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(Background: Endophilin B2 is a BAR protein of previously unidentified function.
Results: Endophilin B2 interacts directly with plectin 1 and controls the perinuclear vimentin network.
Conclusion: The endophilin B2-plectin 1 complex functions as an anchoring device via BAR-mediated membrane binding

Significance: Our data unravel a novel activity of a BAR protein that does not involve membrane deforming activity supporting
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Proteins of the Bin/amphiphysin/Rvs (BAR) domain super-
family are essential in controlling the shape and dynamics of
intracellular membranes. Here, we present evidence for the
unconventional function of a member of the endophilin family
of BAR and Src homology 3 domain-containing proteins,
namely endophilin B2, in the perinuclear organization of inter-
mediate filaments. Using mass spectrometry analysis based on
capturing endophilin B2 partners in in situ pre-established
complexes in cells, we unravel the interaction of endophilin B2
with plectin 1, a variant of the cytoskeleton linker protein plec-
tin as well as with vimentin. Endophilin B2 directly binds the
N-terminal region of plectin 1 via Src homology 3-mediated
interaction and vimentin indirectly via plectin-mediated inter-
action. The relevance of these interactions is strengthened by
the selective and drastic reorganization of vimentin around
nuclei upon overexpression of endophilin B2 and by the exten-
sive colocalization of both proteins in a meshwork of perinu-
clear filamentous structures. By generating mutants of the
endophilin B2 BAR domain, we show that this phenotype
requires the BAR-mediated membrane binding activity of endo-
philin B2. Plectin 1 or endophilin B2 knockdown using RNA
interference disturbed the perinuclear organization of vimen-
tin. Altogether, these data suggest that the endophilin B2-plec-
tin 1 complex functions as a membrane-anchoring device orga-
nizing and stabilizing the perinuclear network of vimentin
filaments. Finally, we present evidence for the involvement of
endophilin B2 and plectin 1 in nuclear positioning in individual
cells. This points to the potential importance of the endophilin
B2-plectin complex in the biological functions depending on
nuclear migration and positioning.
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Cell motility and exchange of materials between intracellular
compartments in eukaryotes involve dynamic remodeling of
membrane curvature. Scaffolding, a process reversibly involv-
ing peripheral membrane proteins at the membrane-cytosol
interface, can impose and/or stabilize curvature and is accom-
plished by several classes of proteins (1-3). The members of the
superfamily of BAR® domain proteins, initially associated with
synaptic endocytic recycling, are key actors in scaffold-based
membrane remodeling (2, 4).

Structure-function relationships of some BAR domain-con-
taining proteins have benefited from the determination of ter-
tiary and quaternary structures as well as development of in
vitro assays of membrane reshaping activity (2, 5). Three unique
families are distinguished, harboring either the initially charac-
terized classical BAR (6, 7), the related F-BAR (Fes/CIP4
homology BAR), or the finally identified I-BAR (Inverse-BAR)
(8,9). BAR domains are dimers of a three-helix coiled coil bun-
dle displaying a unique degree of curvature that is correlated to
their preferential binding to tubules or vesicles of particular size
(7,10-13). The scaffolding action of the protein is favored by a
high density of positively charged residues, often on the con-
cave surface, interacting with negatively charged lipid of the
cytosolic membrane leaflets (14). As described for the F-BAR
domain, self-assembled helical coats propagate curvature nec-
essary for membrane tubulation (8).

Members of the N-BAR family, such as amphiphysins, endo-
philins, and nadrins, possess an N-terminal sequence folded
into an amphipathic a-helix in the membrane environment.
This provides an additional membrane binding domain (15),
reinforced in endophilins by a similar insert in the first helix,
provoking increased constraint on membrane curvature
(16 -18). These helices confer N-BAR proteins the ability of
either detecting and binding curved areas with lipid defects
(19-21) or imposing membrane bending by pushing apart lip-
ids in the monolayer (3, 16, 17, 20), thus contributing to curva-

3 The abbreviations used are: BAR, Bin/amphiphysin/Rvs; endoA/B, endophi-
lin A/B; IF, intermediate filament; SH3, Src homology 3; plec1, plectin 1;
vim-GFP, vimentin-GFP.
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ture sensing or induction. The N-terminal a-helix was also pro-
posed to favor the membrane scission activity of N-BAR
domains (22). Structural studies of reconstructed membrane-
bound N-BAR and F-BAR proteins revealed different prin-
ciples for formation of helical lattices, relying on interactions
between N-terminal a-helices and on extensive lateral inter-
actions, respectively (8, 23).

BAR domain proteins participate in several cellular functions
as most of them possess binding modules, such as the phos-
phoinositide binding pleckstrin and phox homology domains,
or the protein recognition SH3 domain. These modules confer
the ability to couple local membrane deformation and signaling
functions (2).

Endophilins, consisting of an N-terminal N-BAR domain
and a C-terminal SH3 domain flanking a variable intermediate
region, are encoded by five genes in mammals and are distin-
guished in endophilins A1, A2, and A3 and endophilins B1 and
B2, with highly similar structures (24, 25). The crystal struc-
tures of the endophilin A1 N-BAR and the endophilin A2
(endoA2) SH3 domains have been solved (26, 27), and the
whole endoA2 molecule has only been modeled by small angle
x-ray scattering reconstruction (28).

Mammalian endophilin A proteins are all highly enriched in
the brain, with endoA2 being ubiquitously expressed. Numer-
ous studies have investigated the functions of endophilins A in
constitutive and regulated endocytosis, with emphasis on syn-
aptic vesicle recycling (29 —33). The two major binding partners
of the SH3 domain of endophilins A, dynamin and synaptoja-
nin, implicate the protein in the clathrin-mediated endocytic
process, in particular during fission and uncoating (33, 34).

Endophilins B are found in most tissues and, initially identi-
fied based on sequence homology (24), were cloned following
two-hybrid screens using Bax (B-cell lymphoma-2-associated X
protein) as bait (35, 36). Bax binds the N-terminal sequence of
endophilin B1 (endoB1) and not endophilin B2 (endoB2) (36).
Importantly, endoB2 and endoB1 could interact in a yeast two-
hybrid assay, showing their ability to form heterodimers (36).
The idea of a pro-apoptotic role of endoB1, due to its transient
interaction with Bax (hence its name Bif-1, Bax-interacting fac-
tor-1), has been largely substantiated (35, 37— 40). However, the
contribution of endoB1 in Bax-mediated permeabilization of
the mitochondrial outer membrane, depending on Bax confor-
mational changes, is not fully understood. Whether and how
these events rely on self-assembly and membrane deforming
activities of the BAR domain remain open questions. Consis-
tently with its ability to reshape membranes (41), endoB1 was
shown to control the morphology of the mitochondrial net-
work and to participate in mitochondrial division (37). In agree-
ment with its presence on Golgi membranes, endoB1 has also
been involved in COPI-vesicle formation (41, 42). Similarly
with the role of endophilins A in regulated endocytosis, endoB1
has been specifically implicated in the regulation of nerve
growth factor/TrkA trafficking (43). Autophagy is a last process
involving endoB1 because, in starved cells, it is translocated to
early stage autophagosomes and recruits the ultraviolet irradi-
ation resistant-associated gene (UVRAG), via its SH3 domain
(44). Although the contribution of its membrane deforming
activity, if any, needs to be determined, endoB1 could thus be
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part of a complex driving membrane biogenesis for the forma-
tion of autophagosomes. Relevant to this function, a key role of
endoBl in the fission of Golgi tubules during nutrient starva-
tion was reported (44, 45).

EndoBl is increasingly involved in tumor suppression (with
autophagy and apoptosis being negative regulators of tumori-
genesis (46)); strikingly, its close relative endoB2 has not been
assigned any function. As lower organisms such as Caenorhab-
ditis elegans and Drosophila have only one gene encoding for
endophilin B, endoB1 and -B2 could exert redundant functions
in mammals. However, because both can assemble as het-
erodimers, more subtle functions might exist in higher organ-
isms, and at least some of the endoB1 described functions that
might require endoB2 via heterodimerization. In this study, we
present evidence for a specific function of endoB2 in mamma-
lian cells that has never been described before and that involves
interaction with plectin 1 (plecl), a plakin superfamily member
controlling cytoskeleton architecture (47).

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis—For mammalian expression, the
¢DNA encoding for human endoB2 (short isoform or isoform1,
Swiss-Prot accession QINR46-1) was cloned into pPCDNA3.1/
myc-His using BamHI/EcoR], and the one encoding for N-BAR/
endoB2 (encompassing amino-acids 1-280) was cloned into
pEXPR-IBA3 using Xbal/BamHI. The plasmid encoding for
vim-GFP was a kind gift from S. Etienne-Manneville (Institut
Pasteur, France).

For bacterial expression, the cDNA encoding for endoB2 was
cloned into pAsk-IBA3 using Sacll/BamHI. Part of the cDNA
sequence encoding for the N-terminal region of human plectin
1 (plectin isoform 1, Swiss-Prot accession Q15149-1), starting
from glycine 121 and ending at threonine 174, was reconsti-
tuted by fill-in and PCR amplification using six overlapping
sense and antisense primers with 5-" and 3-' primers containing
BamHI and EcoRlI restriction sites, respectively. The 3-’ primer
also contained a stop codon. The resulting cDNA was subse-
quently cloned into pGEX-6P-1. For the mutant ¢cDNA in
which proline 153 was mutagenized into alanine, the same
strategy as for the wild type sequence was used except that the
relevant primer contained an alternative codon encoding for
alanine. Recombinant proteins were designed by fusing to GST
either a fragment of the wild type N-terminal sequence (resi-
dues 121-174) or a mutated form with the '°°PETA!%®
sequence, giving rise to GST-plec1PETP and GST-plec1PETA,
respectively (Fig. 3).

The sequence KARLKK (residues 173-178) in endoB2 was
modified by site-directed mutagenesis (QuikChange II system,
Stratagene, Agilent Technologies) into two distinct sequences as
follows: AAALAA, using the primers 5-GGATGCCTGCG-
CAGCGGCGCTGGCGGCGGCCAAGGCTGCAGAAGCC-3’
(forward) and 5'-GGCTTCTGCAGCCTTGGCCGCCGCCAG-
CGCCGCTGCGCAGGCATCC-3' (reverse); and KARLAA,
using the primers 5'-GGATGCCTGCAAAGCGAGGCTGGCG-
GCGGCCAAGGCTGCAGAAGCC-3’ (forward) and 5'-GGC-
TTCTGCAGCCTTGGCCGCCGCCAGCCTCGCTTTGCA-
GGCATCC-3' (reverse), respectively. Both mutations were
generated in parallel in the bacterial and mammalian rec-
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ombinant expression vectors pASK3-endoB2-St and pcDNA3-
endoB2-myc described earlier, respectively.

Recombinant Protein Expression and Purification—For pro-
tein purification, all proteins were expressed in transformed
Escherichia coli BL21pLys (Novagen). Synthesis of endoB2-St,
endoB1-St, their BAR-truncated species, and mutagenized
forms (pASK-IBA3C vector) or GST, GST-plec1PETP, or GST-
plec1PETA (pGEX-6P vector) was induced with 0.2 ug/ml
anhydrotetracycline or 1 mwm isopropyl B-thiogalactoside,
respectively, for 3 h at 37 °C. Purification under native condi-
tions at 4 °C was performed from cleared lysates by affinity
chromatography on StrepTactin-Sepharose or glutathione-
Sepharose according to the manufacturer’s instructions (IBA,
GmbH, Germany and Amersham Biosciences, respectively),
yielding >95% pure proteins at 0.75—1.2 mg/ml. Unless freshly
prepared material was required, proteins could be stored at
—80 °C without loss in solubility or membrane binding ability.
Protein concentration was determined using the Bio-Rad DC
protein assay.

Cell Culture, Plasmid, and siRNA Transfections, Establish-
ment of HeLa/endoB2-St Stable Cell Line—HeLa cells were
grown in DMEM (PAA) supplemented with 10% fetal calf
serum, 2 mMm L-glutamine, and penicillin/streptomycin (PAA)
at 37 °Cin 5% CO.,. For transient expression, cells grown at 60%
confluency in 6-well plates (Nunc) were transfected with Lipo-
fectamine 2000 (Invitrogen) according to manufacturer’s
instructions, using 1 pg/ml plasmid DNA for 2 ul of reagent.
Cells were used between 16 and 24 h post-transfection, except
for vimentin-GFP short time expression (10 h), as mentioned in
the text and the legends of figures.

For the establishment of the HeLa/endoB2-St and HeLa/vi-
mentin-GFP stable cell lines, cells were transfected as for tran-
sient transfections and grown for 48 h in culture medium with-
out G418. After trypsinization and appropriate dilutions, cells
were grown for 3 weeks in culture medium supplemented with
0.8 mg/ml G418, and single colonies were isolated. Screening
for endoB2-St-expressing clones was performed by immuno-
fluorescence, using anti-StrepTag antibodies. Importantly,
screening did not allow identification of positive clones unless
cells were incubated overnight in the presence of 5 mm sodium
butyrate. Hence, addition of sodium butyrate was always nec-
essary to detect endoB2-St by immunofluorescence (see also
legend of Fig. 3A for detailed analysis of endoB2 expression by
HeLa/endoB2-St cells). Routine culture of HeLa/endoB2-St
cells was performed in HeLa culture medium supplemented
with 0.4 mg/ml G418.

siRNAs used were obtained from Dharmacon. siRNAs tar-
geting endoB2 mRNAs that were named si endoB2-1 and si
endoB2-2 were ON-TARGET plus siRNAs (human SH3GLB2
J-015810-05 and J-015810-06, respectively). Both worked with
approximately the same efficiency (see Fig. 9). siRNAs tar-
geting plecl mRNAs that were named si plecl-1 and si
plecl-2 were designed using the Dharmacon custom siRNA
design software with the 5-'-specific sequence of plecl (NCBI
reference sequence NM_201380.2). Their sense sequences are
GGAAGGAGCUUGAGGAGGUUU and GCGUGAUGGUG-
GCCAAGAAUU, respectively (the first one with ON-
TARGET plus modifications). Control siRNA was ON-TARGET
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plus nontargeting siRNA-2 (reference D-001810-02). All
siRNAs were resuspended according to manufacturer’s instruc-
tions, in RNase-free water to reach 10 um stock solution, aliq-
uoted, and kept at —80 °C. For treatments with plecl and
endoB2 siRNAs, cells in 6-well plates were transfected with 100
nM final siRNAs using 2 ul of Lipofectamine 2000. For both
plecl and endoB2 siRNAs, 72-h treatments were applied bec-
ause they allowed a satisfactory decrease of protein expression
and observation of significant phenotypes in comparison with
control siRNAs (with 48 h exhibiting virtually no reduction in
protein expression for plectin). After 48-h siRNA treatments,
cells were trypsinized and re-plated either in new 6-well plates
(for cell lysis and subsequent biochemical analysis) or on glass
coverslips (for immunofluorescence) and grown until reaching
72 h post-transfection. When endoB2 transient expression was
coupled to plecl siRNAs interference (see Fig. 7), cells re-plated
after 48-h siRNA treatments were transfected and grown for
24 h.

Quantitative analysis of the two plecl siRNAs efficiencies by
Western blotting unraveled that knockdown of plectin expres-
sion was more or less efficient depending on cell lines; for HeLa/
endoB2-St cells, plectin was expressed at levels corresponding
to73.5 = 0.5 and 65.0 = 11% of the control value (means of two
independent determinations) for plecl-1 and plecl-2 siRNAs
respectively; for HeLa/vim-GFP cells, plectin was expressed at
levels corresponding to 50.0 * 1.0 and 35.0 * 8.5% of the con-
trol value (means of two independent determinations) for
plecl-1 and plecl-2 siRNAs, respectively (which is in the range
of what was measured for regular HeLa cells, see Fig. 7A).

Finally, it should be noticed that plecl-1 and plec1-2 siRNAs
treatments, after 72 h, triggered diminished growth rate of cells
(20-30% decrease of cell number in comparison with control
siRNA due to cell death linked to aberrant mitosis; this has been
reported for another plectin isoform (48)).

In the particular case of the short time window of vim-GFP
expression, cells were transfected to express vim-GFP early on
the next day of re-plating to allow 10-h transient expression.
This short timing was determined after a kinetic of 4, 6, 8, 10,
and 14 h of expression in which very few cells started to express
vim-GFP in detectable amounts at 4 and 8 =10 h being the most
appropriate in terms of percentage of positive cells and level of
expression (thus allowing a satisfactory dynamics between
lower and highest signals, in a given cell).

Quantitative Analysis of plecl siRNA Phenotypes—For the
scoring of cells exhibiting bundling of vimentin filaments (Fig.
8A, top right panel), images were taken at the X20 objective (see
examples in supplemental Fig. S3). Significant bundling was
considered when the length of a single vimentin bundle in a
given cell exceeded the longest nucleus axis (nuclei were
stained with DAPI to visualize their surface), typically ranging
from 15 to 80 wm.

Cell Lysis and Preparation of Protein Samples from Cultured
Cells—For mass spectrometry analysis, a nonstringent and
rapid protocol was used to ensure minimal loss of interacting
proteins and reduce contamination. All steps were performed
at 4°C. HeLa/endoB2-St or HeLa/EB1-St stable cells were
grown in two 10-cm dishes and treated with 5 mm sodium
butyrate for 18 =20 h, starting 1 day before reaching confluence.
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They were scraped in 1 ml of ice-cold culture medium and
centrifuged at 800 X g for 10 min at 4 °C. The pellet was resus-
pended up to 0.8 ml in lysis buffer (1% (w/v) CHAPS, 50 mm
Tris-Cl, pH 7.4, 100 mm NaCl, supplemented with 1 mm MgCl,,
20 wg/ml DNase, and the complete EDTA-free mixture of pro-
tease inhibitors (Roche Applied Science)), incubated for 30 min
on ice, and then supplemented with 2 mm EDTA. CHAPS was
used following our observation that vimentin is more efficiently
extracted than with Triton X-100. We anticipated that these
conditions would favor capturing complexes containing
endoB2 and vimentin as suggested by colocalization of both
proteins. Detergent-insoluble material was removed by centrif-
ugation, twice for 10 min each at ~22,000 X g at 4 °C. The
clarified lysate (~0.75 ml, 3.8 mg of protein) was chromato-
graphed three times onto 55— 60 ul of StrepTactin/Sepharose
beads (IBA GmbH, Germany) in a 0.8-ml Mobicol column
(MoBiTec GmbH) over 40 —45 min. Beads were washed twice
with 0.6 ml of lysis buffer and TBS (50 mm Tris-Cl, pH 7.4, 100
mM NaCl). They were then washed with 25 mm NH,HCO, and
drained for subsequent direct trypsin digestion. In some cases,
material eluted with 10 mm desthiobiotin in 25 mm NH,HCO,
was directly trypsin-digested.

For coimmunoprecipitation experiments, transfected HeLa
cells from 80 to 85% confluent 35-mm dishes were used. They
were washed three times with ice-cold PBS and solubilized in
the dish for 25-30 min on ice in 0.3 ml of HN buffer (25 mm
Hepes-NaOH, pH 7.4, 100 mm NaCl) containing 0.5% (w/v)
CHAPS and supplemented as above with MgCl,, DNase, and
protease inhibitors. After addition of 2 mm EDTA, the scraped
material was centrifuged for 8 min at 4000 X g at 4°C. The
supernatant was mixed with 80 ul of a 1:1 slurry of protein
A-Sepharose equilibrated in the same buffer and incubated for
preclearing for 30 min at 4 °C with end-over-end agitation in
500-ul tubes. Beads were removed by centrifuging 4 min at
300 X g (pellet P1), and the supernatant (S1, ~0.3 ml) was
incubated with anti-plectin rabbit monoclonal antibody (3 wl)
(Epitomics) at 4 °C. After 20 min, 150 ul of a 1:1 slurry of pro-
tein A-Sepharose was added, and binding of IgGs was allowed
for a further 80 min of incubation. The samples were then cen-
trifuged for 4 min at 300 X g, and beads were washed three
times with 400 ul of HN. Beads (P2) and supernatant (S2) were
boiled in reducing Laemmli sample buffer (75 and 240 pul final
volume, respectively) and submitted to SDS-PAGE and
immunoblotting.

For routine lysate preparation, cells were grown on 6-well
plates and rinsed once with ice-cold PBS, and cell lysis was
performed in 300 ul of solubilization buffer (SB: 1% (w/v) Tri-
ton X-100, 100 mMm NaCl, 2 mm EDTA, 50 mMm Tris-HCL, pH 7.4)
complemented with protease inhibitor mixture (Roche Applied
Science). After 10 min, cells were scraped from the dish, and the
lysates were incubated for 15 min before centrifugation for 10
min at 900 X g. When StrepTactin-Sepharose affinity isolation
was performed, 50 ul of packed beads (IBA GmbH, Germany)
prewashed with SB were added to 250 ul of supernatants and
incubated for 1 h on a rocking platform. 50 ul of the lysates were
kept for determination of signals in the input (referred to as
lysates (L) in figures). Samples were centrifuged, and superna-
tants were kept (referred to as supernatants (S) in figures).
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Beads were washed three times with 500 ul of SB and resus-
pended to reach the final volume of ~35 ul. Samples were
boiled for 5 min in Laemmli sample buffer, and the solubilized
material (referred to as eluates (E) in figures) was subsequently
submitted to SDS-PAGE and immunoblotting. In all cases, pro-
tein concentration of the clarified extracts was determined
using the Bio-Rad DC protein assay.

Mass Spectrometry Analysis—Proteins on StrepTactin-Sep-
harose beads were digested overnight at 37 °C by sequencing
grade trypsin (12.5 ug/ml; Promega, Madison, WI) in 20 ul of
25 mM NH,HCO;. Peptides mixtures were analyzed by an LTQ
Velos Orbitrap coupled to an Easy nano-LC Proxeon system
(Thermo Fisher Scientific, San Jose, CA). Chromatographic
separation of peptides was performed with the following
parameters: column Easy Column Proxeon C18 (10 ¢cm, 75 um
inner diameter., 120 A), 300 nl/min flow, gradient rising from
95% solvent A (water, 0,1% formic acid) to 25% B (100% aceto-
nitrile, 0,1% formic acid) in 20 min, then to 45% B in 40 min and
finally to 80% B in 10 min. Peptides were analyzed in the
Orbitrap in full ion scan mode with a mass resolution of 30,000
(at m/z 400) over the range m/z 400-1800. Fragments were
obtained with a collision-induced dissociation activation with a
collisional energy of 40%, an activation Q of 0.250 for 10 ms, and
analyzed in the LTQ. MS/MS data were acquired in a data-de-
pendent mode in which 20 most intense precursor ions were
isolated. The maximum allowed ion accumulation times of 100
ms for MS scans and 50 ms for MS/MS scans were set. Raw files
obtained were analyzed using Proteome Discoverer 1.2 soft-
ware (Thermo Fisher Scientific, San Jose, CA) coupled to an
in-house Mascot search server (version 2.1.2, Matrix Science,
Boston). The mass tolerance of fragment ions was set to 10 ppm
for precursor ions and 0.6 Da for fragments. Oxidation (methi-
onine) and phosphorylations (serine, threonine, and tyrosine)
were chosen as variable modifications. The maximum number
of missed cleavages was limited to one for trypsin digestion.
Raw files were searched against SwissProt database with the
Homo sapiens taxonomy. A reversed database approach was
used for the false discovery rate estimation. The maximum false
discovery rate was set to 5%.

In Vitro Binding Assays—Tagged endophilin species and
GST chimeras in PBS were used immediately after purification.
Glutathione-Sepharose 4B beads loaded with recombinant
GST, GST-plec1PETP, or GST-plec1PETA, respectively, were
prepared upon production using BL21pLysS bacteria. A
washed Sepharose 4B matrix with a protein content averaging
1.1 nmol/pl beads was used as a serial dilution in a final volume
of 60 ul (3.75 ul up to 22.5 ul of beads). A control was designed
using 22.5 wl of unloaded glutathione-Sepharose 4B beads.
Samples were incubated in binding buffer A (1 mm EDTA, 2.5%
(w/v) glycerol in PBS) for 2 h at 4 °C with 0.4 uMm tagged endo-
philin, as indicated in the figure legends, with gentle agitation.
Beads were washed (300 X g, 2 min) with 450 ul each of buffer
A (once) and PBS (twice). Unbound and bound fractions, cor-
responding to last supernatant and bead pellet, were analyzed
by SDS-PAGE followed by Western blotting.

For membrane binding assay, a liposome suspension (1.25
mM lipids) was prepared in HNE buffer (25 mm Hepes, pH 7.4,
0.1 M NaCl, 0.5 mm EDTA) and extruded three times through
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0.4-pum (pore size) polycarbonate filters (Avanti Polar Lipids) as
described previously (49). Binding was carried out in centrifuge
polycarbonate tubes by mixing liposomes, at concentrations
indicated in the figure legend (up to 1.11 uMm final concentra-
tion), with wild type or mutant endoB2 (0.5 uM final concentra-
tion) in 125 ul of HNE buffer and incubating for 15 min at
2425 °C. The reaction mixtures were then centrifuged for 15
min at 250,000 X gat 18 °C with the Beckman Coulter TLA 100
rotor. The supernatant was carefully removed, and the pellet
was resuspended in HNE buffer. The two fractions (unbound
and bound fractions, respectively) were diluted with Laemmli
sample buffer and analyzed by SDS-PAGE and Western
blotting.

Immunoblotting—Immunoblotting was performed exactly as
described previously (49). Peroxidase activity using either con-
jugated secondary antibodies or conjugated StrepTactin was
detected by enhanced chemiluminescence using the ECLPlus
detection kit (GE Healthcare). Images were obtained by direct
capture of chemiluminescence using the Intelligent Dark Box
LAS-3000 (Fuji Sciences) imaging system, and signals were
quantified using either MultiGauge (Fuji Sciences) or Image]
software.

Immunofluorescence and Microscopy—For immunostaining,
HeLa and HeLa/endoB2-St cells were grown on glass cover-
slips, rinsed with PBS, and fixed with either 3% paraformalde-
hyde for 20 min or on ice with ice-cold methanol for 5 min (the
latter was used for anti-tubulin and anti-plectin immunostain-
ings). After fixation, all subsequent steps were performed at
room temperature. Coverslips were rinsed with PBS, and when
fixed with paraformaldehyde, material was quenched for 20
min using 50 mm NH4Cl in PBS. After washing with PBS, cells
fixed with paraformaldehyde were permeabilized for 10 min in
PBS containing protease inhibitor mixture (Roche Applied Sci-
ence) and 0.3% (w/v) Triton X-100. Further steps were per-
formed using PBS, 0.2% (w/v) gelatin. Cells were rinsed three
times for 30 min and incubated with primary antibodies for 60
min at room temperature. After washing, cells were incubated
for 45 min with secondary antibodies. After washing, the cov-
erslips were incubated for 10 min in PBS containing DAPI (0.5
pg/ml), rinsed in PBS, and rapidly soaked into distilled water
before mounting in Dako medium (Dako). Coverslips were then
kept at 4 °C until observation.

Fluorescence images were acquired under oil immersion
X63/1.4 or X100/1.4 objective lenses with ApoTome system
composed of an inverted microscope Zeiss Axiovert 200, a camera
Axiocam MRm (pixel size 6.45 X 6.45 um), the Zeiss ApoTome
system, and acquisition software Axiovision 4.5. Images were
treated with ImageJ and Photoshop software.

Unless specified in figure legends (see Figs. 8 and 9), images
shown were obtained from a single z-section, and all consecu-
tive z-sections were distant from 0.260 pwm.

Nucleus Positioning Analysis—The nucleus position of
siRNA-transfected HeLa cells was determined after normaliza-
tion of cell morphology on adhesive micropatterns arrays. To
this end, cells were plated 3 days after transfection at 25,000
cells/cm? in 22-mm wells onto CYTOO Chips™ Mini FN650
(Cytoo S.A., Grenoble, France) supporting H-shaped, fibronec-
tin-coated patterns. They were then allowed to attach and
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spread for 5 h at 37 °C under a 5% CO, atmosphere. After wash-
ing, cells were fixed with ice-cold methanol and processed as
described above for immunofluorescent staining of tubulin and
DAPI labeling. On the basis of preliminary experiments, small
(30 wm) and medium (38 wm) size patterns were chosen as they
allowed efficient cell attachment and morphological homoge-
neity, as ascertained by distribution of tubulin over printed
fibronectin. With both pattern sizes, the nucleus centroid (as
determined by Fiji Software) was localized on the long axis of
the pattern. This allowed an accurate determination of the
respective distances d1 and d2 (with d1 < d2) between the
nucleus centroid and the two poles of the pattern (Fig. 11).
Nucleus position was determined by the ratio d1/d2, with
any deviation from 1 indicating an asymmetric positioning
(off-centering).

Electron Microscopy—For classical morphological analysis,
cells were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4, for 1 h, postfixed for 1 h with 2% buffered osmium
tetroxide, dehydrated in a graded series of ethanol solution, and
then embedded in epoxy resin.

For immunolabeling, cells were prepared following Tokuyasu,
and immunogold labeling was carried out as described previously
(50). The following primary antibodies were used: anti-vimentin
(GeneTex) and anti-Myc (9E10, Chemicon International). Single
or double immunogold labeling on ultrathin cryosections was per-
formed using protein A-gold conjugates (Utrecht, Netherlands).
Images were acquired with a digital camera Keen View (SIS)
mounted on a Tecnai 12 transmission electron microscope (FEI
Co.) operated at 80 kV.

Antibodies—For immunoblots and immunofluorescence, the
primary antibodies used were as follows: mouse monoclonal anti-
Myc (Cell Signaling); mouse monoclonal anti-StrepTag II (IBA);
rabbit polyclonal anti-vimentin (GeneTex); rabbit monoclonal
anti-plectin (Epitomics); mouse monoclonal anti-Bifl (Imgenex);
mouse monoclonal anti-a-tubulin (Sigma); and mouse monoclo-
nal anti-emerin (Novocastra).

Secondary antibodies that were used are as follows: HRP-
conjugated AffiniPure goat anti-rabbit (Jackson Immuno-
Research); goat anti-rabbit IgG coupled to Alexa Fluor 568;
chicken anti-mouse IgG coupled to Alexa Fluor 488; and don-
key anti-mouse coupled to Alexa Fluor 594 (Molecular Probes).
Proteins fused to the StrepTag epitope were detected using
HRP-conjugated StrepTactin (IBA).

RESULTS

Overexpression of Endophilin B2 Triggers Extensive and Spe-
cific Reorganization of the Vimentin Network—To address the
cellular functions of endoB2, we first studied its localization
in cells. Upon transient expression in HeLa cells, endoB2
expressed at low detection levels was found to be mainly cyto-
solic, with discrete enhanced staining in the perinuclear region
and in close contact with the plasma membrane (Fig. 14). At
higher expression levels, the majority of cells was characterized
by immunoreactivity localized on filamentous structures sur-
rounding the nucleus (Fig. 1, A and D). Analysis of Epon-em-
bedded cells revealed, in many cells, the accumulation of a
meshwork of more or less densely packed filamentous struc-
tures often contacting the outer nuclear membrane (Fig. 1B and
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endoB2-myc

emerin

emerin

4 =

FIGURE 1. Overexpression of endoB2 triggers the accumulation of filamentous structures around nuclei and is partly composed of intermediate
filaments. Hela cells were transfected to express endoB2 fused to a C-terminal Myc tag. A, anti-Myc immunofluorescence of z-sections with low expression
level of endoB2 (left panel) showing cytosolic and discrete perinuclear as well as plasma membrane localization (arrowheads). At high expression level (right),
endoB2 accumulates mainly as filamentous structures surrounding nuclei. Note that the two images were taken with different settings of the camera.
z-sectioning through nuclei attested that cells are not binucleated. Scale bar, 20 um. B, electron microscopy of Epon-embedded cells. Panels b and d correspond
to magnifications of the areas delimited in (panels a and c) and show the presence of filaments of 5-10 nm diameter (arrowheads in panel b) and of 20-25 nm
diameter (arrow in panel b). Panels e and f, note the proximity of bunches of filaments to nuclear membranes and nucleopore complexes (NPC (arrowheads in
panel e)). ER, endoplasmic reticulum; Nuc, nucleus. Scale bars, panels a and c-f, 1 um; panel b, 0.5 um. C, immunoelectron microscopy using anti-Myc or
anti-vimentin antibodies. Magnified areas at top right and bottom panels show the very close proximity of anti-Myc immunoreactivity to the nucleus. Nuc,
nucleus; 5 nm gold, anti-vimentin; 15 nm gold, anti-Myc. Scale bar, 0.5 um. D, anti-Myc and anti-emerin (a protein of the inner nuclear membrane) immunofluo-
rescence of two z-sections at planes between the nucleus and the membrane contacting the coverslip (top images) or crossing the top of the nucleus (bottom

images). Insets show invagination of the nuclear membrane in close contact with endoB2-myc staining. Scale bar, 20 pm.

see also supplemental Fig. S1 for comparison of a control non-
transfected cell with a pCDNA3.1/endoB2-transfected cell
exhibiting perinuclear accumulation of filamentous structures
at low magnification). Bunches of filaments also appeared con-
tacting nucleopores (Fig. 1B, panel e). In addition, filamentous
assemblies exerted mechanical tension on nuclear membranes
that appeared compressed laterally with deep invaginations
(Fig. 1B, panel f, and see also the immunofluorescence D). Inter-
estingly, as could be estimated when they do not strongly inter-
mingle (Fig. 1B, panel b), the filaments looked heterogeneous in
size and contrast, with diameters ranging from ~5 to 10 nm for
the smallest to 20 to 25 nm for the widest (that also appeared
more dense to the electrons). The size and shape of these fila-
ments indicated that, at least in part, they might belong to the
class of intermediate filaments. Immunoelectron microscopy
revealed immunoreactivities of both vimentin and endoB2 on
the same bunches of filaments, confirming that these are partly
made of intermediate filament proteins (Fig. 1C). Also, endoB2
immunoreactivity was detected at the rim of nuclei, suggesting
that the protein is recruited at the outer nuclear membrane
(Fig. 1C). Deduced from their apparent diameter and structure,
the filaments may represent single and bundled units with the
thinnest most probably made of vimentin (compatible with the
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size of protofibrils (51, 52)) and the widest of either endoB2 or
of both endoB2 and vimentin, after bundling.

Immunofluorescence microscopy showed that in cells
expressing endoB2 transiently, vimentin was significantly re-
organized and colocalized extensively with endoB2 in the peri-
nuclear region (Fig. 2). Neither actin nor tubulin was found
enriched around nuclei where endoB2 filaments accumulate,
indicating that these cytoskeletal elements are not significantly
re-organized in this region. Altogether, these data suggested
the existence of physical and functional links between endoB2
and vimentin.

Plectin 1 Interacts with the SH3 Domain of Endophilin B2—
We performed a proteomic analysis aimed at finding specific
partners of endoB2 SH3 domain. To this end, a HeLa/
endoB2-St cell line expressing endoB2 fused to a StrepTag was
obtained. HeLa/endoB2-St cells express endoB2-St at a level
that is barely detectable, both upon Western blot analysis in cell
lysates and immunofluorescence staining. Importantly, signal
intensity of immunoprecipitated proteins revealed that in this
cell line endoB2-St is expressed at a level that is comparable
with the endogenous protein (Fig. 34). To enhance endoB2-St
cellular content, cells were treated with sodium butyrate, which
provided the advantage of increasing sensitivity of detection of
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FIGURE 2. EndoB2 triggers the selective re-organization of the vimentin
cytoskeleton. Hela cells were transfected to express endoB2 fused to a
C-terminal Myc tag and processed for double immunofluorescence analysis
using anti-Myc and either anti-vimentin (top panels) and anti-tubulin (bottom
panels) antibodies or phalloidin-Alexa Fluor 488 (middle panels). Compare cells
that express endoB2 with the ones that do not (asterisks). Scale bar, 20 um.

endoB2-Stin cell lysates (Fig. 34, bottom, Western immunoblot
panel) and immunodetection in cells (Fig. 3A, bottom panel).
Concentration of signals by StrepTactin precipitation allowed
accurate determination of endoB2 increase of expression after
sodium butyrate treatment as well as the proportion of endoB2
interacting with endoB1 via heterodimerization (see legend of
Fig. 3 for details). These experimental conditions, in addition to
increasing the sensitivity of detection of endoB2 in complex
with its interacting partners, allowed lowering quite signifi-
cantly the proportion of endoB2/endoB1 heterodimers, thus
increasing the chances of identifying molecular interactants of
homodimeric and/or monomeric endoB2.

Endophilin B2 affinity-purified proteins were analyzed
by LC-ESI-MS/MS using sodium butyrate-treated HeLa/
endoB2-St cells as described under “Experimental Procedures.”
The pulldown with the endoB2-St bait was designed to recover
cytoplasmic proteins exhibiting a high affinity constant or low
dissociation kinetics, or both, after synthesis and in situ assem-
bly of complexes. The supplemental Fig. S2A shows proteins
which, in addition to endoB2, were detected with high numbers
of matching peptides as well as sequence coverage ranging from
20 to more than 50%; these proteins are ataxin-2 like protein,
endoB1, plectin 1, and vimentin.

The isolation of endoB1 can be accounted for by a minor
endoB2 pool forming bona fide endoB1/endoB2 heterodimers (see
Fig. 3A) (36). Ataxin-2-like protein is a member of the spinocere-
bellar ataxia protein family homologous with ataxin-2, a known
partner of endophilins A1 and A3 (53). The present data suggest
that homologous proteins of the spinocerebellar ataxia family
exert functions via associations with either endophilins A or B, a
topic beyond the scope of this work.

The discovery of vimentin among components of the
endoB2-St affinity-purified complexes is consistent with the
hypothesis of a functional link between endoB2 and vimentin
(Figs. 1 and 2). This, along with the additional identification by
mass spectrometry of a plectin variant among putative binding
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partners (supplemental Fig. S2A4), prompted further investiga-
tion of this partnership.

The identification of plectin 1 (also known as plectin isoform
1) was established by two trypsin digestion products matching
its exclusive alternative N-terminal sequence (residues 1-174)
(supplemental Fig. S2B). Plectin-derived peptides were not
detected when experiments were performed using a cell line
expressing endoB1-St, although endoB2 peptides could be
identified. This is in agreement with the ability of endoB1 and
-B2 to form heterodimers. These data also indicate that plectin
is part of a complex built up on endoB2 but not on endoB1, and
would suggest that in both cell types plectin interacts with a
pool of endoB2 homodimers.

The endoB1/endoB2-plectin association was further charac-
terized using another in vitro approach. Plecl harbors a PXXP
consensus motif for the SH3 domain binding, present in its
N-terminal sequence (**°PETP**%), shared with the mouse pro-
tein, and absent from other isoforms (Fig. 3B and supplemental
Fig. S2B). Immobilized recombinant GST-plecl1PETP and
GST-plec1PETA (designed as described under “Experimental
Procedures”) were incubated with purified endoB1, endoB2,
and N-BAR/endoB2 (a truncated form of endoB2 lacking the
SH3 domain) to characterize a possible differential binding of
plectin-derived peptides to the SH3 domain of endophilins B
(see “Experimental Procedures”) (Fig. 3, C—E). As shown by the
immunoblots and curves of Fig. 3, Cand D, N-BAR/endoB2 and
endoB1 had no binding ability whatever the chimera tested. In
contrast, full-length endoB2 could bind the wild type but not
the mutated N-terminal sequence of plectin, as shown by its
decrease in supernatants of binding assays (Fig. 3, C and D) and
its recovery on beads (Fig. 3E). These results are consistent with
significantly distinct sequences of endophilin B SH3 domains
and confirm the direct interaction of plectin with the endoB2
SH3 domain, mediated by the consensus PETP motif.

The endoB2/plectin interaction also occurred upon transient
expression of exogenous endophilin. A coimmunoprecipitation
experiment using HeLa cells transfected with endoB2-St or
N-BAR-St/endoB2 (Fig. 3F) showed that, in contrast with
N-BAR-St/endoB2, endoB2-St could be recovered with plectin.
This confirmed the specificity of the SH3 domain-mediated
interaction and showed that exogenous endoB2 is incorporated
into plectin-containing complexes. Altogether, these data dem-
onstrate that endoB2 and plectin are molecular interactants in
mammalian cells.

Finally, the cellular distribution of endoB2 and plectin was
investigated. Using both HeLa/endoB2-St cells and HeLa cells
expressing endoB2 transiently, we found that both proteins
indeed colocalize partly, with small but significant overlap in
the perinuclear region (Figs. 3G and 4, respectively).

The demonstration of a direct physical interaction between
plecl and endoB2, along with the pulldown of vimentin with
endoB2-St, suggests the existence of a tripartite endoB2-plecl-
vimentin complex, which we did not dissect further. The occu-
pancy of the endoB2 SH3 domain-binding site by plectin
implies that in this complex plectin 1 would bind the endoB2
SH3 domain via its N-terminal end and vimentin via its C-ter-
minal end (54). Altogether with the drastic alteration of the
vimentin network upon transient expression of endoB2, such
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FIGURE 4. EndoB2 and plectin colocalize in the perinuclear region. Hela
cells were transfected to express endoB2 fused to a C-terminal Myc tag.
Images are from two different z-sections obtained from cells processed for
double immunofluorescence analysis using anti-Myc and anti-plectin anti-
bodies. Plectin is localized all over the cell, with increased concentration at
cell-to-cell contacts (top panels, arrowheads) and in filamentous structures
surrounding the nucleus that partly colocalizes with endoB2 (arrows). The
asterisks in the bottom panels are centered on a region above the nucleus that
is immunoreactive for plectin and exhibits significant colocalization with
endoB2. Scale bar, 30 um.

FIGURE 5. Colocalization with vimentin requires the SH3 domain of
endoB2. Hela cells were transfected to express N-BAR/endoB2 fused to a
C-terminal StrepTag. A, z-section obtained from cells processed for double
immunofluorescence analysis using anti-StrepTag and anti-vimentin anti-
bodies. Scale bar, 20 um. B, electron microscopy of Epon-embedded cells.
Left, mixture of filaments of 5-10and 10-15 nm in diameter in the perinuclear
region (inset, magnified regions delimited by the white box, note the homo-

evidence for an endoB2-plecl-vimentin complex strongly sug-
gests that it is functionally involved in the spatial organization
of intermediate filaments (IFs).

SH3 Domain of endoB2 Is Required for Colocalization with
Vimentin—Because plectin interacts with endoB2 via the SH3

domain, deleting this domain should significantly reduce the
colocalization of endoB2 and vimentin as well as the spatial
reorganization of IFs. When N-BAR/endoB2 was transiently
expressed, immunofluorescence analysis revealed that indeed
the SH3 deletion mutant colocalized less extensively with
vimentin than the full-length protein (Fig. 54). This correlated
to a lesser extent with vimentin reorganization, and N-BAR/
endoB2 did not accumulate as filamentous structures encaging
nuclei, albeit thick bundles in their close vicinity were observed
(Fig. 5A). These were found to overlap only partly with vimen-
tin. Instead, N-BAR/endoB2 filaments extended into the entire
cytoplasm. The more distant from nuclei, the less these fila-
ments were found colocalizing with vimentin. Electron micros-

geneity in electron density). Right, large bunches of filaments homogeneous
in diameter (10-15 nm) and distant from the nucleus (inset, magnified region
delimited by the white box illustrating homogeneity in diameter and electron
density). Nuc, nucleus. Scale bars, 0.5 um.

copy performed on N-BAR/endoB2-expressing cells unraveled,
in particular in regions in close proximity to the nucleus (Fig.
5B, left panel), the presence of small microfilaments with a
diameter of ~5-10 nm (as in the case of full-length endoB2
expression and that most probably correspond to vimentin
protofibrils). Wider filaments were also visible, with a diameter
around 10-15 nm (which is significantly smaller than the wider
20-25 nm and electron dense filaments observed upon expres-
sion of full-length endoB2). This meshwork of filaments

FIGURE 3. Plec1 is a molecular partner of endoB2 SH3 domain. A, HeLa/endoB2-St, a stable cell line aimed at isolating in situ pre-formed complexes with
endoB2 binding partners. Top two panels, Western blot (WB) analysis of lysates (L), supernatants (S) of precipitations, or eluates (E) from either immunoprecipi-
tations (IP) on protein A-Sepharose (upper panel) or StrepTactin/Sepharose precipitations (lower panel) from HelLa or HeLa/endoB2-St cell lines as indicated
(note that no background from beads was detected, neither for the protein A-Sepharose immunoprecipitations nor for the StrepTactin-Sepharose precipita-
tions). Western blots were treated with anti-Bif-1 antibody recognizing both endoB2 and endoB1. Calibration curves using pure recombinant bacterial endoB1
and endoB2 showed that this antibody recognizes endoB1 with ~10 times more affinity/avidity than endoB2. Detection of endoB2 in the lysates from either
Hela or HeLa/endoB2-St cells is stochastic, and in most experiments, immunoreactivity is undetectable unless HeLa/endoB2-St cells are treated with 5 mm
sodium butyrate (compare in lower panel, —NaBut and +NaBut). From the immunoprecipitations (upper panel), it was estimated that the expression level of
endoB2-St in HeLa/endoB2-5St cells compares with endoB2 level in Hela cells. From the StrepTactin-Sepharose precipitations (lower panel) and taking into
account the 10-fold difference in anti-Bif-1 immunoreactivities mentioned above, it was calculated that a maximum of 40 or 2% of endoB2 is in a complex with
endoB1 inthe absence (— NaBut) or the presence (+ NaBut) of sodium butyrate, respectively. Bottom panel,immunodetection of endoB2-St in HeLa/endoB2-St
cells treated overnight with 5 mm sodium butyrate and using an anti-StrepTag antibody. Arrowheads point at discrete immunoreactivity around nuclei (see also
G). Note in addition the homogeneous staining that appears mainly cytosolic. Scale bar, 20 um. B, alignment of mouse and human plec1 sequences (human
amino acid residues 145-174) showing the putative PETP consensus motif for SH3 domain binding. The mutation (at position 153) is indicated to illustrate the
difference between GST-plec1PETP and GST-plec1PETA. C, in vitro binding assay of endophilin B species to immobilized GST, GST-plec1PETP, and GST-
plec1PETA (see under “Experimental Procedures”). Three molar ratios of GST chimera to endophilin were tested as indicated. The immunoblots of unbound
fractions obtained from separate acrylamide gels are shown, with endophilin revealed by anti Bif-antibody. GST/endophilin 0 refers to control sample
performed in the absence of GST or chimera. D, depletion curves of the unbound fraction as determined from the experiment illustrated in C. Chemilumines-
cence signals are plotted as a percentage of the value determined for GST/endophilin 0 unbound fraction (equivalent to the input material). £, immunoblot
analysis of material bound on beads and corresponding to samples analyzed in C, with GST/endophilin molar ratio of 103. F, specific coimmunoprecipitation
of plectin and endoB2 from Hela cells. Cells transfected with the indicated two endoB2 species (or mock-transfected) were processed as described under
“Experimental Procedures.” Immunoblots of fractions P2 and S2 are shown (similar results were obtained in two independent experiments). In the upper panels,
the arrow points at the faint band corresponding to endogenous endoB1 visible in fractions S2 of the control and comigrating with an endoB2 degradation
product visible in the two endoB2 lanes, full-length (*) and truncated (**) endoB2 species. In lower panels showing material with molecular mass above 130
kilodaltons, intact plectin (°) and two of its major proteolytic degradation products (<) are distinguished. G, z-section obtained from HelLa/endoB2-St cells
treated overnight with 5 mm sodium butyrate and processed for double immunofluorescence analysis using anti-StrepTag and anti-plectin antibodies.
Arrowheads point to discrete colocalization of endoB2 and plectin around nuclei. Scale bar, 20 um.
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appeared less electron dense in comparison with cells express-
ing full-length endoB2, which may be consistent with the
decrease (or absence) of recruitment of proteinaceous material
such as plectin large molecules. Interestingly, we also found
large assemblies of filaments with a diameter around 10-15 nm
that organize more or less linearly and as bundles as large as 1
wm (Fig. 5B, right panel). Consistently with immunofluores-
cence staining showing enrichment of endoB2 versus vimentin
as distance from the nucleus increases, these filamentous struc-
tures are most probably largely, if not exclusively, composed of
N-BAR/endoB2. These data suggest that, upon overexpression
in cells, full-length endoB2 as well as its N-BAR domain have
the propensity to organize as protein filaments. Altogether,
these data show that the SH3 domain of endoB2 is required for
assembling filamentous structures enriched in both endoB2
and vimentin around the nucleus.

BAR-mediated Membrane Binding Property of endoB2 Is
Essential for Its Assembly into Perinuclear Filaments—The
functions of BAR domain proteins rely on their membrane
association via positively charged residues of the concave side
and at the tips of the domain (7, 26). Hence, we addressed
whether the propensity of endoB2 to assemble into filamentous
structures around nuclei requires, at some point, the mem-
brane binding activity of its BAR domain. Based on endophilin
A structure (26, 49, 55), positively charged residues in the distal
part of the second a-helix that should theoretically locate at the
tips of the dimer were mutagenized to give rise to endoB2-
KARLAA and endoB2-AAALAA as depicted in Fig. 6A. The
consequences of the mutations, tested in transfected HeLa
cells, were impressively drastic as the two mutants lost entirely
the ability to trigger the formation of any accumulated filamen-
tous structures and remained as a prominently diffuse cytosolic
pool (Fig. 6B). In addition, expression of neither mutant trig-
gered significant modification of vimentin organization (data
not shown).

We then used endoB2-KARLAA and wild type endoB2 to
compare their in vitro membrane binding properties. In con-
trast to wild type, the binding of endoB2-KARLAA to lipo-
somes was severely diminished (Fig. 6, Cand D). Hence, a loss of
the endoB2 phenotype due to the mutagenesis of residues 177
and 178 can be directly correlated with a decrease in membrane
binding activity. Altogether, these data strongly suggest that
binding to a membrane is a prerequisite for the assembly of
endoB2 into filamentous structures.

Interfering with plecl Expression Impairs the Localization of
endoB2 Filaments around the Nucleus—To address the need of
plecl in endoB2 perinuclear assembly, the cellular level of plecl
was lowered by siRNA treatment followed by transient expres-
sion of endoB2 using regular HeLa cells. Two siRNAs designed
to target specifically the plecl mRNA were obtained and
allowed decreasing 40-70% of plectin detected by Western
blotting after 72 h (see Fig. 7A for quantification of siRNAs
efficiency). Importantly, immunofluorescence experiments
unraveled a heterogeneous efficiency of plectin knockdown,
with 26.15 = 4.00% of cells (mean value *+ S.D. obtained from
three independent experiments) expressing plectin close to the
detection limit. This strongly suggested that the targeted plec-
tin isoform is the predominant isoform in our HeLa cells. After
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treatment with both plecl siRNA and transfection to express
endoB2 transiently, quantitative analysis showed that the per-
centage of cells containing endoB2 filaments decreased signif-
icantly in comparison with control (Fig. 7B). In addition, in cells
in which endoB2 organized as filaments, their perinuclear orga-
nization was disturbed, and the majority of filamentous struc-
tures spread across the cytoplasm (Fig. 7C). These data rein-
force the idea that the plecl/endoB2 interaction is required for
the formation and maintenance of endoB2 filaments in the
perinuclear region.

Interfering with plecl and endoB2 Expression Triggers Alter-
ation of Intermediate Filament Perinuclear Architecture—We
then investigated if interfering with either endoB2 or plecl
expression would modify the spatial organization of the vimen-
tin network.

To compare the effects of plecl and endoB2 siRNAs interfer-
ence, HeLa/endoB2-St cells were used because they allow rig-
orous quantification of endoB2 siRNA efficiency after Strep-
Tactin precipitation (endoB2 cannot be determined accurately
from cell lysates, see Fig. 34). We first analyzed the organiza-
tion of endogenous vimentin by immunofluorescence after
treatment with plecl siRNAs. As observed for regular HeLa
cells, plec1 siRNA treatment of HeLa/endoB2-St cells was char-
acterized by heterogeneous efficiency (Fig. 84, top left panel),
with 19.5% of cells expressing plectin at a level approaching the
detection limit (mean value obtained from three independent
experiments, see Fig. 84, top right panel). This number is in
good correlation with the 15.1% of cells exhibiting significant
change in vimentin organization (Fig. 84, top right panel and
see supplemental Fig. S3 for a broad appreciation of the pheno-
type at low magnification. See also “Experimental Procedures”
for the criteria applied for this quantification.). Change in
vimentin organization was essentially characterized by the bun-
dling of vimentin filaments around nuclei and across the cyto-
plasm, the latter observed occasionally in cells treated with con-
trol siRNAs (Fig. 84, top right panel). At high magnification,
bundling was accompanied by disappearance of vimentin fila-
ments encaging nuclei (Fig. 84, bottom panel). Parallel experi-
ments performed in HeLa cells stably expressing vimentin-GFP
(vim-GFP) demonstrated the direct correlation between the
decrease of plectin immunoreactivity and abnormal vimentin
phenotype (see Fig. 8B).

Treatment with endoB2 siRNAs had a milder effect on
endogenous vimentin in comparison with plecl siRNAs (Fig.
9). As in the case of plecl siRNA treatment, bundling of vimen-
tin filaments in the close vicinity of nuclei and across cytoplasm
was visible (Fig. 9B). However, in comparison with plecl
siRNAs, bundled filaments also appeared to encage nuclei in
the three dimensions of space, which correlated with a signifi-
cant increase in nuclear indentation (Fig. 9C). This may result
from mechanical constraints exerted by filaments strengthened
by bundling and whose anchorage at the nuclear membrane
remains significantly maintained by the activity of plecl.

We also investigated the process of vimentin filament assem-
bly de novo using newly synthesized vim-GFP in the context of
siRNA treatments because we noticed that this approach leads
to more homogeneous patterns of vimentin organization in
comparison with the steady state endogenous pool (thus allow-
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FIGURE 6. Mutagenesis of critical residues in the BAR sequence involved in membrane binding abrogate the assembly of endoB2 into perinuclear
filamentous structures. A, rod structure of endoB2 showing the domain organization and the two mutations used in this study of the 173-178 amino acid loop
(KARLKK) between a-helices 2 and 3. Based on the crystal structure of human endophilin BAR domain (Protein Data Bank code 1X03 A), this sequence is located
at both tips of the dimer. B, HelLa cells were transfected to express, as indicated, wild type endoB2 or the mutants fused to a C-terminal Myc tag. Images show
z-sections obtained from cells processed for immunofluorescence analysis using anti-Myc antibodies. For both mutants, not a single cell on the entire
coverslips showed the typical formation of perinuclear filamentous structures as in the case of wild type endoB2. Scale bar, 20 um. C, membrane binding of wild
type (wt) and doubly mutated (KARLAA) species was examined using phospholipid to endophilin molar ratio ranging from 0 (input) to 2222 as indicated. 11.1%
of the supernatant (unbound) and 33% of the pellet (bound) (see “Experimental Procedures”) were immunoblotted using separate polyacrylamide gels and
anti-Bif antibody. No precipitation of endophilins was observed in the absence of membranes. D, chemiluminescence signals obtained from the blot shown in
C and representative of two experiments. Plotted is the bound (B) to free (F, unbound) ratio as a function of the phospholipid to endophilin ratio.

ing classification of vimentin patterns in categories to perform
quantitative analysis of phenotypes). In addition, following the
de novo incorporation of vimentin structural units into a fila-
mentous network has previously been instrumental for under-
lining the involvement of another plectin isoform in the assem-
bly of a central cage-like core structure stabilizing the
perinuclear vimentin network (56). Superimposition of newly
synthesized vimentin-GFP after a short period of transient
expression (10 h, see “Experimental Procedures” for details)
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with endogenous plectin unraveled significant vimentin and
plectin overlaps, in particular at dense plectin spots in the
periphery of nuclei (Fig. 104). Using these experimental condi-
tions, we have been able to identify four main categories of cells
in regard to vimentin organization (categories a, b, ¢, and d in
Fig. 10B, see legend for details). These were characterized by
specific organization patterns of the newly assembled vimentin
network and whose relative abundance appeared to change
depending on siRNAs treatments. Upon decrease of either
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FIGURE 7. Decrease of plec1 expression by siRNA interference impairs the tight association of endoB2 filamentous structures with nuclei. Hela cells
were treated with control (si control) or plec1 siRNAs (si plec1-1and si plec-2) for 72 h. A, Western blot analysis of plectin and tubulin expression from cell lysates
(equal protein amounts loaded) migrated in duplicates. Intact plectin (°) and its two major proteolytic degradation products (<) are indicated as in Fig. 3. Right
panel shows quantifications of immunoblots for plectin obtained from three independent experiments (each color corresponding to a given experiment). B,
quantification of cells that contain endoB2 filaments (values are means =+ S.D. calculated from three independent experiments with n = 257 (si control), 213 (si
pleci-1),and 226 (si plec1-2) cells analyzed). C, z-sections obtained from cells treated with siRNAs, transfected after 48 h to express endoB2 fused to a C-terminal
Myc tag and processed for Myc and plectin immunostaining. Images were taken with the same optical settings. Note, for both plec1 siRNAs and in comparison
with control, the modification of the localization of endoB2 filamentous structures that do not remain exclusively perinuclear and expand in the cytoplasm is

shown. Scale bar, 16 um.

plecl or endoB2 expression, the milder effect (likely not signif-
icant because of small variations) concerned the population of
cells belonging to “category a” in which vim-GFP may be local-
ized, in pre-existing protofilaments, at sites of exchange of non-
fluorescent elementary units with newly synthesized fluores-
cent ones (which is consistent with the described dynamics of
filament subunits in protofibrils (57)). The main effects that
were consistently obtained when decreasing the expression of
either protein were as follows: (i) a significant reduction in the
number of cells in which newly synthesized vimentin assembles
as tight cages (category c), and (ii) an increase in the number of
cells exhibiting cytoplasmic dispersion of the vimentin network
(category d). Decrease of plecl expression was also character-
ized by a reduced percentage of cells belonging to “category b,”
which was not the case for endoB2. This suggests that plecl

27630 JOURNAL OF BIOLOGICAL CHEMISTRY

may be more of a determinant for anchoring the newly synthe-
sized pool of vimentin in the putative pericentriolar region.
This is consistent with a previous report showing the localiza-
tion of, and a role for, plectin at centrosomes (58). Finally and
importantly, similar results were obtained with the same
experimental conditions using regular HeLa instead of the
HeLa/endoB2-St cells (see the legend of Fig. 10 for details).
Altogether, these data reinforced the significance of our
findings and are consistent with the notion that plecl and
endoB2 contribute to the organization/stabilization of IFs
encaging nuclei.

Interfering with plecl and endoB2 Expression Impairs
Nuclear Positioning—The results shown above illustrate a func-
tion of endoB2 in IF perinuclear architecture. Nuclear position-
ing has recently emerged to be placed under the control of

pCEEY S

VOLUME 288+NUMBER 38+ SEPTEMBER 20, 2013



Endophilin B2 Controls Cytoskeletal Architecture

cells expressing plectin

n
a

A sicontrol si plec1-1

8 at the detection limit
=1 cells with bundling
o 20t O of vimentin
3
Q.
o ‘ I
Q 15+ I
©
O 1op
]
=
L
o— 5t
(o]
°\° ol si plec1-1| [si plec1-1| |si control
si control si plec1-1
—

vimentin

plectin plectin dapi

FIGURE 8. Decrease of plec1 expression by siRNA interference and incidence on the vimentin network. HeLa/endoB2-St cells were transfected with
control or plec1-1 siRNAs for 72 h, as indicated. A, top left panel, z-sections obtained from cells processed for plectin immunostaining to attest for the presence
of cells with significant decrease in plec1 expression (top left (si plec1-1), note the presence of cells that express plectin at a level approaching the detection limit
(*)). Top right panel, quantification of cells treated with si plec1-1 that express plectin at the detection limit and exhibit bundling of vimentin filaments (n = 646
and 780 cells analyzed, respectively) and of cells treated with si control that exhibit bundling of vimentin filaments (n = 430 cells analyzed). Values are means =
S.D. calculated from three independent experiments. Bottom panel, images are from z-projections of five z-sections, each separated by a distance of 0.260 um
and obtained from cells processed forimmunofluorescence using anti-vimentin antibodies. Note the perinuclear bundling of IF and the decrease in the density
of vimentin filaments encaging nuclei clearly visible in cells treated with control siRNAs. Similar results were obtained with si plec1-2 siRNAs. Scale bars, 20 um.
B, z-sections obtained from Hela cells stably expressing vim-GFP, treated with control or plec1-1 siRNAs as indicated, and processed forimmunofluorescence
using anti-plectin antibodies. Images were taken with the same optical settings. Note that cells treated with plec1-1 siRNAs and expressing plectin at low level
are characterized by the bundling of vimentin filaments in the close vicinity of nuclei and across the cytoplasm. Results were similar with si plec1-2 siRNAs. Scale
bar, 20 pm.

diverse components of the cytoskeleton and to be critical for lular features involving perinuclear cytoskeletal organization,
cell polarity, cell differentiation, and cell orientation during we investigated the incidence of destabilizing IF perinuclear
migration (59). To evaluate the contribution of endoB2 in cel-  architecture on nuclear positioning upon a decrease in endoB2
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for si endoB2-2.

expression. We performed a quantitative analysis of the nuclear
position in HeLa cells treated with siRNAs prior to plating on
micropatterns (Fig. 11). Interfering with plecl expression was
also analyzed for comparison. For both plecl and endoB2
siRNA treatments and in comparison with control, significant
decrease in nuclei off-centering was measured.

DISCUSSION

In this study, we unravel the specific activity of endophilin
B2, a member of the endophilin family, in the control of IF
spatial organization. We provide evidence for the existence of a
complex between endoB2 and isoform 1 of plectin that appears
to be involved in the establishment and maintenance of the
vimentin network, in particular in the region surrounding the
nuclei. This activity, involving endoB2 specifically (and not its
close relative endoB1), is of quite a significant impact, as it is the
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first time that a BAR domain-containing protein is shown to
function in the organization of cytoskeletal components other
than actin. So far, many of these proteins were known to control
actin branching and polymerization upon recruitment of actin
nucleation promoting factors via SH3 domains (60). Several
members of the BAR domain superfamily coordinate their
BAR-mediated membrane shaping activity with pushing forces
generated by actin polymerization. This allows the modifica-
tion of the membrane curvature during endocytosis as well as
during the formation of lamellipodia and filopodia (15, 60).
Although these processes are, in general, highly dynamic, the
spatial organization of IFs that is placed under the control of the
endoB2-plectin complex is most probably more static. In this
scheme, endoB2 would be part of a plectin-dependent mem-
brane-anchoring device ensuring the cohesion and mainte-
nance of IF organization.
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The specific interaction of endoB2 and plecl, one of the nine
plectin human isoforms, is also a significant finding. Very few
proteins have been found to bind to the N-terminal part of this
longest plectin variant. This is also the case for B-synemin,
which putatively links IFs to the dystrophin-glycoprotein com-
plex at the plasma membrane of striated muscle cells (61) and of
Siah (Seven in absentia homolog), a RING domain protein that
functions in E3 ubiquitin ligase complexes involved in the deg-
radation of a wide range of proteins, including B-catenin (62).

Endophilin B2 Controls Cytoskeletal Architecture

For the latter, a consensus peptide in plecl required for binding
has been identified and is located upstream of the PETP motif
involved in the interaction with endoB2. Importantly, it has
been proposed that the binding of proteins to the N-terminal
region of plecl regulates that of interactants of the actin-bind-
ing domain that is contiguous with this sequence (47, 63). The
plectin actin-binding domain can bind to a series of proteins
other than actin, among which are integrin 8-4 (a component of
hemidesmosomes at the plasma membrane (64, 65)) and
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FIGURE 11. EndoB2 and plec1 control nuclear positioning. Hela cells were
transfected with control, plec1-1, or endoB2-2 siRNAs for 72 h, plated on
micropatterns, and processed for tubulin immunostaining and DAPI staining.
A, z-sections of cells from indicated siRNA treatments, immobilized on
medium patterns, and showing the respective positions of nuclei. The sche-
matic drawing shows distances d1 and d2 measured along the y axis of the
pattern for scoring nuclei positioning (see “Experimental Procedures”). B,
quantification and statistical analysis of nuclear positioning.n = 146, 163,and
192 cells analyzed for control, plec1-1, and endoB2-2 siRNAs, respectively,
and pooled from two independent experiments. Horizontal lines and vertical
bars indicate means = S.D. p values are from Student’s t test. *** indicates p
values < 0.0001.

nesprin-3a, a protein of the outer nuclear membrane (66)). If
endoB2 were to modulate the binding of plecl actin-binding
domain-interacting proteins, an appealing possibility that
would require further investigations in the future, this would
add to the layers of complexity taking part in the regulation of
the activity of proteins involved in plectin-mediated anchorage
of IFs, potentially both at the plasma and nuclear membranes.
This leads to an important aspect of our findings that concern
the molecular mechanisms underlying the specificity of endoB2
recruitment on intracellular membranes.

In comparison with other BAR domain-containing proteins,
endophilins do not have a lipid-binding domain able to recog-
nize specific membrane phospholipids. Thus, specific mem-
brane targeting relies on SH3 domain-mediated interactions.
This would theoretically target endoB2 to loci where plecl is
recruited. The results presented here are compatible with a
plecl-driven recruitment of endoB2 at nuclear membranes,
plecl anchoring being most probably assigned by nesprin-3c
on those membranes (66, 67). This possibility is consistent with

the observation that knockdown of nesprin-3« triggers a reduc-
tion in vimentin networking around the nucleus (68, 69), a phe-
notype that is similar to the one described here upon decreasing
expression of either plecl or endoB2.

Our data strongly suggest that, upon overexpression in mam-
malian cells, endoB2 and its N-BAR domain self-assemble into
filamentous structures apparently devoid of a membrane com-
ponent. To our knowledge, this has never been reported for any
protein of the BAR superfamily. Rather, many overexpressed
BAR proteins have been shown, by electron microscopyj, to trig-
ger the appearance of unambiguous tubular membrane struc-
tures whose diameters correlate with the intrinsic curvature
radius of the BAR domain (8). However, the in vitro formation
of filaments was observed for recombinant proteins such as the
F-BAR domain of the endocytic protein CIP4 (8) or the BAR
proteins Pill and Lspl, the core constituents of eisosomes in
Saccharomyces cerevisiae (70-72). This indicates that several
proteins of the BAR superfamily can assemble into helical
structures that do not surround a membrane. Although endoB2
and its N-BAR domain appear to assemble into protein fila-
ments upon overexpression in vivo, we think that endogenous
concentration of endoB2 would not favor the formation of sta-
ble protein helical assemblies (in agreement with the apparent
absence of such structures in cells expressing the protein at low
levels under conditions used in this work). However, we cannot
rule out totally that small oligomers of such nature, difficult to
visualize because of scarcity, irrespectively of the methodology
used, may form more or less transiently.

The fact that endoB2 does not trigger the formation of typical
membrane tubular structures in cells although it polymerizes
extensively is intriguing, in particular because the protein can
assemble onto liposomes in vitro and deform them into
tubules,* as observed for other BAR domain proteins. However,
our data on the endoB2-KARLAA mutant with no membrane
binding ability and no filamentous assembly property indicate
that binding to a membrane is most probably required for sig-
nificant polymerization to occur. Hence, this suggests that the
nature of membranes onto which endoB2 is recruited cannot
undergo BAR-mediated tubulation, in particular not with the
high curvature imposed by the helical assembly of an N-BAR
domain (20-25 nm; our estimation for endoB2 decorated

4 C. Vannier and A. A. Schmidt, unpublished data.

FIGURE 10. Establishment of a tight perinuclear vimentin network requires plec1 and endoB2. A, HelLa/endoB2-St cells were transfected to express
vim-GFP (10 h of expression). Cells were processed forimmunofluorescence using anti-plectin antibodies. Images show two z-sections of the same cell, with top
images obtained at a plane between the nucleus and the membrane contacting the coverslip and the bottom images obtained at a plane partly crossing the
nucleus. Middle panels correspond to magnification of the areas delimited in the top panels and show plectin-enriched spots in contact with vimentin filaments
(arrowheads). B, HeLa/endoB2-5t cells were transfected with control, plec (si plec1-1 and si plec1-2) or endoB2 (si endoB2-1 and si endoB2-2) siRNAs for 72 h.
They were subsequently transfected to express vim-GFP for 10 h. Top panels are z-sections showing four main different vim-GFP organization patterns
exhibited by cells and defining categories, respectively, characterized as follows: category a, dispersion of small vimentin filamentous units; category b,
localization of the vimentin network both in the perinuclear region and across the cytoplasm, with a concentrated spot nearby the nucleus; category c,
organization of vimentin filaments as dense, tight cages around the nucleus; category d, dispersion of the meshwork across the entire cellular volume. Images
of categories - c were obtained from cells treated with control siRNAs and of category d from cells treated with plec1-1 siRNAs (similar extensive dispersion of
the network was also obtained for plec1-2 and endoB2-1 and endoB2-2 siRNAs). Bottom panels were obtained from numeration of cells belonging to each
category, for both plec1 and endoB2 siRNAs. In the bottom left panel, n = 449, 476, and 221 counted cells for si control, si plec1-1, and si plec1-2, respectively.
In the bottom right panel, n = 423, 451, and 435 counted cells for si control, si endoB2-1, and si endoB2-2, respectively. Similar results were obtained in
independent experiments performed with regular Hela cells in which the most significant effect was the major decrease in the proportion of cells character-
ized by the presence of tight vimentin cages (category c) for both plec1 and endoB2 siRNAs treatments and in comparison with the respective controls (12.8and
15.1% of cells belonging to category c for si plec1-1 (n = 251 cells) and si plec1-2 (n = 239 cells), respectively, in comparison with 39.4% for the control (n = 323
cells); 9.7 and 10.1% of cells belonging to category c for siendoB2-1 (n = 277 cells) and si endoB2-2 (n = 289 cells), respectively, in comparison with 30.2% for
the control (n = 215 cells)). Scale bars, 20 um.
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tubules obtained in vitro).* Because our data are most compat-
ible with a model in which endoB2 is engaged in a complex with
plectin at specific domains of the nuclear membrane, these
would not deform because of intrinsic rigidity. This may be due
to the presence of trans-interacting proteins bridging the outer
and inner membranes such as proteins containing a Klarsicht/
ANC-1/SYNE homology (KASH) domain (among which the
already mentioned nesprin-3« and proteins containing a SUN
(Sadl and UNC-84) domain (73)). Because we could visualize,
by EM, bunches of filaments anchoring close to nucleopores,
nearby membrane microdomains might be sites where plectin-
endoB2 complexes are at work.

Presently, we believe that in cells at steady state, endoB2
would act in complex with plectin either as single BAR domains
or as small oligomers that may organize in two dimensions.
Two-dimensional linear arrays of side-lying BAR domains have
been described, at least in vitro and with F-BAR domains bound
to rigid membranes (8). By analogy, the N-BAR domain of
endoB2 may be side-lying on the cytosolic face of the mem-
brane, and the two residues Lys-177 and Lys-178 (mutagenized
in endoB2-KARLAA) may be essential for membrane binding
in these conditions. Alternatively, endoB2 may organize on the
membrane as in the case of the yeast proteins Pill and Lspl
whose assembly is limited to semi-ring structures (70).

Finally, although still limited in the sense that obtained in
immortalized and poorly differentiated cells, our data suggest a
potential role of endoB2 in the control of nucleus positioning,
possibly in concert with its binding partner plecl. Because
decreased expression of either protein impairs perinuclear
vimentin organization, alteration of nucleus positioning may be
a consequence of IF disorganization. It should be stressed that
because plecl is a predominant isoform in the cells that were
used in this study, it may have been an advantage to link plec1/
endoB2 activities to IF-mediated nuclear positioning which,
obviously, requires further investigations in an appropriate dif-
ferentiated system. To our knowledge, the main observations
made so far concerning the phenotypes associated with the loss
of plecl expression are on impairment in migration potential,
in particular of dermal fibroblasts and immune cells (74).
Because links between oriented cell migration and rearward
positioning of the nucleus have been described (59), our work
establishes a basis for future investigations on plecl N-terminal
binding partners, including endoB2, on plecl/IFs-regulated
motility of cells that prominently express that plectin isoform.
Also, because plecl is the major linker protein between IFs and
the nuclear membrane in muscle cells (75, 76), it should be
quite relevant to combine genetic tools to investigate the func-
tion of its binding partners, in particular endoB2, in nuclear
positioning in this cell type.
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