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LL5 Directs the Translocation of Filamin A and SHIP2 to
Sites of Phosphatidylinositol 3,4,5-Triphosphate
(Ptdins(3,4,5)P;) Accumulation, and Ptdins(3,4,5)P;
Localization Is Mutually Modified by Co-recruited SHIP2™
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Phosphatidylinositol 3,4,5-triphosphate (PtdIns(3,4,5)P;)
accumulates at the leading edge of migrating cells and works,
at least partially, as both a compass to indicate directionality
and a hub for subsequent intracellular events. However,
how PtdIns(3,4,5)P; regulates the migratory machinery has
not been fully elucidated. Here, we demonstrate a novel mecha-
nism for efficient lamellipodium formation that depends on
PtdIns(3,4,5)P; and the reciprocal regulation of PtdIns(3,4,5)P;
itself. LL58, whose subcellular localization is directed by mem-
brane PtdIns(3,4,5)P;, recruits the actin-cross-linking protein
Filamin A to the plasma membrane, where PtdIns(3,4,5)P, accu-
mulates, with the Filamin A-binding Src homology 2 domain-
containing inositol polyphosphate 5-phosphatase 2 (SHIP2). A
large and dynamic lamellipodium was formed in the presence of
Filamin A and LL58 by the application of epidermal growth fac-
tor. Conversely, depletion of either Filamin A or LL58 or the
overexpression of either an F-actin-cross-linking mutant of
Filamin A or a mutant of LL58 without its PtdIns(3,4,5)P;~
interacting region inhibited such events in COS-7 cells.
Because F-actin initially polymerizes near the plasma
membrane, it is likely that membrane-recrnited Filamin A
efficiently cross-links newly polymerized F-actin, leading
to enhanced lamellipodium formation at the site of
PtdIns(3,4,5)P, accumulation. Moreover, we demonstrate
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that co-recruited SHIP2 dephosphorylates PtdIns(3,4,5)P; at
the same location.

Directed migration is crucial in many biological events,
including morphogenesis during development, accumulation
of immune cells to the site of infection, and metastasis of cancer
cells. A lamellipodium (a sheet-like process composed of actin
filaments) must be formed correctly at the leading edge of a cell
for smooth and efficient migration. Following stimulation with
a chemoattractant, phosphatidylinositol 3-kinase (PI3K)® is
locally activated, resulting in the transient accumulation of
PtdIns(3,4,5)F; onthe leading edge of directed migrating amoe-
bas and leukocytes (1). PtdIns(3,4,5)P, works, at least in part, as
a cell compass that translates external signals into directed cell
movement (2). However, how PtdIns(3,4,5)P; contributes to
the appropriate formation of a lamellipodium, or conversely,
how lamellipodium formation influences PtdIns(3,4,5)P; accu-
mulation has not been fully elucidated. For proper lamellipo-
dium formation, the intraceliular network of actin filaments
{(F-actins) must be regulated both dynamically and precisely.
Such networks are composed primarily of cross-linked and
branched F-actins. Previous work has shown that Filamin A
cross-links F-actins and is indispensable for lamellipodium for-
mation, whereas the Wiskott-Aldrich syndrome protein family
verprolin homologous (WAVE) proteins are invelved in branch
formation (3-5).

Proteins involved in signal transduction and cytoskeletal
dynamics intéract with membrane phosphoinositides through
their pleckstrin homology (PH) domains; such interactions

®The abbreviations used are: Pi3K, phosphatidylinositol 3-kinase; Pidins,
phosphatidylinositol; Ptdins(3,4,5)P,, phosphatidylinositol 3,4,5-triphos-
phate; ABD, actin-binding domain of Filamin A; ARNO, ARF nucleotide-
binding site opener; PH, pleckstrin homology; FR, filamin repeats; COS-7,
African green monkey SV40-transfected kidney fibroblast cell line; EGF,
epidermal growth factor; GFP, green fluorescent protein; EGFP, enhanced
green fluorescent protein; F-actin, actin filament; HA, hemagglutinin;
SHIP2, Src homology 2 domain-containing inositol polyphosphate 5-phos-
phatase 2; MALDI-TOF, matrix-assisted laser desorption ionization/time of
flight; RNAi, RNA interference; shRNA, short hairpin RNA; VSV, vesicular
stomatitis virus.
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and a PH domain that is highly specific for PtdIns(3,4,5)P; (10,
11). It has been reported that LL58 binds to exogenous Filamin
A, as well as Filamin C (12), in vitro. However, the LL58 and
Filamin A regions required for binding and the biological sig-
nificance of LL5B-Filamin A binding have not been experimen-
tally explored.

It has been shown that SHIP2 is a critical component of a
negative feedback loop that regulates PtdIns(3,4,5)P, levels in
nerve growth factor-stimulated PC12 cells, together with the
constitutively active phosphatidyl inositol-3 (PtdIns-3) phos-
phatase, phosphatase and tensin homologue deleted on chro-
mosome 10 (PTEN) (13). This suggests that SHIP2 contributes
to establishing a narrow accumulation of PtdIns(3,4,5)P, in the
membrane. Because PtdIns(3,4,5)P; works as an internal com-
pass of polarity in directed migrating cells, SHIP2 is likely to
help a cell respond accurately and dynamically to external sig-
nals that impart directionality by increasing PtdIns(3,4,5)P;
levels in a leading edge of the cell. Previous studies have dem-
onstrated that SHIP2 binds to Filamin A and that Filamin A is
essential for the translocation of SHIP2 to the membrane ruffle.
Moreover, recombinant SHIP2 regulates PtdIns(3,4,5)P;
levels and the distribution of submembranous actin at mem-
brane ruffles following growth factor stimulation (14). How-
ever, it remains elusive as to how and what molecules control
SHIP2 and Filamin A translocation to the membrane, where in
the cell periphery SHIP2 translocates, how membranous
PtdIns(3,4,5)P; levels are regulated by translocation of SHIP2,
and how submembranous actins are controlled.

EXPERIMENTAL PROCEDURES

Details of experimental procedures are provided in the
supplemental Experimental Procedures.

Isolation of LL5B cDNA—The full-length human LL58 cDNA
(GenBank™ accession number AJ496194) was cloned from a
human placenta ¢cDNA library (BD Biosciences).

Plasmid Vectors—Full-length LL58 cDNA was subcloned
into pEGFP-C3 (plasmid vector for expressing enhanced green
fluorescent protein-C3, Clontech) to generate pEGFP-LL58. In
addition, expression vectors for human LL5p lacking the first
156 amino acid residues (pEGFP-LL5BAN1, we designated this
vector as AN1), 323 amino acid residues (pEGFP-LL5BAN2 as
AN2), and 488 amino acid residues (pEGFP-LL5BAN3 as AN3)
were generated using pEGFP-C3. pEGFP-C3 was also used
for enhanced green fluorescent protein (EGFP) expression
in COS-7 cells. Procedures for generating AN4, ANS5, A2-a to
A2-e, LL5BAPH, and LL5B-VSV are described in the sup-

plemental Experimental Procedures. Other protein expression
vectors were constructed using pCAGGS so that the cDNAs
would be driven under a modified chicken B-actin (CAG) pro-
moter. We used pCAGGS-hemagglutinin (HA)-tagged Filamin
A (pCAGGS-HA-Filamin A) (15). The following vectors were
also generated: pCAGGS-HA-Filamin A truncated mutant 1
(Filamin AA1), pPCAGGS-HA-Filamin A truncated mutant 2 (Fil-
amin AA2), pCAGGS-HA-Filamin A truncated mutant 3
(Filamin AA3), and pCAGGS-HA-Filamin without repeat 24
(Filamin A AFR24). In addition, various vectors that expressed
Val-Val-Val-Val-Val (V5)-His-tagged Filamin A fragments
were constructed: CH1CH2, which contains the actin-binding
domain 1 (CH1) and domain 2 (CH2) of Filamin A; FR24, which
contains the filamin repeat (FR, also called immunoglobulin-
like-B-sheet motif) 24 of Filamin A; and FR23H2, which con-
tains the filamin repeat 23 and hinge 2 (H2) of Filamin A. The
generation of Filamin AAABD (ABD, actin-binding domain)
has been described previously (15). For Filamin C expression,
we used pBudCE4-Filamin C (made using pZP7-Filamin C, a
generous gift from Dr. D. W. Chung, and pBudCE4 from
Invitrogen). Full-length rat SHIP2 (GenBank accession number
NM_022944) cDNA was subcloned into pCAGGS-GFP or
pmCherry-N1 (Clontech) to generate SHIP2-expressing vec-
tor, where mCherry is a mutant fluorescent protein derived
from the tetrameric Discosoma sp. red fluorescent protein
(DsRed). The PH domain of rat ADP-ribosylation factor (ARF)
nucleotide-binding size opener (16, 17) (ARNO, GenBank
accession number NM_053911, gift from Dr. T. Balla) was sub-
cloned into pCAGGS-GFP vector to generate EGFP-ARNQ/
PH-expressing vector. The PH domain of mouse general recep-
tor for phosphoinositides 1 (18) (GRP1, GenBank accession
number BC035296.1) was subcloned into pEGFP-C1 to gener-
ate EGFP-GRP1/PH-expressing vector.

Antibodies—The following antibodies were used: anti-GFP
antibody that can recognize EGFP (MBL Medical and Bio-
logical Laboratories, Nagoya, Japan), anti-Filamin A antibody
(MAB1678, Chemicon), anti-HA antibody (sc-805, Santa Cruz
Biotechnology, Santa Cruz), anti-a-tubulin (DM1A, Sigma),
anti-VSV antibody (P5D4, Sigma), anti-pan-cadherin antibody
(CH-19, Sigma), anti-glyceraldehyde-3-phosphate dehydrogenase
antibody (14C10, Cell Signaling Technology, Danvers, MA), anti-
rabbit IgG (Sc-2027, Santa Cruz Biotechnology), anti-V5 antibody
(Invitrogen), anti-f actin antibody (AC-40, Sigma), anti-FLAG
antibody (F3165, Sigma), anti-PtdIns(3,4,5)P; antibody (F3165,
NN111.1.1, MBL Medical and Biological Laboratories), Alexa

FIGURE 1. LL5 8 binds to Filamin A through its CH1CH2 or repeat 24. A, distribution of Filamin A in COS-7 cells without exogenous LL5 3. Scale bar = 10 um.
B, left and middle columns, following EGF application, exogenous EGFP-LLS 3 (green) and endogenous Filamin A (red) colocalized at the plasma membrane
{arrowheads). Right column, endogenous Filamin A (red) and endogenous LL53 (green) were visualized in COS-7 cells that had been cultured without serum for
18 h. They accumulated near the plasma membrane at 10 min after the addition of 10% serum. Scale bar = 10 um. C, following EGF application, exogenous
EGFP-tagged ARNO/PH (EGFP-ARNO/PH) (green) and endogenous LL58 (red) colocalized at the plasma membrane (arrowheads). Scale bar = 10 um. D, lysates
from COS-7 cells expressing EGFP-LLS B were subjected to immunoprecipitation (/P) with an anti-GFP antibody or rabbit IgG (control). Endogenous Filamin A
(~280 kDa, arrow) was co-immunoprecipitated with EGFP-LL5. E, schematic drawings show the various truncated Filamin A mutants. They were tagged with
HA at their amino termini. EGFP-LL5 was co-expressed in COS-7 cells with one of the truncated Filamin A mutants, as shown on the /eft, followed by
immunoprecipitation with anti-GFP antibody or rabbit IgG {(control) and detection with anti-HA antibody. Filamin A mutants (Filamin AA1-A3) were co-
immunoprecipitated. CHT and CH2, actin-binding site 1 and 2, respectively. H1 and H2, hinge 1 and 2. Numbers (1-24) indicate the FR number. F, CH1CH2, FR24,
or FR23H2 (Filamin repeat 23 and hinge 2) tagged with V5 were co-expressed with EGFP-LLS 3. EGFP-LL53 was co-immunoprecipitated with CH1CH2 or FR24
but not FR23H2 (arrowhead). G, full-length Filamin A (arrowhead) or Filamin AAABD (arrow) tagged with HA was co-immunoprecipitated with EGFP-LLS .
H, full-length Filamin A (arrowhead) or Filamin A AFR24 (arrow) tagged with HA was co-immunoprecipitated with EGFP-LL5p.
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Fluor 568 phalloidin (Invitrogen). Anti-LL58 polyclonal anti-
body was generated in cooperation with SIGMA Genosys Japan
(Ishikari, Japan).

Cell Culture and DNA Transfection—COS-7 cells were used.
Vectors were transfected using PolyFect transfection reagent
(Qiagen, Hilden, Germany) or FuGENE 6 transfection reagent
(Roche Diagnostics). To increase Ptdlns (3,4,5)P; in the plasma
membrane, cells were cultured without serum for 16 ~18 h and
then cultured with epidermal growth factor (EGF) for 2 min or
serum for 10 min. Human melanoma cell lines M2 and A7 were
maintained as reported previously (4). FuGENE HD (Roche
Diagnostics) was used to transfect these cells.

F-actin Staining Immunocytochemistry, Analyses of Cell Mo-
tility, and Reverse Transcription-PCR—Conventional proto-
cols were used.

Immunoprecipitation, Western Blotting (Immunoblotting)
Analyses, and MALDI-TOF Mass Spectrometry—Immunopre-
cipitation was performed with Dynabeads (Dynal, Hamburg,
Germany) coated with antibodies specific to rabbit or mouse
1gG. Matrix-assisted laser desorption ionization/time of flight
(MALDI-TOF) mass spectrometry (Bruker Daltonics, Billerica,
MA) was used for protein identification.

RNA Interference—Three different constructs of LL58 short
hairpin RNA (shRNA) were prepared in the mouse U6 snRNA
promoter (mUé6pro) vector (mU6pro-LL5B-RNAi), which
has a mouse U6 promoter (15). Their sequence targets were
nucleotides 177-197, 2246-2266, and 3647-3667 of the
human LL58 cDNA. These shRNAs were termed LL58-
shRNA1, LL5B-shRNA2, and LL58-shRNA3 and such vectors
were called LL58-RNAil, LL5B-RNAi2, and LL5B-RNAi3,
respectively. For co-transfection, a molar ratio of 1 (EGFP
expression plasmid) to 2 (LL58-RNAI or empty mU6pro vec-
tor) was employed. Empty shRNA vector was used as a control.

Wound-healing Assay—Overconfluent COS-7 cells were co-
transfected with pEGFP-C3 and mU6pro-LL5B8-RNAI vector
or pEGFP-C3 and control vector. Empty shRNA vector was
used as the control vector. After 36-48 h, the confluent cell
layer was disrupted followed by a 3-h incubation. After fixing
and staining with rhodamine-phalloidin, cells at the defect edge
expressing EGFP were observed, and the numbers of cells with
or without lamellipodia were counted.

PI3K Inhibition and Time-lapse Observation—For PI3K inhi-
bition experiments, cells were cultured for 1824 h followed by
the addition of wortmannin (Sigma, final concentration 100
nM) or LY294002 (Sigma, final concentration 10 um). Time-
lapse observation was started (time 0) in a CO, incubation

chamber (5% CO, at 37 °C) fitted onto a confocal microscope.
Images were obtained every 1-2 min for 15 minto 1 h. Confocal
images or live cell images were captured. Images were obtained
using an AxioCam (Carl Zeiss, Oberkochen, Germany).

Subcellular Fractionation—Subcellular fractionation was
performed using the ProteoExtract subcellular proteome
extraction kit (Calbiochem) in accordance with the manu-
facturer’s instructions. Utilizing the different extraction
buffers in the kit, four different fractions were separated. The
Triton-insoluble membrane/organelle fractions are shown in
Fig. 5E. The amounts of the pan-cadherin (as reference for
membrane proteins) and glyceraldehyde-3-phosphate dehy-
drogenase were used as internal controls.

Statistical Analyses—Significant differences, as indicated by
» <0.01, were determined by the non-parametric Mann-Whit-
ney U test or £ test.

RESULTS

First of all, we experimentally examined the relationship
between LL58 and Filamin A (Fig. 14) and their regions
responsible for interaction. We expressed LL58, tagged with
EGFP at its amino terminus (EGFP-LL5B), in COS-7 cells to
determine whether LL58 colocalizes with endogenous Filamin
A (Fig. 18). EGFP-LL5B and endogenous Filamin A colocalized
primarily at the cell periphery after EGF application (final con-
centration, 100 ng/ml; Fig. 1B, left and middle columns), as
reported previously (11). Endogenous LL53 (supplemental Fig.
S1) colocalized with endogenous Filamin A at the cell periphery
by serum stimulation (Fig. 1B, right column). Previous work has
demonstrated that PI3K is activated by EGF (17) or by serum
stimulation (19). EGFP-tagged ARNO-PH, which specifically
binds to PtdIns(3,4,5)P;, has been used as a PtdIns(3,4,5)P,
detector (16, 17). Two minutes after EGF application, ARNO-
PH accumulated at the cell periphery together with endoge-
nous LL5B (Fig. 1C), suggesting that LL58 translocates where
PtdIns(3,4,5)P; localizes. EGF-induced accumulation of
PtdIns(3,4,5)P; at the cell periphery was further confirmed by
another PtdIns(3,4,5)P, detector GRP1/PH (18) or immunocy-
tochemical techniques (supplemental Fig. S2).

The interaction between LL58 and Filamin A was confirmed
by immunoprecipitation. Cell lysates from COS-7 cells express-
ing EGFP-LL5B, an anti-GFP antibody that is capable of recog-
nizing EGFP, and an anti-Filamin A antibody were used. This
anti-Filamin A antibody did not cross-react with Filamin C in
lysates from Filamin C-overexpressing COS-7 cells (data not
shown). Filamin A, which is ~280 kDa (3, 20), was co-immu-

FIGURE 2. The LL58-Filamin A complex changes its subcellular localization depending on the level of membrane phosphatidylinositol 3,4,5-triphos-
phate. A, schematic drawings show full-length and various truncated mutants of LL5B. a.a., amino acids, CC, putative coiled-coil region. B, HA-Filamin A was
co-immunoprecipitated with EGFP-LL5 BAPH as well as EGFP-LL5 3 {(arrowhead). C, endogenous Filamin A was co-immunoprecipitated (/P) inwith LL5 8 or LL53
mutants AN1, AN2, AN2-a, AN2-d, or AN2-e. D, AN2-e tagged with EGFP was expressed in COS-7 cells and then immunoprecipitated with anti-GFP antibody.
Immunoprecipitates were subjected to SDS-PAGE. Filamin A detected by MALDI-TOF mass spectrometry is noted (arrowhead). The arrow indicates the IgG
heavy chain band. E, the PI3K inhibitor LY294002 was applied to CQS-7 cells expressing EGFP-LL5p. Exogenous EGFP-LL5S (green) as well as endogenous
Filamin A (red) exhibited a punctate distribution with little expression at the cell periphery. The two proteins colocalized well. Each inset shows higher
magnification views of the area indicated by the square in the same panel. Scale bar = 10 um. F, temporal profiles of subcellular localization of EGFP-LLS3
(green). The PI3Kinhibitor wortmannin (100 nwm) was applied to COS-7 cells at time 0. Each inset shows higher magnification views of the area indicated by the
square in the same panel. Translocation of EGFP-LL5[3 to the cytosol as well as puncta formation began in about 14 min. The cell edge is indicated by
arrowheads. Scale bar = 10 wm. G, EGFP-LLSBAPH (green) showed a punctate distribution in COS-7 cells, colocalizing well with endogenous Filamin A {red),
which also exhibited a punctate distribution. Scale bar = 10 um. H, EGFP-LLS 3 (green) accumulated in the membrane in 80 s following the application of EGF
{final concentration of 100 ng/mi) in COS-7 cells that had been serum-starved for 18 h. Each inset shows higher magnification views of the area indicated by the
pentagon in the same panel. Arrowheads indicate the recruitment of EGFP-LLS near the plasma membrane. Scale bar = 10 um.
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FIGURE 3. Knockdown of LL5 8 decreases cell motility and lamellipodium
formation. A, LL53-RNAI2 or LL5 3-RNAi3 were co-transfected with the EGFP-
LL5B expression vectorin COS-7 cells. The knockdown efficiency of each RNAI
was evaluated by estimating the EGFP signal intensity. 8, EGFP expression
vector and empty mUépro vector (control) (left) or EGFP expression vector
and LL5S-RNAi vector (LL5 3-RNAi 2) (right) were transfected into COS-7 cells
that had been cultured under low cell density conditions. EGFP images
(green) were acquired at an interval of 120 min and merged together after the
color of the later images had been converted to red. Knockdown of LLS3
resulted in a decrease in cell motility. Scale bar = 50 um. C, to quantify cell
motility, the migrated distance (mean = S.E) of each nucleus during the 120-
min interval was measured for each group (n = 50 each). * indicates statistical
significance (p < 0.01). D, the EGFP expression vector was transfected into
COs-7 cellstogether with an empty mU6pro vector (control) (upper panels) or
LL53-RNAi vector (lower panels). EGFP-positive (transfected) cells were stud-
ied. F-actin localization was visualized simultaneously with rhodamine-phal-
loidin or Alexa Fluor 568 phalloidin. Knockdown of LL5 3 resulted in the fre-
quent formation of small protrusions (arrowheads) and in a decrease in
lamellipodium formation. Scale bar = 10 wm. £, the number of cells with
lamellipodia (with an edge line equal to or longerthan 10 jum) in panef Dwas
counted among randomly selected EGFP-positive cells (mean = S.E).n = 90
for both cases {three independent experiments, n = 30 each). * p < 0.01.
F, the peripheral distribution of endogenous Filamin A was impaired by
knocking down LL5£. Only fiber-like Filamin Awas observed in small protru-
sions (arrowheads). The EGFP expression vector was co-transfected, and
EGFP-positive cells were studied (EGFP images were not shown). Scale bar =
10 pm. G, culture medium containing 100 ng/ml EGF was added (0 min) to
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noprecipitated with EGFP-LL58 (Fig. 10). We then searched
for the region of Filamin A responsible for this interaction. Fil-
amin A, which usually exists as a homodimer, contains an ami-
no-terminal actin-binding domain that precedes 24 immuno-
globulin-like 3-sheet motifs (FR, filamin repeats) (Fig. 1E). The
last FR (FR 24) is responsible for homodimerization (20). Using
three deletion mutants of amino-terminally HA -tagged Filamin
A that lack different regions of the immunoglobulin-like-3-
sheet motifs (Filamin AAl-Filamin AA3), we identified the
domain of Filamin A responsible for its interaction with LL58
(Fig. 1E). Even Filamin AA3, which includes hinge 1 but lacks
FR1-23, was co-immunoprecipitated with EGFP-LL53 (Fig.
1E). We next assessed the ability of the two actin-binding motifs
(CH1, CH2), FR24 and hinge 2 (H2) of Filamin A, to bind to
EGFP-LL5B. Two Filamin A fragments, CH1CH2 and FR24,
but not FR23H2, were co-immunoprecipitated with EGFP-
LL5B (Fig. 1, £ and F). Furthermore, HA-tagged Filamin A
without actin-binding domain (HA-Filamin A AABD) or with-
out FR24 (HA-Filamin A AFR24) was co-immunoprecipitated
with EGFP-LL58 (Fig. 1, E, G, and H). These results suggest that
both the actin-binding domain and the FR24 of Filamin A are
responsible for an interaction with LL58.

We next determined which domains of LL58 are required for
this interaction (Fig. 24). First, we generated a mutant of LL58
that lacks the PH domain (LL5BAPH). HA-tagged Filamin A
was co-expressed with EGFP-tagged LL5B (EGFP-LL5B) or
EGFP-tagged LL5BAPH (EGFP-LL5BAPH) in COS-7 cells fol-
lowed by lysis and immunoprecipitation with an anti-GFP anti-
body. Co-immunoprecipitated HA-tagged Filamin A was
observed with the similar intensity in lysates from cells co-ex-
pressing either EGFP-LL58 or EGFP-LL5BAPH (Fig. 28), indi-
cating that the PH domain is not required for binding to Filamin
A. We then used various truncated forms of LL583 with N-ter-
minal EGFP tags to search for regions of LL5 responsible for
Filamin A binding. A Filamin A interaction occurred with AN1
and AN2, but not with the AN3, AN4, or AN5 mutants of LL58,
indicating that a domain present in AN2 but not AN3 is respon-
sible for this interaction. We then further truncated this
domain and found that AN2-a, but not AN2-b or AN2-c, could
interact. Finally, we discovered that a 33-amino acid region (323~
356, AN2-¢) was sufficient for binding (Fig. 2C). This binding
region of LL58 was different from what has been previously doc-
umented (12). To confirm our observation, we expressed AN2-e in
COS-7 cells and identified co-immunoprecipitated proteins using
MALDI-TOF mass spectrometry. Then, Filamin A was identified
(Fig. 2D). We reconfirmed our results.

Because the PH domain of LL58 is specifically sensitive to
PtdIns(3,4,5)P, (10), we next examined whether the recruit-
ment of LL5B to the lamellipodia is driven by PtdIns(3,4,5)Ps.
Because the phosphorylation state of PtdIns(3,4,5)P; is regu-
lated by the phosphorylation of phosphatidylinositol 4,5-bi-
phosphate by PI3K, COS-7 cells with exogenous EGFP-LL5f3
were treated with the PI3K inhibitor, 1Y294002. After this

COS-7 cells expressing EGFP-LLS3 or EGFP-LLSSAPH after being cultured
without serum for 18 h. EGFP-LLS S-expressing cells responded strongly and
dramatically changed their morphology, whereas those with EGFP-LL5BAPH
did not. Scale bar = 20 um.
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treatment, EGFP fluorescence was distributed in a punctate
manner and colocalized with endogenous Filamin A (Fig. 2E;
supplemental Fig. $3; supplemental Video 1). No accumulation
of Filamin A was observed at the cell periphery. Our time-lapse
study gave us more detailed information on how this redistri-
bution took place. Puncta were formed in COS-7 cells about 14
min after treatment with the PI3K inhibitor, wortmannin
(Fig. 2F). The EGFP-LL58 signal was not observed in lamelli-
podia after this treatment (Fig. 2F). This observation was fur-
ther investigated by overexpressing EGFP-LL5BAPH. EGFP-
LL5BAPH did not localize to the plasma membrane but
colocalized well with endogenous Filamin A in a punctate dis-
tribution in the cytoplasm (Fig. 2G). This result is consistent
with the demonstration of LL5BAPH binding to HA-tagged
Filamin A (Fig. 2B). We further examined the spatiotemporal
regulation of LL58 in response to PtdIns(3,4,5)P,. We added
EGF to the culture medium after serum depletion for 16-18 h
and continuously observed changes in EGFP-LL58 localization.
Recruitment of EGFP-LL5P to the plasma membrane was first

A CEVEN

MAY 21, 2010+ VOLUME 285-NUMBER 21

204
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FIGURE 4. Filamin A is necessary for induction of lamellipodium formation by LL5. A, EGFP expression
vector or EGFP-LL5 S expression vector was transfected into COS-7 cells, A7 cells (which contain Filamin A), and
M2 cells (which lack Filamin A). Very large lamellipodia were developed in the presence of EGFP-LL5 in COS-7
cellsand A7 cells but notinthe M2 cells. Scale bar = 10 um. B, 2 whole-cell area was measured from 50 cells; cells
were randomly selected in each case (mean * SE). * p < 0.01. Cand D, M2 cells expressing EGFP-LLS 3 and
Filamin AAABD or EGFP and Filamin AAABD were cultured without serum for 18 h. EGF (final concentration 100
ng/ml) was then added into the culture medium (time 0). Approximately 2 min after EGF addition, small
pseudopods (arrowheads) were transiently generated. The images were merged with their differential inter-

tion, and by 112 s, EGFP-LL5B accu-
mulated along the plasma membrane
(Fig. 2H; supplemental Video 2).
These data suggest that LL58
changes its subcellular localization
quickly enough to chase changeable
PtdIns(3,4,5)P, distribution (supple-
mental Fig. 54 and supplemental
Video 3).

The ability of LL58 to bind to Fil-
amin A, a protein crucial for cell
motility (20), suggests that LL58 is
also involved in motility control.
To investigate the function of LL53,
we carried out LL58 knockdown
experiments using RNA interfer-
ence (RNAI). Of the three different
shRNA constructs against LL583, we
found that LL53-RNAi2 and LL58-
RNAi3 suppressed the expression of
EGFP-LL5B with similar efficiency
(Fig. 34; supplemental Fig. $5). In
the following experiments, we pri-
marily used LL5B-RNAi2 to sup-
press LL5B expression in COS-7
cells, but LL53-RNAi3 gave us sim-
ilar results (supplemental Fig. S6).
LL5B-RNAi reduced cell motility
when compared with control cells
under low cell density conditions
where cells could move freely (Fig. 3,
B and C). We then employed a
wound-healing assay to determine
whether there was any alteration to
the cell-crawling machinery (Fig. 3,
D and E). In this assay, quiescent
cells in an overconfluent state usually
develop lamellipodia in response to
the removal of neighboring cells. We found that “typical lamel-
lipodia” (defined as edge lines equal to or more than 10 um
long) were not properly formed in cells with LL58-RNAI.
Instead, small protrusions that contained F-actin (with edge
lines less than 10 um long) were observed (Fig. 30). The fre-
quency of cells with lamellipodia was estimated with or without
LL5B-RNAIL Knockdown of LL58 resulted in a decrease in lamel-
lipodium formation (Fig. 3£), suggesting that LL5p is essential for
lamellipodium formation in COS-7 cells. Moreover, when LL53
expression was down-regulated by the RNAI technique in COS-7
cells, the distribution of Filamin A near the plasma membrane was
significantly altered (Fig. 3F). Reduced formation of lamellipodia
and a fiber-like distribution of Filamin A were observed in the
small protrusions seen in LL58 knockdown cells. In contrast,
LL5B overexpression resulted in the formation of large lamel-
lipodia (Figs. 3G, upper row, and 44, left and middle panels). In
response to EGF, COS-7 cells with exogenous LL58 became
very active (supplemental Video 4), whereas those with exoge-
nous LL5SBAPH did not (Fig. 3G, lower row), indicating that the
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FIGURE 5. LL5 8 directs membrane localization of SHIP2, and Ptdins(3,4,5)P, localization is mutually modified by co-recruited SHIP2. In the following
cases, cells were serum-starved for 16-18 h and then stimulated with the final concentration of 100 ng/mi EGF for 2 min. A, LL53 tagged with VSV (LL53-VSV)
was co-expressed with EGFP-SHIP2 in COS-7 cells. VSV signals (red) accumulated near the plasma membrane 2 min after EGF stimulation. Scale bar = 10 pum,
B, SHIP2 tagged with mCherry (SHIP2-mCherry) and EGFP-LL53 or EGFP-LL5BAPH were co-transfected inta COS-7 cells. SHIP2-mCherry {red) and EGFP-LLS3
(green) accumulated near the plasma membrane (upper row), whereas SHIP2-mCherry and EGFP-LLSPAPH (green) did not (lower row). Scale bar = 10 um.
C, knockdown of LL53 resulted in a decrease in the membrane localization of SHIP2 (lower row). Empty mU&pro vectors were used for control. Scale bar = 10
um. D, the frequency of cells with membrane-localized SHIP2 in panel C was determined among randomly selected EGFP-positive cells (mean = S.E, three
independent experiments, n = 50 cellseach).*, p < 0.01.£, knockdown of LL5 8 resulted in reduced membranetranslocation of EGFP-SHIP2. COS-7 cellsin pane/
C were subjected to subcellular fractionation. The amount of SHIP2 in the membrane fractions was analyzed by immunoblotting with anti-GFP antibody.
Unexpectedly, a-tubulin was decreased in LL5f3 knockdown cells. The amounts of cadherins (detected by pan-cadherin antibody) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were used as a reference. Fand G, LLS 3-VSVand EGFP-SHIP2 expression vector were transfected into A7 cells and M2 cells.
LL5B-VSV (red) and EGFP-SHIP2 (green) accumulated near the plasma membranein A7 cells (F), but notin M2 cells (G), by the addition of EGF. Scale bar = 10 pum.
H, EGFP-ARNO/PH, SHIP2-mCherry, and control (empty mUépro vector) or LL5 3-RNAI2 were co-transfected into COS-7 cells. Knockdown of LL5 3 resulted inan
increase in membrane-localized EGFP-ARNO/PH (green). Scale bar = 10 pm. ], the frequency of cells with membrane-localized EGFP-ARNO/PH in panel H was
determined among randomly selected EGFP-positive cells {(mean = SE, three independent experiments, n = 50 cells each). ”, p < 0.01.
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FIGURE 6. Role of the LL5B-Filamin A-SHIP2 complex during Ptdins(3,4,5)P,-mediated directed migration. In directed migrating cells, Ptdins(3,4,5)P;
accumulates in theirleading edge. LL53 controls the spatial distribution and activity of Filamin A depending onthe localization of membranous PtdIns(3,4,5)P;
{shown as PIP,). LL53 enhances lamellipodium formation by possibly increasing the cross-linking of newly polymerized F-actin at the plasma membrane
(shown in red) by recruiting the F-actin-cross-linking molecule, Filamin A, to the plasma membrane. SHIP2 is co-recruited to sites of Ptdins(3,4,5)P; accumula-
tion by LL5P3 via Filamin A, and then it reciprocally dephosphorylates Ptdins(3,4,5)P; to phosphatidylinositol 3,4-biphosphate (Ptdins(3,4)P,, shown as PIP,).

PH domain of LL58 is critical for this action. Because the PH
domain of LL58 is primarily sensitive to PtdIns(3,4,5)P;(10, 11)
and because PtdIns(3,4,5)P; is generated at the plasma mem-
brane upon EGF application (17), it is probable that the binding
of LL58 to membrane PtdIns(3,4,5)P; induced this cellular
response.

Because LL58 overexpression in COS-7 cells resulted in the
enlargement of the peripheral area (including lamellipodia) of
cells, we next examined whether Filamin A is involved in this
response. M2 cells, in which LL58 mRNA was not detected
(data not shown), are derived from a human melanoma and do
not express Filamin A, whereas A7 cells are generated by stably
transfecting Filamin A ¢cDNA into M2 cells (4). These cells
express a molar ratio of Filamin A to actin comparable with that
found in cells normally expressing Filamin A (4). The LL58-
induced enlargement was observed in A7 cells as well as COS-7
cells, but not in M2 cells (Fig. 4, A and B), suggesting that
enlargement induced by LL58 overexpression requires Filamin
A. Theversatility of Filamin A led us to ask whether the F-actin-
cross-linking activity of Filamin A is essential for this enlarge-
ment. Filamin A dimerized through their carboxyl termini, and
then dimerized Filamin A cross-linked two F-actin molecules
through their ABD at their amino termini (15, 21). Thus, we
transfected a Filamin AAABD expression vector (15) into M2
cells and examined the Filamin A F-actin-cross-linking activity
to that observed in A7 cells. Application of EGF resulted in the

ACEEVEN

MAY 21, 2010+ VOLUME 285-NUMBER 21

206

formation of small pseudopods, but not proper lamellipodia, in
M2 cells transfected with EGFP-LL58 and Filamin AAABD

_ (Fig. 4C). Therefore, the actin binding activity, or probably

the F-actin-cross-linking activity, of Filamin A is crucial for
the LL58-mediated formation of lamellipodia. Because EGF
induced small pseudopods in M2 cells transfected with Fil-
amin AAABD even in the absence of LL58 (Fig. 4D), it is
unlikely that LL5B is involved in the formation of these small
pseudopods.

We next sought to determine whether LL5 directs translo-
cation of SHIP2-Filamin A complex. As reported (14), SHIP2
interacts with Filamin A (data not shown). By contrast, direct
interaction between SHIP2 and LL58 was not observed
(supplemental Fig. §7), suggesting that LL58 directs subcellular
localization of SHIP2 via Filamin A. Two minutes after EGF
stimulation, EGFP-tagged SHIP2 (EGFP-SHIP2) or mCherry-
tagged SHIP2 (SHIP2-mCherry) localized to the cell periphery
with LL58 (Fig. 5, A, lower row, and B, upper row) but remained
in the cytosol in the presence of LLSBAPH (Fig. 5B, lower row).
As expected, SHIP2 colocalized well with Filamin A (Fig. 5C,
upper row), but translocation of SHIP2 to the cell membrane
was observed less in LL58 knockdown COS-7 cells (Fig. 5, C,
lower row, and D). Supporting this observation, the amount of
SHIP2 in the membrane fraction was reduced in LL58 knock-
down COS-7 cells (Fig. 5E). These data indicate that Filamin A
is an intermediate between LL58 and SHIP2. Indeed, translo-
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cation of EGFP-SHIP2 and LL58 to the cell periphery was
observed in A7 cells (Fig: 5£). In M2 cells (Filamin A-deficient
A7 cells), LL5B was translocated to the cell periphery, leaving
SHIP2 in the cytosol, following EGF stimulation (Fig. 5G). It
was of interest that the amount of a-tubulin was also decreased
in LL5B knockdown cells (Fig. SE). Because it has been reported
that SHIP2 regulates PtdIns(3,4,5)P; at membrane ruffles (14)
and because it has also been proposed that SHIP2 mediates
negative feedback on the accumulation of PtdIns(3,4,5)P; (13),
we examined whether SHIP2, which is directed by LL58
through Filamin A, regulates membrane PtdIns(3,4,5)P;. We
found that ARNO-PH, one of the widely used PtdIns(3,4,5)P5
detectors (16, 17) (supplemental Figs. S2 and 54 and sup-
plemental Video 3), showed a greater accumulation at the
plasma membrane in LL58 knockdown cells (Fig. 5, H and I).
This suggests that SHIP2, which is directed by LL5p, is very
likely to regulate membrane PtdIns(3,4,5)P,.

DISCUSSION

We demonstrate here that LL58 is essential for quick Filamin
A-dependent SHIP2 translocation in response to membrane
PtdIns(3,4,5)P;, fast enough to chase PtdIns(3,4,5)P, changes,
and the reciprocal control of membrane PtdIns(3,4,5)P,
through SHIP2, as well as the enhanced lamellipodium for-
mation induced by PtdIns(3,4,5)P; (Fig. 6). It has been reported
that v-ral simian leukemia viral oncogene homolog A (RalA)
targets Filamin A in filopodia (22). In addition, faint membrane
localization of mutated SHIP2 that lacks Filamin A-interacting
domain, is observed after 5 min of EGF stimulation (14). This is
consistent with the fact that SHIP2 is capable of associating
with p130“** and localizes to membrane ruffles and focal adhe-
sions (23).

Because F-actin primarily grows near the plasma membrane
by polymerizing globular actins at its plus end (24) and because
cells do not form lamellipodia (large protrusions) in response to
EGF application in the presence of the non-membrane-associ-
ating LLSBAPH mutant, it is likely that increasing the cross-
linking of newly polymerized F-actins by membrane-recruited
Filamin A helps a cell to form lamellipodia. It is of interest that
Filamin A can regulate the formation of small membrane pro-
trusions without its actin-cross-linking activity. Indeed, small
pseudopods were formed in M2 cells transfected with Filamin
AAABD in response to EGF.

LL5p, as well as Filamin A, is apparently versatile because
the amount of a-tubulin in the membrane fraction was
decreased by LL5B knockdown. It has been reported that
LL5B binds to cytoplasmic linker-associated proteins
(CLASPs) (25), which attach to the plus ends of microtu-
bules, thereby modulating microtubule stabilization (26).
Therefore, it is possible that LL58 synchronizes actins and
microtubules, thereby coordinating cytoskeletal compo-
nents for efficient migration.

It has been shown that SHIP2 is a critical component of a
negative feedback loop that regulates PtdIns(3,4,5)P; levels and
is likely to help a cell respond accurately and dynamically to
external signals that impart directionality (13). We show here
that SHIP2 translocates directlyto sites of PtdIns(3,4,5)Ps accu-
mulation with Filamin A, which is dependent on LL58. Consid-
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ering that LL5B accumulates to the membrane in response to
EGF application within a few minutes, it is plausible that SHIP2
follows changes in PtdIns(3,4,5)P, without a substantial delay.
Therefore, it is likely that SHIP2, Filamin A, and LL58 help a
cell to move in one direction smoothly. Moreover; the ability
of PtdIns(3,4,5)P; and SHIP2 to regulate various cellular
responses, such as the insulin response (27), and the reciprocal
regulation of PtdIns(3,4,5)P; with Filamin A-LL58B reported
here suggest that these findings are significant for the general
understanding of such events, and possibly, for the understand-
ing of related diseases.
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Letter to the Editor

$2554X mutation in the filaggrin gene is asso-
ciated with allergen sensitization in the Japa-
nese population

To the Editor:

Atopic diseases such as atopic dermatitis (AD) and allergic
rhinitis are some of the most common diseases in developed
societies, and the number of patients with these diseases is
increasing. These diseases are caused by interactions between
genetic and environmental factors; some patients develop various
atopic diseases concurrently, whereas others show a gradual
progressxon from one manifestation of allergy to the next (atopic
march),’ thereby indicating common genetic/environmental fea-
tures among atopic diseases.

Skin barrier dysfunction may contribute to the allergen pene-
tration responsible for AD and predate the development of asthma
and allergic rhinitis.”> Filaggrin (filament-aggregating protein;
FLG) has been reported to play an important role in skin-barrier
formation and hydration. FLG aggregates the keratin cytoskele-
ton to facilitate the collapse and flattening of keratinocytes in
the outermost skin layer. Null mutations in FLG are associated
with AD in various populations, and some mutations showed as-
sociations with rhmms and allergen sensitization in white pediat-
ric populations.® In a recent study, Flg-deficient mice showed a
predisposition to sensitization after percutaneous exposure to an
allergen and developed cutaneous inflammatory infiltration and
allergen-specific immune responses after allergen sensitization.*
‘We previously reported that the null allele of FLG showed statis-
tically significant association with AD, and this association was
stronger in the Japanese patients with the only-AD phenoxype-»--
that is, patients with AD without other atopic diseases.” However,
the effects of FLG null mutations on other atopic conditions have
not been investigated in Asian populanons In the current study,
we genotyped 4 FLG null mutations in the Japanese general pop-
ulation and studied the association between these mutations and
atopic phenotypes.

Between 2003 and 2007, 1575 hospital workers and university
students were invited to participate in this study. All the partic-
ipants were of Japanese origin and were residents of Fukui
prefecture, Japan. The characteristics of the study population are
shown in Table I. Asthma was diagnosed on the basis of whether
patients answered that they had ever been diagnosed with asthma
by a doctor. Allergic rhinitis was diagnosed on the basis of a pos-
itive history of rhinitis during the pollenseason and/or all seasons,
and high levels of allergen-specific IgE antibodies in the serum
(RAST score >class 2). Total and specific IgE (produced in re-
sponse to Japanese cedar, Dermatophagoides, Dactylis glomerata,
Ambrosia artemisiifolia, Candida albicans, and Aspergillus) were
measured by using the CAP-RAST method (Pharmacia Diagnos-
tics AB, Uppsala, Sweden), and positive allergic sensitization was
defined if the levels of 1 or more specific IgE molecules were
greater than or equal to 0.70 TU/mL (class2). All the participants
gave their written informed consent to participate in the study.
The study was approved by the ethical committees of the Univer-
sity of Tsukuba and the University of Fukui, Japan.

Genomic DNA was extracted from whole-blood samples by
using a DNA-isolation kit (QuickGene-810%; Fuji, Tokyo, Japan).
The 3321del A genotype was determined by sizing a fluorescently

61
62
63
TABLE I. Characteristics of the study population (1499 subjects) 64
Sex 65
(male:female) 466:1033 Q7 66
Age (y), mean * SD 323 %97 g;
Asthma (current and past) 104/1093 69
Allergic rhinitis 575/1093
Sensitization 1014/1499 70
Total IgE (IU/mL), 65.6 (range, <5-24,000) 71
geometric mean 72
73
Specific IgE Prevalence {range, 74
{Ua/mL), Ua/mL) Qs 75
Mite 39% (<0.34-100) 76
Japanese cedar 62% (<0.34-100) 77
Dactylis glomerata 26% (<0.34-100) 78
Ambrosia artemisiifolia 12% (<0.34-32) 79
Candida albicans 6.5% (<0.34-35.8) 80
Aspergillus 3.3% (<.034-9.]) QO 81
Total IgE values of <5 IU/mL have been considered as 0.1 TU/mL for the sake of 82
Jculations. The p ¢ of specific IgE was calculated as the prop of 83
subjects with specific IgE titer of >0.70 Ua/mL. 84
85
labeled PCR fragment on an Applied Biosystems 3100 DNA Se- 86
quencer (A é;phed Biosystems, Foster City, Calif) as described 87
previously.” §2554X, $2889X, and $3296X were genotyped on 88
TagMan Assay-by-Design system for single nucleotide polymor- 89
phism genotyping (Applied Biosystems). The accuracy of geno- 90
typing was confirmed by using dlrect sequences/restriction 91
fragment length polymorphism analys:s of samples obtained 92
from all carriers and selected noncarriers of the null mutations. 93
The genetic effects of the association between the case-control 94
status and each individual single nucleotide polymorphism were 95
estimated by logistic regression analysis after adjusting for sex 96
and age; the analysis was performed by using R version 2.7.0 97
(http://www.r-project.org/). The Fisher exact test was applied 98
when the genotype counts were 0 and logistic regression could 99
not be performed. 100
Among the 1575 participants, we obtained DNA samples and 101
information on total and specific IgE levels for 1499 participants. 102
Among these, 1093 subjects completed the asthma/rhinitis ques- 103
tionnaire, whereas 98 subjects (6.5%) had at least 1 FLG null mu- 104
tation, and 1 subject was a combined heterozygote for null 105
mutations. There was no deviation from the Hardy-Weinberg 106
equilibium (P > .05). The results of the association study are 107
shown in Table II. FLG mutations were not associated with [T2] 108
asthma and allergic rhinitis (P > .05). However, allergen sensiti- 109
zation was more common in the §2554X carriers (P = .013), and 110
the trend toward association was observed in the 3321delA car- 111
riers (P = .078). However, the more common null mutation, 112
52889X, was not associated with allergen sensitization (P > 113
.05), resulting in the disappearance of the association in the com- 114
bined results (P > .05). 115
This is the first population-based study on the effects of FLG 116
null mutations in the atopic phenotypes in Asian populations, 117
and specific null mutations were found to be associated with aller- 118
gen sensitization. In large population-based studies, a detailed 119
clinical diagnosis of asthma and rhinitis cannot be easily per- 120

formed, and careful examination of the subjects can yield stronger

1
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TABLE Il. Results of association study with atopic phenotypes in 98 subjects with filaggrin null mutations
Phenotype AA Aa aa Pvalue OR (95% Cl)
Asthma/without asthma
3321delA 104/976 0/13 0/0 98 NA
$2554X 104/980 0/9 0/0 98 NA
52889X 99/947 5/42 0/0 .86 1.09 (0.42-2.85)
$3296X 104/980 0/9 0/0 98 NA
Combined 99/917 5171 /1 36 0.65 (0.25-1.65)
Allergic rhinitis/without allergic rhinitis
3321delA 567/513 8/5 0/0 53 1.43 (0.46-4.41)
§2554X 569/515 6/3 0/0 .37 1.89 (0.47-7.61)
$2889X 552/494 23124 0/0 .60 0.85 (0.48-1.54)
§3296X 571/513 4/5 0/0 .61 0.70 (0.18-2.66)
Combined 5351481 39/37 1/0 90 0.97 (0.61-1.55)
Sensitization/without sensitization
3321delA 10007483 1472 0/0 078 3.81 (0.86-16.89)
$2554X 10017485 13/0 0/0 013 NA
52889X 9771467 3718 0/0 .99 0.99 (0.56-1.77)
$3296X 10047480 10/5 0/0 94 0.96 (0.32-2.85)
Combined 9417460 7225 1/0 1 1.47 (0.91-2.35)

AA, Wild-type for the mutation: Aa, | ygote for the

ion: aa, homozygote for the mutation or a compound heterozygote for mutations: NA, not applicable: OR, odds ratio, Q0

The number of subjects with a particular genotype is represented in the following form: number of subjects with the phenotype (cg, asthma)/number of subjécts without the

phenotype (eg, asthma).

estimates of associations. Allergic rhinitis showed high preva-
lence in the subjects in this study; nearly half of the subjects
were affected. This is a result of the high prevalence (31.4% to
39.1%) of Japanese cedar pollinosis among adults age 20 to 49
years.

The reason for the association between specific null mutations
and allergen sensitization remains to be determined, but our AD
case-control samples also showed a similar trend; the odds ratios
for the development of AD were 5.0 in the case of $2554X and
2.27 in the case of S2889X (see this article’s Methods and Table
El in the Online Repository at www.jacionline.org). Similar
trends were also observed in white populations.” FLG consists
of 10 to 13 FLG tandem homologous sequence units, and each
null mutation is linked to a particular FLG homologous unit.
Therefore, we speculated that the effects of FLG null mutations
vary according to their locations and units.

The current study has a number of limitations. In a majority. of
the subjects with FLG null mutations, the mutations did not show
an association with allergen sensitization. Furthermore, our study
population contained only a small number of subjects with
$2554X null mutations. In addition, the lack of independent gen-
eral populations for use in replication analysis may weaken our
observations. Future studies should aim to identify the precise
mechanisms of FLG null mutations in the development of atopic
phenotypes.
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METHODS

Subjects

For a case-control study of AD, 376 independent patients with AD (age 16~
64 years; mean, 29.7 years) were recruited. AD was diagnosed in subjects
according to the criteria of Hanifin and Rajka."’ All patients had pruritus, a
typical appearance of AD, and a tendency toward chronic or chronically re-
lapsing dermatitis. Control subjects for the case-control study were 923
healthy adults (age 19-78 years: mean, 46.2 years) with no history of any al-
lergic disease. The subjects were the same in our previous study.™ A full ver-
bal and written explanation of the study was given to patients and controls, and
subjects who gave informed consent participated in this study. This study was
approved by the Committee of Ethics of the University of Tsukuba.

Genotyping of FLG null mutations

Genomic DNA was extracted from whole-blood samples by using a DNA-
isolation kit (QuickGene-810R; Fuji, Tokyo. Japan). The 3321delA genotype
was determined by sizing a fluorescently labeled PCR fragment on an Applied
Biosystems 3100 DNA Sequencer (Applied Biosystems, Foster City, Calif) as

v
LETTER TO THE EDITOR 2.e1

described previously.E3 82554X, $2889X, and $3296X were genotyped on a
TagMan Assay-by-Design system for single nucleotide polymorphism geno-
typing (Applied Biosystems). The accuracy of genotyping was confirmed by
using direct sequences/restriction fragment length polymorphism analysisE"

of samples obtained from all carriers and selected noncarriers of the FLG Q1

null mutations.
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TABLE E1. AD case-control study

Genotype count

(frequency, %)
Polymorphism Population* Genotyped (%) AA Aa aa Genotypic P value* Allelic P valuet Odds ratio (95% Cl)i
3321delA AD 973 356 (97.3) 10 (270 0 (0 077 .079 2.1 (0.9-4.9)
Controls 99 902 (98.7) 12 (1.3) 0 (0)
AA Aa aa
§2554X* AD 997 365 (97.3) 10 27) 0 (0 0012 0012 5.0(1.7-14.8)
Controls 100 918 (99.5) 5 (0.5 0 (O
AA Aa aa
52889X AD 97.6 346 (94.3) 21 (5.7) 0 (0 0058 .0063 227 (1.25-4.14)
Controls 100 899 (97.0) 24 (30) 0 (O
AA Aa aa
§3296X AD 98.7 369 (99.5) 2 (05 0 (O) 82 82 0.83 (0.17-4.12)
Controls 100 917 (99.3) 6 (0.7) 0 (0)
Combined AA Aa aa
(4 null mutations) AD 93.4 308 (87.7) 43 (123) 0 (O .000011 000016 2.57 (1.67-3.97)
Controls 99 867 (94.9) 47 (5.1) 0 (O

AA, Wild-type for the mutation; Aa, heterozygote for the mutation: aa, homozygote for the mutation or a compound heterozygote for mutations.
*Genotypic P value was calculated with X test in comparison with wild-type homozygote versus minor allele heterozygote plus minor allcle homozygote.
tAllelcic P values were calculated with x° test in comparison with genotype and allele ‘counts in controls, respeetively.

30dds ratio for the wild-type homozygote versus minor allcle heterozygote and minor allele homozygote.
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Poly(I:C) induces BLyS-expression of airway fibroblasts through
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mucosa is of potential importance as it triggers innate and adaptive immune responses. To investigate
whether airway fibroblast could express BLyS, we examined BLyS-expression in human nasal airway
fibroblasts and compared to its expression in tonsillar and skin fibroblasts as well as the effect of the
Toll-like receptor (TLR) ligands on that in human nasal airway fibroblasts. The expression of BLyS by nasal

:gs“’“d"' fibroblasts in the presence of polyinocinic-polycytidykic acid (poly(l:C)) was markedly induced, to a level
Fibroblast of more than 100 times higher than that observed in the absence of poly(I:C). In order to demonstrate the
Airway intracellular pathways involved in poly(l:C)-induced BLyS-expression, we used specific inhibitors of
dsRNA phosphatidylinositol 3-kinase (PI3-kinase), spleen tyrosine kinase (Syk), p38 mitogen-activated protein

PI3K kinase (p38 MAPK), c-Jun N-terminal kinase (JNK), and extracellular-signal related kinase (ERK)-signaling
in these events. Pre-incubation with the PI3-kinase inhibitor LY294002 or Wortmanin reversed the
poly(1:C)-induced production and expression of BLyS, Syk kinase inhibitor Piceatannol partially reduced
its production and expression. Thus, we were able to show that PI3-kinase signaling is directly involved in
poly(1:C)-induced BLyS-expression in nasal airway fibroblasts. These results indicate that human nasal
airway fibroblasts strongly induce BLyS-expression and production by poly(1:C) through PI3-K signaling
during airway immune responses.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

TNF ligand superfamily member 13B, BLyS,' BAFF, plays critical
roles in respiratory mucosal defense, because it is a potent co-activa-
tor of B cells in vitro or in vivo. BLyS induces B cell proliferation, hu-
man Ig class switch recombination, and Ig secretion [1-3]. Activation
of B cells in the airways is now believed to be of great importance in
immunity to pathogens, and it also participates in the pathogenesis
of airway diseases. The expression of BLyS was detected in TLR
ligand-treated BEAS-2B cells and primary human bronchial epithe-

* Corresponding author. Address: Department of Otorhinolaryngology, University
of Fukui, 23-3 Matsuoka-Shimoaizuki, Eineiji, Yoshida, Fukui 910-1193, Japan. Tel:
+81 776 61 8407; fax: +81 776 61 8118.

E-mail address: ymdtkcy@u-fukui.ac.jp (T. Yamada).

' Abbreviations used: BLyS, B lymphocyte stimulator; BAFF, B cell activating factor;
TLR, Toll-like receptor; dsRNA. double-stranded RNA; IRF, interferon regulatory
factor; PGN, peptidoglycan: poly(l:C), polyinocinic-polycytidykic acid; LPS, Lipopoly-
saccharide; PI-3K, phosphatidylinositol 3-kinase; Syk, spleen tyrosine kinase; JNK, ¢
Jun N-terminal kinase: p38 MAPK, p38 mitogen-activated protein kinase; JNK, c-Jun
N-terminal kinase; ERK, extracellular-signal related kinase; TACI, transmembrane
activator and CAML interactor.

Hial cells [4]. In the nasal mucosa, the expression of BLyS for in sino-
nasal tissue was found to be significantly correlated with CD20, and
overproduction of BLyS contributes to the pathogenesis of chronic
rhinosinusitis via the local induction of IgA and the activation of
eosinophils [5]. Although nasal airway fibroblasts are a rich source
of cytokines, chemokines, and growth factors, it is unknown whether
airway fibroblast could express BLyS.

As ‘a mucosal guardian’ in the upper airway, the inferior turbi-
nate of the human nose is easily exposed to a variety of stimulus
such as viral and bacterial infection during the common cold. Most
of the viruses that cause upper respiratory infection are RNA
viruses including rhinoviruses, coxsackievirus, echovirus, and
influenza viruses. RNA viruses synthesize double-stranded RNA
(dsRNA) during replication [6], and this is a strong stimulus for in-
nate anti-viral responses through the secretion of cytokines. TLRs
play key roles in innate immunity by recognizing microbial
conserved pathogen-associated molecular patterns, and TLR3 is
involved in the recognition of the synthetic dsRNA analogue, poly-
inocinic-polycytidykic acid (polyl:C) [7]. It is not clear which TLR
ligand induces BLyS-expression or production of human airway
fibroblasts.

1043-4666/$ - see front matter Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.cyt0.2009.12.011
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The presence of dsRNA during viral infections is a key step in
the activation of several signaling pathways, including mitogen-
activated protein kinase (MAPK), activator protein-1, and inter-
feron regulatory factors (IRFs). Poly(1:C) induces the rapid activa-
tion of the mitogen-activated protein kinases (MAPKs) (p38
MAPK, c-jun N-terminal kinase (JNK), ERK) and MAPK-dependent
expression of proinflammatory cytokines, chemokines, and adhe-
sion molecules [8,9]. In accordance with the expression of TLR3,
poly(l:C) stimulation induces the activation of interferon regula-
tory factor-3 (IRF-3) transcription factor and p38 MAPK [10]. PI3-
kinase plays an essential role in [RF-3-binding to the promoter of
the target gene and TLR3-mediated gene induction by dsRNA-trea-
ted cells {11]. Spleen tyrosine kinase (Syk) regulates PI3K activa-
tion and RNA virus endocytosis in the airway mucosae [12]. The
potential role of dsRNA-induced BLyS-expression in signaling is
poorly understood.

Although the ability of BLyS-production from airway mucosa is
of potential importance as it provides innate and adaptive immune
responses, the details of BLyS-expresion in airway fibroblasts re-
mains unexplored. In this study, we established fibroblast lines
from the human inferior turbinate and other tissues, and it has
been confirmed whether BLyS is expressed in human nasal airway
fibroblasts, tonsillar, and skin fibroblasts. We examined the effect
on BLyS-expression of TLR ligands including peptidoglycan
(PGN); poly(1:C); lipopolysaccharide (LPS); and CpG in human na-
sal airway fibroblasts, In order to demonstrate the intracellular
pathways involved in dsRNA-induced BLyS-expression, we used
specific inhibitors of P13-kinase, Syk, p38 MAPK, JNK, and extracel-
lular-signal related kinase (ERK)-signaling in these events.

2. Materials and methods
2.1. Reagents

The following reagents were used: poly(1:C) (Amersham Biosci-
ence, Piscataway, NJ); PGN (Sigma); LPS (MERCK bioscience, Ger-
many); CpG, a synthetic oligodeoxynucleotide that contains CpG
motifs that mimicks bacterial DNA (5-ACCGATCGTTCGGCCGGT-
GACGGCACCA-3"); SP600125 as a specific inhibitor of JNK (BIO-
MOL); SB203580 as a specific inhibitor of p38 MAP kinase
(Promega); PD98059 as a specific inhibitor of MEK-1 (Promega):
LY294002 as a specific inhibitor of PI3-kinase (Promega); Wort-
mannin (Sigma); AKT inhibitor (CALBIOCHEM); anti-human BLyS
monoclonal Ab (R&D system); p44/42 MAP Kinase rabbit poly-
clonal antibody (Ab) (Cell Signaling, Beverly, MA); SAPK/JNK rabbit
polyclonal Ab (Cell Signaling); phospho-p44/42 MAPK (E10) mouse
monoclonal Ab (Cell Signaling); phospho-JNK (G9) mouse mono-
clonal Ab (Cell Signaling); phospho-p38 MAPK (28B10) mouse
monoclonal Ab (Cell Signaling); phospho-AKT (587F11) mouse
monoclonal Ab (Cell Signaling); AKT Rabbit polyclonal Ab (Cell Sig-
naling); and p38 (A12) mouse monoclonal Ab (Santa Cruz Biotech-
nology. Santa Cruz, CA).

2.2. Cells, cell lines, and cell culture

Human primary nasal fibroblast lines were established from hu-
man nasal biopsy tissues of inferior turbinates removed during the
operation (n = 6). All the nasal specimens had been taken from pa-
tients with allergic rhinitis. Five males and one female aged
30.5 £ 6.6 year (mean £ SEM) were atopic, diagnosed on the basis
of elevation of at least one of the capsulated hydrophobic carrier
polymer-radioallergosorbent tests against 8 common aeroaller-
gens. All of the patients had a house dust or a cedar pollen CAP-
RAST score of 2 or more. The subjects had given written informed
consent, and its study protocol was approved by the Ethics Com-

mittee at University of Fukui. The patients had no smoking and
no special background including pollution, without any medication
at least 14 days before operation. Only fibroblast lines between the
sixth and tenth passages were used in this study. No contamina-
tion of epithelial cells was confirmed by immunohistochemical
examination using cytokeratin markers. The fibroblasts were stim-
ulated by TLR ligands in RPMI-1640 medium supplemented with
10% FCS and in humidified atmosphere of 10% CO, in air at 37 °C.

2.3. Real time PCR

Total RNA was extracted using a total RNA isolation Nucleo-
Spin™ RNA II Kit (MACHERY-NAGEL, Diiren Germany). The reverse
transcription reaction was performed with TagMan® RT Reagents
(Applied Biosystems Japan, Tokyo, Japan) using random hexamer
primers. The amplification of TLRs, BLyS, and B -microglobulin-
¢DNA was performed in a MicroAmp optical 96-well reaction plate
(Applied Biosystems). All TagMan® probe/primer combinations
used in this study were TagMan® Gene Expression Assay products
purchased from Applied Biosystems. 2-Microglobulin was chosen
as the reference housekeeping gene because it is convenient to as-
say and highly expressed. Furthermore, in order to select the
housekeeping gene, we evaluated it using a TagMan® Human
Endogenous Control Plate, which was most suitable. TagMan®
PCR was performed in a 20-pl volume using TagMan® Universal
PCR master mix (Applied Biosystems). The reaction was performed
in an ABI PRISM 7000 Sequence Detection System (Applied Biosys-
tems). The reaction mixtures were pre-incubated for 2min at
50 °C. The PCR program involved 10 min of Taq Gold activation at
95 °C, followed by 40 cycles of 155 at 95°C and 1 min at 60°C
{maximum ramping speed between temperatures). Human cDNA
equivalent to 50 ng of total RNA from each sample was assayed
in each tube. The threshold cycle number was determined with se-
quence Detector Software (version 1.1: Applied Biosystems) and
transformed using comparative methods as described by the man-
ufacturer with B,-microglobulin as the reference gene.

2.4. Cytokine assay

The cells were cultured in the presence of poly(l:C) for appropri-
ate periods, and then the culture supernatants were harvested and
stored at —80 °C. The amounts of BLyS in the cell culture superna-
tant were measured with an ELISA kit that was purchased from
R&D system.

2.5. Immunoblot analysis

The samples were added to a 2-fold volume of sample buffer
[95% laemmli sample buffer (BIORAD) and 5% 2-mercaptoethanol].
After heating the mixture at 95 °C for 5 min, the samples were
electrophoresed. The proteins were then transferred electrophoret-
ically onto polyvinylamidedifluoride membranes (Amersham Bio-
science). The blotted membranes were rinsed with 5% non-fat-
dried milk diluted in PBS containing 0.1% Tween 20 for 60 min at
room temperature, and then incubated with the antibodies for
16 h at 4 °C. After being washed, the membranes were treated with
HRP-conjugated anti-mouse immunoglobulin (Ig) Ab or HRP anti-
rabbit Ig Ab (DAKO, Carpinteria, CA) for 60 min at room tempera-
ture. Peroxidase color visualization was achieved with TMB mem-
brane peroxidase substrate (KPL, Gaithersburg, MD).

2.6. Antibody array

Signal Transduction AntibodyArray™ which contains 400 high
quality antibodies against well-studied signaling proteins, was
purchased from Proteomics Company. Nasal fibroblasts were stim-
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ulated with 10 pg/ml poly(1:C) for 30 min, washed twice with ice
cold Tris saline (50 mM Tris pH 7.5, 150 mM NadJ, 1.5 mM PMSF),
and lysed using Triton Extraction buffer containing 15 mM Tris pH
7.5, 120 mM NaCl, 25 mM KCl, 2 mM EGTA, 2 mM EDTA, 0.1 mM
DTT, 0.5% triton X-100, 10 pg/ml leupeptin, and 0.5 mM PMSF. Pel-
leted cellular debris was removed by centrifugation at maximum
speed (14,000 rpm). The supernatant was collected, and the mem-
brane of Signal Transduction Antibody Array™ was incubated with
the whole cell extracts in 5 ml extraction solution containing 1%
BSA for 2 h at room temperature with slow shaking. After washing
the membrane, HRP-conjugated anti phosphotyrosine antibody
was applied for 2 h at room temperature. Peroxidase substrate
was used and the membrane was washed and then exposed to
X-ray film.

2.7. Data and statistical analysis

Statistical analysis was performed using the Wilcoxon signed-
ranks test to assess the significance of differences.

3. Results
3.1. BLyS-expression in human fibroblasts

To determine whether BLyS is expressed in human fibroblasts,
we established fibroblast lines from small pieces of human inferior
turbinate, tonsil, and skin respectively from six individuals and
then examined BLyS-expression in stimulated fibroblasts. As
shown in Fig. 1, the expression of BLyS in nasal fibroblasts was
markedly induced in the presence of poly(1:C), to a level more than
100 times higher than that observed in the absence of poly(I:C). In
skin fibroblasts, we could not detect any induction of BLyS-expres-
sion in the presence of poly(I:C). Although poly(1:C) induced BLyS-
expression by tonsillar fibroblasts, its induction was lower than
that induced in nasal stimulated fibroblasts .

(Units)

Fig. 1. BLyS-expression in human fibroblasts. After the celis has been treated with
poly(I:C) (20 pg/ml) for 6 h, total RNA was isolated from human nasal (closed bar),
tonsillar (waved bar), and skin (open bar) fibroblasts. The expression levels of BLyS-
mRNA were assayed by real time RT-PCR. The RNA was reverse transcribed to cDNA,
which was then used for real time PCR. Reactions were performed in three wells,
and results are expressed relative to the expression levels of B;-microglobulin. Data
are expressed as the mean £ SEM of the fold increase relative to the control (n=6).
"P<0.05 compared with control using Wilcoxon’s signed-ranks test.

3.2. Toll-like receptor ligands and BLyS-expression

Since TLR 3 ligand strongly induced the expression of BLyS
especially in human nasal fibroblasts, next we observed the
expression of TLRs on human nasal fibroblasts. The mRNA expres-
sion of TLRs on fibroblasts was confirmed by real time RT-PCR.
Fig. 2A shows the relative expression levels of TLR mRNAs on the
cells. TLR 3 and 4 were highly expressed, while TLR 2 and 9 were
moderately expressed. TLR1, 5, and 6 were also detected, but their
expression levels were lower than those of TLR2, 3, 4, and 9. We
could not detect the expression of TLR 7, 8, and 10 in human nasal
fibroblasts. In order to look at which TLR ligand induces BLyS-
expression in human nasal fibroblasts, we examined the effect on
BLyS-expression of TLR ligands (PGN, poly(I:C), LPS, and CpG).
Fibroblasts were treated with the agonists for 6 h, and BLyS-mRNA
expression was assessed by real time PCR. The BLyS-expression
was induced 100-fold by poly(1:C) and 10-fold (P< 0.05) by LPS
in nasal fibroblasts, while it was hard to find any effecet by PGN
or CpG on the level of mRNA for BLyS.

3.3. Dose-dependence and time-course of poly(l:C)-induced BLyS-
expression

Having shown that TLR3 ligands strongly induce BLyS-expres-
sion in human nasal fibroblasts, next we have investigated its
expression precisely. Poly(I:C) induced BLyS-mRNA expression in
a dose-dependent manner with the maximal stimulation generally
being at 10 ug/ml or higher, and its expression was detected 10-
fold (P < 0.05) at 1 pg/mlin nasal fibroblasts (Fig. 3A). The exposure
of nasal fibroblasts to TLR3 ligand triggered a rapid expression of
BLyS-mRNA at 6 h and decreased thereafter. The expression was
sustained at 80-fold at 24 h and 15-fold (P < 0.05) at 48 h (Fig. 3B).

3.4. Poly(I:C) induces BLyS-production from human nasal fibroblasts

Similar to other TNF family members, BLyS is generally ex-
pressed as a transmembrane protein and is cleaved from the sur-
face to release its active soluble form. Production of soluble
BLyS-proteins was detected using ELISA. Poly(I:C) increased BLyS-
production at 1 pg/ml and higher (P<0.05) in a dose-dependent
manner (Fig. 4A) . Its production was 100 times higher than that
detected in the absence of poly(1:C) at 10 pg/ml. Although the BLyS
gene encodes a putative 285 amino acid (aa) type II transmem-
brane protein, the 152 aa form can also be shed from the mem-
brane because the N-terminal side contains a furin cleavage site.
We also examined the supernatants from human nasal fibroblasts
using Western blotting. Fig. 4B shows that the soluble form of BLyS
from human nasal fibroblast weighs 18 kDa, and its production oc-
curred in a dose-dependent manner with the maximal stimulation
observed at 10 pug/ml.

In the presence of IL-4, Ig class switch recombination in human
B cells was always detected by BLyS-treatment at 100 ng/ml or
higher {2]. The human nasal fibroblasts produce enough amounts
of BLyS-protein to cause Ig class switch recombination, as shown
in Fig. 4.

3.5. Suppression of poly(I:C)-induced and BLyS-production and
expression by PI3-kinase inhibitor

Poly(1:C) is a TLR3 ligand that induces TLR3-signaling. We
screened the intracellular signal transduction molecules of
poly(I:C)-stimulated human nasal fibroblasts using AntibodyAr-
ray™ which contains 400 high quality antibodies, and found that
poly(I:C)-induced signaling involved Syk, Rho, or TRAF6. Also, we
demonstrated that the exposure of cells to poly(l:C) triggered
phosphorylation and activation of p38 MAPK, JNK, and AKT by
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Fig. 2. Toll-like receptor ligands and BLyS-expression. {A) TLR1-9 mRNA expression levels were assayed by real time RT-PCR using a cDNA template derived from human
nasal fibroblasts. The results are expressed relative to the expression levels of p,-microglobulin (n = 6). (B) Analysis of the expression of BLyS-mRNA induced by Toll-like
receptor ligands using real time PCR. Fibroblasts were treated with PGN (20 pg/mi), poly(1:C) (20 pg/ml), LPS (1 pg/ml), or CpG (1 uM) for 6 h. The RNA was isolated from the
cells.and BLyS-expression was measured. Data are expressed as the mean + SEM of the fold increase relative to the control (n = 6). *P < 0.05.

Western blotting with specific antibodies to phosphorylated p38
MAPK, JNK, and AKT. Since PI3-kinase participates in TLR3-signal-
ing [11], we sought to determine whether MAPKs, Syk kinase, or
PI3-kinase signaling is directly involved in BLyS-expression. To
accomplish this, we tested the ability of SB203580 (a specific
inhibitor of p38 MAPK signaling), SP600125 (JNK inhibitor),
PD98059 (a specific inhibitor of ERK signaling), Piceatannol (an
inhibitor of Syk kinase), LY294002 and Wortmanin (Pi3-kinase
inhibitor) to affect the expression of BLyS in nasal fibroblasts stim-
ulated with poly(1:C) (Figs. 5 and 6A).

Pre-incubation with the PI3-kinase inhibitor LY294002 and
Wortmanin markedly suppressed the poly(l:C)-induced. produc-
tion and expression of BLyS, although inhibition of p38 MAP, JNK,
and ERK did not have any effect. The Syk kinase inhibitor Piceatan-
nol reduced poly(I:C)-induced production and expression of BLyS
by 40% (Figs. 5 and 6A). The specific PI3-kinase inhibitor
LY294002 reversed its expression in a dose-dependent manner

(Fig. 6B). LY294002 decreased the expression of BLyS in
poly(1:C)-stimulated nasal fibroblasts by 90% compared to the con-
trol level (P < 0.05). There were no differences in cell shape or via-
bility among the four inhibitors.

4. Discussion

In the present study, we demonstrated that the expression of
BLyS was strongly induced by nasal airway fibroblasts in the pres-
ence of poly(I:C), while we could not detect any induction of BLyS-
expression in skin fibroblasts. Consistent with the high expression
of TLR 3 and 4 mRNA on nasal airway fibroblasts, poly(I1:C) and LPS
induced BLyS-expression. Poly(l:C) induced BLyS-mRNA expres-
sion and protein-production in a dose-dependent manner. BLyS-
expression and production from airway fibroblasts has not been re-
ported previously, although BLyS is expressed in proinflammatory-

kine-stimulated fibroblast-like synoviocytes from the inflamed
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