiss 880. Average projections of the top 4 slices were generated using Fiji. Bacteria with and without actin

tails were manually enumerated. Fiji’s polygon selection tool was used to manually define ROIs around tails formed in HeLa cells. These ROIs

were then used to measure Feret’s diameter and FI of the tails.

Time-lapse confocal microscopy of Shigella actin-mediated motility

For live observation of Shigella trajectories, 1x105 F-tractin-GFP HeLa cells (KD-92 andNS) were seeded in 4-well 35 mmglass-bottom dishes.

A day after, the cells’ medium was replaced with 450 mL of FluoroBrite, and the infection was carried out by adding 50 mL of dsRED-Shigella

(OD600 = 0.5 culture diluted 1 in 10 with PBS). Z-stacks (5 slices, one mm) images were captured at 63Xmagnification every 60 sec for two hrs at

37�C and 5% CO2 using a Zeiss Axio Observer Z.1 spinning disk microscope. The z-stacks time-lapse images were transformed into average

intensity projections without the first 2 (bottom) slices of the z-stack to avoid stress fibre interference. Then, bacterial movements were re-

corded using Fiji’s Manual Tracking tool for as long as the bacterium was visible and stopped if the bacterium divided, went out of the focal

plane or stoped for more than 5 frames. The distance between every two points in each trajectory was calculated as d =O((x2-x1)^2+(y2-y1)^2
). Trajectory speed, sinuosity index and tumbling analysis were characterized using the ‘‘trajr’’ (version 1.4.0)64 package in R.

Evaluation of Shigella cell-to-cell spreading via plaque assay

F-tractin-GFP HeLa and GFP-CaCo-2 cells were seeded in black 96-well plates and grown to confluence. The monolayers were subsequently

infected with a diluted culture of dsRED-Shigella (OD600 = 0.5 diluted 1000 times) for 30 min before incubation with gentamycin (100 ug/mL)

for 15 min. Then the cells were overlaid with 100 mL 0.4% Methocel A4M (Sigma) diluted in FluoroBrite DMEM. Infections were carried out at

37�Cwith 5%CO2 for 10 (HeLa) or 15 (CaCo-2) hrs before imaging at 10Xmagnification using a Zeiss AxioObserver Z.1 widefieldmicroscope.

To image around 50%of the well’s area, 16 tiles were captured and stitched using Zeiss Zen Black software (version 2.3). Shigella plaques’ area

was measured by automatic segmentation using Fiji. Briefly, the images were separated into two channels (GFP = cells, dsRED = bacteria),

and the background was subtracted from the dsRED channel images (rolling = 90). Then, the filters Median (radius = 10) and Gaussian blur

(sigma = 10) were applied before transforming the images into masks using the Mean thresholding method with default settings. The com-

mandsDilate mask and Fill Holes further defined the plaques contour. The final mask images were input to the Analyze particles (size = 0.1 to

infinity) tool to identify the plaque’s outlines.

To assess Shigella cell-to-cell spreading using high magnification time-lapse images, 1 x 105 F-tractin-GFP HeLa cells (NS and KD-92)

were seeded in 4-well glass-bottom dishes. The next day, cells were overlaid with 0.4% Methocel and infected with eight ml of dsRED-

Shigella (OD600 = 0.5 diluted 1000 times). Infection foci, comprised of 1 infected HeLa cell, were located using the eyepiece of the micro-

scope. Then, 9-tile images were captured at 40X magnification every 15 min for 15 hrs at 37�C and 5 % CO2 on a Zeiss Axio Observer Z.1

spinning disk. Shigella cell-to-cell spreading was quantified by recording the number of infected cells at each time point. The spreading

rate of Shigella was calculated from the log-linear part of the spreading curve using the all_splines function from the R package ‘‘growth-

rates’’ (version 8.2).

Evaluation of actin polymerization in uninfected cells

Jasplakinolide (Jasp) induces actin filament stabilization leading toG-actin polymerization into amorphous F-actin aggregates.65 Before treat-

ment, NS and KD-92 HeLa cells stably expressing F-tractin-GFP were seeded in 4-well glass-bottom dishes (1x105 cells/well). After 24 h, the

medium was substituted with 300 ml of FluoroBrite and incubated for 15 min in the microscope’s atmosphere-regulated chamber (37�C, 5%
CO2) to stabilize the cells. Then, 200 ml of 0.5 mMJasp diluted in FluoroBrite was added to each well. Z-stack images (8 slices, 1mmapart) were

captured before adding Jasp and after two hrs using a Zeiss Axio Observer Z.1 spinning disk microscope with 40X magnification. The F-actin

aggregates formed were automatically segmented and analyzed using Fiji’s Speckle Inspector plugin from the BioVoxxel Toolbox

(version 2.5.7).

FRAP was carried out following a protocol described by Carisey et al.66 to analyze actin turnover in stress fibres and membrane ruffles of

uninfected cells. Briefly, 5x104 NS and KD-92 HeLa cells were seeded in 4-well glass-bottom dishes and transfected with pEGFP-Actin67

following X-tremeGENE manufacturer instructions. After 48 h, the medium was replaced with FluoroBrite. One hour before imaging, dishes

were placed in the microscope’s atmosphere-regulated chamber (37�C with 5% CO2) to allow the medium to equilibrate. A Zeiss LSM 880

confocal microscope was used to capture 16-bit, 512 x 512 pixels images at 63X magnification using bi-directional scanning at speed 7. The

pinhole size was set to 1 Airy Unit, and the zoom factor was 2. The power of the 488 nm argon laser was set to 22% (gain: 652, offset: 62) during

imaging and increased to 100% for the bleaching pulses on a rectangular ROI. Three images were captured before bleaching within the ROI

for two iterations. Images continued to be captured every 2 sec for 172 sec after bleach. Stress fibres and ruffles were analyzed in 25NS and 22

KD-92 cells. Fluorescence recovery curves were analyzed using the R package ‘‘Frapplot’’ (version 0.1.3).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical differences between control and RACK1 silenced conditions were performed using R. Appropriated tests were chosen according to

the data distribution, normality, and hypothesis testing and are indicated on each figure legend. The normality of the data was tested using

Shapiro-Wilk’s method. Independent t-test (normal distribution) andWilcoxon rank-sum test (not normal distribution) were used for two-con-

dition experiments. ANOVA (normal distribution) followed by posthoc TukeyHSD test and Kruskal-Wallis (not normal distribution) followed by

Dunn’s test were used to evaluate statistical differences in experiments withmore than two conditions. Statistical significance was reported as

follows: ns = not significant; *p <0.05; **p < 0.01; ***p < 0.001, and ****p <0.0001. Only statistically significant differences are labelled in

figures.
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