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Myristoylation and Induces Polarized Membrane Blebbing™
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The formin protein formin-like 1 (FMNL1) is highly restrict-
edly expressed in hematopoietic lineage-derived cells and has
been previously identified as a tumor-associated antigen. How-
ever, function and regulation of FMNLI1 are not well defined.
We have identified a novel splice variant (FMNL1y) containing
an intron retention at the C terminus affecting the diaphanous
autoinhibitory domain (DAD). FMNLI1Y is specifically located
at the cell membrane and cortex in diverse cell lines. Similar
localization of FMNL1 was observed for a mutant lacking the
DAD domain (FMNL1ADAD), indicating that deregulation of
autoinhibition is effective in FMNL1y. Expression of both
FMNL1y and FMNL1ADAD induces polarized nonapoptotic
blebbing that is dependent on N-terminal myristoylation of
FMNLI1 but independent of Src and ROCK activity. Thus, our
results describe N-myristoylation as a regulative mechanism
of FMNLI responsible for membrane trafficking potentially
involved in a diversity of polarized processes of hematopoietic
lineage-derived cells.

Formins represent a protein family indispensable for
many fundamental actin-dependent processes, including
migration, vesicle trafficking, morphogenesis, and cytokine-
sis (1). Because these polarized processes are also involved in
inflammation, deregulated proliferation, and metastasis,
formins have been suggested to represent attractive drug tar-
gets for inflammatory and malignant diseases. Formin-like 1
(FMNL1)? is expressed restrictedly in hematopoietic lineage-
derived cells and overexpressed in malignant cells of different
origin. This restricted expression suggests FMNLI to be an

* This work was supported by Deutsche Forschungsgemeinschaft Grant
KR2305/3-1, the Helmholtz Zentrum Minchen, and the Life Science
Stiftung.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

' Both authors contributed equally to this work.

2To whom correspondence should be addressed: Helmholtz Zentrum
Miinchen, National Research Center for Environment and Health, Institute
of Molecular Immunology, Marchioninistr. 25, 81377 Munich, Germany.
Tel.: 49-89-7099360; Fax: 49-89-7099300; E-mail: HTUangela.krackhardt@
helmholtz-muenchen.deUTH.

3 The abbreviations used are: FMNL1, formin-like 1; Chaps, 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonic acid; CLL, chronic lympho-
cytic leukemia; DAD, diaphanous autoregulatory domain; DID, diapha-
nous inhibitory domain; DRF, diaphanous-related formin; FH, formin
homology; FRL, murine formin-like protein 1; PBMC, peripheral blood
mononuclear cell.

NOVEMBER 27, 2009+ VOLUME 284+-NUMBER 48

attractive target for novel immunotherapies in malignant and
inflammatory diseases (2, 3). However, function and regulation
of FMNLI are less well characterized. Previous work has shown
involvement of FMNL1 in the reorientation of the microtubule-
organizing center toward the immunological synapse and cyto-
toxicity of T cells (4). The murine homolog FRL, which has 85%
homology to the human counterpart, has been additionally
shown to be involved in cell adhesion and motility of macro-
phages as well as Fcy receptor-mediated phagocytosis (5, 6). To
date, it is not clear how these different membrane-associated
processes are regulated.

Formins are defined by a unique and highly conserved C-ter-
minal formin homology (FH) 2 domain that mediates the
effects on actin (7-11). The FH2 domain is proceeded by a
proline-rich FH1 domain that binds with low micromolar affin-
ity to profilin (12, 13). In a conserved subfamily of formins
known as diaphanous-related formins (DRFs), the FH1 and
FH2 domains are flanked by an array of regulatory domains at
the N terminus and by a single C-terminal diaphanous autoreg-
ulatory domain (DAD) (14). The large N-terminal regulatory
region includes a binding domain for small G proteins like Rho-
GTPase followed by an adjacent diaphanous-inhibitory domain
(DID) and a dimerization domain (13, 15-17). The DAD, which
comprised only a small stretch of amino acid residues, binds to
the DID. Interaction of DAD and DID is responsible for auto-
inhibition of DRFs. The mammalian diaphanous 1 (Dial) as
well as the macrophage-enriched murine formin-like protein 1
(FRL) are both regulated by autoinhibition in a DAD-depen-
dent manner (5, 6, 18, 19).

In addition to the domain-specific functions, formin proteins
seem to be intensively regulated by splicing. Splicing at the N
terminus has been demonstrated to be involved in distinct pro-
tein regulation and function of Dia2 (20). The DAD domain is
also a hotspot of splicing. Within this area, two splice variants
have been characterized for FRL, although functional differ-
ences have not been observed (19). In contrast, abrogation of
autoinhibition in mutants lacking the C terminus in Dial and
FRL specifically induces peripheral and plasma membrane
localization (5,21). The exact mechanism of how DRFslocate to
the plasma membrane is, however, currently unknown.

We identified a novel splice variant and constitutively active
form of FMNL1 with distinct membrane localization. We dem-
onstrate that this novel splice variant (FMNL1y) directly medi-
ates intensive blebbing that is independent of Src and ROCK
activity. In contrast, FMNL1-mediated membrane trafficking
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and bleb formation are dependent on N-terminal myristoyla-
tion of FMNL1vy, potentially representing a general mechanism
involved in diverse membrane-associated functions of FMNL.

EXPERIMENTAL PROCEDURES

Cells and Cell Lines—Peripheral blood mononuclear cells
(PBMCs) from healthy donors as well as patients with
chronic lymphocytic leukemia (CLL) were collected with
donors’ and patients’ informed consent following the
requirements of the local ethical board. Patients had diagno-
sis of CLL by morphology, flow cytometric analysis, and
cytogenetics. PBMCs were obtained by density gradient cen-
trifugation on Ficoll/Hypaque (Biochrom). PBMC subpopula-
tions from healthy donors were isolated by negative or positive
magnetic depletion (Invitrogen). A T cell clone (SK22) with
specificity for the FMNLI1-derived peptide PP2 was used to ana-
lyze polarized T cells (3). For polarization experiments, T2 cells
were pulsed with the specific peptide followed by incubation
with SK22 for 15 min before staining. Unspecific stimulation of
PBMCs was induced by interleukin-2 (50 units/ml; Chiron Vac-
cines International) and OKT3 (30 ng/ml; ATCC) for 3 days. B
cells and CLL cells were activated by soluble CD40-ligand (1
pg/ml; Tebu-bio). The following cell lines were used for expres-
sion and analysis of FMNLI1 splice variants after adenoviral
transfer: chronic myelogenous leukemia cell line K562 (ATCC
CCL-243), breast carcinoma cell line MDA-MB 231 (CLS), the
human fibrosarcoma cell line HT1080 (ATCC CCL-121), and
HEK293T embryonal kidney cells (ATCC CRL-1573). In addi-
tion, 293A (Invitrogen) cells were used for production of
adenoviral supernatant.

Detection of FMNLI Splice Variants and Sequence Analysis—
The DAD region of FMNL1 in CLL cells was analyzed using
the following exon-overlapping primers: forward, GTGCT-
GCAGGAGCTAGACATG, and reverse, CCCTCTAGCCC-
CTCAGATCTG. Gel electrophoresis of PCR amplicons re-
vealed PCR products of two different sizes, 1312 and 1489
(NCBI FJ534522), representing the C termini of FMNL1« and
FMNLL1Y, respectively. The PCR products were cloned into
pCR 2.1 using the Topo cloning kit (Invitrogen) followed by
transformation of Topl0 Escherichia coli (Invitrogen). Grow-
ing clones were analyzed by sequencing (Sequiserve) revealing
two different C-terminal sequences. In addition, the C terminus
representing FMNL1B was derived from human lung carci-
noma cDNA clone IMAGp958M162704Q2 (RZPD). The three
splice variants are shown in Fig. 2B.

Quantitative Reverse Transcription-PCR—To evaluate quan-
titative mRNA expression of FMNL1y compared with overall
FMNLI1 expression, total RNA was extracted from normal
PBMCs and malignant cells from patients with CLL and cell
lines (22), and cDNA was synthesized by Superscript II reverse
transcriptase (Invitrogen) according to the manufacturer’s
instructions. In addition, cDNA derived from normal tissues
pooled from different donors (Clontech) was used. Detection of
splice variant-specific FMNL1 mRNA was conducted using the
Light Cycler PCR Master Mix (Roche Applied Science). The
following exon-overlapping primers were used for overall
FMNLI1 detection, resulting in a 299-bp amplicon: 5'-CAAG-
AACCCCAGAACCAAGGCTCTGG and 3'-CTGCAGGT-
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CGTACGCCTCAATGGC. In addition, exon-overlapping
FMNL1y splice variant-specific primers were applied, resulting
in a 254-bp amplicon: 5'-GCAGCAGAAGGAGCCACTCAT-
TTATGAGAGC and 3'-GCACCGTCTTGATCACTGAGT-
GGGGGTGG. These primers resulted in high cycle threshold
values (>26) in 293T cells overexpressing FMNL1« and B (see
Fig. 2D). The amplicons were detected by fluorescence (530
nm) using a double-stranded DNA-binding dye, SYBR Green I
with the Light Cycler instrument. 18 S TRNA was processed as a
control for relative quantification. Relative quantitative
expression was calculated using the A-A cycle threshold
method (23). Skeletal muscle was used as reference tissue
because it showed the highest cycle threshold for detection
of FMNLI and FMNL1v (cycle threshold for overall FMNL1
expression in skeletal muscle, 25; for FMNL1vy expression in
skeletal muscle, 30).

Cloning of FMNLI Splice Variants and Mutants—DNA of
different splice variants was cloned into pcDNA3.1 and a
pEntr11/pACDC-derived entry clone containing the com-
plete FMNLI1p sequence using the single Sbfl restriction site
within FMNLI to exchange the C termini with the sequences of
FMNL1a and FMNL1Yy. The pEntr11/pACDC-derived entry
clone additionally contains the green fluorescent protein gene.
This vector was used for recombination into pAD/PL-DEST
adenoviral vector, digested with Pacl, and transfected into a
293A adenoviral producer cell line according to the manufac-
turer’s instructions (Invitrogen). Amplification of adenoviral
stocks resulted in titers of 10’'—10° particles/ml. Virus superna-
tants were used to transiently infect different cell lines for trans-
duction of FMNLI splice variants. Transduction efficiency was
analyzed by green fluorescent protein expression of infected
cells and was 90 -100% for HT1080 and MDA-MB 231 but only
20-40% for K562. In addition, pcDNA3.1 vectors containing
different FMNLI splice variants were transfected into 293T
cells by calcium phosphate transfection as indicated, resulting
in transfection rates of approximately 40 —50%. Mutation of the
hypothetical N-terminal myristoylation site was performed
using the QuikChange mutagenesis kit (Stratagene) according
to the manufacturer’s instructions. The G2T/A4T mutations
were performed at the N terminus (see Fig. 5A4).

Mutants lacking the DAD were generated for FMNLI and
the mutant G2TA4T by PCR and cloned in pcDNA3.1 using the
following primers: FMNL1, 5'-ATTGCTAGCCACCATGGG-
CAACGCGGCCGGCAGCGCCGAGC; G2T/A4T, 5'-ATTG-
CTAGCCACCATGACCAACACGGCCGGCAGCGCCGAG;
and FMNLIADAD, 3’ -ATTCTAGACTAGCTCTCATAAAT-
GAGTGGCTCCTTCTGCTG. The FMNLI lacking DAD was
also cloned in pEntr11/pACDC-derived entry clone using the
following primers: FMNLLI, 5'-ATGGATCCCACCATGGGC-
AACGCGGCCGGCAGCGCCGAGCAGC; and FMNL1ADAD,
3'-AAGGATCCCTAGCTCTCATAAATGAGTGGCTCCTT-
CTGCTG.

Reagents and Antibodies—The previously described C-ter-
minal FMNL1-specific rat anti-human antibody 6F2 recog-
nizing the peptide KKEAAAQEAGADT was used to detect
FMNLI by immunofluorescence microscopy and Western
blotting. Specificity for FMNL1 has been demonstrated pre-
viously by immunoprecipitation and mass spectrometry (3).
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We generated an additional N-terminal FMNLI1-specific rat
anti-human antibody (8A8) recognizing the peptide PAAPPP-
KQPAPPKQP which was used for immunoprecipitation of
FMNLLI. In addition, the following primary and secondary anti-
bodies were used: rabbit anti-human CD3 polyclonal antibody
(Dako), mouse anti-human a-tubulin monoclonal antibody
(Santa Cruz Biotechnology), mouse anti-human vy-tubulin
monoclonal antibody (Sigma), and rabbit anti-human myosin
IIb antibody (Sigma). Appropriate secondary antibodies with
minimal cross-reactivity and conjugation to Cy3, Cy5 (Jack-
son), and Alexa Fluor 488 (Invitrogen) were applied as indi-
cated. Alexa Fluor 488-labeled phalloidin (Invitrogen) was used
to stain actin. For immunoblotting, horseradish peroxidase-
conjugated secondary antibodies to rat and mouse were used.
For inhibition of different targets involved in blebbing the fol-
lowing reagents were used: blebbistatin (Calbiochem) at 1 um,
50 uMm and 100 um; PP1 (Calbiochem) at 50 uM; latrunculin B
(Calbiochem) at 1 um, 10 um, and 25 uM; Y-27632 (Sigma) at 90
uM; and nocodazole (Calbiochem) at 1 uMm, 10 M, 100 wMm, and
200 uM. 2-Hydroxymyristic acid (Biozol) was used for inhibi-
tion of N-terminal myristoylation at a concentration of 1 mm.

Immunofluorescence—Nonadherent cells were dropped on
poly-L-lysine-coated coverslips, and adherent cells were set-
tled on sterilized coverslips overnight. Cells were fixed in 3%
paraformaldehyde for 30 min. Cells were then washed (phos-
phate-buffered saline, 0.5% Nonidet P-40, 0.01% NaN,),
blocked with 10% fetal calf serum for 20 —30 min and stained
with specific primary and secondary antibodies as indicated.
DAPI (Molecular Probes) was used for nuclear staining.
Glass coverslips were mounted on the cells in mounting
medium (Molecular Probes) and investigated by Leica con-
focal microscopy.

Immunoprecipitation, Immunoblotting and [*H]Myristic
Acid Uptake Assay—293T cell were transfected with FMNL1y
or G2T/A4T and 24 h later biosynthetically labeled with
[PH]myristic acid (0.2 mCi/ml) (PerkinElmer) followed by incu-
bation for 16 h in Dulbecco’s modified Eagle’s medium supple-
mented with 5% heat-inactivated fetal bovine serum. Labeled
cells were washed with phosphate-buffered saline and lysed in
lysis buffer (20 mm Tris-HCI, 150 mm NaCl, pH 7.4, 150 mm
Chaps, 1 mm phenylmethylsulfonyl fluoride, 1 mm Na;VO,, 1
mM NaF, 1X Complete). FMNL1vyand G2T/A4T proteins were
immunoprecipitated with the FMNLI1-specific antibody 8A8
and protein G-Sepharose 4 Fast Flow (Amersham Biosciences).
Eluted proteins were split and forwarded for SDS-PAGE on two
separated gels. One gel was used for immunoblotting to detect
the presence of FMNLI using the FMNLI1-specific antibody
6F2. The other gel was treated with Amplify™ fluorographic
reagent (Amersham Biosciences) as indicated by the manufac-
turer and exposed for 12 days to Hyperfilm MP (Amersham
Biosciences) at —80 °C using an intensifying screen.

RESULTS

Expression and Localization of Endogenous FMNLI in
Diverse Hematopoietic Lineage-derived Cells—W e have previ-
ously demonstrated protein expression of endogenous human
FMNLL in different subtypes of PBMCs by Western blotting
using the FMNLI1-specific antibody 6F2 (3). Here, we investi-
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FIGURE 1. FMNLA1 is expressed in diverse hematopoietic lineage-derived
cells and shows function-specific polarized localization. A, FMNL1 was
visualized in unstimulated and stimulated PBMC subtypes as T cells, B cells,
and malignant B cells from patients with CLL by immunofluorescence stain-
ing with the rat FMNL1-specific antibody 6F2 followed by Cy3-labeled goat
anti-rat antibody. T cells were stimulated with interleukin-2 and OKT3, and B
cells as well as CLL cells were activated using soluble CD40-ligand. Scale bars,
2 um. B, to investigate FMNL1 expression in polarized T cells, the FMNL2-PP2-
specific T cell clone SK22 was incubated for 15 min with T2 cells pulsed with
the peptide FMNL1-PP2 at 10 umol. Cells were then fixed and stained with
DAPI for nuclear staining (blue), rabbit anti-human CD3 antibody followed by
Cy5-labeled goat anti-rabbit antibody (yellow) for T cell identification, and rat
FMNL1-specific antibody 6F2 followed by Cy3-labeled goat anti-rat antibody
(red). The microtubule-organizing center was stained with mouse anti-hu-
man y-tubulin antibody followed by Alexa Fluor 488-labeled goat anti-mouse
antibody (green). Enrichment of FMNL1 and CD3 was observed around the
microtubule-organizing center. Scale bar, 2 um. C, FMNL1 is localized at the
phagocytic cup (white arrows) of monocytes during phagocytosis of cells and
platelets. FMNL1 (red) was stained as above, F-actin was stained by Alexa
488-conjugated phalloidin (green), and nuclei were stained with DAPI (blue).
Scale bars, 2 um. Fluorescent images were visualized at room temperature
through a LEICA TCS SP2/405 confocal microscope using the HCX PL APO
objective (63 X 1.4-0.6 OIL Ag) and the LEICA DC 300F camera. The LEICA
confocal software was used for acquisition and analysis (A-C).

Overlay

gated the localization of FMNLI in these cells by confocal
microscopy. FMNL1 showed a dot-like expression pattern in
the cytoplasma of unstimulated and unspecifically stimulated T
cells, B cells, and CLL cells (Fig. 1A4). In T cells, FMNL1 has been
reported to be involved in reorientation of the microtubule-
organizing center toward the immunological synapse (4). We
similarly observed polarization of FMNLI1 toward the immuno-
logical synapse after targeting of FMNLI1-PP2-specific T cells
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FIGURE 2. Identification of a novel FMNL1 splice variant (FMNL1y) containing an intron retention at the C terminus. A, schematic diagrams of FMNL1«,
FMNL1B, FMNL1+y, and FMNL1TADAD constructs used in this study. B, amino acid sequences of the C termini of FMNL1« and B, corresponding to murine FRL«
and B, as well as of the novel isoform FMNL1vy containing a C-terminal intron retention but sharing the final C-terminal amino acids with FMNL1«. The DAD
sequence responsible for autoinhibition in the murine homolog is framed, and the identical C-terminal amino acids in FMNL1« and FMNL1y are underlined. AA,
amino acids. C, quantitative mRNA expression of overall FMNL1 (black bars) and the isoform FMNL1y (gray bars) with specific exon-overlapping primers in wild
type (WT) 293T cells and 293T cells transduced with the different FMNL1 isoforms. The relative quantitative expression compared with skeletal muscle was
calculated using the A-A cycle threshold method. D-F, quantitative mRNA expression of general FMNL1 (black bars) and isoform-specific FMNL1y (gray bars)
in healthy tissue (D) and in diverse cell populationsisolated from peripheral blood of healthy donors (E) and 20 patients with CLL (F). PBMC subpopulations were
isolated by negative (CD4, CD8, CD19, and CD14) and positive (CD34) selection. Dendritic cells (DC) were generated by adherence and cytokine maturation (E).

with peptide-pulsed T2 cells (Fig. 1B) (3). Function-associated
localization of endogenous human FMNLI was also observed at
the phagocytic cup of monocytes during phagocytosis of cells
and platelets (Fig. 1C) being in common with previous investi-
gations of the function of murine FRL. Thus, our results con-
firm expression of human FMNL1 in different hematopoietic
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lineage-derived cells as well as involvement in diverse polarized
and membrane-associated processes.

Identification and Cloning of Different FMNLI Splice Var-
iants—DRFs including FRL have been previously described to
be regulated by autoinhibition, which is dependent on the
C-terminal DAD (5). Using exon-specific primers for the C
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FIGURE 3. FMNL1y and FMNL1ADAD show membranous and cortical localization and induce bleb for-
mation. A, FMNL1yand FMNL1ADAD induce extensive blebbingin 293T cells. 293T cells were transfected with
the pcDNA3.1 vector containing three different isoforms of FMNL1 and analyzed by confocal microscopy after
immunofluorescence staining with the rat FMNL1-specific antibody 6F2 followed by Cy3-labeled goat anti-rat
antibody (red). Nuclei were stained with DAPI (blue). Scale bars, 2 um. DIC, differential interference contrast.
B,FMNL1yand FMNL1ADAD induce blebbing in K562 cells. FMNL1 isoforms were adenovirally transduced into
K562 cells and analyzed by confocal microscopy as described in A. Scale bars, 2 um. C, FMNL1y and
FMNL1ADAD are enhanced in intracellular vesicles of HT1080 and MDA-MB 231 cells. FMNL1 isoforms were
adenovirally transduced into HT1080 and MDA-MB 231 cells and analyzed by confocal microscopy as
described above. Scale bars, 2 um. D, F-actin, a-tubulin, and myosin llb show polarized localization in FMNL1y-
induced blebs in 293T cells. 293T cells were transfected with the pcDNA3.1 vector containing FMNL1+y and
stained with rat FMNL1-specific antibody 6F2 followed by Cy3-labeled goat anti-rat antibody (red). Myosin llb
was stained with a rabbit anti-myosin lIb antibody followed by Cy5-labeled goat anti-rabbit antibody (yellow).
F-actin was stained with Alexa Fluor 488-conjugated phalloidin (green), and a-tubulin was stained with a
mouse anti-a-tubulin antibody followed by Alexa Fluor 488-conjugated goat anti-mouse antibody (green).
Nuclei were stained with DAPI (blue). Scale bars, 2 um. E and F, cell blebbing was quantified by counting 100
FMNL1-transduced cells in 293T cells (E) and K562 cells (F) by independent counting experiments (n = 3),
indicating a significant increase of blebbing in cells expressing FMNL1y and FMNLTADAD (***, p < 0.001).
Fluorescent images (A-D) were investigated as described in Fig. 1.

and hematopoietic derived cells
by quantitative reverse transcrip-
tion-PCR. FMNL1y shows a similar
tissue-specific mRNA expression
profile compared with the non-
splice-specific expression of FMNLI1
(Fig. 2, D and E), although some tis-
sues such as bone marrow, fetal
brain, and thymus show relatively
higher expression of FMNL1y com-
pared with general FMNLI (3). Of
note, FMNL1vy is highly expressed
in malignant cells of a subset of
patients with CLL (Fig. 2F).
FMNLIvyand FMNLI Lacking the
C-terminal DAD Are Located at the
Cell Membrane and Induce Mem-
branous Bleb Formation—Because
FMNLI1y differed in the DAD se-
quence representing an important
region for FMNLI regulation, we
cloned all three different FMNL1
splice variants and investigated
transfected 293T cells by confocal
microscopy. 293T cells transfected
with FMNL1« and FMNL13 showed
mainly intracellular cytoplasmic dis-
tribution of FMNL1, whereas cells
transfected with FMNLI1y showed a
distinct membranous FMNLI local-
ization as well as extensive polarized
membrane protrusions and blebs
(Fig. 3A). Similar membrane protru-
sions were observed after adenoviral
transduction of K562 cells with
FMNLI1Yy but not with the other
splice variants. However, in these
cells the shape of the blebs was dif-
ferent, and a more prominent
enrichment of FMNLI1vy at the cell
cortex has been observed (Fig. 3B).
Similarly, 293T cells and K562 cells
transfected or transduced with
FMNL1 lacking the DAD domain
(FMNL1ADAD, Fig. 2A) showed
membranous and cortical localiza-
tion of FMNL1 and extensive polar-
ized membrane protrusions and
blebs (Fig. 3, A and B), suggesting

c¢DNA of CLL cells and human lung carcinoma, resulting in
varying C-terminal amino acid sequences (Fig. 24). Two splice
variants are corresponding to the previously described murine
splice variants, FRLa and FRLP (6, 19). We additionally identi-
fied another C-terminal splice variant, FMNL1, containing an
intron retention but sharing the final C terminus with
FMNLI1« (Fig. 2B). We selected splice variant-specific exon-
overlapping primers (Fig. 2C) to quantify the mRNA expres-
sion of the novel splice variant FMNL1Yy in different tissues

NOVEMBER 27, 2009+VOLUME 284+-NUMBER 48

that deregulation of autoinhibition is responsible for mem-
brane localization and blebbing observed in cells overexpress-
ing the splice variant FMNL1vy. Increase of blebbing was less
obvious in HT1080 and MDA-MB 231 cells after adenoviral
transduction of FMNL1y. However, these cell lines also dem-
onstrated FMNL1ylocalization at the cell membrane and espe-
cially enrichment of FMNL1vy at intracellular vesicles, whereas
cells transduced with the other two splice variants had a more
dispersed distribution within the cytoplasma (Fig. 3C). Again,

JOURNAL OF BIOLOGICAL CHEMISTRY 33413

9102 ‘TT |HdY U0 SPUIoNgIqeAIUSZ - UBYIUSN Al WNIUSZ Z}oyw PH 1 /610°0q [:mmay/:diy wouy papeojumoq


http://www.jbc.org/

Regulation of FMINL1 by N-Myristoylation

Latrunculin B Blebbistatin Nocodazole
B — Extended blebbing
== Limited blebbing Py
100 No blebbing provown | |
Fkk
2 75
8
© 50
e}
® 25
0
QO N
& R ébq’ \{4_)0 R \\(\Q) » \'27\\<\ N
h Q O 9 g
By & & ®
P > SH

FIGURE 4. Blebbing induced by FMNL1 vy is independent of ROCK and Src
but depends on actin, myosin, and microtubules. A and B, 293T cells were
transfected with the pcDNA3.1 vector containing FMNL1y and treated with
different bleb inhibitors and solvent controls. Cells were stained after 2 days
with the rat FMNL1-specific antibody 6F2 followed by Cy3-labeled goat anti-
rat antibody (red). Nuclei were stained with DAPI (blue). Scale bars, 2 um.
Blebbing cells were analyzed by confocal microscopy as described in A. Cell
blebbing was quantified by counting 100 FMNL1+y-transduced cells in three
independent experiments (B), classifying them as cells exhibiting extended
blebs (white bars), limited blebs (black bars), or none (gray bars). DMSO, di-
methyl sulfoxide. The S.D. of independent counting experiments is shown
(n = 3;*** p<0.001).

similar localization was observed in HT1080 and MDA-MB 231
cells after adenoviral transduction of FMNL1ADAD (Fig. 3C).
We additionally noticed colocalization of FMNL1y with F-ac-
tin in blebs of FMNLI1y-transfected 293T cells as shown by
phalloidin staining pointing to an induction of actin assembly
activity by FMNLy (Fig. 3D). Myosin IIb and a-tubulin were
also polarized to the FMNL1+y-induced blebs (Fig. 3D). A
significant increase of membrane blebbing in 293T and K562
cells after transduction with FMNL1y and FMNL1ADAD
compared with the other splice variants was quantified by
independent counting experiments (Fig. 3, E and F).
Blebbing Induced by FMNLIy Is Independent of Src and
ROCK but Depends on Actin, Myosin, and Tubulin Integrity—
Plasma membrane blebbing has been previously shown to be
induced by the formin FHOD1 when coexpressed with ROCK1
(24). Moreover, blebbing induced by FHOD1 requires Src activ-
ity (24). To investigate plasma membrane blebbing induced by
FMNLI1y further, we transfected 293T cells with FMNL1+y and
added different substances previously reported to inhibit mem-
brane blebbing. Whereas the Src inhibitor PP1 and the ROCK
inhibitor Y-27632 had only minimal effects on membrane bleb-
bing, this was grossly reduced by addition of latrunculin B, bleb-
bistatin, and nocodazole (Fig. 4, A and B and supplement Fig.
S1), demonstrating that the mechanism of blebbing induced by
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FMNL1Yy is not mediated by Src and ROCK but depends on
actin, myosin, and tubulin integrity. Similar data were obtained
by FMNL1ADAD-transfected 293T cells (data not shown).

FMNLI Is Myristoylated at the N Terminus—Membrane local-
ization of FMNL1ywas a predominant feature in 293T cells trans-
fected with the splice variant FMNL1y and FMNL1ADAD. The
mechanism of how FMNLI is located to the cell membrane
remains elusive. Investigation of the FMNLI structure by pre-
diction analyses revealed a potential N-terminal myristoylation
site (see the Eukaryotic Linear Motif (ELM) resource on the
Internet). This N-terminal myristoylation motif is highly spe-
cific for the leukocyte-specific formins FMNLI, 2, and 3 in man
and mouse but is not present in other formin proteins. To prove
whether FMNL1Yy is myristoylated at the N terminus, we
mutated glycine at position 2 and alanine at position 4 to thre-
onine within FMNL1vy (G2T/A4T) (Fig. 5A4). 293T cells were
transfected with FMNL1y or the G2T/A4T mutant form and
then metabolically labeled with [PH]myristic acid. Total protein
of transfected 293T cells was immunoprecipitated by the
FMNL1-specific antibody 8 A8 detecting an N-terminal epitope
not including the N-terminal myristoylation site. Immunopre-
cipitated probes were investigated by immunoblotting using
the FMNL1-specific antibody 6F2 (Fig. 5B) as well as autora-
diography to analyze incorporation of [*H]myristic acid (Fig.
5C). Both proteins, FMNL1y and G2T/A4T, were sufficiently
immunoprecipitated by the FMNL1-specific antibody 8A8 (Fig.
5B). However, only FMNL1y, but not G2T/A4T, was myristoy-
lated after transfection in 293T cells.

Membrane Localization and Blebbing of FMNLI Are Medi-
ated by N-terminal Mpyristoylation—To investigate whether
N-terminal myristoylation plays a role in FMNLI function and
membrane localization, cells were transfected with FMNL1y or
G2T/A4T. The mutant G2T/AA4T, in fact, abolished membra-
nous and cortical localization of FMNL1y after transfection of
the mutant splice variant in 293T cells as well as after genetic
transfer of this mutant in other cell lines (Fig. 6A). Similarly,
mutation of the N-myristoylation site in the FMNL1ADAD
(G2T/A4TADAD) also abrogated membranous localization of
FMNL1ADAD (Fig. 6B). Membrane localization of FMNLI1y
and FMNL1ADAD could be also inhibited by adding 2-hy-
droxymyristate, a potent inhibitor of protein myristoylation
(25), further confirming that plasma membrane localization of
FMNL1 is dependent on N-terminal myristoylation (Fig. 6C).
Blebbing was significantly reduced in 293T cells transfected
with G2T/A4T or G2T/A4TADAD compared with FMNL1yor
FMNL1ADAD (Fig. 6D), indicating that membrane localization
mediated by N-terminal myristoylation is important for bleb
formation induced by FMNLLI.

DISCUSSION

Formin proteins have been described to promote the forma-
tion of actin networks and to be involved in regulation of essen-
tial cellular functions such as cell division, migration, adhesion,
and intracellular trafficking. So far, little is known about the
hematopoietic lineage-specific formin FMNLI1. Here, we show
expression and polarized localization of native human FMNL1
in different hematopoietic lineage-derived cells, confirming

VOLUME 284 +NUMBER 48+NOVEMBER 27, 2009

9T0Z ‘TT |!Jdv uo »eylol(gigeauszZ - uayduan A wniusZ Z1joywpH B /ﬁ.lO'C)q _['N\MM//Idllu wiouj papeojumoq


http://www.jbc.org/cgi/content/full/M109.060699/DC1
http://www.jbc.org/cgi/content/full/M109.060699/DC1
http://www.jbc.org/

A AA
1

ATG GGC AAC GCG GCC GGC
M G N A A G S

FMNL1

Regulation of FMNL1 by N-Myristoylation

retention affects the DAD sequence
and results in a positive charged
polar amino acid lysine at position
1062 instead of the nonpolar
amino acids leucine or isoleucine
presentin FMNL1«a and FMNL1p.

G2TA4T ATG ACC AAC ACG GCC GGC AGC
M T N T A G S Because binding of the DAD pep-
tide region to the DID armadillo
B C R o R o repeat structure is mainly depen-
\&Q’ \Q\% ,be &{5’ dent on hydrophobic interactions as
S v &v?‘ «y? described for Dial (17, 26), this
Qé Qé & & polar lysine may be responsible for
. 250 kDa release of autoinhibition of FMNL1Yy,
resulting in a constitutively acti-
150 kDa 150 kDa = vated form. In fact, the splice variant
FMNL1vy was specifically located at
100 kDa —N 100 kDa — the membrane and cortex and
induced bleb formation. The shape
75kDa = 75kDa = and extent of blebs varied in differ-
ent cell lines, indicating that cell
s type-specific interaction partners
50 kDa — | S0 kbe =] additionally play an important role
STiDE = 37kDg  =— in function and bleb shape. How-

Blot: anti- FMNL1

previous reports about different functional aspects of human
FMNLI and murine FRL (4-6).

A complex regulation network seems to be responsible for
activation and different functions of formin proteins. A central
regulative tool for DRFs is autoregulation, which can be
released by interaction with active Rho-GTPases and poten-
tially additional factors (1). Splicing has been also shown to
result in differential functionality of forming proteins (20). We
isolated a novel FMNLI splice variant (FMNL1vy) from malig-
nant cells of patients with CLL. This splice variant showed
increased mRNA expression in bone marrow, thymus, fetal
brain, and diverse hematopoietic lineage-derived cells. More-
over, we observed a high expression in malignant cells of a sub-
set of CLL patients. Detailed analyses of systematically isolated
and processed patient samples need to be performed to clarify
whether overexpression of FMNLI1+y in CLL samples is associ-
ated with an activated malignant cell status and/or patient
prognosis and will be a focus of further studies. However,
although a role of FMNLI1y in malignant transformation
could not be ascertained in this study, this splice variant
showed distinct functional properties similar to cells ex-
pressing a mutant of FMNL1 with deregulated autoinhibi-
tion caused by the lack of the autoinhibitory DAD sequence
(FMNL1ADAD). FMNL1vy contains an intron retention of 58
amino acids at the C terminus but shares the last 30 amino
acids with the previously described FMNL1a. This intron
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SH- Myristate

FIGURE 5. FMNL1+y contains an N-terminal myristoylation site. A, schematic view of the N terminus of
FMNL1. The predicted N-terminal myristoylation site was mutated on positions 2 and 4, glycine and alanine to
threonine (gray), respectively. AA, amino acid. Band C,immunoprecipitation and metabolic labeling of FMNL1y
with [*H]myristic acid. 293T cells transfected with FMNL1+y or G2T/A4T were cultured for 16 h with [*Hlmyristic
acid. The indicated proteins were immunoprecipitated with the FMNL1-specific monoclonal antibody 8A8 as
well as the isotype control (iso), separated by SDS-PAGE followed by immunoblotting with anti-FMNL1 mono-
clonal antibody 6F2 (B) or fluorography (C). Molecular mass sizes are indicated in kDa.

ever, a similar effect on FMNLI1
localization and function in diverse
celllines was observed in cells trans-
fected with a FMNL1 mutant miss-
ing the DAD sequence, confirming
that deregulation of autoinhibition
is responsible for membrane local-
ization and blebbing in FMNL1y-
transfected cells. FMNL1+y colocal-
ized with F-actin in bleb protrusions, suggesting FMNLI1y
induced actin assembly. Blebbing but not membrane localiza-
tion of FMNL1y was totally abrogated by latrunculin B, further
confirming regulation of actin assembly and actin-mediated
polarized bleb formation by FMNL~y. We additionally observed
polarization of myosin IIb and a-tubulin to FMNLI1y-induced
blebs in 293T cells. Moreover, bleb formation was significantly
inhibited by blebbistatin and nocodazole, confirming a sub-
stantial role of myosin and microtubules in FMNL1y-induced
blebbing. These results are in common with previous reports
demonstrating that bleb induction by the Leishmania parasite
virulence factor HASPB depends on the integrity of F-actin and
requires myosin II function as well as microtubule networks
(27). Moreover, the formins FHOD1, mDial, and mDia2 have
been also previously associated with blebbing (24, 28, 29). How-
ever, in contrast to bleb formation induced by HASPB and
FHODI1 (24, 27), blebbing induced by FMNL1y is independent
of Src and ROCK because the Src inhibitor PP1 and the ROCK
inhibitor Y-27632 did not reduce blebbing in our experiments.

To evaluate the mechanism of membrane localization and
bleb induction by FMNL1y further, we analyzed the protein
sequence motifs of FMNLI1 and identified a myristoylation site
at the N terminus of human FMNL1 and murine FRL with
glycine at position 2 representing an essential requirement for
myristoylation. In fact, N-terminal myristoylation of FMNL1y
but not the mutant G2T/A4T could be directly proved by
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FIGURE 6. Localization and function of FMNL1 are regulated by N-termi-
nal myristoylation. A, localization of FMNL+y at the membrane or intracellu-
lar vesicle is abrogated by mutation of the N-terminal myristoylation motif.
Different cell lines were transfected or adenovirally transduced with either
FMNL1y or the mutant G2T/A4T followed by staining with the rat FMNL1-
specific antibody 6F2 and Cy3-labeled goat anti-rat antibody (red). Nuclei
were stained with DAPI (blue). Scale bars, 2 um. B, localization of FMNL1ADAD
at the membrane is abrogated by mutation of the N-terminal myristoylation
motif. 293T cell lines were transfected with either FMNL1ADAD or the mutant
G2T/A4TADAD followed by staining with the rat FMNL1-specific antibody
6F2 and Cy3-labeled goat anti-rat antibody (red). Nuclei were stained with
DAPI (blue). Scale bars, 2 um. C, 293T cells transfected with the isoform
FMNL1yand FMNL1ADAD were treated with the inhibitor 2-hydroxymyristic
acid and stained as described above. Scale bars, 2 um. D, mutation of the
N-terminal myristoylation motif reduced membrane blebbing induced by
FMNL1+y or FMNLTADAD in 293T cells. For investigation of cell blebbing, 100
transduced cells were analyzed. The bars show the S.D. of independent
counting experiments (n = 3; *** p < 0.001). Fluorescent images (A-C) were
investigated as described previously.

[*H]myristic acid uptake. Moreover, myristoylation could be
inhibited by 2-hydroxymyristate, a potent inhibitor of myr-
istoylation (25), resulting in loss of membrane localization
and confirming the significance of N-terminal myristoylation
for the specific membranous localization of FMNLI1. Loss of
myristoylation by mutation of glycine at position 2 additionally
significantly reduced blebbing induced by FMNLI1ly and
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FMNLIADAD, demonstrating that the induction of blebbing
was dependent on N-terminal myristoylation of FMNLI.
N-terminal myristoylation can facilitate anchoring of proteins
to lipid membranes by hydrophobic interaction of myristate
with the membrane bilayer. This motifis typically present in the
SH4 domain of Src kinases, and myristoylation has been shown
to be critical for malignant transformation of v-Src (30, 31).
Moreover, it has been reported previously that expression of
active SH4 domains is associated with cell blebbing (27). We
therefore propose that activation of FMNLI is regulated not
only by binding of a Rho-GTPase but additionally by an
increase of intracellular Ca>* or a specific ligand binding. This
may cause a myristoyl switch and therefore induces extrusion
of the myristoyl group, enabling it to interact quickly and
reversibly with lipid bilayer membranes as described previously
for other myristoylated proteins (32, 33). Thus, by its N-termi-
nal myristoylation site, FMNLI, in contrast to other formin
proteins, may be able to perform expeditious cytoskeletal
changes independent of Src and ROCK.

In conclusion, the newly identified splice variant FMNL1y
represents a constitutively active form of FMNL1 that local-
izes at the membrane and induces bleb formation. We iden-
tified N-terminal myristoylation as an important regulatory
tool for FMNL1 necessary for bleb formation, enabling fast
and reversible membrane localization compatible with di-
verse functions of hematopoietic lineage-derived cells. The
identification of interaction partners of FMNLLI in diverse
hematopoietic derived cells as well as the further characteriza-
tion of splice variants will be highly interesting to identify key
molecules regulating different FMNLI1 functions, potentially
revealing possibilities for specific therapeutic interaction in
malignant and inflammatory diseases.
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Figure S1. Blebbing induced by FMNLU1y is inhibited by low concentrations of Blebbistatin,
Latrubulin B and Nocodazole. (A-D) 293T cells were transfected with the pcDNA3.1 vector
containing FMNL1y and treated with different inhibitors of blebbing of gradient concentrations as well
as DMSO controls. After 2 days cells were stained with the rat FMNL1-specific antibody 6F2
followed by Cy3-labeled goat anti-rat antibody (red). F-actin was stained with Alexa 488-conjugated
Phalloidin (green). Myosin Ilb was stained with a rabbit anti-myosin Ilb antibody followed by Cy5-
labeled goat anti-rabbit antibody (yellow) and a-tubulin was stained with a mouse anti-a-tubulin
antibody followed by Alexa 488-conjugated goat anti-mouse antibody (green). Nuclei were stained
with DAPI (blue). Scale bars represent 2 um. Blebbing cells were analyzed by confocal microscopy as
previously described (A-C). Cell blebbing was quantified by counting hundred FMNL1y-transduced
cells in three independent experiments (D) classifying them as cells exhibiting extensive blebs (white
bars), limited blebs (black bars) or none (grey bars).
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