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Background: The function of protein 4.1B in behaviors of motile cells remains poorly understood.

Results: Deficiency of 130-kDa 4.1B resulted in impaired cell adhesion, spreading, migration, and stress fiber formation.
Conclusion: Protein 4.1B plays an important role in modulating cell adhesion and motility.

Significance: Our results identify a novel function for protein 4.1B and have implications for understanding the mechanisms of

4.1 function.

Protein 4.1B is a member of protein 4.1 family, adaptor pro-
teins at the interface of membranes and the cytoskeleton. It is
expressed in most mammalian tissues and is known to be
required in formation of nervous and cardiac systems; it is also a
tumor suppressor with a role in metastasis. Here, we explore
functions of 4.1B using primary mouse embryonic fibroblasts
(MEF) derived from wild type and 4.1B knock-out mice. MEF
cells express two 4.1B isoforms: 130 and 60-kDa. 130-kDa 4.1B
was absent from 4.1B knock-out MEF cells, but 60-kDa 4.1B
remained, suggesting incomplete knock-out. Although the 130-
kDa isoform was predominantly located at the plasma mem-
brane, the 60-kDa isoform was enriched in nuclei. 130-kDa-de-
ficient 4.1B MEF cells exhibited impaired cell adhesion,
spreading, and migration; they also failed to form actin stress
fibers. Impaired cell spreading and stress fiber formation were
rescued by re-expression of the 130-kDa 4.1B but not the
60-kDa 4.1B. Our findings document novel, isoform-selective
roles for 130-kDa 4.1B in adhesion, spreading, and migration of
MEF cells by affecting actin organization, giving new insight
into 4.1B functions in normal tissues as well as its role in cancer.

Protein 4.1B (4.1B) is a member of a family of adaptors
between the actin cytoskeleton and membrane proteins and
lipids (for reviews, see Refs. 1-3). The protein 4.1 family has
four members (4.1R, 4.1B, 4.1G, and 4.1N) that are encoded by
four paralogous genes (4). One common feature of this family is
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that their mRNAs all undergo extensive alternative splicing,
leading to generation of multiple isoforms (5). It has long been
assumed that different isoforms possesses diverse functions (5),
but functional evidence is limited as yet.

At the protein level, these proteins contain four highly con-
served functional domains: the membrane-binding FERM
domain (6 —8),a FERM-adjacent (FA)* regulatory domain (9), a
spectrin-actin binding domain (SABD) (10, 11), and a C-termi-
nal domain (CTD) unique to the 4.1 proteins (12). These con-
served domains are interspersed by non-conserved regions that
are distinct between 4.1 proteins; Ul is an N-terminal head-
piece (HP), U2 is a non-conserved sequence between the FA
domain and SABD, and U3 is the sequence separating SABD
and CTD. The FERM domain represents a genetically mobile
module that is shared with a variety of other animal proteins
(about 50 in humans) that are typically at the interface of the
cytoskeleton and membranes (1, 6, 13, 14).

Extensive molecular and functional studies have been per-
formed on the prototypical member of the family, 4.1R. For
example, it has been shown that the differences in promoter
utilization can lead to usage of three translation initiation sites,
ATGI1 inexon 2, ATG2 in exon 4, and ATG3 in exon 8 (15-18).
Functional studies demonstrated that 4.1R plays diverse roles in
erythrocytes as well as other cell types (19-26). By contrast,
studies on 4.1B have so far been mainly focused on two aspects:
in tumor and metastasis suppression (27-30) and in the orga-
nization of peripheral myelinated axons (31-33).

4.1B was discovered both as a paralog of 4.1R (4) and as a
tumor suppressor named DAL-1 (deleted in adenocarcinoma
of the lung) (34). The gene encoding 4.1B (EPB41L3) is
expressed in most mammalian tissues (35). It has been associ-
ated with suppression of lung, meningioma, beta cell, breast,

“The abbreviations used are: FA, FERM-adjacent; SABD, spectrin-actin bind-
ing domain; CTD, C-terminal domain; HP, headpiece; MEF, mouse embry-
onic fibroblast.
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ovarian, and prostate cancer progression or metastasis as well
as the motility of cancer cell lines (for reviews, see Refs. 1 and
14). Mouse genetics point to a further role in organization of the
nervous system. Transgenic mice lacking the full-length (~130
kDa) isoform of 4.1B have impaired gait and motility associated
with ultrastructural anomalies in myelinated axons (31, 32). In
both aspects of function, 4.1B interacts with cell adhesion mol-
ecules, notably CADM1/TSLC1 (8, 36) in relation to tumor
suppression and CASPR/paranodin/neurexin-4 (CNTP1) (37)
in relation to the organization of paranodes and juxtparanodes
of myelinated axons.

To further explore the physiological function of 4.1B, we gen-
erated primary mouse embryonic fibroblast (MEF) cells from
wild type and 4.1B knock-out mice for functional analysis.
These cells express two 4.1B isoforms: 130 and 60 kDa. Trans-
lation of the 130-kDa isoform is initiated in exon 2. The 60-kDa
isoform lacks the headpiece; translation is initiated in exon 9
(a previously undescribed initiation site within the FERM
domain). Taking advantage of the fact that only 130-kDa 4.1B is
absent in the 4.1B knock-out MEF cells, we explored the func-
tion of this specific isoform. Lack of the 130-kDa 4.1B led to
impaired cell adhesion, spreading, and directional migration.
130-kDa 4.1B-deficient MEF cells also failed to form actin stress
fibers when cultured on fibronectin-coated surface. We find
that 4.1B interacts with F-actin, but in contrast to 4.1R it does
not interact directly with B1 integrin. Taken together, these
findings suggest that 130-kDa 4.1B mediates cellular behaviors
of motile cells by affecting actin skeleton organization.

EXPERIMENTAL PROCEDURES

Mice—The wild type C57BL/6 mice were purchased from
The Jackson Laboratory. The 4.1B knock-out mice in a mixed
background (38) were kindly provided by Dr. J. Kissil (The
Wistar Institute). These mice were generated by targeting the
second coding exon of the 4.1B locus, which contains sequences
coding for ATG1 (38). The 4.1B knock-out mice were back-
crossed onto C57BL/6 pure background for >10 generations.
All the mice were housed at the animal facility of New York
Blood Center under pathogen-free conditions accredited by the
American Association for Laboratory Animal Care. Animal
protocols were reviewed and approved by the Institutional Ani-
mal Care and Use Committee.

Reagents for Western Blot and Immunofluorescence—All
anti-4.1 antibodies were characterized and used in our previ-
ously published studies (39). Alexa Fluor 488-conjugated sec-
ondary antibody against mouse, rat, or rabbit IgG, monoclonal
anti B-actin antibody, Texas Red®-X phalloidin for the staining
of F-actin, TO-PRO3 for the staining of nucleus, and Alexa 488
Fluor-labeled wheat germ agglutinin were all purchased from
Invitrogen. Monoclonal anti-mouse 1 integrin (clone 9EG7),
which recognizes the active form of 51 integrin, and monoclo-
nal anti mouse B1 integrin (clone MB1.2), which recognizes
total B1 integrin, were purchased from BD Biosciences. Phos-
phatidylethanolamine-conjugated anti mouse CD49e (Integrin
a5 chain) was also purchased from BD Biosciences. GelCode®
Blue stain reagent was purchased from Thermo Scientific.

Preparation of MEF Cells and Cell Culture—Preparation of
primary MEF cells from wild type and 4.1B knock-out mice
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day-13.5 embryos were performed as described before (40). Pri-
mary MEF cells were cultured in DMEM containing 10% FBS.
For serum starvation experiments, MEF cells were plated in
DMEM containing 0.1% FBS and then incubated at 37 °C for
18 h in humidified condition. Three independently isolated
lines were used in the experiments reported here.

Western Blot Analysis—MEEF cell lysates were extracted using
ice-cold radioimmune precipitation assay buffer (Millipore) in
the presence of proteinase inhibitor mixture (Sigma) followed
by clarification of extracts by centrifugation at 14,000 rpm for
10 min at 4 °C. Protein concentrations were measured by Brad-
ford assay (Bio-Rad). 40-ug protein extracts were subjected to
10% SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were incubated with primary antibodies overnight
at4 °Cin PBST containing 5% nonfat dry milk (Bio-Rad). After
washing, the membranes were incubated with the correspond-
ing second antibody. Signals were detected by ECL system
(Thermo Scientific). When indicated, densities were quantified
using Image J.

Cloning of 4.1B cDNA from MEF Cells—Total RNA was iso-
lated from wild type and 4.1B knock-out MEF cells by the
RNeasy mini kit (Qiagen). 1 ug of RNA was reverse-transcribed
into cDNA using random primers and M-MuLV reverse tran-
scriptase (New England Biolabs). Reverse transcription was
performed according to the manufacture’s instructions (New
England Biolabs). Primers used to amplify 4.1B transcripts
were: 4.1BATGIFOR, 5'-ATGACGACCGAATCAGGATCA-
GACTCAG-3'; 4.1BATG3FOR, 5'-ATGCCAAAAAGCTCT-
CCATGTACGGGGT-3'; 4.1BRE, 5'-TCAATCCTCTCCGT-
CCTCTGGTGTGATT-3'". PCR was performed in a 50-ul
reaction mixture containing 2XHotstar Taq Plus Master Mix
DNA Polymerase (Qiagen), 10 um primer each, 200 ng of tem-
plate cDNA, and double distilled H,O. Cycling conditions were
30 s at 94 °C for denaturation, 30 s at 55 °C (for 4ATG1-4.1B),
and 60 °C (for ATG3-4.1B) for annealing, 4 min (for ATG1-
4.1B) and 2 min 30 s (ATG3-4.1B) at 68 °C for extension, and a
final extension for 5 min at 72 °C. Cycle numbers were 45 for
ATG1-4.1B and 35 cycles for ATG3-4.1B.

Plasmids Construction and Preparation of Recombinant
Proteins—For mammalian cell expression, ATG1-4.1B and
ATG-3 4.1B were cloned into pEGFP-C3 vector using restric-
tion enzymes Xhol and BamHI upstream and downstream,
respectively. The primers used were: ATG1-4.1BFOR, 5'-AAA-
CTCGAGATGACGACCGAATCAGGATCAGACTCAG-3';
ATG3-4.1BFOR, 5'-AAACTCGAGATGCCAAAAAGCTC-
TCCATGTACGGGGT-3'; 4.1BREV, the reverse primer was
5'-AAAGGATCCCGTCAATCCTCTCCGTCCTCTGGTG-
TGATT-3. Construction of His-4.1R was described previously
(41). 4.1B 130-kDa protein was cloned into pET-31b(+) with
Nsil and Xhol upstream and downstream, respectively. The
cytoplasmic domain of 81 integrin was cloned into pMAL-c2X
vector using restriction enzymes Smal and Xhol. The fidelity of
all constructs was confirmed by sequencing. The expression
and purification of His-tagged and MBP-tagged proteins were
described previously (26).

Immunofluorescence—For confocal immunofluorescence
microscopy assay, cells were grown on Lab-Tek™ Chambered
Coverglass (Thermo Scientific) pre-coated with 10 ug/ml
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fibronectin. Cells were fixed with 1% paraformaldehyde for 15
min and then permeabilized with 0.1% Triton X-100 in 0.25%
paraformaldehyde, PBS for 15 min at room temperature fol-
lowed by blocking in 10% horse serum, 0.1% Triton X-100 in
PBS for 30 min to minimize nonspecific antibody binding. The
cells were then incubated with primary antibodies at 4 °C over-
night. After washing 3 times with PBS, the cells were incubated
with the appropriate second antibody at room temperature for
30 min. For analysis of the actin cytoskeleton, cells were stained
with Texas Red-phalloidin, diluted 1:40 in Dako® antibody dil-
uent for 30 min at room temperature followed by 3 washes with
PBS. TO-PRO-3 was used to stain the nucleus. Images were
collected on a Zeiss LSM510 MET A confocal microscope using
25X /NA 0.8 objective or 63X/NA 1.4 oil immersion objective.

Adhesion Assay—Sub-confluent cells were trypsinized,
resuspended in DMEM with 10% FBS medium, and then seeded
at a density of 2 X 10* per well in 96-well plates precoated with
10 wg/ml fibronectin. After 1 or 3 h of incubation at 37 °C,
floated cells were washed away with PBS. The adherent cells
were fixed with 4% paraformaldehyde. After washing 2 times
with PBS, the cells were stained with 2% crystal violet for 10
min. After two times washing with PBS, the color was liberated
with 2% SDS and measured at 560 nm using a FLUOstar Omega
Multi-mode microplate reader (BMG Labtech).

Spreading Assay—MEF cells were plated on Lab-Tek™
Chambered Coverglass (Thermo Scientific) precoated with 10
pg/ml fibronectin and allowed to spread for 1 or 3h at 37 °Cin
complete medium. Cells were fixed in 1% paraformaldehyde for
30 min at room temperature and then labeled with Alexa Fluor
488-conjugated wheat germ agglutinin (Invitrogen) for 30 min
to better visualize the cell outlines. Cells were chosen randomly,
and surface areas were measured by LSM Image Browser (Ver-
sion 4.2). Two-tailed Student’s ¢ tests were applied to test the
statistical significance of the data.

Transwell Migration Assay—For migration assays, 8-um-di-
ameter pore transwell cell culture inserts (BD Biosciences) were
placed in 6-well plates. The underside of the insert and the
bottom of the plate surface were coated with 10 ug/ml
fibronectin at 4 °C overnight. Cells suspended in serum-starved
medium were seeded in the upper chamber of the insert (5 X
10°/well), and the complete medium was added to the lower
chamber. Then cells were incubated for 8 h to be allowed to
migrate through the pores from the insert to the lower side of
the membrane of the insert. At the end of the transwell migra-
tion assays, the chamber upper side was cleaned with a cotton
swab, and the bottom side was stained for 1 h with crystal violet
(Sigma) in 2% ethanol. Filters were then imaged with a Leica
inverted microscope. Five representative images (<10 magni-
fication) were randomly captured for each insert and used to
manually count the number of cells present. Results are pre-
sented as the mean number of cells per field = S.D.

Transient Transfection— 0.1 X 10° cells were plated in 6-well
plates 1 day before transfection. FUGENE® HD transfection
reagent (Promega) was used. The transfection was processed
after the manufacturer’s instruction. 48 h after transfection,
1.7 X 10* cells were plated and allowed to grow for 2 days to
show the location of GFP tagged protein in single or sub-con-
fluent cells; 3.5 X 10* cells were plated and allowed to grow 1
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more day after cells were confluent to show the location of GFP
tagged protein in completely confluent cells.

Co-immunoprecipitation—MEF cells were lysed with ice-
cold 1X radioimmune precipitation assay buffer (50 mm
HEPES, pH 8.3, 420 mm KCl, 0.1% Nonidet P-40, 1 mm EDTA)
in the presence of proteinase mixture (Sigma) for 30 min on ice.
Supernatant was collected after centrifugation at 14,000 X g at
4 °C for 10 min, and the concentration of protein in the super-
natant was determined by the Bradford method using BSA as
standard (Bio-Rad). 500 ug of extract was incubated with either
5 g of anti-4.1B-HP or anti-$-actin antibody in 500 ul of co-
immunoprecipitation buffer (Active Motif) at 4 °C overnight
with rotation. The immunoprecipitates were isolated with
magnetic Protein-G beads (Millipore) and separated by 10%
SDS-PAGE.

Pulldown Assay—MBP-tagged cytoplasmic domain of 1
integrin was used to pull down 4.1B or 4.1R. Amylose resin
(New England Biolabs) was washed and then suspended in 50%
PBS. 100 ul of MBP-tagged recombinant cytoplasmic domain
of B1 integrin at the concentration of 2 um was coupled to 5 ul
of amylose resin at room temperature for 1 h. Beads were pel-
leted and washed 5 times with buffer containing 150 mm NaCl,
50 mm Tris'HCl, 1 mm NaNj, 1 mMm EDTA, pH 7.4, 0.05% Tween
20. Then 100 ul of His-tagged 80-kDa 4.1R or His-tagged 130-
kDa 4.1B at the concentration of 2 um was added to the bead
pellets. The mixture was incubated for 1 h at room temperature,
pelleted, washed, and then analyzed by SDS-PAGE. The bind-
ing was detected by Western blot using anti-His antibody.

Flow Cytometry—Wild type or 4.1B knock-out MEF cells
were serum-starved for 24 h. The cells were trypsinized and
washed twice with 0.5% BSA in PBS solution. The cells were
stained with monoclonal anti-integrin-B1 antibody (clone
MBL1.2, which recognizes total surface 81 integrin) or rat anti-
mouse CD29 antibody (Clone 9EG7, which recognizes the
active form of B1 integrin) in 0.5% BSA in PBS solution for 30
min on ice. The cells were washed twice and incubated with phos-
phatidylethanolamine-conjugated anti-rat secondary antibody for
a further 30 min on ice. Flow cytometric analysis was performed
on a FACS Canto flow cytometer (BD Biosciences), and flow
data overlay plots were produced using the Cell Quest Pro soft-
ware (BD Biosciences).

BI Integrin Trafficking Assay—The experiment was per-
formed as previously described (42). Briefly, 1.7 X 10* MEF
cells were plated in Lab-Tek™ Chambered Coverglass (Thermo
Scientific) precoated with 10 ug/ml fibronectin and cultured
for 24 h. The cells were then starved for 2 h at 37 °C in DMEM
with 0.5% bovine serum albumin (Sigma) followed by a 1-h
pulse with 10 pg/ml antibody to mouse B1 integrin (9EG7) at
4 °C. To see the surface labeling of B1 integrin after a 1-h pulse,
cells were fixed, and surface-labeled B1 integrin was visualized.
The chase phase was performed in prewarmed complete cul-
ture medium at 37 °C for 10 min, 2h, and 4 h. At the end of every
chase, cells were quenched by an acid rinse (0.5% acetic acid,
0.5 M NaCl, pH 3.0) for 45 s. This treatment led to the removal
of >90% externally bound antibody. To visualize the internal-
ized B1 integrin, the cells were then fixed, permeabilized, and
stained with Alexa Fluor® 488-conjugated anti rat antibody.

JOURNAL OF BIOLOGICAL CHEMISTRY 5927



Protein 4.1B and Actin Cytoskeleton

A WT 41B KO WT 4.1B KO B Exon2 Exon9
250 250 WT 41BKO WT 41BKO
130 120 enmm—
| e R
T AmasiBEP Anti-4.1B Exonl3
C Ul (HP) FERM FA U2 SABU3 CTD
2 4 5 6 7 8 9 1011 12 13 14 17 17C 18 19 20 21

130kDa 4.1B
(ATG1-4.1B)

ATGl
ATG3

910 11 12 13 14

60kDa 4.1B
(ATG3-4.1B)

- HHEHHE
!

IR HH-

17 17C 18 19 20 21

FIGURE 1. Expression of 4.1B in MEF cells. A, immunoblot analysis of 4.1B expression in WT and 4.1B KO MEF cells. 40 g of protein lysates were probed with
polyclonal rabbit antibody against 4.1B head piece or 4.1B Exon 13. B, amplification of 4.1B cDNAs from MEF cells. The ATG1 or ATG3 4.1B transcripts were
amplified as described under “Experimental Procedures.” Sizes of each PCR product, expressed in base pair (bp), are indicated. C, exon maps and protein
structure of MEF cell 4.1B. Translation initiation sites are indicated (ATG-1, ATG-3). Domains are shown as described in the Introduction.

RESULTS

Two 4.1B Isoforms Are Expressed in Primary MEF Cells—As a
first step to investigate the role of 4.1B in MEF cells, we exam-
ined the expression of 4.1B by Western blot. For this, we used
two antibodies, anti-HP (antibody to peptide within the N-ter-
minal headpiece encoded by exon 2) and anti-exon 13. So far as
is known, exon 13 is a constitutive exon, expressed in all 4.1B
isoforms. Fig. 1A shows that anti-4.1B HP antibody recognized
a 130-kDa band in wild type but not 4.1B knock-out MEF cells.
However, when anti-4.1B exon 13 antibody was used in addi-
tion to the 130-kDa band, a 60-kDa band was also observed that
was present in both wild type and 4.1B knock-out MEF cells.

To characterize the exon composition of these two 4.1B iso-
forms and to confirm that the 60-kDa band is indeed 4.1B, we
amplified 4.1B transcripts by reverse transcript-PCR (RT-
PCR). Previous studies have documented two translation initi-
ation sites for 4.1B, ATG1 in exon 2 and ATG2 in exon 4 (43).
The fact that the 130-kDa band is recognized by anti-HP anti-
body implies that it is translated from ATG1 located in exon 2.
Known isoforms of 4.1B translated from ATG2 are 100 kDa
(43). Therefore, the size of the 60-kDa band suggests that the
translation of this 4.1B isoform is initiated downstream of both
ATG1 and ATG2. The next in-frame ATG occurs in exon 9
(amino acid 285 in the full-length protein, Uniprot:Q9WV92),
which we term ATG3. Thus, for RT-PCR, we used two forward
primers starting from ATG1 and ATG3. Amplification of 4.1B
coding region using forward primers starting from the ATG1 or
ATG3 and a reverse primer at the end of the coding region
(exon 21) resulted in amplification of a 2628-bp and a 1814-bp
PCR product, respectively (Fig. 1B).
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Consistent with Western blot analysis, the 2628-bp tran-
script was amplified from wild type but not 4.1B knock-out
MEF cells, whereas the 1814-bp transcript was amplified from
both wild type and 4.1B knock-out MEF cells. PCR products
were cloned in plasmid vectors; 4 individual 2628-bp products
were fully sequenced as were 4 1814-bp products; sequences of
the replicates were identical to each other. Their sequences are
given in the EMBL database with the accession number for the
60-kDa 4.1B HG738869 and the accession number for the 130-
kDa HG738870.

As shown in Fig. 1C, 130-kDa 4.1B contains exons encoding
full-length FERM (exons 4-11), FA (exon 12) and full-length
CTD (exons 18 —21). In terms of SAB domain, whereas exon 17
is present, exon 16 is missing. The U2 and U3 regions are
encoded by exons 13-14 and exon 17C, respectively. The
60-kDa form is identical to the 130-kDa form but lacks poly-
peptide encoded by exons 2— 8; therefore, it lacks the headpiece
(exon 2 and the beginning of exon 4), the whole of the N-termi-
nal lobe of the FERM domain, and about half of the central lobe
(exons 4. —8).

Thus we have identified two distinct 4.1B isoforms in MEF
cells. The finding that the 60-kDa 4.1B is still present in 4.1B
knock-out MEF cells suggests that the 4.1B knock-out mice do
not represent a complete knock-out.

Distinct Localization of the Two 4.1B Isoforms in MEF Cells—
To examine the localization of endogenous 130-kDa 4.1B, we
stained the MEF cells using anti-4.1B HP antibody (this only
recognizes 130kDa 4.1B but not 60-kDa 4.1B; see Fig. 1A). Fig.
2A shows that in isolated MEF cells, the 130-kDa 4.1B is pre-
dominantly located at perinuclear region. It is also located in
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FIGURE 2. Localization of 4.1B in MEF cells. A, localization of endogenous 130-kDa 4.1B. MEF cells were cultured on fibronectin-coated surface to reach
different confluent conditions as indicated. The cells were then fixed and stained using anti-4.1B HP antibody. 4.1B KO MEF cells were used as the negative
control. B, localization of exogenously transfected GFP-130-kDa 4.1B. GFP-130-kDa 4.1B was transiently expressed in 4.1B KO MEF cells. The cells were cultured
as described, then fixed. The images were taken using confocal microscopy. C, localization of endogenous 60-kDa 4.1B. 4.1B KO MEF cells were cultured on
fibronectin-coated surface to reach different confluent conditions as indicated. The cells were then fixed and stained using anti-4.1B exon 13 antibody. Cells
stained with secondary antibody only were used as a negative control. D, localization of exogenously transfected GFP-60-kDa 4.1B. GFP-60-kDa-4.1B was
transiently expressed in 4.1B KO MEF cells. The cells were cultured as described, then fixed. The images were taken using confocal microscopy. All pictures were

taken with oil-immersed 63X objective. Scale bar, 20 um.

cytoplasm and plasma membrane primarily at ruffling edges
(Fig. 24, left). Under subconfluent conditions, when cells start
to make contact, in addition to the cytoplasmic and perinuclear
distribution, it is recruited to areas of cell-cell contact (Fig. 24,
second panel). In completely confluent cells, the 130-kDa 4.1B
is very strongly enriched at cell-cell contacts (Fig. 24, third
panel). As a control, probing 4.1B knock-out MEF cells with
this antibody revealed only a weak background stain (Fig. 24,
fourth panel).

We also examined the localization of exogenously trans-
fected GFP-130kDa 4.1B. Fig. 2B shows that localization of
GFP-130kDa 4.1B is similar to that of endogenous 130kDa 4.1B
(Fig. 2B, first to third panels). Furthermore, in moving cells, the
GFP-130-kDa 4.1B is accumulated at the leading edge with
additional evidence of stress fiber location (Fig. 2B, fourth
panel).

Furthermore, we examined the localization of both endoge-
nous 60-kDa-4.1B and exogenously expressed GFP-60-kDa-
4.1B. As shown in Fig. 2, C and D, both endogenous and exog-

askviEe

FEBRUARY 28, 2014 «VOLUME 289-NUMBER 9

enous 60-kDa-4.1B are diffusely distributed in cytoplasm as
well as in nucleus under all conditions (isolated cells, subcon-
fluent, complete confluent, and moving cells). These data indi-
cate that differential mRNA splicing of 4.1B controls cellular
location and that polypeptide encoded by exons 2— 8 is required
for location at sites of cell-cell contact and in motility-related
structures.

Expression and Localization of Other 4.1 Family Members in
Wild Type and ATG1-4.1B-deficient MEF Cells—To examine
the expression of 4.1 family members in MEF cells and to exam-
ine the effect of 130kDa 4.1B deficiency on other 4.1 family
members, we compared the expression and localization of 4.1R,
4.1N, and 4.1G in wild type and ATG1-4.1B-deficient MEF
cells.

Fig. 3A shows that 4.1R, 4.1G, and 4.1N are also expressed in
MEEF cells. Notably, both 4.1R and 4.1N are up-regulated,
whereas 4.1G is unchanged in 130-kDa 4.1B-deficient MEF
cells. Quantitative analysis from three independent experi-
ments is shown in Fig. 3B, and it reveals a 1.5-fold increase for
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FIGURE 3. Expression and localization of 4. 1N, 4.1R, and 4.1G in WT and 4.1B KO MEF cells. A, immunoblot analysis. Total lysates (40 ug protein) were
probed with antibodies against 4.1N HP, 4.1R exon13, and 4.1G HP. GAPDH was used as the loading control. B, quantitative analysis of immunoblot. The results
from three independent experiments were shown. **, p < 0.01. C, immunofluorescence staining. Cells were cultured on fibronectin-coated surface. One day
after the cells reached confluence, the cells were fixed and stained using antibodies as indicated. All pictures were taken with oil-immersed 63 X objective. Scale

bar, 20 pm.

both 4.1R and 4.1N (in both cases p < 0.01). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as control in
these analyses.

Immunofluorescence staining (Fig. 3C) showed that 4.1R,
4.1G, and 4.1N are located at sites of cell-cell contact in plasma
membrane of confluent cells in both wild type and 130-kDa
4.1B-deficient MEF cells, indicating that the localization of
these 4.1 family members are not affected by the lack of 130-
kDa 4.1B.

Impaired Adhesion, Spreading, and Migration of 130-kDa
4.1B-deficient MEF Cells—The finding that the 130-kDa 4.1B
isoform is localized at the leading edge of the moving cells sug-
gests a possible role of the 130-kDa 4.1B in cellular behaviors
such as adhesion, spreading, and migration. To test this, we
examined the adhesion of the cells to the fibronectin-coated
surface. Fig. 44 shows that at 1 or 3 h after plating, the adhesion
of 130-kDa 4.1B-deficient MEF cells to the surface was 60 and
40% less than that of wild type MEEF cells, respectively. We then
examined the cell spreading on fibronectin-coated surface.
Representative images of cells that were allowed to spread for
3 h are shown in Fig. 4B; note the reduced spreading areas of
130-kDa 4.1B-deficient MEF cells. Quantitative analysis from
45 cells revealed a 50% reduction in the spreading area of the
4.1B KO MEF cells at 1 and 3 h (Fig. 4C). Importantly, the
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impaired spreading was rescued by re-expression of GFP-130-
kDa 4.1B but not by GFP-60-kDa 4.1B (Fig. 4, D and E). The
expression of GFP-130-kDa 4.1B and GFP-60-kDa 4.1B in 4.1B
KO MEF cells was confirmed by Western blot using the anti-
GFP antibody (Fig. 4F).

Directional migration of wild type and 4.1B KO MEF cells
was examined using a transwell migration assay. Fig. 4G shows
that the proportion of 4.1B KO MEF cells that migrated toward
fibronectin through the pore of the transwell cell culture inserts
is ~30% relative to wild type cells. Collectively, these data dem-
onstrate a novel role for 130-kDa 4.1B in regulating cell adhe-
sion, spreading, and migration.

Altered Actin Skeleton Organization of 130-kDa-4.1B-defi-
cient MEF Cells—Protein 4.1R associates with actin and plays
important roles in actin organization (20, 22, 44). Because 4.1R
and other members of the family have a common domain that
binds actin (the SABD) (11), protein 4.1B may likewise have
roles in actin organization. To explore the mechanisms by
which lack of 130-kDa 4.1B led to impaired cell adhesion,
spreading, and migration, we examined the actin stress fiber
formation of wild type and 130-kDa 4.1B-deficient MEF cells.
For this, cells were allowed to spread for 3 h, and actin filaments
were stained with Texas Red®-X phalloidin. Fig. 54 shows rep-
resentative images of endogenous actin filaments in these cells.
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numbers were counted. The averages from three experiments are shown. ***, p < 0.001.

Quantitative analysis is shown in Fig. 5B, which reveals that
>80% of wild type MEF cells exhibited robust actin stress fibers.
In contrast, >70% of 130-kDa-4.1B-deficient MEF cells failed
to form the well defined actin stress fiber. Instead, actin fila-
ments in these cells were restricted to the cell periphery and
often ran parallel to the plasma membrane.

To further analyze the role of 130-kDa 4.1B in regulating the
organization of actin stress fiber, we transfected 130-kDa 4.1B-
deficient MEF cells with GFP-130-kDa 4.1B or GFP-60-kDa
4.1B and examined the actin stress fiber formation. Fig. 5C
shows that the impaired actin stress fiber formation was res-
cued by re-expression of GFP-130-kDa 4.1B but not by GFP-
60-kDa 4.1B. Quantitative analysis is shown in Fig. 5D which
demonstrates that the robust actin stress fiber was seen in
~85% GFP-130-kDa 4.1B-transfected cells, whereas it was only
seen in ~20% GFP-transfected cells or GFP-60-kDa 4.1B-trans-
fected cells.

askviEe
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To test if 130-kDa 4.1B can interact with actin in MEF cells, we
performed a co-immunoprecipitation assay to examine the bind-
ing of 4.1B with B-actin in situ. As shown in Fig. 5E, B-actin was
pulled down together with 4.1B by anti-4.1B HP antibody. Recip-
rocal co-immunoprecipitation assay using anti-B-actin antibody
shows that 4.1B was pulled down together with B-actin. 130-kDa
4.1B-deficient MEF cells were used as a negative control. Together
with the previous finding that 4.1B directly binds to actin in vitro
(11), these findings suggest that 4.1B directly binds to actin and
modulates its organization in MEF cells.

It has been shown that lack of 4.1R in erythrocytes resulted in
reduced levels of actin and disorganized actin skeleton (20). To
examine whether the failure of actin stress fiber formation
observed in 130-kDa 4.1B-deficient MEF cells could also be due
to decreased expression of actin, we compared the expression
of actin in these cells. No differences were observed (Fig. 5, F
and G).
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anti-actin antibody. A GAPDH immunoblot is shown as a loading control (F). Quantitative analysis from three independent experiments is shown in G.

Decreased Surface Expression of B1 and oS5 Integrin in 130-
kDa 4.1B-deficient MEEF Cells—Because the 130-kDa 4.1B-de-
ficient MEF cells showed defects in spreading and motility on
fibronectin, we examined the B1 integrin in these cells. 81
integrin is a fibronectin receptor. Previous studies revealed that
4.1R regulates cell adhesion, spreading, migration, and motility
of mouse keratinocytes by modulating surface expression of 81
integrin (22). Cell surface expression of 81 integrin was ana-
lyzed by flow cytometry. Both the surface expression of total 1
integrin and active form 1 integrin were decreased by 40% in
130-kDa 4.1B-deficient MEF cells (Fig. 6, A and B). As the
extent of decreased surface expression and activity of 1 integ-
rin was similar, the decreased activity was probably due to the
decreased surface expression.

It is well known that 1 integrin pairs with a5 to form the
51 integrin heterodimer, the main fibronectin receptor. We
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then examined the surface expression of a5 by flow cytometry.
Fig. 6, A and B, shows that the surface expression of o5 integrin
was also declined by ~30% in 130-kDa 4.1B-deficient MEF
cells. Western blot analysis revealed that the expression levels
of both total B1 integrin and a5 integrin in 130-kDa 4.1B-defi-
cient MEF cells were similar to wild type MEF cells (Fig. 6, Cand
D).

To examine whether 4.1B binds to 1 integrin in MEF cells,
we performed a co-immunoprecipitation assay using either
anti-4.1B or anti-B1 integrin antibody. Fig. 6E shows that 81
integrin was not pulled down by anti-4.1B HP antibody and that
4.1B was not pulled down by anti-B1 integrin antibody.

In vitro analysis was also consistent with lack of direct inter-
action between 4.1B and 1 integrin. The cytoplasmic domain
of B1 integrin was expressed in Escherichia coli as a fusion with
MBP as well as MBP alone; 130-kDa 4.1B and 80 kDa 4.1R were
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anti-His tag antibody. Note that MPB-B1 integrin cytoplasmic domain binds to 4.1R but not 4.1B and that neither 4.1 protein binds MBP alone.

expressed as His-tagged proteins in E. coli (Fig. 6Fa) (note that
for reasons that are unclear, MBP-B1 migrates faster on SDS-
PAGE than MBP alone). MBP-tagged cytoplasmic domain of
B1 integrin, but not MBP alone, was able to pull down 80-kDa
4.1R (as shown previously (22)) but not 130-kDa 4.1B (Fig 6Fb).
It should be noted that the 4.1B we used for this in vitro binding
was able to bind to cytoplasmic domain of EGF receptor (data
not shown), indicating that lack of interaction with 81 integrin
was not due to simple inactivity of the construct. Our data indi-
cate that 4.1R and 4.1B control the cellular properties of 81
integrin though distinct mechanisms.

Impaired BI1 Integrin Trafficking in 130-kDa 4.1B-deficient
MEF Cells—Integrins are continuously internalized and recy-
cled to the cell membrane (45). To explore the mechanisms by
which a lack of 130-kDa 4.1B leads to the decreased surface
expression of B1 integrin, we performed fluorescence pulse-
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chase studies using 9EG7 anti-mouse 1 integrin monoclonal
antibody to monitor the distribution of internalized 81 integrin
over time. Fig. 7, A and B, shows the representative images of
surface labeling of B1 integrin on WT and 4.1B-deficient MEF
cells after a 1-h pulse at 4 °C. Quantitative analysis from 50 cells
of each type is shown in Fig. 7C, which demonstrates that the
relative B1 integrin immunofluorescence intensity per um? in
130-kDa 4.1B-deficient MEF cells is similar to that of WT MEF
cells. Fig. 7, D—F, shows that the internalized 1 integrin after a
10-min chase was similar between WT and 4.1B-deficient MEF
cells, implying that the initial antibody uptake is comparable
between the two cell types. After 2 h of chase, internalized S1
integrin in WT cells were mainly dispersed in peripheral vesi-
cles (Fig. 7G); in contrast, in 4.1B-deficient cells, the internal-
ized B1 integrin vesicles were accumulated around the perinu-
clear region (Fig. 7H). Quantitative analysis reveals that
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although the perinuclear accumulation of 81 integrin was seen
in <18% WT cells, it was seen in >64% of 4.1B-deficient cells
(Fig. 7I). Upon 4 h of chase, the WT cells were mostly devoid of
fluorescence (Fig. 7/, indicating that B1 integrin recycling is
almost complete); however, at the same time point, 81 integrin
was still observed at the perinuclear region within 4.1B-defi-
cient cells (Fig. 7K). Quantitative analysis reveals that after 4 h
of chase, around 2 times (1 integrin were retained in 4.1B-
deficient cells than that of WT cells (Fig. 7L). These findings
together imply that B1 integrin trafficking was impaired in the
absence of 130-kDa 4.1B.

DISCUSSION

Because the discovery that 4.1B/DAL-1 is associated with
lung cancer (34), much attention has focused on the role of 4.1B
as a tumor suppressor (for reviews, see Refs. 14 and 46). How-
ever, most such studies have been conducted using cancer cell
lines. The physiological function of 4.1B in primary cells (i.e.
non-tumor derived) remains largely unexplored. In the present
study using primary MEF cells derived from wild type and 4.1B
knock-out mice, we found that 130-kDa 4.1B, but not 60-kDa
4.1B, is required for normal adhesion, spreading, and migration
of MEF cells. Furthermore, 130-kDa 4.1B interacts with actin
and is required for formation of stress fibers; it also controls cell
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surface expression of (1 integrin by mediating B1 integrin
trafficking.

It has been well documented that by utilizing alternative first
exons as well as alternative pre-mRNA splicing of numerous
internal exons, the 4.1 genes can encode a remarkable array of
tissue-specific and cell- and development-specific protein iso-
forms (5). One aspect of this is that the headpiece of 4.1R con-
trols the activity of the FERM domain (47); differential expres-
sion of the headpiece during erythrocyte development is taken
as reflecting functional differentiation of 4.1R isoforms in this
pathway (48). In the case of 4.1B, a high molecular mass iso-
form, 200 kDa, has a selective role in the Golgi trafficking of
several transmembrane proteins (39). Our data here bring new
focus on the specific cellular functions of 4.1B isoforms in that
only one of two 4.1B isoforms is required for the normal adhe-
sion, spreading, and migration phenotypes of a primary cell
type.

The 130-kDa 4.1B-deficient cells also appear to have a mech-
anism that attempts to compensate for loss of 130-kDa 4.1B.
4.1R and 4.1N are up-regulated in these cells (Fig. 3). Similar
patterns of compensation are seen in other systems; in the 4.1R
knock-out mouse (which has ATG1 and ATG2 knocked out),
4.1G is up-regulated in CD4" cells, keratinocytes, and car-
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diomyocytes (22, 23, 49); 4.1N also is up-regulated in CD4™"
cells (23). Nevertheless, despite their comparatively close
sequence similarity as well as a range of common binding activ-
ities, such compensation is inadequate physiologically.

Data in Fig. 1 identify a novel translation initiation codon in
exon 9 that leads to the generation of a 60-kDa protein. Inter-
estingly, this 60-kDa isoform is still present in MEF cells and in
kidney (39) as well as many other tissues (data not shown) of
4.1B knock-out mice. The 4.1B transgenic mice used here were
made by targeting exon 3 (38). Initiation of translation in exon
9 should not be affected by this transgenic construct; hence,
these mice represent an incomplete knock-out.

Although a large body of evidence from clinical samples and
tumor cell lines strongly suggest the role of 4.1B as a tumor
suppressor and metastasis suppressor (for reviews, see Refs. 14
and 46), the lack of spontaneous tumor formation in 4.1B
knock-out mice prompted Yi et al. (38) to conclude that 4.1B
does not function as a tumor suppressor. Our data suggest that
this conclusion may be compromised, because this mouse
strain is an incomplete knock-out.

Data reported here on primary cells stand in interesting con-
trast to some of the data reported for 4.1B/DAL-1 in cancer
lines. For example, in Schwannoma cells, it has been reported
that 4.1B impairs cell motility and disrupts the actin cytoskele-
ton during cell spreading and that it does not bind actin (50).
However, these analyses were done by overexpression of a trun-
cated form of 4.1B initiated at ATG2 and lacking the CTD using
cell lines that already expressed native levels of 4.1B, so the
experiments are not directly comparable to ours.

In sarcoma cells, loss of 4.1B has been reported to be associ-
ated with metastasis (27). Paralleling our observations on MEF
cells, in sarcoma cells 4.1B is required for stress fiber formation.
But sarcoma cells in which 4.1B was knocked down with siRNA
displayed increased motility (27). Although the behavior of sar-
coma cells reported in Cavanna et al. (27) stands in contrast to
the present report, there are significant methodological differ-
ences between the two accounts. The cell types used were dif-
ferent. Moreover, in our transwell assays we examined the
behavior of cells 8 h after seeding, whereas Cavanna et al. (27)
analyzed cells that had been grown for 24 h or more on
substrates.

There is increasing evidence for a role for interactions
between the 4.1 proteins and integrins (22, 51-54). Data in Fig.
6 indicate that 4.1B does not bind 1 integrin directly, unlike
4.1R (22), although both control the level of cell surface expres-
sion and activity (albeit in different cell systems). 4.1B has been
shown to bind 38 integrin via the CTD (53), and the two coop-
erate together in heart morphogenesis (51). 4.1B and 4.1G
together regulate spreading of primary astrocytes (52). Conser-
vation of the CTD is high between the four 4.1 proteins, and so
all 4.1 proteins bind B8 integrin (53). 4.1R, therefore, has the
prospect of cross-linking different integrin complexes via the
FERM domain (B1 integrin) and CTD (B8 integrin). Whether
analogous processes operate with 4.1B is unclear; in the future it
will be important to understand whether or not the 4.1B FERM
domain also binds another integrin.

Our findings leave a conundrum in relation to the activities
of 130-kDa 4.1B. Clearly, the 60-kDa cannot compensate for the
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absence of the 130-kDa, and yet the 60-kDa form contains all
the best characterized functional sites. The 60-kDa 4.1B
sequence retains the binding site for CADM1/TSLC1 (8), a cell
adhesion molecule that binds to the C-terminal lobe of the
FERM domain, the SABD (which binds actin) (11). and the
CTD (which binds 38 integrin) (53). It also retains exons equiv-
alent to the “core” of 4.1R (55), which bind IQGAP1 and recruit
it to the leading edge of motile cells (44). Exons 2—8 must,
therefore, encode the critical activities that distinguish the 130-
from the 60-kDa protein. In relation to the known structure for
4.1 proteins, the major interactive sites lost in the MEF 60-kDa
4.1B would be the N-terminal lobe and the fully folded struc-
ture of the central lobe of the FERM domain. In 4.1R these bind
multiple transmembrane proteins (20) as well as being required
for interaction with phosphatidylinositol-4,5-biphosphate (56).
One possibility is that lack of exons 2—8 means that 60-kDa
4.1B cannot be recruited to the plasma membrane via FERM
domain interactions, and so activities of the SABD and/or CTD
that require membrane localization cannot function. We also
note that both 130-and 60-kDa 4.1B proteins lack exon 16,
which is associated with high affinity spectrin-actin binding
(11); presumably the critical activities of 130-kDa 4.1B do not
include high affinity spectrin-actin binding.

Our findings on 4.1B reported here give new insight into
isoform-specific functions of this protein, which is required
both in normal physiological processes and in tumor suppres-
sion and metastasis. In relation to motility-related processes,
they have implications in both normal physiology and can-
cer. A major challenge for the future will be to define the
activities encoded in exons 2— 8, which encode isoform-spe-
cific functions.
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