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SUMMARY

Regulated turnover of integrin receptors is essential
for cell adhesion and migration. Pathways selec-
tively regulating b1-integrin recycling are implicated
in cancer invasion and metastasis, yet proteins
required for the internalization of this pro-invasive
integrin remain to be identified. Here, we uncover for-
min-like 2 (FMNL2) as a critical regulator of b1-integ-
rin internalization downstream of protein kinase C
(PKC). PKCa associates with and phosphorylates
FMNL2 at S1072 within its Diaphanous autoregula-
tory region, leading to the release of formin autoinhi-
bition. Phosphorylation of FMNL2 triggers its rapid
relocation and promotes its interaction with the cyto-
plasmic tails of the a-integrin subunits for b1-integrin
endocytosis. FMNL2 drives b1-integrin internaliza-
tion and invasive motility in a phosphorylation-
dependent manner, while a FMNL2 mutant defective
in actin assembly interferes with b1-integrin endocy-
tosis and cancer cell invasion. Our data establish a
role for FMNL2 in the regulation of b1-integrin and
provide a mechanistic understanding of the function
of FMNL2 in cancer invasiveness.

INTRODUCTION

Spatiotemporal control of receptor internalization is essential in

regulating cell surface receptor turnover and ligand interaction

for downstream signaling. This is in particular true for integrin

adhesion receptors that undergo constant endocytic and exo-

cytic traffic necessary for cell motility and cytokinesis (Caswell

and Norman, 2008; De Franceschi et al., 2015) and deregulation

in the dynamic recycling of integrins, such as the a5b1 hetero-

dimer, facilitates cancer invasion and metastasis (Caswell

et al., 2008; Jacquemet et al., 2013; Muller et al., 2009).

Actin filament assembly can generate mechanical forces to

induce membrane deformation (Kaksonen et al., 2006) and to

facilitate vesicle trafficking, providing a platform to affect recep-
Develop
tor turnover (Zech et al., 2012). It is not clear whether formins be-

ing the largest group of actin nucleation and assembly factors

play a role in integrin traffic and function. Formins are defined

by their formin homology 2 (FH2) domain (Baarlink et al., 2010;

Breitsprecher and Goode, 2013). Most formins function as effec-

tors for Rho-GTPases and are regulated by the intramolecular

binding between the Diaphanous inhibitory (DID) and autoregu-

latory (DAD) domains (Faix and Grosse, 2006). Formins are

involved in a variety of actin-dependent membrane processes

ranging from filopodia formation (Schirenbeck et al., 2005), cell

spreading (Iskratsch et al., 2013), and non-apoptotic blebbing

(Kitzing et al., 2007; Stastna et al., 2012) to engulfment and

phagocytosis (Brandt et al., 2007; Seth et al., 2006). FMNL2 is

unique among formins as it is upregulated in several metastatic

cancers and is involved in cancer cell behavior and progression

(Li et al., 2010; Liang et al., 2013; Zhu et al., 2011, 2008), but the

underlying molecular mechanisms are not well understood.

Members of the protein kinase C family have been implicated

in integrin traffic. PKCa mediates b1-integrin internalization and

PKCε regulates its recycling back to the plasma membrane

(Ivaska et al., 2002; Ng et al., 1999). In fibroblasts, attenuation

of a5b1-integrin-mediated adhesion upon engagement of syn-

decan-4 involves PKC activity (Bass et al., 2011). However, the

mechanistic details and downstream targets of PKC in integrin

traffic remain unknown.

Here we provide evidences for an involvement of a Diapha-

nous-related formin in integrin traffic. We identify FMNL2 as a

target of PKCa-dependent phosphorylation, which controls the

impact of FMNL2 on b1-integrin function by regulating its activity

and subcellular localization. Our findings provide a mechanistic

understanding on how FMNL2 upregulation drives cancer cell

motility.
RESULTS

FMNL2 Is Required for b1-Integrin Internalization and Is
Phosphorylated by PKCa at Serine 1072
As endocytosis involves the passage of membrane vesicles

through the rigid actin cortex and as formins are essential for

actin assembly, we hypothesized that formins may be involved

in integrin endocytosis. We conducted a b1-integrin endocytosis
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RNAi screen employing the cell spot microarray platform (Pelli-

nen et al., 2012; Rantala et al., 2011a) targeting human formins

with small interfering RNA (siRNA) doublets. Silencing of

FMNL2 led to a decrease in b1-integrin endocytosis in HeLa

cells, with two independent siRNAs (Figure S1A). Similar results

were obtained in MDA-MB-231 cells (data not shown). To

confirm the requirement of FMNL2 for integrin endocytosis, we

performed biotin-IP-based b1-integrin endocytosis assays in

HeLa cells stably expressing shFMNL2 or control small hairpin

RNA (shRNA). Indeed, suppression of FMNL2 significantly in-

hibited b1-integrin endocytosis at 15 and 30 min time points

(Figures 1A and S1B), arguing for the importance of FMNL2 in

b1-integrin internalization.

Analyzing the amino acid sequence of FMNL2, we found that it

is abundant in basic residues in its DAD region, whereby a

conserved serine at position 1072 within a RRSVR (R, Arg;

S, Ser; V, Val) motif (Figure 1B) constitutes a potential target

for classical PKCs (Nishikawa et al., 1997) previously implicated

in b1-integrin trafficking (Ng et al., 1999; Upla et al., 2004). PKCs

containing a regulatory C1 domain for diacylglycerol (DAG) bind-

ing translocate from the cytosol to membrane compartments

and become activated upon 12-O-tetradecanoylphorbol-13-ac-

etate (TPA) stimulation (Rosse et al., 2010). To identify whether

FMNL2 is a direct target for PKCs, we immunoprecipitated

epitope-tagged FMNL2 for analysis with anti-phospho-Ser

PKC substrate antibodies. Upon TPA induced activation of

PKC, we observed robust phosphorylation of FMNL2 that was

abrogated in the presence of the PKC inhibitor bisindolylmalei-

mide I (BIM-1) (Grodsky et al., 2006) (Figure 1C). We then

generated an FMNL2-S1072A mutant targeting the potential

phosphorylation site S1072. Interestingly, mutation of S1072

abolished phosphorylation of FMNL2 (Figure 1C). In addition,

PKC-mediated modification appeared to be specific for

FMNL2, as the Diaphanous-related formin mDia1 lacked detect-

able phosphorylation (Figure 1C). FMNL2was phosphorylated to

a similar level regardless of the type or the position of the epitope

tag (N- or C-terminal; Figure S1C), and phosphorylation was

observed for endogenous FMNL2 as well (Figure 1D). S1072

phosphorylation was dose dependent with TPA concentrations

as low as 5 nM being sufficient for full FMNL2 phosphorylation

(Figure 1E).

The PKC family consists of ten isozymes classified into three

groups: classical (PKCa, PKCbI, PKCbII, PKCg), novel (PKCd,

PKCε, PKCh, PKCq), and atypical (PKCz, PKCl/i) PKCs. Individ-

ual PKCs have distinct roles in proliferation, apoptosis, cell sur-

vival, and migration (Rosse et al., 2010). In order to assess which

isozyme is responsible for FMNL2 phosphorylation, we per-

formed in vitro kinase assays and found that, among the 10 hu-

man PKC isozymes, PKCa, PKCbI, PKCbII, and PKCd were

active against the FMNL2 peptide, provided it carried a serine

at position 1072 (Figure S1F). To understand the specific and

physiological role of PKC-mediated FMNL2 phosphorylation in

cells, we silenced PKCa, PKCb, PKCd, and PKCε (PKCz was

included as a control) and determined FLAG-FMNL2 phosphor-

ylation following immunoprecipitation from cell lysates. Specif-

ically silencing of PKCa resulted in a significant reduction of

phosphorylated FMNL2 also when cells were stimulated with

TPA (Figures 1F, 1G, S1D, and S1E), indicating that PKCa is

the dominant isozyme that specifically phosphorylates FMNL2
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in cells. This was confirmed using the pharmacological inhibitor

Gö6976, which specifically inhibits PKCa and PKCbI activity

(Figure S1G). Consistently, a dominant-negative form of PKCa

also inhibited FMNL2 phosphorylation, whereas wild-type or a

constitutively active form of PKCa robustly increased the amount

of phosphorylated FMNL2 (Figure 1H).

To test whether FMNL2 associates with PKCa, we performed

coimmunoprecipitation studies and observed that interaction of

FMNL2with PKCa increased when cells were treated with BIM-1

(Figure 1I), suggesting that the ATP-competitive inhibitor BIM-1

locks the kinase domain of PKCa in a conformation favorable

for FMNL2 binding.

Next we tested whether PKC impinges on FMNL2 autoinhibi-

tion by assessing FMNL2 DID and DAD binding (autoinhibitory

complex). GST-HA tandem tagged FMNL2-NT containing the

DID region was purified and GST was cleaved. Notably, HA-

FMNL2-NT interacted with wild-type as well as S1072A His-

FMNL2-CT, but not with the S1072E mutant protein (Figures

1J and S1I). Moreover, FMNL2-FH3 containing the DID region

readily coimmunoprecipitated with the C terminus of FMNL2

possessing its DAD domain (F1F2-CT) under control conditions.

Interestingly, this interaction was abrogated upon TPA stimula-

tion but remained unaffected when PKC activity was inhibited

by BIM-1 (Figure S1H). These data reveal regulation of FMNL2

autoinhibition upon phosphorylation and suggest that PKC-

mediated activation and phosphorylation of FMNL2 is specific

and dependent on an intact serine 1072.

FMNL2 Rapidly Relocates in a PKCa-Dependent Manner
We previously showed that FMNL2 can be regulated by RhoC

(Kitzing et al., 2010). Thus, we tested whether RhoC impacts

on FMNL2 phosphorylation and localization by PKC. Expression

of C3 transferase abolished TPA-induced FMNL2 phosphoryla-

tion, while expression of active RhoC-V14 enhanced FMNL2

phosphorylation under basal conditions (Figures S2A and

S2B). As FMNL2 shows plasma membrane localization under

control conditions (Figure S2C), we asked whether RhoC plays

a role in FMNL2membrane targeting. Indeed, RhoC suppression

by siRNA or C3 treatment inhibited plasma membrane localiza-

tion of FMNL2 (Figure S2C), while RhoC-V14 delayed relocation

of FMNL2 (Figure S2D and see below), suggesting that FMNL2

regulation by RhoC can facilitate its plasma membrane targeting

for phosphorylation by PKC.

Since the data above indicate that FMNL2 subcellular localiza-

tion is a regulated process and plasma membrane translocation

of activated PKCs is crucial for their activity toward substrates

(Sakai et al., 1997; Steinberg, 2008), we studied the functional

consequences of FMNL2 phosphorylation in living cells. As ex-

pected, addition of TPA induced rapid and efficient translocation

of GFP-PKCa from the cytoplasm to the plasma membrane (Fig-

ure 2A). Interestingly, this was mirrored by the simultaneous and

rapid disappearance of FMNL2-mCherry from the cortical

plasma membrane (Figure 2A; Movie S1). Quantitative analysis

of changes in fluorescence intensity over time revealed that

PKCa plasma membrane accumulation was accompanied by a

departure of FMNL2 from the plasma membrane in response

to TPA (Figure 2B). The process of PKCa translocation and

FMNL2 relocation was dose dependent (Figure 2C). Consistent

with the importance of PKCa-mediated phosphorylation in this
r Inc.



Figure 1. FMNL2 Is Required for b1-Integrin Internalization and Is a Target of PKCa

(A) b1-integrin internalization assays in HeLa cells stably expressing control or FMNL2 shRNA. Internalized integrins were normalized against total. Error

bars, +SEM (n = 4); **p < 0.001. Time points indicate time of internalization. Western blot shows knockdown efficiencies.

(B) Schematic of FMNL2 protein. GBD, GTPase binding domain; FH3, formin homology 3 domain; FH1, formin homology 1 domain; FH2, formin homology 2

domain; WH2, WASP homology 2 domain; DAD, diaphanous autoinhibitory domain. Amino acid sequences from different species are shown. Hs,Homo sapiens;

Mm, Mus musculus; Xt, Xenopus tropicalis; Dr, Danio rerio. Protein IDs are from UniProt. Yellow indicates the DAD core motif. Basic residues are in red. The

conserved serine (asterisk) is shown in green.

(C) FLAG-FMNL2, -S1072A, or -mDia1 were immunoprecipitated after DMSO, TPA (20 nM), or BIM (2 mM) treatment for 30 min. An antibody specifically

recognizing phospho-(Ser) PKC substrate (a-pS-PKC sub) was used to detect phosphorylated FMNL2.

(D) HeLa cells were treated with DMSO, 20 nM TPA, or 2 mMBIM (30min) and immunoprecipitated using FMNL2 antibodies following western blot analysis (a-pS-

PKC sub).

(E) Titration of TPA-stimulated (30 min) myc-FMNL2 phosphorylation.

(F) HEK293 cells were transfected with FLAG-FMNL2 and siRNA against different PKC isozymes respectively. siPKCb targets both PKCbI and PKCbII. FLAG-

FMNL2 was immunoprecipitated following western blot analysis (a-pS-PKC sub).

(G) HEK293 cells were transfected with FLAG-FMNL2 and siRNA against different PKC isozymes respectively. siPKCb targets both PKCbI and PKCbII. FLAG-

FMNL2 was immunoprecipitated after DMSO or TPA treatment following western blot analysis (a-pS-PKC sub).

(H) myc-FMNL2 was immunoprecipitated from HEK293 cells in the presence or absence of GFP-PKCawild-type (WT), dominant-negative (DN), or constitutively

active (CA) forms following western blot analysis (a-pS-PKC sub). DMSO, 20 nM TPA, or 2 mM BIM was added as indicated.

(I) Immunoprecipitations of HEK293 cells expressing FLAG-FMNL2 and GFP-PKCa after DMSO, 20 nM TPA, or 2 mM BIM treatment. Associated PKCa was

detected using anti-GFP antibodies.

(J) Immunoprecipitations were performed with purified HA-FMNL2-NT (15 mg) and His-FMNL2-FH2-CT (30 mg) or the mutants (30 mg).

Molecular weights (kD) are indicated on the left (A and C–J). See also Figure S1.
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Figure 2. FMNL2 Rapidly Relocates upon PKCa Activation

(A) HeLa cells expressing FMNL2-mCherry and GFP-PKCawere imaged while applying 200 nM TPA. Representative frames are shown at indicated time points.

Scale bar, 10 mm. See also Movie S1.

(B) Quantification of fluorescence intensity changes on the plasma membrane for both channels of (A). Red: mCherry. Green: GFP. Error bar, ±SEM of 11 cells.

(C) Quantification of fluorescence intensity changes on the plasmamembrane for FMNL2-mCherry and GFP-PKCa during live imaging as in (A) after treating cells

with 40 nM TPA. Red: mCherry. Green: GFP. Error bar, ±SEM of nine cells.

(D) HeLa cells expressing FMNL2-mCherry and GFP-PKCa were pre-treated with 2 mM BIM for 30 min. Images were acquired while applying 200 nM TPA.

Representative frames are shown. Scale bar, 10 mm. See also Movie S2.

(E) Quantification of fluorescence intensity changes on the plasma membrane for both channels of (D). Red: mCherry. Green: GFP. Error bar, ±SEM of four

cells.

(F) Quantification of fluorescence intensity changes on the plasma membrane for the GFP channel in HeLa cells transfected with FMNL2 siRNA labeled with

AlexaFluor 555 targeting 30-UTR. Error bar, ±SEM of eight (FMNL2-S1072A-GFP) and nine (FMNL2-GFP) cells, respectively.

(G) HeLa cells expressing FMNL2-mCherry and GFP-PKCawere imagedwhile applying 8 mMcalcium ionophore A23187. Representative images are shown. See

also Movie S3. Scale bar, 10 mm.

(H) HeLa (left) or HEK293 (right) cells were fractionated by membrane flotation assay with DMSO or 200 nM TPA treatment for 30 min. HEK293 cells were

transfected with FMNL2-GFP. Membrane and soluble fractions were analyzed using antibodies as indicated. Numbers indicate molecular weights (kD). See also

Figure S2.
process, we observed that TPA-induced FMNL2 relocation was

blocked by addition of the PKC inhibitor BIM-1, which did

not affect the translocation of PKCa (Figures 2D and 2E;

Movie S2).

To address the real-time membrane dynamics of the non-

phosphorylatable FMNL2-S1072A mutant without interference

from the endogenous protein due to homodimerization (Vaillant

et al., 2008) (Figure S2E), we suppressed FMNL2 expression

using fluorescently labeled siRNAs targeting the 30-UTR
(Figure S2F), and we re-expressed FMNL2-GFP or FMNL2-
478 Developmental Cell 34, 475–483, August 24, 2015 ª2015 Elsevie
S1072A-GFP (Figure S2G). Interestingly, FMNL2-S1072A-GFP

still relocated but with significantly slower kinetics as compared

to FMNL2-GFP (Figures 2F and S2G). FMNL2-S1072E-GFP ki-

netics was similar to FMNL2-S1072A-GFP (Figures S2H and

S2G). Thus, phosphorylation of FMNL2 and an intact S1072 res-

idue are crucial to maintain proper spatiotemporal dynamics for

FMNL2 relocation.

While its activation by TPA is permanent and irreversible, PKC

activation by DAG in cells is transient (Sakai et al., 1997; Stein-

berg, 2008). Thus we used the calcium ionophore A23187 to
r Inc.



Figure 3. FMNL2 Interacting with a-Integrin Depends on PKCa Activation

(A) Representative images of FMNL2-mCherry (red) and GFP-Rabs (green) in HeLa cells after 200 nM TPA treatment for 20 min. Scale bars, 10 mm.

(B) Biotin-streptavidin pull down (Pd) of integrin cytoplasmic tails from HEK293 cell extracts expressing FMNL2-myc.

(C) Biotin-streptavidin pull down (Pd) of a5-integrin cytoplasmic tail from HEK293 cell extracts expressing FMNL2-GFP constructs.

(D) Biotin-streptavidin pull down (Pd) of a-integrin conserved cytoplasmic tails and His-FMNL2-NT or His-FMNL2-FH2-CT (30 mg each).

(E) Biotin-streptavidin pull down (Pd) of a-integrin conserved cytoplasmic tails and His-FMNL2-FH2-CT, or its mutants (30 mg each). Numbers indicate the

molecular weights in the western blots (B–E).

(F) FMNL2-mCherry and a5-integrin-GFP were expressed in HeLa cells, and 200 nM TPA was applied to cells at time point zero. Representative images are

shown. Scale bar, 10 mm. See also Movie S4.

(G) FMNL2-mCherry and endogenous a5-integrin localization with or without 200 nM TPA treatment for 20 min. Scale bars, 10 mm. See also Figure S3.
transiently activate classical PKC isozymes including PKCa and

monitored FMNL2 and PKCa dynamics over time. Upon addition

of 8 mM A23187, GFP-PKCa translocated to the plasma mem-

brane followed by rapid FMNL2-mCherry redistribution into the

cytoplasm (Figure 2G). PKCa gradually translocated from the

plasmamembrane back to the cytoplasmwithin 150 s, indicating

kinase inactivation. Consistent with PKCa inactivation, FMNL2

plasma membrane localization was fully recovered after 500 s

(Figure 2G; Movie S3).

To explore whether FMNL2 remains attached to cellular

membranes during relocation, we separated cell lysates into

cytosolic (soluble) and membrane fractions by flotation analysis

(Pan et al., 2012). PKCa shifted from the soluble to the mem-

brane fraction in response to TPA as expected (Figure 2H).

In contrast, endogenous FMNL2 or FMNL2-GFP remained

membrane associated, arguing that PKCa activation triggers

FMNL2 relocation into intracellular membranes (Figure 2H).

This is in agreement with the fact that FMNLs are N-terminally
Develop
myristoylated for efficient membrane interactions (Han et al.,

2009; Moriya et al., 2012).

FMNL2 Relocates to Endosomal Membrane
Compartments in Response to PKCa Activation
To better characterize the intracellular membrane compartments

associated with FMNL2, we transiently expressed FMNL2-

mCherry together with the endosome markers Rab4-GFP,

Rab5-GFP, and Rab7-GFP. Upon TPA treatment, the majority

of FMNL2 was found to colocalize with the early endosome

markers Rab4 and Rab5 and with the late endosome marker

Rab7 (Figure 3A). Colocalizations were quantified for Rab4,

Rab5, or Rab7 under DMSO or TPA treated conditions. FMNL2

colocalization with Rab4, Rab5, or Rab7 was significantly

elevated when cells were stimulated with TPA (Figure S3A).

Further, we found no significant colocalizations between

FMNL2-mCherry and the ER marker (PDI) or Golgi marker

(GM130 and TGN38-YFP) (Figures S3B, S3C, and S3D). These
mental Cell 34, 475–483, August 24, 2015 ª2015 Elsevier Inc. 479



data indicate that FMNL2 relocates to endosomal membranes

upon activation by PKCa.

FMNL2 Phosphorylation Mediates Binding to a-Integrin
Cytoplasmic Tail for Integrin Internalization and Cell
Invasion
Since FMNL2 was shown to regulate b1-integrin internalization

and localize to endosomal membranes upon PKCa activation,

we performed biotin-streptavidin pull-down assays using syn-

thesized biotinylated a5- or b1-integrin tail peptides and found

that FMNL2 specifically bound the a5-, but not the b1-integrin,

tail (Figure 3B). This was confirmed by immunoprecipitation in

a5-integrin-GFP expressing cells (Figure S3E). Notably, the

non-phosphorylatable FMNL2-S1072A mutant was unable to

interact with a5-integrin, while the phospho-mimetic FMNL2-

S1072E displayed enhanced binding to the a5-integrin tail (Fig-

ures 3C and S3F).

Next, FMNL2-NT (containing the GBD and FH3 domains) and

FH2-CT (containing the FH2 and DAD domains) were purified

and tested for direct interaction with a peptide containing the

conserved membrane proximal sequence found in all a-integrin

subunits that hetero-dimerize with b1-integrin (Rantala et al.,

2011b). While FMNL2-NT interacted weakly, FMNL2-FH2-CT in-

teracted strongly with the a-tail peptide (Figures 3D and S3G).

Importantly, the interaction between FMNL2-CT and the integrin

a-tail depended on the phosphorylation status of the S1072 res-

idue (Figure 3E) since addition of the a-tail peptide was able to

partially release interaction between FMNL2-NT and FMNL2-

FH2-CT (Figure S3H). These data suggest that FMNL2 regulates

a/b1-integrin heterodimer internalization through direct interac-

tion with the a-integrin tail and that FMNL2/a-integrin interaction

is dynamically and tightly regulated through its phosphorylation

by PKCa.

Nextweassessedwhether FMNL2 localizes toa5-integrin pos-

itive vesicles. Cells transiently expressing FMNL2-mCherry and

a5-integrin-GFP were analyzed for colocalization in intracellular

vesicles in response to TPA stimulation. Indeed, FMNL2 ap-

peared to co-traffic and subsequently colocalizewitha5-integrin-

GFPvesicles (Figure3F;MovieS4). Importantly, FMNL2-mCherry

colocalized with endogenous a5-integrin vesicles in response to

TPA (Figures3GandS3I), suggesting thatbothproteins associate

in intracellular vesicles upon PKCa activation.

We then asked whether FMNL2 regulates the internalization

of distinct a/b1-integrins. Indeed, silencing of FMNL2 strongly

attenuated internalization of a5b1-integrin (Figures 4A and

S4A) as well as a2b1-integrin (Figures 4B and S4B). This was

specific for integrins since transferrin receptor (TfR) internaliza-

tion was not dependent on FMNL2 (Figures 4C and S4B). This

effect was not due to reduced cell surface integrin levels, since

loss of FMNL2 increased integrin cell surface levels (Figure S4D).

Hence, FMNL2 regulates endocytosis of a/b1-integrin hetero-

dimers owing to its ability to interact with the a-tail conserved

sequence in a phosphorylation-dependent manner.

As expected, TPA-mediated PKC activation increased b1-in-

tegrin internalization and b1-integrin endocytosis was sensitive

to PKC inhibition (Figures 4D and S4C). Notably, the influence

of PKC on b1-integrin internalization was FMNL2 dependent

(Figures 4D and S4C). To further investigate the effects of

FMNL2 phosphorylation and actin assembly on b1-integrin, we
480 Developmental Cell 34, 475–483, August 24, 2015 ª2015 Elsevie
tracked surface b1-integrin by an imaging-based endocytosis

assay (Gu et al., 2011) in FMNL2-silenced cells in which phos-

pho-insensitive (S1072A), phospho-mimetic (S1072E) or actin

assembly-defective (ILI3A: I704A, L1028A, and I1029A; Figures

S4E and S4F) mutants were re-introduced. These analyses

show that FMNL2 overexpression results in enhanced b1-integ-

rin internalization (Figures 4E and S4G). However, re-expression

of the non-phosphorylatable or actin-binding deficient FMNL2

mutants significantly interfered with b1-integrin endocytosis

(Figure 4E), demonstrating that dynamic phospho-regulation

and FMNL2-dependent actin assembly are necessary for b1-in-

tegrin internalization. In addition, FMNL2 significantly affected

a2- and a5-integrin endocytosis, consistent with its ability to

interact with both a-integrin subunits (Figures S4H and S4I).

Next we investigated the impact of FMNL2 and its regulation

by S1072 phosphorylation on cancer cell invasion. We used

A375M2 melanoma cells (Sahai and Marshall, 2003) to generate

cell lines stably expressing FMNL2-S1072A, FMNL2-S1072E,

FMNL2-ILI3A, or wild-type FMNL2 and analyzed their migratory

potentials through a fibronectin-containingmatrix. Notably, wild-

type FMNL2 robustly promoted cell invasion, which was RhoC

dependent and PKC dependent (Figure 4F). In contrast, cells ex-

pressing FMNL2-S1072A or FMNL2-S1072E failed to signifi-

cantly induce invasive migration, while the mutant deficient for

actin assembly inhibited invasion (Figure 4F). Thus, FMNL2

may have important roles for invasive cancer cell migration not

only through regulating integrin trafficking but also via additional

actin-mediated functions (Kitzing et al., 2010). Thus, dynamic

regulation of FMNL2 by PKCa-mediated phosphorylation repre-

sents a critical mechanism for cancer cell migration that could be

pharmacologically targeted.

DISCUSSION

Here we identified a role for the actin assembly factor FMNL2 in

b1-integrin trafficking. Cortical membrane associated FMNL2

rapidly and reversibly undergoes relocation upon activation by

PKCa, resembling a so far unique property of a mammalian for-

min. Thus, subcellular distribution of FMNL2 is very dynamic and

signal regulated. We demonstrate that PKCa phosphorylates the

FMNL2 C terminus to control its localization and autoinhibition,

thus uncovering a mode of formin activation by PKCs. In addi-

tion, PKCa-mediated S1072 phosphorylation of FMNL2 involves

RhoC, indicating a more complex regulation of FMNL2 for

spatiotemporal activation. Hence, FMNL2 interaction with

RhoC may help to facilitate the accessibility of FMNL2-S1072

for PKCa to drive b1-integrin endocytosis, which is in agreement

with a study showing that RhoC associates with a5b1-integrin to

promote its internalization in migrating carcinoma cells (Li et al.,

2013).

We observed rapid relocation of FMNL2 from the cell cortex

upon PKCa activation. However, while pharmacological inhibi-

tion of PKC abolishes FMNL2 relocation, mutating the FMNL2

residue S1072 did not block the process per se but made it

significantly slower, suggesting that relocation kinetics are crit-

ical for proper cellular output. Indeed, our data show that reloca-

tion of FMNL2 to endocytic membranes upon activation of PKCa

is a reversible process that enables cells to rapidly and precisely

respond to extracellular cues.
r Inc.



Figure 4. PKCa Promotes FMNL2 to Drive b1-Integrin Internalization and Cancer Cell Invasion

(A) Biotin-IP based internalization assays show a5-integrin internalization in HeLa cells at time point 30 min. Internalized proteins were normalized against the

total. Error bars, +SEM (n = 3); *p < 0.05.

(B) Biotin-IP based internalization assays show a2-integrin internalization in HeLa cells at time point 30 min. Internalized proteins were normalized against the

total. Error bars, +SEM (n = 3); *p < 0.05.

(C) Biotin-IP based internalization assays show TfR (transferrin receptor) internalization in HeLa cells at time point 30 min. Internalized proteins were normalized

against the total. Error bars, +SEM (n = 3).

(D) Biotin-IP based b1-integrin internalization assays were performed in control or FMNL2 silenced cells at time point 30 min, with either DMSO, 200 nM TPA, or

2 mM BIM-1 treatment. Internalized integrins were normalized against the total. Error bars: +SEM (n = 3); *p < 0.05, **p < 0.001.

(E) Quantified levels of internalized b1-integrin in HeLa cells expressing GFP, or GFP-tagged FMNL2mutants under endogenous FMNL2 silenced background by

imaging-based endocytosis assays. The graph shows mean line with error bar, +SEM (n = 4). Each point presents mean value of endocytosed b1-integrin in one

field of view. In total, 100–150 cells were measured per group. Indicated p values are compared to the GFP control.

(F) Inverted transwell Matrigel (containing 100 mg/ml fibronectin) invasion of A375M2 cells stably expressing GFP or GFP-tagged FMNL2 mutants were trans-

fected with siRNAs. 2 mMBIMwas used when indicated. The percentage of invaded cell over the total cell number was quantified and normalized. Error bar, +SD.

(n = 3). p values are indicated with straight lines except for FMNL2-ILI3A, which was compared to the GFP with siFMNL2.

(G) Model of PKCa-mediated FMNL2 phosphorylation and subsequent b1-integrin internalization. See also Figure S4.
PKCa has been implicated in b1-integrin trafficking (Ng et al.,

1999), while cell motility requires tight control of b1-integrin cell

surface turnover through endocytic routes (Caswell andNorman,
Develop
2008; Cheng et al., 2004; Ivaska et al., 2002; Muller et al., 2009).

Our data support amodel in which PKCa phosphorylates FMNL2

for release of autoinhibition and binding to the a-integrin tail as
mental Cell 34, 475–483, August 24, 2015 ª2015 Elsevier Inc. 481



well as localization into a5-integrin positive vesicles, revealing a

dynamic signal-regulated complex for actin-dependent a/b1-in-

tegrin endocytosis (Figure 4G). However, both the non-phos-

phorylatable and the phospho-mimetic FMNL2mutant interfered

with b1-integrin internalization, suggesting that phosphorylation

of FMNL2may play a critical role as amolecular ‘‘switch’’ to steer

and tightly coordinate b1-integrin trafficking for invasive migra-

tion. As FMNL2 is also involved in epithelialization (Grikscheit

et al., 2015), it is conceivable that during cancer progression

FMNL2 regulation becomes altered from cell-cell to cell-matrix

adhesion. Further work is needed to address this.

Together, our data show that a member of the formin family is

a target of PKC to regulate b1-integrin traffic and function,

making this mechanism an attractive target for therapeutic

intervention.

EXPERIMENTAL PROCEDURES

Internalization Assay

Integrin or transferrin receptor (TfR) internalization assays were performed as

described (Pellinen et al., 2008).

Live Cell Imaging and Analysis of Fluorescence Intensity

Coverslips seeded with cells were inserted into a customized imaging dish and

mounted to the microscope objective. Live cell imaging was performed at

37�C, in a CO2 chamber. Images were acquired every 5 to 10 s with a LSM

700 confocal microscope (Zeiss), using the 63X/1.4 oil objective. Drugs were

applied to the cells at the microscope while scanning. Different channels

were scanned sequentially by line.

2D fluorescence intensity images with time stamps were segmented by

Sobel edge detection with building function in MATLAB to identify the plasma

membrane region. Fluorescence intensities were summed up for each cell and

normalized by their maximum intensity. Photo bleaching was corrected by

keeping the overall intensity of the whole cell constant. Statistics were given

on the normalized fluorescence intensity at each time point.

Imaging-Based Integrin Endocytosis Assay

Cells were transfected with QIAGEN Hs_FMNL2_9 siRNA (targeting 30UTR)
and EGFP or different FMNL2-GFP plasmids. Endocytosis was carried out

as described with modifications (Gu et al., 2011).

Inverted Transwell Invasion Assay and Image Analysis

Invasion assays were performed as described (Kitzing et al., 2010). For fixed

cell samples, images were obtained with LSM 700 (Zeiss) and then processed

with ImageJ. Pearson’s correlation coefficient for colocalization was obtained

by MATLAB.

For more details, see the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and four movies and can be found with this article online at

http://dx.doi.org/10.1016/j.devcel.2015.06.015.
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Supplemental Figure S1 

 

  



	  

Figure S1. FMNL2 Regulates β1-integrin Endocytosis and Is Phosphorylated by 

PKCα (Related to Figure 1) 

(A) Differential effects of human formins on β1-integrin internalization. After silencing 

of formin genes, β1-integrin endocytosis was measured using antibody-based β1-integrin 

endocytosis assay. Endocytosis values are Z-scored among the whole dataset. Error bar: ± 

SEM (n=6). (B) Representative Western blots showing the immunoprecipitated total 

β1-integrin or endocytosed biotinylated β1-integrin under shCtrl or shFMNL2 conditions 

in HeLa cells. (C) myc-FMNL2, FMNL2-myc or FMNL2-S1072A-myc was expressed in 

HEK293 cells and immunoprecipitated after DMSO, TPA (20 nM) or BIM (2 µM) 

treatment for 30 min. Phosphorylated FMNL2 was detected by phospho-(Ser) PKC 

substrate antibody. (D, E) HEK293 cells were transfected with FLAG-FMNL2 and 

siRNA against different PKC isozymes respectively. siPKCβ targets both PKCβI and 

PKCβII. Knockdown of different PKC isozymes are shown for Figures 1F and G. (F) In 

vitro kinase assays using purified PKC isozymes and wild type or S1072A mutant 

FMNL2 C-terminal fragments (GST-959-CT). Autoradiography and coomassie blue 

stained gels are shown. (G) HEK293 cells expressing myc-FMNL2 were 

immunoprecipitated after DMSO, 20 nM TPA, 2 µM BIM or 1 µM Gö6976 treatment. 

Phosphorylation of FMNL2 by PKC was detected. (H) Immunoprecipitations of HEK293 

cells expressing FLAG-FMNL2-F1F2-CT and myc-FMNL2-FH3 after DMSO, 20 nM 

TPA or 2 µM BIM treatment. (I) Coomassie blue stained gels of the purified proteins 

used in Figures 1J and 3E. Numbers on the left indicate the molecular weights (kD) 

(B~I).  

  



	  

Supplemental Figure S2 

 

  



	  

Figure S2. Phosphorylation of FMNL2 Depends on Rho-GTPase Activity and 

Endogenous FMNL2 Is Knocked-down to Reduce Homodimerization (Related to 

Figure 2) 

(A) FMNL2 and HA-RhoC-V14 were expressed. myc-FMNL2 was immunoprecipitated 

after DMSO or TPA (20 nM) treatment for 30 min. Phosphorylated FMNL2 and 

associated HA-RhoCV14 were detected. (B) FMNL2 was co-expressed with or without 

C3 co-enzyme. myc-FMNL2 was immunoprecipitated after DMSO, TPA (5 nM) or BIM 

treatment for 30 min. Phosphorylated FMNL2 was detected. (C) FMNL2-mCherry and 

siCtrl, siRhoC or C3 were co-expressed in HeLa cells. Knockdown of RhoC is shown. 

Cells expressing FMNL2-mCherry with plasma membrane localization were quantified 

over the total cell number (in total more than 72 cells per group) counted. Scale bars: 10 

µm. Error bar, + SEM (n=3). (D) Quantification of fluorescence intensity changes on the 

plasma membrane for the mCherry channel in HeLa cells transfected with CFP or 

CFP-RhoC-V14. Error bar, ± SEM of 8 (with CFP) and 7 (with CFP-RhoC-V14) cells 

respectively. (E) FMNL2-GFP-myc wild type, S1072A, or S1072E were expressed in 

HEK293 cells and immunoprecipitated. Endogenous and ectopic FMNL2 were detected 

by FMNL2 antibodies. (F) Western blot of FMNL2 from HeLa lysates transfected with 

FMNL2 siRNA labeled with AlexaFluor 555 targeting 3’-UTR. (G) Representative 

images are shown at indicated time points for Figures 2F and S2H. Green: GFP; Red: 

AlexaFuor 555. Scale bars: 10 µm. (H) Quantification of fluorescence intensity changes 

on the plasma membrane for the GFP channel in HeLa cells transfected with FMNL2 

siRNA labeled with AlexaFluor 555 targeting 3’-UTR which allowed FMNL2 wild type 

(FMNL2-GFP) or mutant (FMNL2-S1072E-GFP) DNA expression in the same cell. 

Error bar, ± SEM of 9 (FMNL2-S1072E-GFP) and 11 (FMNL2-GFP) cells respectively. 

Numbers indicate molecular weights (kD) in the Western blots. (A~C, & E~F). 

  



	  

Supplemental Figure S3  

  



	  

Figure S3. FMNL2 Colocalizes with Endosomal Markers and Interacts with 

α-integrins (Related to Figure 3) 

(A) HeLa cells were transfected with FMNL2-mCherry and Rab proteins respectively. 

Cells were treated with DMSO or 200 nM TPA for 20 min at 37 °C. Pearson’s correlation 

coefficient was used to quantify the colocalization of FMNL2 and Rab4, Rab5 or Rab7. 

Error bars: +SD, n=3, with 30 cells each time. P-values are indicated. (B) Representative 

images of FMNL2-mCherry and ER marker PDI (Protein disulfide isomerase) in HeLa 

cells with or without TPA treatment. (C) Representative images of FMNL2-mCherry and 

cis-Golgi marker GM130 in HeLa cells with or without TPA treatment. (D) 

Representative images of FMNL2-mCherry and trans-Golgi marker TGN38 in HeLa cells 

with or without TPA treatment. Scale bars: 10 µm. (E) Immunoprecipitation from 

HEK293 cells showing FMNL2 interacting with α5-integrin in cells. (F) 

Biotin-streptavidin pull down (Pd) of α5-integrin cytoplasmic tail from HEK293 cell 

extracts expressing FMNL2 constructs after DMSO, 20 nM TPA, 2 µM BIM treatment 

for 30 min. (G) Coomassie blue stained gels of the indicated purified proteins in Figure 

3D. (H) Immunoprecipitation of purified HA-FMNL2-NT (15 µg) and His-FMNL2-FH2-

CT (30 µg) with or without α-integrin conserved cytoplasmic tail (7 µg).  (I) Enlarged 

images of different channels related to Figure 3G. Numbers indicate the molecular 

weights (kD) (F~H). 

  



	  

Supplemental Figure S4  

 



	  

Figure S4. Characterization of FMNL2 Actin Assembly Mutant and Regulation of 

β1-integrin Internalization by FMNL2 (Related to Figure 4) 

(A, B) Representative Western blots showing the immunoprecipitated total or 

endocytosed biotinylated α2- and α5-integrins or TfR under siCtrl or siFMNL2 

conditions in HeLa cells. (C) Representative Western blots showing the 

immunoprecipitated total β1-integrin or endocytosed biotinylated β1-integrin in control 

or FMNL2 silenced HeLa cells treated with DMSO, 200 nM TPA or 2 µM BIM 30 min 

before endocytosis. (D) Cell surface levels of α2-, α5- and β1-integrins were measured in 

control or FMNL2 silenced HeLa cells. Error bars: + SEM (n=3). (E, F) HEK293 cells 

were transfected with FMNL2-GFP (WT), FMNL2-ILI3A-GFP, FMNL2-F1F2-CT-GFP, 

or FMNL2-F1F2-CT-ILI3A-GFP as indicated, together with MAL/SRF reporter 

3DA.Luc and Renilla luciferase pRLTK. Black triangle indicates the increasing amount 

of DNA transfected. SRF activity was measured 24 h after transfection. Error bar: + SEM 

(n=3). P-value is indicated. (G) Representative images of image-based β1-integrin 

endocytosis assay. Confocal mid-sections of HeLa cells with transfected FMNL2-GFP in 

siFMNL2 background are shown here. Dashed lines indicate transfected cells. Red 

asterisk marks cells with increased β1-integrin endocytosis. Scale bars: 20 µm. (H, I) 

Quantified levels of endocytosed α2- and α5-integrins in HeLa cells expressing GFP, or 

GFP-tagged FMNL2 mutants under endogenous FMNL2 silenced background by 

imaging-based endocytosis assays. Graph shows mean line with error bar, ± SEM (n=3). 

Each point presents mean value of endocytosed integrin in one field of view. Indicated 

p-values are compared to the GFP control. 

  



	  

Supplemental Movie Legends 

Movie S1. FMNL2 relocates upon PKCα activation (Related to Figure 2). Red: 

FMNL2-mCherry; Green: GFP-PKCα. Acquisition of images started when 200 nM TPA 

was applied to the cells.  Images were acquired every 10 s. Scale bar: 10 µm. 

Movie S2. FMNL2 relocation is inhibited when PKCα activity is inhibited by BIM-1 

(Related to Figure 2). Red: FMNL2-mCherry; Green: GFP-PKCα. Cells were 

pre-treated with 2 µM BIM-1 for 30 min and then treated with 200 nM TPA. Acquisition 

of images started when TPA was applied to the cells. Images were acquired every 10 s. 

Scale bar: 10 µm. 

Movie S3. The relocation of FMNL2 is reversible (Related to Figure 2). Red: 

FMNL2-mCherry; Green: GFP-PKCα. Acquisition of images started when 8 µM A23187 

was applied to the cells. Images were acquired every 5 s. Scale bar: 10 µm. 

Movie S4. FMNL2 relocates upon PKCα activation and localizes to α5-integrin 

positive vesicles (Related to Figure 3). Red: FMNL2-mCherry; Green: α5-integrin-GFP. 

Acquisition of images started when 200 nM TPA was applied to the cells.  Images were 

acquired every 10 s. A small part of the upper movie is enlarged in the lower movie to 

show details of the co-trafficking of FMNL2 and α5-integrin. Scale bars: 10 µm.  



	  

Supplemental Experimental Procedures 

Plasmids 

Expression plasmids were generated and sequence-verified following standard cloning 

procedures. FLAG-FMNL2, FLAG-FMNL2-F1F2-CT, FLAG-mDia1 and HA-RhoCV14 

were described previously (Kitzing et al., 2010; Vaillant et al., 2008). myc-FMNL2, 

FMNL2-myc, and myc-FMNL2-FH3 (aa 262-484) were sub-cloned into EFpLink with 

N-terminal or C-terminal myc-tag as indicated. GST-FMNL2-959-CT for protein 

purification was cloned into pGEX-6P-1 (GE Healthcare). HA-FMNL2-NT (aa 23-484) 

was cloned as GST-HA-FMNL2-NT into pGEX-6P-1, and the GST tag was cleaved 

during purification. His-FMNL2-NT was cloned into pET20 (Novagen) and 

His-FMNL2-FH2-CT was cloned into pET30 (Novagen). FMNL2 was cloned into 

pmCherryN1 (Clonetech), pEGFPN1 (Clonetech) or pWPXL vectors. Point mutants 

FMNL2-S1072A, S1072E and ILI3A (I704A, L1028A, and I1029A) were generated by 

site-directed point mutation. α5-integrin-GFP, GFP-PKCα and GFP-PKCα-T497A were 

described (Mostafavi-Pour et al., 2003). GFP-PKCα-CA was generated by deleting the 

first 30 amino acids (Soh and Weinstein, 2003) and subcloned into pEGFPC1 vector 

(Clonetech). 

Cell Lines, Drug Treatments and Transfection 

HEK293, HEK293T, HeLa and A375M2 (kind gift from Eric Sahai) cells were 

maintained in DMEM supplemented with 10% fetal bovine serum at 37°C in a 5% CO2 

environment. When needed, cells were treated with 5 nM to 200 nM TPA (Calbiochem), 

2 µM BIM-1 (Calbiochem), 1 µM Gö6976 (Calbiochem) or 8 µM A23187 (Sigma). DNA 

plasmids were transfected with calcium phosphate methods for HEK293 and HEK293T 

cells, and with Fugene (Promega) for HeLa cells. siRNA (Qiagen) was transfected with 

HiperFect (Qiagen). A375M2 stable cell lines were generated by lentiviral transduction. 

Viruses were produced by transfecting HEK293T cells with packaging plasmid pSPAX2, 

envelope plasmid pMD2G and expressing plasmids 

pWPXL-GFP, -FMNL2-GFP, -FMNL2-S1072A-GFP, -FMNL2-S1072E-GFP, 



	  

or -FMNL2-ILI3A-GFP. Supernatants were harvested 48 h after transfection and 

A375M2 cells were infected. HeLa stable cell lines expressing shFMNL2 

(V2LHS_384851, Open Biosystems) or shControl (a kind gift by Thorsten Stiewe) were 

generated similarly with lentiviral shRNAs. 

Reagents and Antibodies 

Cell culture reagents were purchased from PAA/GE Healthcare. Chemicals were from 

Sigma. α-phospho-(Ser) PKC substrate, α-PKCα, α-PKCδ, α-PKCε, α-PKCζ, 

α-biotin-HRP and α-tubulin were obtained from Cell Signaling Technology. α-PKCβ was 

from Santa Cruz. α-FMNL2 was purchased from Atlas Antibodies. α-α5 integrin (CD49e) 

was from AbD serotec. α-β1 integrin (CD29) antibody K20 was purchased from 

Beckman Coulter, 610468 was from BD Biosciences, 12G10 and EP1041Y were from 

Abcam. α-α2 integrin (MAB1998Z) was from Millipore. α-TfR (ab84036) was from 

Abcam. α-HRP-conjugated FLAG, myc and HA antibodies and HRP-conjugated 

secondary antibodies were from Sigma. Alexa Fluor conjugated secondary antibodies 

were from Invitrogen. 

DNA Primers and siRNA Sequences 

Point mutants FMNL2-S1072A, S1072E and ILI3A (I704A, L1028A, and I1029A) were 

generated by site-directed point mutation using the following primer pairs: 

5’-AGGAGAGCCGTCAGGCGG-3’ and 5’-CCTGACGGCTCTCCTCAC-3’, 

5’-AGGAGAGAGGTCAGGCGG-3’ and 5’-CCTGACCTCTCTCCTCAC-3’, 

5’-CTTGCCGCCACTTTAAGG-3’ and 5’-TAAAGTGGCGGCAAGATT-3’, 

5’-CAAGAGGCCGCAGCAGAATTA-3’ and 5’-TTCTGCTGCGGCCTCTTGCTG-3’, 

respectively. The actin assembly deficient mutant was generated according to (Heimsath 

and Higgs, 2012; Thompson et al., 2013). siRNA targeting sequences were: 

5’-CACCATGGCTGCAATCCGAAA-3’ (human RhoC), 

5’-CTGCGGGCACATTCCCATAAA-3’ (Hs_FMNL2_9, targeting 3’-UTR of human 

FMNL2, 3’-AlexaFluor 555 modified when indicated),  

5’-AACCATCCGCTCCACACTAAA-3’ (human PKCα), 



	  

5’-CCGGATGAAACTGACCGATTT-3’ (human PKCβI and PKCβII), 

5’-AACTCTACCGTGCCACGTTTT-3’ (human PKCδ), 

5’-CCCGACCATGGTAGTGTTCAA-3’ (human PKCε), and 

5’-CGGAAGCATGACAGCATTAAA-3’ (human PKCζ).  

Screening for the Effects of Formins on β1-integrin Endocytosis by Cell Spot 

Microarray 

Cell Spot Microarrays (CSMA) were conducted as previously described (Rantala et al., 

2011). Formin targeting siRNAs Hs_C14orf173_2 and 5 (INF2), Hs_DAAM1_6 and 7, 

Hs_DAAM2_7 and 8, Hs_DIAPH1_2 and 4, Hs_DIAPH2_1 and 4, Hs_DIAPH3_8 and 9, 

Hs_FHOD1_6 and 7, Hs_FHOD3_6 and 7, Hs_FMN1_7 and 8, Hs_FMN2_11 and 12, 

Hs_FMNL1_8 and 9, Hs_FMNL2_8 and 9, Hs_FMNL3_6 and 7, Hs_GRID2IP_5 and 6 

(Delphilin), and control siRNA were purchased from Qiagen. Before plating HeLa cells 

on CSMA, the arrays where blocked with Lutrol F108 (Univar AB) for 15 min at room 

temperature. Cells were washed and harvested using HyQTase, then plated on CSMA. 

Endocytosis was measured 72 h after the reverse siRNA transfection. Antibody based 

integrin β1 endocytosis assay was carried out as described(Arjonen et al., 2012). In short, 

non-functional blocking β1-integrin antibody (K20) was labeled using AlexaFluor 488 

protein labelling kit (Invitrogen). Cell surface β1-integrins of the CSMA with live cells 

were labeled with K20-AlexaFluor 488 for 1 h on ice. CSMA was then washed and the 

labeled β1-integrin was allowed to be endocytosed for 30 min at 37°C. The residual cell 

surface fluorescence was quenched using anti-AlexaFluor 488 antibody (Invitrogen) for 1 

h on ice and fixed using 4% paraformaldehyde. Cells were then permeabilized and 

incubated with anti-mouse AlexaFluor 555 secondary antibody to label both internal and 

cell surface K20 pools (total β1-integrin). Endocytosed β1-integrin was normalized 

against the total β1 integrin. Nuclei were labeled using Syto60 (Invitrogen). Fluorescence 

intensities were measured using Laser microarray scanner (Tecan LS400) and ArrayPro 

Analyzer v4.5 software. 

 



	  

Protein Purification 

The expression plasmid was transformed into E. coli BL21 (DE3). Bacteria were cultured 

in LB medium at 37°C until OD = 0.6 and induced with 200 µM IPTG at 22°C for 16 h 

or 12.5 g/L lactose at 30°C for 16 h. GST fusion protein was purified using Glutathione 

Sepharose 4B beads (GE Healthcare) as described before (Brandt et al., 2009). Proteins 

were dialyzed in 20 mM Hepes (pH 7.4), 25 mM MgCl2, 5 mM EDTA and 5 mM DTT. 

The GST tag was cleaved during dialysis using Precision Protease (GE Healthcare) when 

necessary and the cleaved protein was recycled by running through the Glutathione 

Sepharose 4B once more. 6×His fusion protein was purified using Ni-NTA agarose beads 

(Qiagen) as shown before (Brandt et al., 2007).  

In vitro Kinase Assay 

Purified recombinant GST fusion PKC protein isozymes were purchased from ProQinase 

GmbH. 20 ng of each PKC isozyme and 1 µg substrate protein were incubated in 50 mM 

Hepes (pH 7.4), 150 mM NaCl, 5 mM EDTA, 5 mM DTT, 25 mM MgCl2, 0.02% Triton 

X-100, 1 mM ATP and 5 µCi 32P-γ-ATP at 30°C for 15 min. 1 µM Staurosporine (Sigma) 

was used when indicated. Kinase reaction was stopped by adding the SDS sample buffer. 

After running SDS-PAGE and fixation of the gel, autoradiography was performed with 

different exposure times. 

Internalization Assay 

Integrin or transferrin receptor (TfR) internalization assays were performed as described 

(Pellinen et al., 2008). 24 h after seeding, cell surfaces were labeled for 30 min with 0.5 

mg/mL EZ-Link Sulfo-NHS-SS-Biotin (Pierce Chemical). Internalization was followed 

for the indicated times. The residual biotin was then removed from the cell surface by 

MesNa reduction (60 mM, 30 min), followed by iodoacetamide quenching (100 mM, 15 

min). Total proteins were immunoprecipitated using the integrin or TfR antibodies. 

Internalized proteins were detected using Western blot with the HRP-linked biotin 

antibody. Total proteins were detected by integrin or TfR antibodies. Student’s T-test was 

used to calculate the p-values. 



	  

Immunoprecipitation and Biotin-Streptavidin Pull-down 

Cells were harvested and lysed in lysis buffer containing 20 mM Tris-HCl (pH 7.4), 150 

mM NaCl, 2 mM EDTA, 0.1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM 

β-glycerophosphate, 1 mM sodium orthovanadate, and complete protease inhibitors 

(Roche). Supernatants were collected after centrifugation and incubated with 

FLAG/myc/HA-conjugated agarose beads (Sigma) or Protein A/G beads (Santa Cruz) 

together with antibodies for 1 to 5 h at 4°C. For pull-downs, biotinylated α5/β1-integrin 

cytoplasmic tail peptides were pre-incubated with cell lysates respectively for 4 h 

(Pellinen et al., 2008). The peptide sequences were: α5-integrin cytoplasmic tail: 

Biotin-YKLGFFKRSLPYGTAMEKAQLKPPATSDA; β1-integrin cytoplasmic tail: 

Biotin-HDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK; α-integrin 

conserved cytoplasmic tail: Biotin-WKLGFFKRKYEKM. Following a 1 h incubation 

with Streptavidin sepharose beads (GE Healthcare), samples were washed. Western 

blotting were performed as described previously (Brandt et al., 2009). 

Membrane Flotation Assay 

Membrane flotation assays were performed as described (Pan et al., 2012). Cells were 

lysed in cold TNE buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 

protease inhibitors and phosphatase inhibitors) and passed through 25G syringe 20 times. 

After centrifugation, supernatants were mixed with 67% Optiprep (Invitrogen) and 

loaded to SW60 centrifuge tubes. Each sample was overlaid with 2.5 mL 28% Optiprep 

and 600 µL TNE buffer. Ultracentrifugation was performed with SW60 rotor at 35,000 

rpm for 3 h at 4°C (Beckman Coulter). 500 µL fractions were collected with the 2nd and 

8th as the membrane and soluble fractions respectively. 

Imaging-based Integrin Endocytosis Assay 

HeLa cells were transfected with Qiagen Hs_FMNL2_9 siRNA (targeting 3’UTR) and 

EGFP or different FMNL2-GFP plasmids. Endocytosis was carried out as described with 

modifications (Gu et al., 2011). Cell surface β1-integrins were stained with primary and 

secondary antibodies for 1 h on ice and cells were allowed to endocytose the labeled 



	  

β1-integrins 30 min at 37°C. Cells were acid stripped on ice with stripping buffer, 

pH-restored with culture media and fixed. 3D confocal image stacks of fixed cells were 

acquired using Zeiss Axiovert 200M, Yokogawa CSU22 spinning disc microscope and 

63X/1.4 oil objective. Images were analyzed using ImageJ. GFP positive cells were 

outlined by threshold-mask and the intensity of endocytosed β1-integrin was thresholded, 

background subtracted and quantified using ImageJ Analyse Particles and Integrated 

Density command. GraphPad Prism and Mann-Whitney test was used to calculate 

p-values for the endocytosis under different conditions. 

Inverted Transwell Invasion Assay and Image Analysis 

Invasion assays were performed as described (Kitzing et al., 2010). Cells were 

transfected with siRNAs 48 h before analysis. Cells were invading for 48 h before 

fixation, permeabilization and subsequent staining with DAPI and rhodamine phalloidin 

(Invitrogen). Confocal z-stacks of 100 µm were acquired for five random imaging fields 

of each insert with LSM 700 confocal microscope (Zeiss), using the 20X/0.75 objective. 

Quantification of the invaded and non-invaded cell number was done using the ImageJ 

Analyze Particle function. Student’s T-test was used to calculate the p-values. 

Expression of Cell Surface Integrins 

HeLa cells were silenced 72h. Cells were harvested using HyQTase (Fisher Scientific) 

spinned down, lifted on ice and washed with ice-cold PBS. Cells were blocked using 2% 

BSA in PBS for 30min at 4°C and stained against α2, α5 and β1-integrins. Cells were 

washed in PBS and counterstained using Alexa-647 secondary antibodies for 30min at 

4°C. Cells were washed in PBS and analysed with Accuri FACS. 

MAL/SRF Luciferase Assay 

MAL/SRF luciferase assay was performed as described (Baarlink et al., 2013). HEK293 

cells were transfected with genes of interests, p3DA.luc and pRLTK reporter plasmids. 

24 h after transfection, cell media were removed and cells were washed once with PBS. 

200 µL 1× Passive lysis buffer (Promega) was added per 6-well. Cells were lysed on ice 



	  

for 20 min, scraped and centrifuged at 13,000 rpm for 15 min at 4°C. From 5 to 20 µL 

cell lysates were used for each assay. Firefly and Renilla luciferase signals were recorded 

sequentially by Luminoscan Ascent Microplate Luminometer (Thermo Scientific) using 

the Ascent software (Thermo Scientific) with 900 ms integration time. Firefly signal was 

normalized to Renilla signal for each sample.  



	  

Supplemental References 

Arjonen, A., Alanko, J., Veltel, S., and Ivaska, J. (2012). Distinct recycling of active and 
inactive β1 integrins. Traffic 13, 610–625. 

Baarlink, C., Wang, H., and Grosse, R. (2013). Nuclear actin network assembly by 
formins regulates the SRF coactivator MAL. Science 340, 864–867. 

Brandt, D.T., Marion, S., Griffiths, G., Watanabe, T., Kaibuchi, K., and Grosse, R. 
(2007). Dia1 and IQGAP1 interact in cell migration and phagocytic cup formation. J. Cell 
Biol. 178, 193–200. 

Brandt, D.T., Baarlink, C., Kitzing, T.M., Kremmer, E., Ivaska, J., Nollau, P., and 
Grosse, R. (2009). SCAI acts as a suppressor of cancer cell invasion through the 
transcriptional control of β1-integrin. Nat. Cell Biol. 11, 557–568. 

Gu, Z., Noss, E.H., Hsu, V.W., and Brenner, M.B. (2011). Integrins traffic rapidly via 
circular dorsal ruffles and macropinocytosis during stimulated cell migration. J. Cell Biol. 
193, 61–70. 

Heimsath, E.G., and Higgs, H.N. (2012). The C terminus of formin FMNL3 accelerates 
actin polymerization and contains a WH2 domain-like sequence that binds both 
monomers and filament barbed ends. J. Biol. Chem. 287, 3087–3098. 

Kitzing, T.M., Wang, Y., Pertz, O., Copeland, J.W., and Grosse, R. (2010). Formin-like 2 
drives amoeboid invasive cell motility downstream of RhoC. Oncogene 29, 2441–2448. 

Mostafavi-Pour, Z., Askari, J.A., Parkinson, S.J., Parker, P.J., Ng, T.T.C., and 
Humphries, M.J. (2003). Integrin-specific signaling pathways controlling focal adhesion 
formation and cell migration. J. Cell Biol. 161, 155–167. 

Pellinen, T., Tuomi, S., Arjonen, A., Wolf, M., Edgren, H., Meyer, H., Grosse, R., 
Kitzing, T., Rantala, J.K., Kallioniemi, O., et al. (2008). Integrin trafficking regulated by 
Rab21 is necessary for cytokinesis. Dev. Cell 15, 371–385. 

Rantala, J.K., Mäkelä, R., Aaltola, A.-R., Laasola, P., Mpindi, J.-P., Nees, M., Saviranta, 
P., and Kallioniemi, O. (2011). A cell spot microarray method for production of high 
density siRNA transfection microarrays. BMC Genomics 12, 162. 

Soh, J.-W., and Weinstein, I.B. (2003). Roles of specific isoforms of protein kinase C in 
the transcriptional control of cyclin D1 and related genes. J. Biol. Chem. 278, 34709 –
34716. 

Thompson, M.E., Heimsath, E.G., Gauvin, T.J., Higgs, H.N., and Kull, F.J. (2013). 
FMNL3 FH2–actin structure gives insight into formin-mediated actin nucleation and 
elongation. Nat. Struct. Mol. Biol. 20, 111–118. 



	  

Vaillant, D.C., Copeland, S.J., Davis, C., Thurston, S.F., Abdennur, N., and Copeland, 
J.W. (2008). Interaction of the N- and C-terminal autoregulatory domains of FRL2 does 
not inhibit FRL2 activity. J. Biol. Chem. 283, 33750 –33762. 

 


	Formin-like 2 Promotes β1-Integrin Trafficking and Invasive Motility Downstream of PKCα
	Introduction
	Results
	FMNL2 Is Required for β1-Integrin Internalization and Is Phosphorylated by PKCα at Serine 1072
	FMNL2 Rapidly Relocates in a PKCα-Dependent Manner
	FMNL2 Relocates to Endosomal Membrane Compartments in Response to PKCα Activation
	FMNL2 Phosphorylation Mediates Binding to α-Integrin Cytoplasmic Tail for Integrin Internalization and Cell Invasion

	Discussion
	Experimental Procedures
	Internalization Assay
	Live Cell Imaging and Analysis of Fluorescence Intensity
	Imaging-Based Integrin Endocytosis Assay
	Inverted Transwell Invasion Assay and Image Analysis

	Supplemental Information
	Acknowledgments
	References


