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Introduction

Cell motility is an essential process during development, epi-
thelial differentiation, and immune responses, but also during 
tumor cell invasion. Cancer cells adopt different modes of inva-
sive motility to adapt to tissue environments and matrix proper-
ties by changes in cytoskeletal organization where actin-based 
protrusions and membrane dynamics provide motile force as 
well as cell shape changes (Friedl and Wolf, 2010; Nürnberg 
et al., 2011; Charras and Sahai, 2014). One important mode of 
cancer cell invasion is represented by bleb-associated motility, 
which facilitates rapid single-cell locomotion (Sahai, 2005; 
Fackler and Grosse, 2008). We previously showed that a spe-
cialized form of cell-in-cell invasion during entosis involves 
G protein–coupled receptor signaling and highly dynamic and 
persistent plasma membrane (PM) blebbing over time periods 
of several hours (Purvanov et al., 2014).

Entosis is a nonapoptotic cell death process involving 
cell-in-cell formation and occurring in epithelial cells and 
human tumors under conditions of low integrin-based adhe-
sions, such as in malignant exudates (Overholtzer et al., 2007; 
Florey et al., 2015). As a consequence, entosis can result in 
cancer cell aneuploidy, thereby promoting tumor progression 
(Krajcovic et al., 2011).

Entotic invasion of neighboring cells requires Rho-actin–
dependent signaling of the invading cell involving Rho-associ-
ated protein kinase (ROCK) and myosin-based contractility as 

well as mDial-mediated polarized actin assembly (Overholtzer 
et al., 2007; Purvanov et al., 2014), which bear similarities re-
garding cytoskeletal regulation to rounded, bleb-associated cell 
invasion of cancer cells (Sahai and Marshall, 2003; Kitzing et 
al., 2007; Lorentzen et al., 2011). However, whether sustained 
nonapoptotic blebbing during invasive motility over many hours 
requires transcriptional input has not been addressed.

Here, we investigate the relationship and impact of the ac-
tin-binding serum response factor (SRF) transcriptional coregu-
lator myocardin-related transcription factor (MRTF, also known 
as MAL or MKL1; Olson and Nordheim, 2010) on PM blebbing 
and entotic invasion. We demonstrate that bleb dynamics and 
entosis require MRTF–SRF transcriptional activity by up-reg-
ulation of Ezrin expression. In turn, cortical blebbing controls 
MRTF nuclear accumulation for SRF function, thus providing a 
feedback mechanism for bleb-associated invasive motility.

Results and discussion

SRF is required for dynamic PM blebbing
The transcription factor complex MRTF–SRF controls the 
expression of genes involved in actin cytoskeleton dynamics 
regulating cell adhesion and motility (Olson and Nordheim, 
2010; Esnault et al., 2014). It has been previously demon-
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strated that the SRF coactivator MRTF-A plays a critical 
role in invasion and experimental metastasis (Brandt et al., 
2009; Medjkane et al., 2009); however, whether MRTF–SRF 
transcriptional activity affects PM blebbing or bleb-associ-
ated motility is unknown.

To analyze continuous PM blebbing, which promotes 
events of entotic invasion, we cultured MCF10A cells on poly- 
HEMA (2-hydroxy-ethyl methacrylate)–coated surfaces, which 
were previously shown to induce blebbing and entotic inva-
sion (Fig.  1  A; Purvanov et al., 2014), and investigated their 
behavior when SRF was silenced using siRNA (Fig.  1  B). 

We first assessed the dynamics of blebbing that is character-
ized by rapid bleb expansion and followed by a slower phase 
of bleb retraction involving Ezrin recruitment and actomyosin 
contractility (Charras et al., 2006; Fackler and Grosse, 2008; 
Fritzsche et al., 2014).

RNA interference and live cell imaging of MCF10A cells 
stably expressing GFP revealed that suppression of SRF pro-
foundly affected blebbing dynamics (Fig.  1  C and Video  1), 
with maximum bleb expansion size being increased in SRF-de-
pleted cells (Fig. 1 D). Notably, this qualitative change in PM 
blebbing differs from our previous observations of overall re-

Figure 1.  Silencing of SRF affects PM blebbing. (A) Cartoon illustrating the induction of PM blebbing and entotic invasion by plating cells on poly-HEMA–
coated surfaces to prevent cellular attachment. (B) Western blot confirming efficient siRNA-mediated knockdown of SRF in MCF10A cells stably expressing 
GFP. Tubulin served as a loading control. (C) Live MCF10A cells stably expressing GFP were plated on poly-HEMA and imaged over time to visualize the 
dynamics of PM blebbing. Cells were treated with either control or siRNA directed against SRF as indicated. Boxes indicate areas that are shown magni-
fied over time to highlight outgrowth and retraction of individual blebs (asterisks). Time is indicated in seconds. Bars: (overview) 5 µm; (magnifications) 2 
µm. (D) Quantification of maximum bleb expansion in cells stably expressing GFP. Cells were treated with the indicated siRNAs, and the maximum length 
reached by individual blebs was compared. (E) MCF10A cells stably expressing GFP were treated with siRNA as indicated to measure the time for expan-
sion and retraction of individual blebs. Note a significant and specific difference in the bleb retraction times resulting in an overall prolonged bleb cycle in 
SRF-silenced cells. (D and E) ≥60 blebs and 15 cells per condition. Error bars indicate SD. Asterisks indicate statistical significance (****, P ≤ 0.0001). 
ns indicates no significance (P > 0.05).
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duced bleb activity in the absence of the actin nucleator mDia1 
(Purvanov et al., 2014). Consistently, we did not observe al-
tered expression of mDia1 in cells silenced for SRF (Fig. S1, 
A and B). Specifically, SRF silencing resulted in significantly 
prolonged bleb retraction, whereas the time for bleb expansion 
remained unaffected (Fig. 1 E), indicating a potential transcrip-
tional impact of SRF on the reassembly of a contractile actin 
cortex during nonapoptotic PM blebbing.

Cortical contractility and blebbing control 
MRTF-A subcellular localization
Next, we assessed the importance of the SRF coactivator 
MRTF-A in PM blebbing. MRTF-A is a high-affinity ac-
tin-binding protein that requires G-actin interactions with its 
N-terminal, RPEL motif–containing domain for nuclear ex-
port (Vartiainen et al., 2007; Baarlink et al., 2013). In turn, 
MRTF-A nuclear localization is enhanced upon release of 
G-actin binding, resulting in SRF-dependent gene expres-
sion (Miralles et al., 2003; Mouilleron et al., 2011; Baarlink 
et al., 2013; Gualdrini et al., 2016). Bleb dynamics and sub-
sequent retraction required actin polymerization at the bleb 
cortex (Charras et al., 2006), which may be sufficient to alter 
cellular G-actin levels.

To study directly the behavior of MRTF-A shuttling, 
we generated and imaged MCF10A cells stably express-
ing MRTF-A–GFP and coexpressing the actin marker Life-
Act-mCherry during PM blebbing. We observed a striking 
correlation between cortical bleb activity and nuclear accu-
mulation of MRTF-A, whereas in nonblebbing cells, MRTF-A 
showed mostly a predominant cytosolic localization (Fig.  2, 
A and B; and Video 2).

To further investigate a potential link between the contrac-
tile actin cortex involved in PM blebbing and MRTF-A subcel-
lular localization, we treated cells with 100 µM blebbistatin, a 
myosin II inhibitor known to block blebbing (Cheung et al., 2002; 
Limouze et al., 2004; Charras et al., 2006; Norman et al., 2011). 
This resulted in efficient inhibition of blebbing within minutes 
accompanied by the complete redistribution of MRTF-A to the 
cytoplasm (Fig. 2, C and D; and Video 3), indicating that PM 
blebbing in conjunction with the contractile actin cortex rep-
resents a critical stimulus for MRTF-A nuclear accumulation.

PM blebbing triggers MRTF–SRF 
transcriptional activity and Ezrin 
up-regulation
SRF gene expression is under the control of its own transcrip-
tional activity (Esnault et al., 2014). To understand whether 
MRTF–SRF activity is regulated by PM blebbing, we analyzed 
SRF mRNA induction in cells cultured on poly-HEMA to pro-
mote blebbing and associated cortical contractility. Under these 
conditions, SRF target gene expression was robustly induced 
(Fig. 3 A). A similar response could be observed in cells stably 
expressing a luciferase reporter under control of the MRTF–
SRF pathway (Fig. S1, C and D). Interestingly, under these 
conditions we also observed a strong and significant bleb-as-
sociated induction of Ezrin mRNA expression that was fully 
SRF dependent as assessed by siRNA transfections (Fig. 3 B). 
Similar results were observed using combined siRNAs against 
MRTF-A and -B (Fig. 3 C) and could also be confirmed on the 
level of Ezrin protein (Fig. 3 D), demonstrating the specific re-
quirement of MRTF-stimulated, SRF-dependent up-regulation 
of Ezrin during cellular blebbing.

Notably, this regulation was specific for Ezrin, as no sig-
nificant differences were observed for the two closely related 
ERM proteins Radixin and Moesin (Fig. 3, E and F). Impor-
tantly, and consistent with our findings on MRTF subcellular lo-
calization, treatment of cells with the ROCK inhibitor Y27632 
or blebbistatin abrogated blebbing-induced SRF and Ezrin 
mRNA expression (Fig. 3, G and H), suggesting that cortical 
contractility during PM blebbing represents the critical trigger 
to induce SRF-dependent gene expression.

MRTF–SRF and Ezrin are required for cell-
in-cell invasion
Given its known function in PM blebbing and the need of 
efficient cortical blebbing for cell-in-cell invasion, we next 
determined the subcellular distribution of Ezrin during en-
totic invasion. Live imaging of cells stably expressing Ez-
rin-GFP together with H2B-mCherry to visualize the nuclei 
revealed an enrichment of Ezrin throughout the cell cortex 
(Fig.  4  A). During advanced stages of cell-in-cell invasion, 
Ezrin-GFP accumulated at the rear of the invading cell, which 
also showed extensive PM blebbing. This was followed by 
its redistribution toward the entire PM upon completion of 
invasive migration once a cell-in-cell structure was formed 
(Fig. 4 A and Video 4). Thus, Ezrin localization undergoes a 
dynamic and polar PM redistribution in the actively invading 
cell, which could further be confirmed by the invasion of an 
Ezrin-mCherry–expressing cell into an Ezrin-GFP–express-
ing neighbor (Fig.  4  B). Consistent with a critical function 
of Ezrin during entotic invasion, immunofluorescence mi-
croscopy not only confirmed a similar distribution pattern 
for endogenous Ezrin, but also indicated a high proportion of 
Ezrin at the rear of the cell being in its activated, phosphory-
lated state (Fig. 4 C).

To test for an impact of transcription on entotic invasion, 
we blocked global transcription by the intercalating drug ac-
tinomycin D (Bensaude, 2011). Treatment of MCF10A cells 
with 50 µg/ml actinomycin D not only led to a rapid and al-
most complete block of serum-induced transcriptional stimula-
tion (Fig. S2, A and B), but also resulted in a strongly reduced 
number of entotic events (Fig. 4 D). To examine whether Ezrin, 
as well as MRTF or SRF, is required for entosis, MCF10A 
cells were treated with the respective siRNAs, and success-
ful protein depletion was assessed by Western blot analysis 
(Fig. 4 E). Interestingly, silencing Ezrin, MRTF-A and -B, or 
SRF all resulted in a significant and robust reduction of en-
totic invasion (Fig. 4 F).

To address whether the MRTF–SRF signaling axis is spe-
cifically required for the invading cell, we performed two-color 
entosis assays in which we mixed GFP-H2B–expressing con-
trol cells (green) together with SRF-silenced cells expressing 
mCherry-H2B (red). Quantification of entotic events according 
to the resulting combination of colors showed that cells silenced 
for SRF specifically failed to invade neighboring cells, but SRF 
depletion had no significant effect on the invaded host cells 
(Fig. 4 G). Consistently, predominantly nuclear MRTF-A was 
detected in a high percentage of cells that were about to invade 
into neighbors, whereas nuclear MRTF-A was mostly absent in 
invaded cells (Fig. S2, C and D). Furthermore, a high propor-
tion of cells silenced for SRF failed to complete entotic invasion 
despite initiating the process (Fig. S2 E). Together, these data 
demonstrate that SRF functions critically in the actively invad-
ing cells during entosis.
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Ezrin expression is sufficient to rescue 
bleb dynamics and entotic invasion in SRF-
depleted cells
To mimic Ezrin up-regulation during blebbing, we generated 

cells stably expressing Ezrin-GFP to compare bleb dynamics 
with GFP-expressing control cells in response to transient SRF 
depletion by siRNA (Fig.  5, A and B). Whereas SRF deple-
tion consistently affected blebbing and induced larger blebs in 

Figure 2.  PM blebbing triggers nuclear accumulation of MRTF-A. (A) Live MCF10A cells stably expressing MRTF-A–GFP together with LifeAct-mCherry 
were plated on poly-HEMA, and MRTF-A–GFP subcellular localization was monitored over time. LifeAct-mCherry is shown for each frame to visualize 
PM blebbing. Arrows highlight a cell showing dynamic oscillations of nuclear redistribution of MRTF-A–GFP in response to PM blebbing. Bars, 5 µm. (B) 
Quantification of MRTF-A–GFP subcellular localization in blebbing versus nonblebbing cells as in A. 180 cells from at least six experiments. (C) Live cells 
were imaged as in A. To interfere with cortical contractility and PM blebbing, cells were treated with 100 µM blebbistatin at 0 min, and MRTF-A–GFP 
subcellular localization was monitored over time. Coexpression of the actin marker LifeAct-mCherry reveals inhibition of membrane bleb activity. Asterisks 
indicate cytosolic redistribution of MRTF-A–GFP. Bars, 5 µm. (D) Quantification of MRTF-A–GFP subcellular localization in MCF10A cells treated with or 
without blebbistatin as indicated. (B and D) Localization was scored as predominantly cytoplasmic (C), pancellular (N/C), or predominantly nuclear (N). 
200 cells from at least six experiments. Error bars indicate SD.
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control cells (Fig. 1, D and E), Ezrin-GFP–expressing cells re-
mained unaffected (Fig. 5 C). Moreover, SRF suppression did 
not affect bleb retraction in Ezrin-GFP–expressing cells com-
pared with the siRNA control (Fig. 5 D), demonstrating that in-
creased Ezrin expression is sufficient to override a lack of SRF 
activity during blebbing.

These data show that expression of Ezrin can rescue 
defective bleb dynamics in the absence of SRF and further 
corroborate Ezrin as an MRTF–SRF target (Fig. 3, B and C). 
Moreover and consistent with this notion, Ezrin expression re-
stored entosis events to control levels in the absence of SRF 
(Fig. 5 E and Fig. S3), whereas the expression of the inactive 
mutant Ezrin-T567A (Gautreau et al., 2000) did not (Fig. 5 E). 
Thus, Ezrin activity is necessary and sufficient for bleb dynam-
ics and entosis in SRF-depleted cells.

The actin-controlled MRTF–SRF transcriptional path-
way regulates target genes involved in contractility, which is 
considered necessary for invasive cell migration (Gualdrini et 
al., 2016). During cancer invasion, cells often adopt a rounded 
bleb-associated form of rapid single-cell migration (Sahai and 
Marshall, 2003). Actomyosin contractility facilitates bleb re-
traction, which requires Ezrin to reassemble the contractile 
actin cortex (Charras et al., 2006). Consistent with this, Ezrin 
has been identified as a critical regulator of invasion and me-
tastasis (Yu et al., 2004; Ren et al., 2009; Lorentzen et al., 
2011). Our data identify a critical role for MRTF subcellular 
dynamics and transcriptional activity to regulate Ezrin during 
sustained blebbing and augmented cortical contraction, which 
in turn is necessary for bleb-associated cell-in-cell invasion. 
Thus, our findings implicate a novel mechanism in which 

Figure 3.  PM blebbing induces MRTF–
SRF-mediated up-regulation of Ezrin. (A–C, 
E, and F) Relative mRNA levels were assessed 
by quantitative RT-PCR in cells either attached 
(ctrl.) or plated on poly-HEMA to induce PM 
blebbing for the indicated periods of time. 
Results are shown as means from three inde-
pendent experiments. Error bars indicate SD. 
Asterisks indicate statistical significance (**, P 
≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). 
ns indicates no significance (P > 0.05). (A) 
Relative levels of SRF mRNA were compared 
in cells treated with either control or siRNA 
directed against SRF. (B) Relative levels of 
Ezrin mRNA were compared in cells treated 
with either control or siRNA directed against 
SRF. (C) Relative levels of Ezrin mRNA were 
compared in cells treated with either control 
or combined siRNAs directed against MRTF-A 
and MRTF-B. (D) Western blot showing up-reg-
ulation of Ezrin upon induced PM blebbing for 
the indicated periods of time. Tubulin served 
as a loading control. Relative band intensities 
± SD were quantified from two independent 
experiments. (E and F) Relative levels of Ra-
dixin mRNA (E) and Moesin mRNA (F) were 
compared in cells treated with either control or 
siRNA directed against SRF. (G) Relative levels 
of SRF mRNA were assessed by quantitative 
RT-PCR in cells either attached (ctrl.) or plated 
on poly-HEMA as indicated. 15 min before 
and during the time on poly-HEMA, cells were 
treated with either DMSO, 10 µM ROCK inhib-
itor Y27632, or 100 µM blebbistatin. Results 
are shown as means from three independent 
experiments. Error bars indicate SD. ns indi-
cates no significance (P > 0.05). (H) Relative 
levels of Ezrin were assessed as in G.
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Figure 4.  Cell-in-cell invasion requires MRTF–SRF and Ezrin. (A) MCF10A cells stably expressing H2B-mCherry together with Ezrin-GFP were imaged 
during the process of entotic invasion. Note redistribution and enrichment of Ezrin-GFP at the rear of the invading cell during advanced stages of invasion. 
(B) MCF10A cells stably expressing either Ezrin-mCherry or Ezrin-GFP were mixed and imaged during the process of entotic invasion. Note that the re-
distribution and enrichment of Ezrin specifically originates from the invading cell. (C) Immunolabeling of endogenous Ezrin (red), phospho-Ezrin/Radixin/
Moesin (green), and nuclei (DAPI) of MCF10A cells. Before fixation, cells were cultured for 4 h in suspension to promote entotic invasion. Examples illustrate 
the enrichment of Ezrin as well as p-ERM at the rear of the invading cell at different stages of the process. Bars, 5 µm. (D) Quantification of entotic invasion 
after 4 h of culture in suspension. To test for the effects of acute transcriptional inhibition, 50 µg/ml actinomycin D was added to the cells immediately after 
plating them on Ultra-Low attachment dishes. Entotic events were counted from three different experiments considering ≥2,000 cells for each condition. 
(E) Western blot confirming efficient siRNA-mediated knockdown of SRF, Ezrin, or MRTF-A together with MRTF-B. Tubulin served as a loading control. (F) 
Quantification of entotic invasion of cells treated with the indicated siRNAs for 72 h. Entotic events were counted from three independent experiments 
considering ≥800 cells for each condition. (G) Cells either expressing H2B-mCherry or H2B-GFP were treated with either control or siRNA directed against 
SRF as indicated, mixed, and allowed to undergo entotic invasion. Resulting entotic events were considered (100%) and scored according to the underlying 
color combinations as indicated. Note the significantly impaired invasion of SRF-silenced cells. ≥290 entotic events were scored from three independent 
experiments. Error bars indicate SD. Asterisks indicate statistical significance (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). ns indicates 
no significance (P > 0.05).
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cell-invasive bleb dynamics depend on an actin-controlled 
transcriptional feedback.

Materials and methods

Reagents, antibodies, and plasmids
Cell culture reagents were purchased from Invitrogen. Poly-HEMA 
was purchased from Polysciences. Antibodies used were purchased 
from BD (mouse anti–Ezrin 610602 and mouse anti–mDia1 610849), 
Santa Cruz Biotechnology (rabbit anti–SRF G20, mouse anti–GFP 
B20, and goat anti–MRTF-A C19), Cell Signaling Technology (rabbit 
anti-tubulin 2125S, rabbit anti–MRTF-B 14613, anti–goat HRP, and 
antiphospho–Ezrin/Radixin/Moesin 48G2 rabbit mAb), Bio-Rad Labo-
ratories (anti–rabbit HRP), GE Healthcare (anti–mouse HRP), and Life 
Technologies (donkey anti–rabbit 488 and goat anti–mouse 555).

Cells were treated for the indicated times with the following 
inhibitors. 100  µM (S)-nitro-blebbistatin (Cayman Chemical) was 
used in live-cell imaging experiments (Fig.  2, C and D). Blebbista-
tin (Sigma-Aldrich) was used at 100  µM, Y-27632 (Sigma-Aldrich) 
was used at 10  µM, and actinomycin D (Santa Cruz Biotechnol-
ogy) was used at 50 µg/ml.

pWPXL-based lentiviral expression vectors for Ezrin-GFP, 
Ezrin-T567A-GFP, Ezrin-mCherry, H2B-mCherry, H2B-GFP, Life-
Act-mCherry, and the pIND20-based inducible lentiviral expression 
vector (Meerbrey et al., 2011) for MRTF-A–GFP were generated using 
standard PCR-based procedures. Lentiviral luciferase reporter con-
structs were generated using the FUGW plasmid. To obtain reporter 
gene constructs, the coding sequence of firefly luciferase was inserted 
into FUGW with either saving or deleting the hUbC promoter or re-
placing it with the MRTF–SRF-specific promoter 3Da.luc (Geneste 
et al., 2002). The FUGW lentiviral vector was a gift from D. Oliver 

(University of Marburg). In all reporter gene constructs, the luciferase 
gene was linked to GFP by a self-cleavable T2A peptide to allow for 
FACS-based cell sorting of successfully transduced cells.

Cell culture, transfection, and viral transduction
Human MCF10A cells were cultured in DMEM/F12 supplemented 
with 5% horse serum, 20 ng/ml epidermal growth factor, 10 µg/ml 
insulin, 0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin, 100 U/
ml penicillin, and 100  g/ml streptomycin at 37°C in a CO2 atmo-
sphere as described by Debnath et al. (2003). Human HEK293T 
cells were maintained in DMEM supplemented with 10% FBS, 
2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin at 
37°C in a CO2 atmosphere.

For gene silencing, MCF10A cells were transiently transfected 
with 30 nM siRNA oligonucleotides using Lipofectamine RNAiMAX 
(Invitrogen) according to the manufacturer’s instructions. After 72 h, 
knockdown was quantified by quantitative PCR or confirmed by West-
ern blot analysis. The following FlexiTube siRNA sequences (QIA​GEN) 
were used: Hs_SRF_5, 5′-CAA​GAT​GGA​GTT​CAT​CGA​CAA-3′; Hs_
MKL1_7, 5′-ATC​ACG​TGT​GAT​TGA​CAT​GTA-3′; Hs_MKL1_10, 
5′-CCC​GCC​AAA​GTC​AGC​AGG​CGA-3′; Hs_VIL2_1, 5′-ACT​AAG​
CTC​TTA​TTA​GCG​CTC-3′; Hs_MKL2, 5′-AAG​TAA​CAG​TGG​GAA​
TTC​AGC-3′; Hs_DIA​PH1_1, 5′-AAG​ATA​TGA​GAG​TGC​AACT-3′; 
and control siRNA, 5′-AAT​TCT​CCG​AAC​GTG​TCA​CGT-3′.

HEK293T cells were transfected using the calcium phosphate 
method. For lentivirus production, HEK293T cells were cotransfected 
with the lentiviral packaging vectors psPAX and pMDG.2 together with 
the pInducer- or pWXPL-based plasmids of choice. The lentiviral pack-
ing plasmids and pWPXL were provided by J. Swiercz (Max Planck 
Institute for Heart and Lung Research, Bad Nauheim, Germany). After 
48 h, supernatants containing viral particles were harvested, filtered, 
and used to transduce MCF10A cells. Transduced MCF10A cells were 

Figure 5.  Ezrin expression restores mem-
brane blebbing and entotic invasion in SRF-si-
lenced cells. (A) Western blot confirming 
efficient siRNA-mediated knockdown of SRF in 
cells stably expressing either GFP or Ezrin-GFP. 
Tubulin served as a loading control. (B) Live 
MCF10A cells stably expressing either GFP or 
Ezrin-GFP were imaged over time to visualize 
PM blebbing. Bars, 5 µm. (C) Quantification 
of maximum bleb expansion in cells stably 
expressing Ezrin-GFP. Cells were treated with 
the indicated siRNAs, and the maximum length 
reached by individual blebs was compared. 
Note no significant differences between con-
trol and SRF-silenced cells in contrast to cells 
only expressing GFP (Fig. 1 D). (D) Cells sta-
bly expressing Ezrin-GFP were monitored to 
measure the time for expansion and retrac-
tion of individual blebs. Before imaging, cells 
were treated with siRNA as indicated. Note 
no significant differences between control 
and SRF-silenced cells in contrast to cells ex-
pressing GFP only (Fig. 1 E). (C and D) ≥60 
blebs and 15 cells per condition. ns indicates 
no significance (P > 0.05). (E) Quantification 
of entotic invasion of cells stably expressing 
GFP, Ezrin-GFP, or Ezrin-T567A-GFP. Cells 
were transfected with either control or siRNA 
against SRF as indicated, and the number of 
entotic events was quantified from three inde-
pendent experiments considering ≥800 cells 
as a percentage of the total number of cells. 
Error bars indicate SD. Asterisks indicate sta-
tistical significance (****, P ≤ 0.0001). ns 
indicates no significance (P > 0.05).
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selected by FACS-based cell sorting. Expression of MRTF-A–GFP 
from pInducer20 was induced by 333 ng/ml doxycycline.

Microscopy, live cell imaging, and entosis assays
Microscopic imaging was performed using confocal laser-scanning mi-
croscopes (LSM 700 and LSM 800; Carl Zeiss) and a 63× 1.4 NA oil 
objective lens (Carl Zeiss). Time-lapse microscopy was performed in 
MCF10A medium at 37°C in a CO2-humidified incubation chamber 
(Pecon, CO2 module S1) using ZEN software (Carl Zeiss).

To induce PM blebbing and entotic invasion, cells were plated 
on 35-mm glass-bottom dishes (In Vitro Scientific) coated with 12% 
poly-HEMA wt/wt solution in ethanol to prevent cellular attachment as 
described previously by Overholtzer et al. (2007).

To quantify the number of entotic events, MCF10A cells were 
trypsinized and plated on Ultra Low cluster plates (3473; Costar) at 
densities of 300,000–400,000 cells per well. After 4  h, cells were 
fixed directly in suspension using 4% formaldehyde/PBS for 10 
min. After washing, the cells were rehydrated in PBS and seeded 
onto 12-mm coverslips on a heating block at 60°C for 5 min. Fixed 
samples were washed in PBS and permeabilized by 0.05% PBS-
Tween for 10 min. Nuclei were stained using DAPI (Sigma-Aldrich) 
at 1:10,000 for 20 min at RT, and F-actin was labeled by Alexa 
Fluor 555–phalloidin or Alexa Fluor 488–phalloidin (Invitrogen) at 
1:1,000 overnight at 4°C.

Real-time RT-PCR
For total RNA extraction, TRIzol reagent (Peqlab) was used accord-
ing to the manufacturer’s instructions. The reverse transcription was 
performed using RevertAid Reverse Transcriptase (Fermentas). Ob-
tained cDNA was quantified using a SYBR green Master Mix (Bio-
Rad Laboratories). The following primers were used: for human SRF, 
we used forward, 5′-CAG​ATC​GGT​ATG​GTG​GTC​GG-3′, and reverse, 
5′-GTC​AGC​GTG​GAC​AGC​TCA​TA-3′. For human Ezrin, we used 
forward, 5′-TAA​GGG​TTC​TGC​TCT​GAC​TCCA-3′, and reverse, 5′-
GCT​CTG​CAT​CCA​TGG​TGG​TAA-3′. For human MRTF-A, we used 
forward, 5′-CAT​GAG​TCC​CAG​GGT​TCT​GT-3′, and reverse, 5′-ACT​
TGG​CAG​TGG​GGA​TAG​TG-3′. For human MRTF-B, we used for-
ward, 5′-ACA​TTC​GCC​CTT​TCT​TGC​AGT-3′, and reverse, 5′-TCC​
GAG​ATT​GCC​ATC​TTA​TTG​TC-3′. For human TATA-binding pro-
tein, we used forward, 5′-TGC​ACA​GGA​GCC​AAG​AGT​GAA-3′, 
and reverse, 5′-CAC​ATC​ACA​GCT​CCC​CAC​CA-3′. For human Ra-
dixin, we used forward, 5′-CCA​TAT​TGC​CGA​GCT​GTC​TG-3′, and 
reverse, 5′-GGC​AAA​TTC​CAG​CTC​AGC​AT-3′. For human Moesin, 
we used forward, 5′-ATC​CAA​GCC​GTG​TGT​ACT​GC-3′, and re-
verse, 5′-AAA​TAG​CTG​CTT​CCC​GGT​GG-3′. For human mDia1, 
we used forward, 5′-GTC​AGG​CTT​GCG​GGA​TATG-3′, and reverse, 
5′-TTC​AGC​ACC​AAA​TGT​TTG​CAC-3′. For human Fos, we used 
forward, 5′-CTC​TCT​TAC​TAC​CAC​TCA​CCC​GC-3′, and reverse, 5′-
GGT​CCG​TGC​AGA​AGT​CCT​GCG-3′.

Relative mRNA levels were calculated using the comparative ΔΔCT 
model normalized to the abundance of TATA-binding protein cDNA.

Statistical analysis
Statistical analyses were done using Prism 6 (GraphPad Software). 
Data are expressed as mean ± SD. Statistical significance was evalu-
ated with the ANO​VA test (Fig. 1 E; Fig 3, A–C and E–H; Fig. 4, F 
and G; Fig 5, D and E; Fig. S1, B and D; and Fig S2 A) or the unpaired 
Student’s t test. Data distribution was assumed to be normal, but this 
was not formally tested (Fig. 1 D, Fig. 4 D, Fig. 5 C, and Fig. S2 E). 
Statistical differences were judged as significant at P ≤ 0.05: *, P ≤ 
0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001.

Online supplemental material
Fig. S1 shows that the SRF pathway does not affect expression of the 
formin mDia1 and confirms an induction of the MRTF–SRF pathway 
by PM blebbing using a luciferase reporter assay. Fig. S2 shows that 
entotic invasion requires active transcription and supports the notion 
that during entotic invasion, the MRTF–SRF pathway primarily func-
tions in the actively invading cell. Fig. S3 illustrates entotic invasion of 
Ezrin-GFP–expressing cells silenced for SRF and compares the time 
necessary for entotic invasion of Ezrin-GFP–expressing cells, with or 
without silencing of SRF. Video 1 compares PM blebbing in MCF10A 
cells treated with either control or siRNA directed against SRF. Video 2 
shows the strong correlation between PM blebbing and nuclear ac-
cumulation of MRTF-A.  Video  3 shows the effects of blebbistatin 
treatment on the subcellular distribution of MRTF-A. Video 4 shows 
redistribution and accumulation of Ezrin at the rear of the invading cell 
during entotic invasion. Video 5 confirms that the enrichment of Ezrin 
during cell-in-cell invasion originates at the rear of the invading cell. 
Video 6 shows MRTF-A subcellular distribution before and during en-
totic cell-in-cell invasion.
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