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L5 has been identified as a microtubule-anchoring
factor that attaches EB1/CLIP-associating protein
(CLASP)–bound microtubule plus ends to the cell cortex. In this study, we show that LL5 and its homologue
LL5 (LL5s) colocalize with autocrine laminin-5 and its
receptors, integrins 31 and 64, at the basal side of
fully polarized epithelial sheets. Depletion of both laminin
receptor integrins abolishes the cortical localization of
LL5s, whereas LL5 depletion reduces the amount of integrin 3 at the basal cell cortex. Activation of integrin 3

is sufficient to initiate LL5 accumulation at the cell cortex.
LL5s form a complex with the cytoplasmic tails of these integrins, but their interaction might be indirect. Analysis of
the three-dimensional distribution of microtubule growth
by visualizing EB1-GFP in epithelial sheets in combination
with RNA interference reveals that LL5s are required to
maintain the density of growing microtubules selectively
at the basal cortex. These findings reveal that signaling
from laminin–integrin associations attaches microtubule
plus ends to the epithelial basal cell cortex.

Introduction
Appropriate organization of microtubule networks is critical for
maintaining cell structure and polarity (Goode et al., 2000;
Rodriguez et al., 2003). Because microtubules are dynamic polymers that exhibit repeated stochastic growth and shortening, local
regulation of their dynamic properties and anchoring of their
ends to specific sites within cells are central to the generation
of polarized microtubule arrays (for reviews see Kirschner and
Mitchison, 1986; Desai and Mitchison, 1997).
To date, it has become clear that an intriguing class of
microtubule-associated factors, plus end–tracking proteins (+TIPs;
Schuyler and Pellman, 2001), which specifically accumulate at
microtubule plus ends and are typified by EB1 family proteins,
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play important roles in setting up the well-organized microtubule
network by linking microtubule ends to various cellular structures
(Mimori-Kiyosue and Tsukita, 2003; Lansbergen and Akhmanova,
2006). Some of the +TIPs such as CLIP-associating proteins
(CLASPs), actin cross-linking family 7 (ACF7; also known as
MACF1), and adenomatous polyposis coli (APC) tumor suppressor protein localize to the cell cortex near migrating cell edges
and attach EB1-positive microtubule plus ends to these structures
(Kodama et al., 2003; Etienne-Manneville et al., 2005; MimoriKiyosue et al., 2005, 2007). Efforts to study the molecular
mechanisms of association of CLASPs with the cell cortex identified LL5 as their direct binding partner participating in the
cortical microtubule attachment (Lansbergen et al., 2006).
LL5, also known as pleckstrin homology (PH)–like domain, family B, member 2 (PHLDB2), is a member of the LL5
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Figure 1. Comparison of LL5 and - functions in MCF-10A cells. (A) Domain compositions of LL5 and -. FHA, forkhead-associated domain;
cc, coiled-coil domain; PH, PH domain. (B) Myc3-tagged constructs used for rescue experiments. Bars indicate silent mutations conferring siRNA resistance.
For live cell imaging, fluorescent protein-tagged versions were used. (C) Extracts from HEK293T cells ectopically expressing myc3-tagged LL5s and GFPtagged CLASPs were subjected to immunoprecipitation (IP) with an anti-myc antibody and analyzed by Western blotting (WB). (D) At 3 h after seeding
on coverslips, MCF-10Aeco cells were fixed and stained with the indicated antibodies. LL5s exhibit similar distributions at the migrating edges of cells
and colocalize with CLASPs (a and b). Microtubule plus ends visualized with EB1 (c) are concentrated in the region with CLASP/LL5 accumulation. The
boxed areas in c are magnified in d. (E) The colocalized fluorophores in D (a–c) were quantified. The percentages of colocalized pixels and the Pearson’s
correlation coefficients in colocalized volume (R(r)) between the two color channels inside the whole cell area and the LL5-concentrated area are presented. (F) The mean fluorescence intensities of tubulin, LL5s, and EB1 staining in D (c) were compared between the LL5-concentrated area and other area.
Bars: (D, a–c) 10 µm; (D, d) 5 µm.

protein family, which consists of LL5, -, and - (or PHLDB1,
-2, and -3). LL5 is a short protein carrying only a PH domain; it
has no similarities with LL5 and - in other regions, including
the CLASP-binding region. In contrast, LL5 and - show considerable similarity in the CLASP-binding region, PH domain,
and the part adjacent to the PH domain (Fig. 1 A). LL5 was first
identified in a rat pituitary cDNA library and named after the
clone number (Levi et al., 1993), whereas LL5 was identified
in database searches for proteins possessing a PH domain that
contained a putative phosphatidylinositol 3,4,5-trisphosphate
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(PtdIns(3,4,5)P3)–binding motif (Dowler et al., 2000). LL5 does
indeed bind to PtdIns(3,4,5)P3, and also to the cytoskeletal
adaptor -filamin (Dowler et al., 2000; Paranavitane et al., 2003).
Previously, LL5 has been detected at skeletal neuromuscular
junctions, where it was shown to play a role in the clustering of
acetylcholine receptors (Kishi et al., 2005).
For a long time, it has been known that the microtubules in
epithelial cells are aligned along the apicobasal axis with their
plus ends facing toward the basal side (Bacallao et al., 1989).
However, the molecular mechanisms underlying the polarization

and organization of these microtubule networks remain to be
clarified, and it is therefore interesting to examine the involvement of +TIPs in this process. In vivo, the basal surfaces of epithelial cells adhere to the underlying basement membrane (BM)
comprised of type IV collagens, proteoglycans, and laminins, and
cell adhesion to the ECM is one of the primary extrinsic cues for
generating apicobasal polarity (for reviews see Rodriguez-Boulan
and Nelson, 1989; Schoenenberger and Matlin, 1991; Yeaman
et al., 1999).
Laminin-5 (also known as laminin-332, kalinin, nicelin,
epiligrin, and radsin), which contains 3, 3, and 2 chains, is one
of the BM components secreted by epithelial cells themselves,
whereas integrins play central roles in the adhesion of cells to
the BM and subsequent signal transduction across the plasma
membrane (Hintermann and Quaranta, 2004; Katayama and
Sekiguchi, 2004). Integrins are heterodimeric transmembrane
proteins consisting of  and  subunits, with the  subunits
contributing to their ligand-binding specificities (Hemler, 1999;
for reviews see van der Flier and Sonnenberg, 2001; Hynes, 2002).
Epithelia are known to express the laminin receptor integrins
31 and 64 (Katayama and Sekiguchi, 2004). Integrin 31
is involved in epithelial cell migration, whereas integrin 64
stabilizes epithelial cell–BM attachment (Nguyen et al., 2000b).
In the present study, we used the noncancerous human
mammary epithelial cell line MCF-10A to investigate the mechanisms that determine the cortical distribution of LL5 and its
homologue LL5 (LL5s). We show that LL5s are colocalized
with laminin-5 deposition and laminin receptor integrins in
cultured cells as well as in epithelial tissues. We show that the
localization of LL5s relies on laminin receptor integrins and that
LL5s stabilize the localization of integrin 3 at the basal cortex.
We also demonstrate that activation of integrin 3 is sufficient
to initiate LL5 accumulation and that LL5s associate with the
cytoplasmic tails of these laminin receptor integrins. Finally, we
describe the LL5-dependent three-dimensional distribution of
microtubules in fully polarized epithelial sheets.

Results
CLASP-binding ability of LL5s and their
subcellular distribution

MCF-10A cells, which comprise a nontransformed human mammary epithelial cell line derived by spontaneous immortalization
of human breast epithelial cells from a patient with fibrocystic
disease (Soule et al., 1990), express LL5 as well as LL5, a
close homologue of LL5 (Fig. 1 A and Fig. S1 A). LL5 and -
have similar domain compositions, including several coiled-coil
regions and a PH domain. In addition, LL5 has an N-terminal
forkhead-associated domain. LL5 was similar to LL5 in its
CLASP-binding ability (Fig. 1 C).
During active cell spreading shortly after cell attachment
to glass, LL5 showed a similar distribution pattern to that of
LL5 and colocalized with CLASP1 at sites where microtubules
were significantly concentrated (Fig. 1, D–F; and Video 1), which
is consistent with previous observations (Lansbergen et al.,
2006). Previously, using total internal reflection fluorescence
(TIRF) microscopy, we showed that in HeLa cells, CLASP1

is located in the close vicinity of glass substrates (MimoriKiyosue et al., 2005). Growing microtubule ends visualized
with EB1 (Mimori-Kiyosue et al., 2000) were also concentrated
at sites exhibiting LL5 accumulation (Fig. 1, D [c and d], E, and F),
which is in agreement with our previous observations that demonstrated that EB1-positive growing microtubule ends are frequently trapped at the CLASP-accumulating cortical regions
(Mimori-Kiyosue et al., 2005).
Comparison of the microtubule-anchoring
activities of LL5s

The microtubule-anchoring activities of LL5s were analyzed
by RNAi and rescue experiments in the MCF-10Aeco cell line,
a subclone of MCF-10A which is susceptible to retrovirusmediated gene transfer (Fig. S1 D and Fig. S2, A, B, and E).
RNAi-mediated depletion of LL5s separately or together revealed
that the attachment of CLASP-bound microtubules to the basal
cell cortex was affected only when both LL5s were depleted
simultaneously, whereas individual LL5 or - knockdown had
no effect (Fig. 2, A and B). Rescue experiments showed that the expression of myc3-LL5(res) increased the densities of CLASP1
and microtubules more efficiently than myc3-LL5(res), although the expression level of myc3-LL5(res) was higher
than that of myc3-LL5(res) (Fig. 2 B). Importantly, myc3LL5(M) lacking the CLASP-binding region failed to recruit
CLASP and microtubules to the cell cortex, although this
mutant was still able to associate with the plasma membrane
(Fig. 2, C and D). The expression levels of CLASPs were not
affected by LL5 depletion (unpublished data). All of these
observations indicate that LL5s have redundant roles in microtubule regulation, although LL5 is more potent than LL5.
LL5s are localized at cell adhesion sites
containing laminin-5 deposition

To explore the mechanisms of LL5 recruitment to the cell cortex,
we carefully analyzed their dynamic behavior and distribution
in comparison to other subcellular structures. The distribution
of LL5s was strictly restricted to the substratum-attached basal
cortex (Video 2). Live cell imaging revealed that accumulation
of LL5s was initiated upon cell–substratum attachment (Fig. 3 A
and Video 3). Cortical patches of LL5s appeared soon after cell
attachment to glass, and these structures were dynamically relocated upon outgrowth of lamellipodia. After the cells became
fully extended, LL5s were no longer concentrated in patches at the
cell periphery but were instead randomly distributed throughout
the basal plasma membrane (Fig. 3 B and Video 4). In line with
previous observations (Lansbergen et al., 2006), LL5s never
colocalized with focal adhesions (FAs), which are the major
cell adhesion structures (Fig. 3 B). However, interference reflection microscopy revealed that RFP-LL5 was distributed
at cell–substratum attachment sites visualized as gray zones
(Fig. 3 C), which have previously been termed “close contacts”
(Carter et al., 1990). From these observations, we hypothesized
that cell–substratum attachment may trigger the accumulation
of LL5s at the basal cell cortex.
To identify the factors that initiate the accumulation of
LL5s, we screened for ECM proteins with a similar distribution
Laminin–integrin anchors microtubules via LL5s • Hotta et al.
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Figure 2. Microtubule-anchoring activity of LL5s. (A and B) Effects of LL5 depletion on the distributions of CLASP1 and microtubules at the basal cortex.
Parental MCF-10Aeco cells or cells expressing myc3-LL5(res) or myc3-LL5(res) were transfected with the indicated siRNAs, seeded on coverslips, fixed,
and stained for LL5s (LL5 alone, LL5 alone, or LL5+), CLASP1, and microtubules. (A) Images of the basal cortex were collected using a confocal
microscope. (B) The fluorescence intensities of LL5s, CLASP1, and microtubules at the lamellipodia were analyzed and plotted. The data were transformed
into a relative fluorescence index. The fluorescence intensities of the mock control were set as 1. The results are presented as means ± SEM (*, P < 0.01
vs. the mock control). (C and D) LL5 recruits microtubules to the basal cortex through its middle region. (C) Under LL5-depleted conditions, parental
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pattern to LL5s. Among the ECM proteins examined, including
fibronectin and collagen I and IV, we found that laminin-5
colocalized with LL5 patches in MCF-10Aeco cells (Fig. 3,
D and E; and not depicted for ECMs other than laminin-5 because they exhibit no colocalization with LL5s). Mass spectrometry analysis revealed that laminin-5 was the dominant ECM
protein secreted and deposited on the substrate by MCF-10Aeco
cells (Table I). Migrating MCF-10A cells have previously been
shown to secrete laminin-5 (Stahl et al., 1997; Goldfinger et al.,
1999). Indeed, live imaging of GFP-fused laminin-2 revealed
that it was deposited on the glass surface during cell migration
(Fig. S1 E and Video 5). The scattering of LL5 patches along
the basal cortex (Fig. 3 B) coincided with the broadening of
laminin-5 deposition on the entire glass surface (not depicted).
LL5s are colocalized with the laminin
receptor integrins 31 and 64

During initial spreading, the cells formed a flower pattern of
laminin-5 by remodeling previously deposited molecules, and this
process has been reported to be dependent on the laminin receptor integrin 3 (Carter et al., 1991; Baker et al., 1996; deHart
et al., 2003). Integrin 31 was previously shown to be localized at close contacts (Carter et al., 1990). Epithelia express the
laminin receptor integrins 31 and 64, the ligand specificities of which rely on their  subunits (for reviews see van der
Flier and Sonnenberg, 2001; Hynes, 2002). Therefore, we investigated the distribution of laminin-5 deposition and integrins 3
and 6 in comparison to LL5s. Both integrins 3 and 6 exist as
two variants, a and b, which have different cytoplasmic domains.
In MCF-10A cells, both integrins 3 and 6 were mainly represented by the variant a, together with a small amount of variant b
of integrin 6 (Fig. S1 C).
As expected, LL5s frequently colocalized with these inte
grins in the laminin-5 flower patterns (Fig. 3, D and E). Colocalization analysis revealed that LL5 distribution displayed a stronger
overlap with integrin 3 than with integrin 6. Note that LL5s were
significantly concentrated on the laminin-5 deposition, whereas
integrins were detectable diffusely also at the other plasma membrane sites (Fig. 3, D and E), suggesting that LL5s are colocalized
with activated pools of integrins associated with laminin-5.
These patchy structures slightly resembled the hemidesmosome-like stable anchoring contacts formed by integrin 64
in vitro (Carter et al., 1991). However, LL5s did not significantly
colocalize with either keratin filaments or plectin, which are the
intrinsic components of hemidesmosomes (unpublished data). We
conclude that LL5s localize to migratory laminin–integrin adherent complexes that are different from stable anchoring contacts.
To examine the physiological relationship between LL5s
and laminin, we investigated their tissue distributions. Laminin-5
was previously detected in the BMs underlying various epithelial tissues and glands such as the skin, lung, small intestine,

stomach, and kidney (Mizushima et al., 1998). Consistent with
these data, LL5 colocalized with laminin as well as integrin
6 at the basal cell membranes in the mammary gland (Fig. 4,
A–C). In the small intestine, which represents a typical columnar epithelial tissue, LL5 also accumulated at the basal surface
(Fig. 4, D–F). LL5 showed distribution patterns that were
similar to LL5 (unpublished data).
LL5 localization depends on laminin
receptor integrins

The aforementioned observations raised the possibility that laminin receptor integrins may be involved in LL5 localization not
only in monolayer cell cultures but also in three-dimensional
epithelial tissues. To examine this possibility, we used an RNAi
strategy and a spheroid culture system in Matrigel (Fig. 5 A). We
chose this method because inhibition of the laminin-5–integrin
pathway in MCF-10A cells in conventional monolayer cultures
induces detachment of the cells from the substratum, thereby prohibiting cytological analyses. In addition, we used fluorescence
confocal imaging of spheroid cross sections to allow precise measurements of protein accumulation along the basal cell cortex.
In MCF-10A spheroids grown in Matrigel, LL5s, laminin-5,
and laminin receptor integrins were all distributed at the basal
side of the cells (Fig. 5 B), similar to their distributions in tissues.
When integrin 3 or 6 was separately knocked down, we
observed only an 20% decrease in LL5 accumulation at the basal
cell cortex (Fig. 5, C, E, and F; and Fig. S2 C). Furthermore,
knockdown of either integrin 1 or 4, which form heterodimers with integrin 3 or 6, respectively, had only subtle
effects on the LL5 distribution (Fig. S2 D and Fig. S3). However, when integrins 3 and 6 were simultaneously depleted,
LL5s were dramatically reduced at the basal cortex, whereas
integrin v, an FA component, was unaffected (Fig. 5, D–G).
To confirm the specificity of this RNAi effect, we performed
simultaneous knockdown of integrins 1 and 4. Because the
activity and stability of integrin  and  subunits are mutually
dependent, knockdown of either subunit resulted in a reduction
of its partner subunit at the basal cortex (Fig. S4). In cells depleted of integrins 1 and 4, the cortical distribution of integrins
3 and 6 as well as LL5s was abolished (Fig. 5, D and G).
These findings indicate that the localization of LL5s largely relies
on integrins 31 and 64. In addition, we observed that ACF7
and APC, other microtubule-stabilizing proteins, remained at the
basal cortex after knockdown of integrin 31 or 64 (unpublished data), suggesting the presence of several independent pathways that anchor microtubules to the epithelial basal cortex.
LL5s affect the localization of integrin 3

Next, we examined the effect of LL5 depletion on the integrin
distribution. LL5 knockdown reduced the accumulation of integrin 3 at the basal cell cortex (Fig. 6, A and B). Although

MCF-10Aeco cells or cells expressing myc3-LL5(res) or myc3-LL5(M) were fixed and stained for myc tag, CLASP1, and microtubules. (D) The fluorescence intensities of myc tag, CLASP1, and microtubules at the lamellipodia were analyzed and plotted. The data were transformed into a relative fluorescence index. The fluorescence intensities of the myc3-LL5–expressing cells were set as 1. Myc3-LL5(M) is unable to recruit CLASP1/microtubules. The
results are presented as means ± SEM (*, P < 0.01 vs. the LL5+ siRNA + myc3-LL5(res) sample). Bars, 10 µm.
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Figure 3. Subcellular localization of LL5s in MCF-10A cells. (A) Selected images from a time-lapse video of MCF-10Aeco cells expressing RFP-LL5 and
GFP (Video 1). GFP allows visualization of the cell shape. The images were collected soon after cell seeding. Accumulation of RFP-LL5 (arrowheads) is
initiated upon cell attachment to the substratum. (B) Comparison of the distributions of LL5 and FAs visualized with antivinculin antibodies. Representative
images of cells stained for LL5 and vinculin at 2 (top), 8 (middle), and 10 (bottom) h after seeding are shown. Insets are magnified images of the boxed
areas. The percentage of colocalized pixels and the Pearson’s correlation coefficients (R(r)) between vinculin (G) and LL5 (R) channels are presented in the
figures. (C) Comparison of the distributions of RFP-LL5 and cell–substratum attachment sites visualized by interference reflection microscopy (grayscale).
(D and E) Colocalization of LL5s with laminin-5 deposition and laminin receptor integrins. (D) Autocrine laminin-5 is secreted and deposited in a flower
pattern on the glass surface by the cells. (E) The colocalization of fluorophores in D (a–c) was quantified inside the whole cell area and the LL5-concentrated
area. Colocalization analyses are similar to Fig. 1 E. Bars: (A and B) 10 µm; (C and D) 5 µm.
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Table I. Mass spectrometry analysis of ECM proteins deposited by MCF-10A cells
Gene symbol
LAMA3
LAMB3
LAMC2
LAMB1
LAMC1
AGRN
CYR61
THBS1
VCAN
FGB

Protein name

Amino acid
residues

Mascot scorea

Number of total
peptides detected

Laminin subunit 3 chain (laminin-5 3 subunit)
Laminin subunit 3 chain (laminin-5 3 subunit)
Laminin subunit 2 chain (laminin-5 2 subunit)
Laminin subunit 1 chain
Laminin subunit 1 chain
Agrin
CYR61 (cysteine-rich angiogenic inducer 61)
Thrombospondin 1 (THBS1)
Versican, proteoglycan PG-M (V3)
Fibrinogen,  chain

1713
1170
1193
1786
1609
2026
381
1170
655
483

715
441
388
79
96
67
64
135
47
49

113
69
106
6
3
3
4
6
2
1

Factors indicated by boldface are laminin-5 components. MCF-10Aeco cells grown in serum-free MEGM were detached from culture plates with PBS containing
10 mM EDTA. The proteins remaining on the plates were lysed in SDS sample buffer, separated by SDS-PAGE, and analyzed by mass spectrometry. Only ECM
proteins with clear mass spectra with scores of P < 0.05 are listed. Laminin-5 subunits are detected as the major ECM components of MCF-10Aeco cells.
a

Significance threshold of proteins was set at P < 0.05.

depletion of LL5 or - alone reduced integrin 3 by up to
40% (Fig. 6, C and D), simultaneous knockdown of both proteins had a greater effect (Fig. 6 B). Consistent results were obtained with two different integrin 3 antibodies directed against
different regions of the protein (a pAb against the cytoplasmic
region and an mAb [P1B5] against the extracellular domain),
indicating that the reduction of the integrin 3 signal after LL5
depletion was unlikely to be caused by epitope masking by
conformational changes or binding to other molecules (Fig. 6,
C and D). Expression of an LL5 rescue construct alone restored the localization of integrin 3 (Fig. 6 B). Although these
results suggested that LL5 and - have redundant roles in
integrin 3 localization, the finding that the amount of LL5
was increased to 180% in LL5 knockdown cells (Fig. S2 A)
implied that LL5 is less potent than LL5 in regulating inte
grin 3. Regarding integrin 6, we did not observe any LL5
knockdown–specific reduction of its cortical accumulation (unpublished data). These observations suggest that the basal localizations of LL5s and integrin 3 are interdependent.
Interactions between integrins and LL5s

The aforementioned results suggested that signaling dependent
on laminin–integrin coupling is required for LL5 localization.
This idea was further explored using an integrin 3–activating
antibody (clone P1B5), which binds to the extracellular domain
of integrin 3 and prevents its binding to laminin-5 but still
activates the integrin. Previously, this antibody was reported to
induce artificial integrin-dependent cell aggregation (Fig. 7 A;
Symington et al., 1993). In the presence of this antibody, LL5s
were ectopically accumulated at the artificially induced cell–
cell attachment sites together with integrins 3 and 6 (Fig. 7,
B–D). Moreover, attachment of laminin-5–coated microbeads
to the cell surface induced the accumulation of LL5s around the
beads (Fig. 7 E). These observations demonstrate that integrin
activation mediated by laminin-5 is sufficient for recruitment of
LL5s to the cell cortex.
Next, we investigated whether LL5s physically associate
with integrins. To detect LL5–integrin interactions, we performed pull-down assays using RFP-LL5 and the GFP-fused

cytoplasmic tails of integrins 3 (variant a) and 6 (variant a
and b), which are expressed in MCF-10A cells (Fig. S1 C), in
HEK293T cells. As shown in Fig. 7 F, both the integrin 3 and 6
fragments were precipitated with RFP-LL5, indicating that they
can indeed form a complex. Subsequently, we examined their
direct interaction by yeast two-hybrid analysis and in vitro GST
pull-down assays using four LL5 fragments covering the entire
length of LL5 and the cytoplasmic tails of integrins 3, 6, v,
and 1a or GFP-fused LL5s purified from HEK293 cells and the
same integrin fragments fused to GST, respectively. We observed
no positive results for any of the combinations tested (unpublished
data). All of these results indicate that LL5s can form complexes
with laminin receptor integrins through their cytoplasmic tails,
although their interactions may be indirect.
Microtubule-anchoring activity of LL5s in
polarized epithelial sheets

Our present findings suggest that LL5s may affect the unique
orientation of microtubules in polarized epithelia. Therefore,
we examined whether the aforementioned laminin–integrindependent localization of LL5s is involved in the regulation of
microtubule plus end dynamics at the epithelial basal cortex. To
investigate this aspect, we set up a system to analyze the micro
tubule dynamics three-dimensionally in polarized epithelial
cells using EB1-GFP, a marker for growing microtubule ends
(Fig. 1 D, c and d), because direct visualization of individual
microtubule filaments in three-dimensional space is technically
difficult. MCF-10Aeco cells expressing EB1-GFP together with
RFP-LL5 were co-cultured with nonfluorescent parental cells
to highlight individual cells within confluent monolayers on
noncoated glass-bottomed dishes (Fig. 8 A), and images were
acquired by fast scanning along the z axis (Fig. 8 B and Video 6).
A representative three-dimensional reconstituted image of a cell
and two-dimensional images in different planes are shown in
Fig. 8 (C and D) and Video 7.
In polarized MCF-10Aeco cells, analysis of the threedimensional distribution of EB1-GFP revealed that microtubule
growth frequently occurred near the apical and basal cell surfaces (Fig. 8, D and E; and Videos 7, 8, and 9). After LL5s were
Laminin–integrin anchors microtubules via LL5s • Hotta et al.
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Figure 4. Localization of LL5 in mouse tissues. (A) Schematic diagram of a lobule from a mammary gland based on an example from a previous paper
(Debnath et al., 2003). The mammary epithelium possesses a polarized architecture surrounding a hollow lumen, which is surrounded by an inner layer
of luminal epithelial cells and an outer layer of myoepithelial and basal epithelial cells. (B) Immunofluorescence staining of mammary tissues with the
indicated antibodies. LL5 is localized to the basal cortex of the outer epithelium attached to laminin-containing BMs (b) but not to the -catenin–positive
lateral membranes (a). (C) Colocalization analysis similar to Fig. 1 E. Entire square areas, including the gland structure, were analyzed. (D and E) Immuno
fluorescence staining of the small intestine. LL5 is localized to the basal cell cortex attached to the laminin BMs. The tip region of a villus is magnified in E.
(F) Colocalization analysis similar to Fig. 1 E. Boxed areas a (villus) and b (crypt) in D were analyzed. LL5 showed a similar distribution pattern to LL5
both in mammary glands and intestines (not depicted). Bars: (B) 20 µm; (D) 100 µm; (E) 50 µm.
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Figure 5. Distribution of LL5s in MCF-10A spheroids and its dependency on laminin receptor integrins. (A) Schematic diagram of the overlay method for
three-dimensional culture of MCF-10A cells in Matrigel (Debnath et al., 2003). MCF-10Aeco cells seeded onto a solid bed as a single-cell suspension
proliferate and start to form clusters (spheroids) in three-dimensional culture. (B) Representative confocal microscopic images of MCF-10Aeco spheroids.
Spheroids at day 3 were fixed and immunostained with antibodies against LL5s and laminin-5. Nuclei were stained with Hoechst 33342. The outer surface
of the spheroids covered with laminin-5–positive BM is the basal side of the cells. (C and D) Confocal images of MCF-10Aeco spheroids treated with the
indicated siRNAs and stained for LL5s and integrins. Integrin v is known to localize to FAs. Note that knockdown of integrin 1 + 4 is estimated by the
integrin 6 signals, owing to the limited availability of primary antibodies from different host species for simultaneous staining. The reduction of integrin
6 after integrin 1 + 4 knockdown was confirmed in independent experiments (Fig. S4). In integrin 3 knockdown cells, integrin 64 is also partially
reduced for unknown reasons, but LL5s are still retained at the basal cortex. (B–D) Insets are magnified images of the boxed areas. (E–G) Quantitative analyses of the fluorescent signals at the basal cortex in the spheroids. For each condition, >35 cells were analyzed. The data were transformed into a relative
fluorescence index, and the values of the mock control were set as 1. LL5 localization is inhibited when integrins 3 + 6 or 1 + 4 are knocked down.
Note that integrin v is unaffected by knockdown of integrins 3 + 6 or 1 + 4, whereas the signals for LL5s are abolished. The results are presented
as means ± SEM (*, P < 0.01 vs. the mock control). KD, protein that was knocked down. Bars, 10 µm.
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Figure 6. LL5s regulate 3 integrin localization in MCF-10A spheroids. (A and B) LL5s stimulate recruitment of integrin 3 to the basal cell cortex.
(A) Confocal images of MCF-10Aeco spheroids treated with the indicated siRNAs and stained for LL5s, myc tag, and integrin 3 (pAb) are shown. Insets
are magnified images of the boxed areas. (B) The fluorescent signals at the basal cortex were analyzed and plotted. For each condition, >137 cells were
analyzed. The fluorescence intensity of the mock control was set as 1. (C and D) Knockdown of either LL5 or - reduces the localization of integrin 3
at the basal cortex in MCF-10Aeco spheroids. For each condition, >60 cells were analyzed. To detect integrin 3, two different antibodies recognizing
different regions of the integrin (a pAb against the cytoplasmic region and an mAb [P1B5] against the extracellular domain) were used in consideration of
possible epitope masking by conformational changes or binding to other molecules. The changes in the integrin 3 signals are the same for the pAb and
mAb. (B–D) The results are presented as means ± SEM (*, P < 0.01 vs. the mock control). KD, protein that was knocked down. Bars, 10 µm.

knocked down, the number of growing microtubules along the
basal cortex was selectively reduced, whereas it was increased
in other cell regions (Fig. 8, D and E). The effects of LL5 depletion were rescued by full-length LL5 but not by LL5(M)
lacking the CLASP-binding region (Fig. 8 E). We used LL5
for the rescue experiment because the ability of exogenous LL5
to increase microtubule density was too strong, as shown in Fig. 2,
and affected the overall distribution of the microtubules, thus
making interpretation of the data complicated.
Next, we measured the velocity of EB1-GFP comet
movement along the basal cortex (Fig. 8 F and Video 10).
After LL5 depletion, the velocity of EB1-GFP movement, or
the microtubule growth speed, was mildly but significantly increased, indicating that the remaining microtubules became
more dynamic in this cell area, which is similar to what we
demonstrated in our previous analyses in HeLa cells (MimoriKiyosue et al., 2005).
Furthermore, we confirmed the distributions of micro
tubules and CLASP1 in immunostained MCF-10Aeco cells
using conventional confocal microscopy. As shown in Fig. 8 G,
the intensities of both microtubule and CLASP1 staining were reduced at the basal cortex and increased in the upper part of the
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cells. All of these observations indicated that LL5s were needed
to maintain a dense array of microtubules targeting the basal side
of epithelial cells.
Finally, we confirmed the involvement of the laminin–
integrin pathway in LL5-mediated microtubule regulation by
depleting laminin-5 or its receptor integrins in EB1-GFP–
expressing MCF-10Aeco cells cultured on collagen-coated
glass substrates, representing conditions in which cell attachment was maintained in the absence of these molecules. Without laminin or integrins, the number of growing microtubules
visualized with EB1-GFP comets along the basal cortex was
reduced, which is very similar to the effect observed after LL5
depletion (Fig. 9, A and B), supporting the importance of these
molecules in LL5 localization and microtubule organization
(Fig. 9, C and D).

Discussion
Visualization of microtubule plus ends in
three dimensions

In this study, we analyzed the three-dimensional distribution
of microtubule plus ends in polarized columnar epithelial cells

Figure 7. Integrin 3 activation initiates LL5 accumulation and LL5–integrin 3 association. (A–D) An activating antibody against integrin 3 (clone P1B5) induces
cell aggregation (A; Symington et al., 1993) and LL5
accumulation at the cell cortex. (B) Suspended cells
(1 × 106) were preincubated with 5 µg of anti–integrin
3 antibody P1B5 in 1 ml MEGM, cultured on coverslips
for 3 h, fixed, and stained with the indicated antibodies.
(C) The relative fluorescence intensities along the white
line in B were plotted. The arrows and asterisk indicate
the plasma membranes and cell attachment sites, respectively. (D) Z-stack images of cells were collected with an
LSM510 confocal microscope. All the fluorescent signals
show significant accumulation at the artificial cell attachment sites. (E) Laminin-5–conjugated beads induce the
accumulation of LL5s. Cells were stained with the indicated antibodies. DIC, differential interference contrast.
(F) Extracts from HEK293T cells ectopically expressing
RFP-LL5 and GFP-tagged cytoplasmic tails of integrins
3 (variant a) and 6 (variant a and b) were subjected
to immunoprecipitation (IP) with an anti-GFP antibody
and analyzed by Western blotting (WB). Bars: (B and D)
5 µm; (E) 10 µm.

using EB1-GFP and high-speed confocal microscopy. Previously,
we have analyzed microtubule dynamics in two dimensions by
visualizing both microtubules and EB1-GFP in strongly flattened HeLa cells and demonstrated that the parameters of
EB1-GFP motility are good indicators of the overall microtubule dynamics (Mimori-Kiyosue et al., 2005; Lansbergen
et al., 2006), which is in agreement with many other studies
(for review see Morrison, 2007). In this study, we expanded

EB1-GFP imaging into three-dimensional epithelial cells, in
which individual microtubule filaments were hard to distinguish
especially along the apicobasal axis, and showed that EB1-GFP
is useful to detect the trends of microtubule organization also
in this system. Thus, imaging of microtubule plus end markers
emerges as a very valuable approach to examine microtubule
organization in thick specimens, including living animals (Norden
et al., 2009).
Laminin–integrin anchors microtubules via LL5s • Hotta et al.
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Figure 8. Microtubule organization in polarized monolayers of MCF-10Aeco cells. (A and B) Schematic diagram of live cell imaging in a polarized
epithelial monolayer. The cells were maintained on uncoated inert glass substrates. (A) Fluorescent cells are surrounded by nonfluorescent cells. (B) Threedimensional images of whole cells were collected by fast z scanning along the apicobasal axis using a Revolution XD system. (C) Three-dimensional distribution of EB1-GFP comets in polarized monolayers. See also Videos 6 and 7. (D) Representative images of EB1-GFP at the apical, middle, and basal cell
planes in control and LL5 knockdown cells. The contrast of the images is inverted. (E) Analysis of the EB1-GFP comet distribution along the apicobasal axis
under the indicated conditions. The z sections were divided into five equal parts as shown in the left of C, and the number of EB1-GFP comets in each part
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Figure 9. Laminin–integrin signaling activates the LL5/CLASP/EB1–microtubule anchoring pathway. (A and B) Analysis of EB1-GFP comet numbers at the
basal cell cortex in cells treated with the indicated siRNAs. The cells were maintained on collagen IV–coated glass substrates to retain siRNA-treated cells.
(A) Representative images are shown. (B) The number of EB1-GFP comets in the 8 × 8–µm boxed area was counted. For each condition, n > 31. The results
are presented as means ± SEM (*, P < 0.01 vs. the mock control). (C) Microtubule organization in MCF-10A cells estimated from the observations obtained
in this study. LL5s attach microtubule ends to the basal cortex and suppress their dynamicity. Without LL5 activities, the microtubule-stabilizing activity at
the basal cortex is reduced, and once microtubules reach the basal surface, they remain dynamic. (D) Schematic diagram of the molecular link between
laminin-5 and microtubule plus ends. Bar, 5 µm.

Laminin–integrin-dependent localization
of LL5s

Using the aforementioned technique in combination with conventional confocal microscopy and three-dimensional cell culture,
we explored the mechanisms that determine the localization
of LL5s, microtubule-anchoring factors, in MCF-10A human
mammary epithelial cells and found that their association with
the basal cell cortex was dependent on laminin-5–mediated nonFA cell–substrate attachments. Furthermore, we found that accumulation of LL5s at the basal cortex was initiated by activation
of integrin 31 in an interdependent manner and that their
localization was maintained by both integrins 31 and 64.
We also found that LL5s form complexes with these integrins,
although the interactions might be indirect. Because LL5 is
known to associate with -filamin, an integrin-binding protein
(Paranavitane et al., 2003), we tested the possibility of the

involvement of -filamin and another integrin adaptor, talin, in
the LL5 localization but found no indications for their direct
contribution (unpublished data). Our findings suggest that there
could be unknown factors acting together with the cytoplasmic
tails of integrins to determine the distribution of LL5s at the
basal cell cortex. The precise molecular mechanisms mediating the basal localization of LL5s should be further clarified in
future studies.
Basal localization of LL5s via
coincidence sensing

The PH domain of LL5s has been known to bind to
PtdIns(3,4,5)P3 (Dowler et al., 2000; Paranavitane et al., 2003).
Because it was previously shown that cell adhesion to laminin
generates higher levels of activity of phosphoinositide 3-kinase
and its downstream effector Akt than adhesion to collagen or

was counted. For each condition, >53 cells were analyzed, whereas n = 30 for LL5(M). In LL5-depleted cells, basal EB1-GFP comets are specifically
reduced. (F) Velocity of EB1-GFP comet movement at the basal cortex. The conditions showing statistically significant results with P < 0.01 or P < 0.05
versus the mock control are indicated in the table. (G) The three-dimensional distributions of the fluorescence intensities of microtubules (left) and CLASP1
(right) in polarized epithelial monolayers were analyzed using conventional confocal microscopy. Five equally spaced confocal sections of 1-µm thickness
were collected from the apical to basal sides of polarized MCF-10Aeco cells under the indicated conditions. For quantitative analysis of the fluorescent
signals in each confocal section, ROIs were selected by avoiding centrosomes and Golgi regions, where microtubules are concentrated independent of
LL5s. For microtubule and CLASP1 staining, n > 43 and n > 32, respectively. (E and G) The results are presented as means ± SEM (*, P < 0.01 vs. the
mock control). Bars, 5 µm.
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fibronectin (Nguyen et al., 2000a; Gu et al., 2002), signaling
via laminin–integrin coupling could be an ideal cue to initiate the
formation of microtubule attachment sites via LL5s. In a previous
study, the LL5 PH domain tagged with GFP was localized to
the plasma membrane but was not restricted to the basal cortex and instead was abundantly present in entire areas of the
plasma membrane (Lansbergen et al., 2006), indicating a requirement for another localization determination factor. In the
present study, we found that the basal accumulation of LL5s
was dependent on laminin receptor integrins. It is likely that
LL5s localize selectively at the basal cortex by acting as detectors of coincidence localization signals, similar to other PH
domain–containing proteins (for review see Carlton and Cullen,
2005), downstream of both phosphoinositide signaling and integrin signaling.
Interactions between microtubules and
cell–substratum adhesions

The association of microtubules with cellular adhesions was
first described in migrating fish fibroblasts, in which micro
tubule ends targeted to FAs were visualized by vinculin staining
using live cell fluorescence microscopy (Kaverina et al., 1998).
It has also been reported that fibronectin-mediated stimulation of FAK induces localized stabilization of microtubules by
Rho signaling in migrating mouse fibroblasts (Palazzo et al.,
2004). TIRF imaging revealed that microtubule ends come
into close proximity (<100 nm) of the plasma membrane at FAs
(Krylyshkina et al., 2003). Following this observation, we found
that the microtubule plus ends in HeLa cells are anchored in the
close vicinity of the plasma membrane through complexes with
EB1/CLASP/LL5 using TIRF microscopy, although LL5
was not colocalized with FAs (Mimori-Kiyosue et al., 2005;
Lansbergen et al., 2006). In the present study, we have revealed
that LL5s are accumulated at non-FA cell–substratum adhesion
sites composed of deposited laminin-5 and laminin receptor
integrins. Taking these findings into consideration, it is likely
that microtubules can be targeted to different types of cell–
substratum adhesion sites through distinct pathways. However,
because microtubule targeting to FAs has been shown to regulate FA turnover and thereby facilitate cell migration in concert
with the endocytic process (Small and Kaverina, 2003; Ezratty
et al., 2005; Matsui et al., 2008), it is possible that microtubules
anchored by LL5s could affect laminin-mediated cell adhesion
and migration in epithelia.
LL5s attach microtubules to the basal
surface of polarized epithelial sheets

In this study, using a highly sensitive fast-scanning fluorescence
microscope system and EB1-GFP imaging/analysis, we collected images of the entire cell volumes inside the epithelial
sheet with sufficient quality to count the number of EB1-GFP
comets and analyzed their three-dimensional distribution. Using
this technique in combination with conventional confocal microscopy, we demonstrated that in fully polarized epithelial monolayers, LL5s are localized at the basal surfaces and act as
microtubule-anchoring factors by recruiting CLASP/EB1-positive
microtubule plus ends to these structures.
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However, in the absence of the LL5s, many microtubules
still remained normally oriented toward the basal cortex after
LL5 knockdown, as shown in Fig. 8. Some of them grow toward
the basal side stochastically without being attached firmly to
the cortex and exhibit random growth/shortening dynamics.
But because we also observed that ACF7 and APC, other
microtubule-stabilizing proteins, remained at the basal cortex after
knockdown of integrin 31 or 64 (unpublished data), this
suggested the presence of other microtubule-anchoring mechanisms at the epithelial basal cortex. Previously, the involvement
of APC in the nucleation and organization of acentrosomal
microtubules at the epithelial basal cortex has been described
(Reilein et al., 2005). The redundancy and/or interrelationship
between multiple microtubule-anchoring mechanisms should
be further clarified in the future. However, from the viewpoint
of the overall organization of epithelial microtubules, the fact
that the populations of microtubules and EB1-GFP comets were
increased in the upper parts of the cells after LL5 depletion suggests that the majority of the microtubule-nucleating factors,
which frequently reside around the centrosomes and Golgi
structures, are maintained at the apical side. This indicates the
possibility that the concentration of microtubule-nucleating
factors at the apical side occurs first and independently of the
LL5-mediated regulation of basal microtubules.
Physiological meaning of basal
microtubule anchoring

What is the physiological meaning of microtubule attachment
to the basal cortex? Apicobasal microtubule alignment could
be beneficial for the directional transport of specific cell components by plus end–directed motors. However, to date, no
specific cargoes transported exclusively toward the basal cell
cortex have been reported, although apical and basolateral targeting is well documented (Rodriguez-Boulan et al., 2005).
In this regard, it is noteworthy that during avian development,
laminin BM integrity is controlled by the stability of the basal
microtubules (Nakaya et al., 2008). Consequently, it would be
interesting if LL5s were involved in the trafficking of BM components. However, we observed that knockdown of LL5s did
not inhibit laminin-5 deposition, at least under our experimental conditions. This finding is consistent with a previous report
that integrins 31 and 14 are not essential for the deposition of laminin-5 into the BM, as evaluated using integrinnull animal models (DiPersio et al., 2000). However, further
analyses of the microtubule attachment mechanisms and their
importance at the epithelial basal cortex in more physiological
environments will provide important insights into the biological significance of microtubule–ECM communication during
epithelial morphogenesis as well as development.

Materials and methods
Cells and gene transfer
Human kidney epithelial cell line HEK293T cells were maintained in DME
(Invitrogen) supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml
streptomycin at 37°C under a 5% CO2 atmosphere. Plasmid transfections
were performed using the Effectene transfection reagent (QIAGEN) according
to the manufacturer’s instructions. Nontumorigenic human mammary epithelial MCF-10A cells (American Type Culture Collection) were grown

in mammary epithelial cell growth medium (MEGM; Sanko-Junyaku Co.)
supplemented with 100 ng/ml cholera toxin, 100 U/ml penicillin, and
100 µg/ml streptomycin at 37°C under a 5% CO2 atmosphere. Retrovirusmediated gene transfer was performed as previously described (Akagi et al.,
2003). Parental MCF-10A cells were first infected with an amphotropic
retroviral vector expressing a murine ecotropic retrovirus receptor. This procedure rendered MCF-10A cells susceptible to subsequent infection with
ecotropic viral vectors (MCF-10Aeco cell line). For ecotropic retrovirusmediated gene transfer, cDNAs were inserted into pCX4 series retroviral
vectors carrying different drug-selection markers. The infected cells were
selected in media containing appropriate drugs.
Three-dimensional culture of MCF-10A cells
Three-dimensional cultures were performed as described previously
(Debnath et al., 2003). In brief, for spheroid formation, siRNA-treated cells
(1 × 104 cells) in MEGM containing 2% Matrigel were seeded as singlecell suspensions into 4-well chamber slides (Nunc) coated with growth
factor–reduced Matrigel (BD) at 24 h after transfection. The cells were cultured
in the Matrigel for 2 d. For branching morphogenesis assays (Stahl et al.,
1997), cells (2 × 105 or 4 × 105) in the medium containing 2% Matrigel
were seeded as single-cell suspensions into 4-well chamber slides coated
with growth factor–reduced Matrigel.
Expression constructs
GFP- or RFP-fused LL5 expression constructs were described previously
(Lansbergen et al., 2006). GFP-fused LL5 was generated by inserting an LL5
cDNA into the pEGFP-C vector. To express C-terminal fragments of integrin
3 and 6 in cells, PCR-amplified fragments were generated using human
integrin 3 variant a cDNA (OriGene) and MCF-10A first strand cDNA
as templates. siRNA-resistant mutated LL5 and - constructs (rescue; represented as LL5(res) and LL5(res), respectively) were PCR engineered by
introducing eight silent substitutions into the target site of LL5 siRNA (resulting in the sequence 5-TGGTGGCCATCAGCCTGAGTGAATA-3) and seven
silent substitutions into the target site of LL5 siRNA (resulting in the sequence
5-GGAGAAGGAAATCCTAGACCACTTA-3) and subcloned into pCX4bsr and
pCX4hyg, respectively. An LL5 mutant lacking the CLASP-binding region
(aa 561–910; LL5(M)) was generated by PCR engineering. To add N-terminal
tags, a sequence encoding EGFP (Takara Bio Inc.), TagRFP (Evrogen), mKO
(monomeric Kusabira orange; MBL), or three repeats of myc tag (myc3) was
inserted at the 5 ends of the LL5 cDNAs. GFP–-tubulin (Takara Bio Inc.) and
EB1-GFP (Mimori-Kiyosue et al., 2000) were subcloned into pCX4puro.
A laminin-2 cDNA (Thermo Fisher Scientific) was subcloned into pCX4puro,
and a C-terminal GFP tag was added.
Transfection of siRNAs
Synthetic stealth siRNAs (Invitrogen) were transfected using the HiPerFect transfection reagent (QIAGEN) according to the manufacturer’s instructions. siRNAs were directed against the following target sites: LL5,
5-TGGTGGCCATCAGCCTGAGTGAATA-3; LL5, 5-GGAGAAGGAGATTTTGGATCATCTA-3; integrin 3, 5-ATAAACCAAAGGCAGAGCCACTGGG-3; integrin 6, 5-ATACATTGTCGTCTCCACATCCCTC-3; integrin
1, 5-TACACTTACAGACACCACACTCGCA-3; integrin 4, 5-TGAACAT
CTCGTCTGTGCAGTAGGC-3; and laminin-2, 5-TGTCCAGCTTGCTATA
ATCAAGTGA-3. The siRNAs were transfected at a concentration of 100 nM.
The knockdown efficiency was analyzed by Western blotting (Fig. S2).
To retain laminin-2– or integrin-depleted cells on the culture plates, the
siRNA-treated cells were seeded onto collagen-coated plates (Iwaki).
Antibodies
To generate mAbs against LL5 and -, fragments of mouse LL5 and -
corresponding to aa 703–951 (FLJ00141) and aa 563–916, respectively,
were fused to a GST tag using the pGEX-5X-2 vector, expressed in Escherichia coli, purified with GST-affinity resin (GE Healthcare), and used to
immunize Armenian hamsters. Hybridomas were produced by standard
methods (BMR Division of Sunplanet Co. Ltd.), and their products were
assayed by ELISA, Western blotting, and immunofluorescence staining
using GFP-fused human LL5 or - as controls to select LL5– and LL5specific clones (clones #223 and #843, respectively). The characterization
of the antibodies is shown in Fig. S1 (A and B). Rabbit anti-CLASP1 pAbs
(Akhmanova et al., 2001), rabbit anti-LL5 pAb (Lansbergen et al., 2006),
and mouse anti-LL5 mAb (provided by J. Sanes, Harvard University, Cambridge, MA; Kishi et al., 2005) were described previously. The following primary antibodies were purchased from the indicated sources: mouse
anti–integrin 3 mAb (clone P1B5; Millipore), mouse anti–integrin 3
mAb (clone ASC-1; Millipore), rabbit anti–integrin 3 pAb (Millipore), rat
anti–integrin 6 mAb (clone GoH3; Abcam), mouse anti–integrin 1 mAb

(clone P5D2; Millipore), mouse anti–integrin 1 mAb (BD), mouse anti–
integrin 4 mAb (clone M126; Abcam), mouse anti–integrin v mAb (clone
P2W7; Santa Cruz Biotechnology, Inc.), rabbit anti–laminin-5 (Abcam),
mouse anti-epiligrin (clone P3E4; Millipore), mouse anti-epiligrin (clone
P3H9-2; Millipore), mouse anti–laminin-5 (2 subunit) mAb (clone D4B5;
Millipore), rabbit antilaminin pAb (Sigma-Aldrich), mouse antivinculin mAb
(Sigma-Aldrich), rabbit anti–-catenin pAb (Sigma-Aldrich), mouse antiEB1 mAb (BD), anti-MACF1 (ACF7) mAb (Abnova), mouse anti-p150glued mAb
(BD), mouse anti–-tubulin mAb (DM1A; Sigma-Aldrich), FITC-conjugated
anti–-tubulin mAb (DM1A; Sigma-Aldrich), rat anti–-tubulin mAb (YL1/2;
Abcam), rabbit anti-GFP pAb (Millipore), mouse anti-GFP mAb (Millipore),
rabbit anti-DsRed antibody (denoted as an anti-RFP antibody in the
text; Takara Bio Inc.), mouse anti-myc mAb (clone 4A6; Millipore), and
HRP-conjugated goat anti-myc pAb (Abcam). As secondary antibodies,
Cy2-, FITC-, rhodamine red–X-, and Cy5-conjugated anti–mouse, anti–rabbit,
anti–rat, or anti–Armenian hamster antibodies were purchased from Jackson
ImmunoResearch Laboratories, Inc.
Immunofluorescence staining
For conventional two-dimensional cultures, the cells were seeded on uncoated coverslips as described previously (Mimori-Kiyosue et al., 2005).
Fixed and immunostained samples were mounted in ProLong Antifade
reagent (Invitrogen) or PermaFluor (Beckman Coulter). Cells cultured in
Matrigel were fixed with a 1:1 mixture of methanol/acetone at 20°C
for 10 min. After washing in PBS, the cells were permeabilized with 0.5%
Triton X-100 in PBS, blocked with immunofluorescence buffer (3% BSA,
0.05% Tween 20, 0.04% sodium azide, and PBS), and sequentially incubated with primary and secondary antibodies. The stained cells were
mounted with ProLong Gold Antifade reagent (Invitrogen). Tissue samples
from C57BL6/J strain mice (8 wk of age) were prepared by perfusion fixation and processed as described previously (Nakatani et al., 2004).
Fluorescence microscopy and image analysis
Confocal imaging was performed using a confocal laser-scanning microscope system (Fluoview FV1000; Olympus) driven by FV10-ASW software
(Olympus) equipped with an inverted microscope (IX81; Olympus) and a
Plan-Apochromat 100× NA 1.40 oil immersion or 10× NA 0.40 objective
(Olympus) or a confocal laser-scanning microscope (LSM510; Carl Zeiss,
Inc.) driven by LSM510 software (version 2.3; Carl Zeiss, Inc.) equipped
with an inverted microscope (Axiovert 100M; Carl Zeiss, Inc.) and a
Plan-Apochromat 63× NA 1.40 or 100× NA 1.40 oil immersion objective (Carl Zeiss, Inc.). Reflection interference microscopy was performed
using the LSM510 system. Live cell imaging was performed using a microscope system (DeltaVision Core; Applied Precision) driven by SoftWoRx
software (Applied Precision) equipped with an IX70 microscope with
a Plan-Apochromat 100× NA 1.40 oil immersion objective (Olympus), a
cooled charge-coupled device camera (CoolSNAP HQ2; Photometrics) and
a CO2 incubator (Tokai Hit Co., Ltd.) for live cell culture, or a Revolution
XD system driven by IQ software (Andor Technology) equipped with an
IX81 inverted microscope with a UPlanSApo 100× NA 1.40 oil immersion
objective (Olympus), an electron-multiplying charge-coupled device camera (iXon DU-888; Andor Technology), a confocal spinning disk (CSU22;
Yokogawa), a piezo-Z stage, a laser combiner with an acousto-optic tunable filter and a CO2 incubator for live cell culture. For live cell imaging,
cells were seeded on uncoated or collagen IV (BD)–coated glass-based
dishes (Iwaki) in MEGM at 37°C under a 5% CO2 atmosphere. To establish polarized epithelial sheets, cells were seeded on glass-bottomed dishes
(2–3 × 106 cells/35-mm diameter dish) and cultured for 24–36 h.
As for the images collected with a DeltaVision system, out of focus
signals were removed using the three-dimensional deconvolution technique
included in the system. Quantification and analyses of fluorescent signals
were performed using ImageJ (National Institutes of Health), MetaMorph
(MDS Analytical Technologies), or Imaris 6.4 (Bitplane AG) software. For
quantitative analysis of the fluorescent signals at the basal cortex in confocal cross section images of spheroids, the entire length of the circumferential region of the spheroids was manually selected to obtain the mean
fluorescent signal intensity, and the mean intensity of the background staining in the cytoplasm was subtracted. For quantitative analysis of the fluor
escent signals in confocal images, the mean fluorescent signal intensity in
an appropriate region of interest (ROI) was analyzed. Measurement of
microtubule growth parameters from EB1-GFP videos was performed manually using the MetaMorph software, and the microtubule growth rates
were measured by kymograph analysis (Mimori-Kiyosue et al., 2005). The
statistical significance of differences was assessed using a two-sample
t test. Colocalization analysis was performed using the ImarisColoc software (Bitplane AG). The ROI was selected by the threshold masking function,

Laminin–integrin anchors microtubules via LL5s • Hotta et al.

915

and the intensity values for the equivalent pixel positions inside the ROI
were compared. The percentage of colocalized pixels and Pearson’s correlation coefficient in colocalized volume (R(r)) between the two color channels were obtained on a pixel by pixel basis. For tissues, entire areas of
pictures or cropped regions were analyzed.
The images were processed using Photoshop software (Adobe Systems Inc.), and the adjustments of brightness, contrast, and gamma settings
were applied to the whole image. The pictures of series of immunolabeling
samples under different conditions were collected with same machine settings and processed equally using Photoshop software. For Fig. 9 A, an
unsharp masking was used to sharpen the images. The time-lapse images
were processed using MovieMaker and Media Convert software installed
on an O2 computer (Silicon Graphics, Inc.) or ImageJ to generate composite videos.
Immunoprecipitation, Western blotting, and microbead assays
For immunoprecipitation, cells were lysed with radioimmunoprecipitation
assay buffer (Cell Signaling Technology) containing a protease inhibitor
cocktail (Sigma-Aldrich) and immunoprecipitated with protein G–agarose
(Invitrogen). To prepare total cell lysates, cells were lysed in SDS sample
buffer containing a protease inhibitor cocktail (Sigma-Aldrich). The samples were separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and probed with appropriate antibodies. Proteins were
visualized using ECL Plus Western blotting detection reagents (GE Healthcare) and a LuminoImager (LAS-3000; Fujifilm). The band densities were
analyzed with the Multi Gauge software (version 3.1; Fujifilm). Laminin-5–
conjugated microbeads were prepared using a PolyLink protein-coupling
kit (Polyscience) with an anti–laminin-5 mAb and MCF-10A–conditioned
medium. The images were processed using Photoshop software, and the
adjustments of brightness, contrast, and gamma settings were applied to
the whole image.
Mass spectrometry analysis
To collect ECM proteins deposited by MCF-10A cells, the cells were cultured for 3 d and dissociated from the culture dishes with 10 mM EDTA.
The proteins remaining on the dishes were lysed in SDS sample buffer, separated by SDS-PAGE, and subjected to negative staining. Protein identification was performed by mass spectrometric analysis as previously described
(Tabata et al., 2007). The mass spectrometric data files were searched
against the National Center for Biotechnology Information nonredundant
human database using Mascot 2.1 (Matrix Science).
Online supplemental material
Fig. S1 shows the characterization of human mammary epithelial cell line
MCF-10A cells, subclones derived from MCF-10A cells, and antibodies
against LL5s. Fig. S2 shows the characterization of siRNA tools. Fig. S3
shows the effects of integrin 1 or 4 subunit depletion on the LL5 distribution. Fig. S4 shows the mutual effects of integrin  and  subunit depletion
on their localizations at the basal cortex. Video 1 shows that microtubules
are attached to the basal cortex where mKO-LL5 is accumulated. Video 2
shows a three-dimensional representation of the distributions of RFP-LL5
and microtubules in a single living cell. Video 3 shows the behavior of
RFP-LL5 during cell attachment and spreading on the substratum. Video 4
shows behaviors of RFP-LL5 and microtubules in living cells undergoing
random migration. Videos 5 and 6 show the deposition of laminin-2–GFP
on the glass surface. Video 7 shows z-axis scanning of EB1-GFP in a living
cell within a polarized epithelial monolayer. Video 8 shows a threedimensional representation of the distributions of RFP-LL5 and EB1-GFP
in a live cell within a polarized epithelial monolayer. Video 9 shows timelapse videos of EB1-GFP at the apical, middle, and basal planes of a living
cell within a polarized epithelial monolayer. Video 10 shows time-lapse
videos of EB1-GFP at the basal cortex of living cells within a polarized
epithelial monolayer. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.200910095/DC1.
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