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Abstract

Metastasis causes death in breast cancer patients. To inhibit breast cancer metastasis, we

focused on integrin 06, a membrane protein that contributes to cell migration and

metastasis. According to in silico analysis, we identified Asp-358 as an integrin a.6-

specific vertebrate-conserved residue, and consequently as a potential therapeutic target.

Because Asp-358 is located on the surface of the 3 propeller domain that interacts with

other molecules for integrin a6 function, we hypothesized that a peptide with the

sequence around Asp-358 competitively inhibits integrin a6 complex formation. We

treated basal-like breast cancer cells with the peptide and observed reductions in cell

migration and metastasis. The result of the immunoprecipitation assay showed that the

peptide inhibited integrin o6 complex formation. Our immunofluorescence for

phosphorylated paxillin, a marker of integrin-regulated focal adhesion, showed that the

peptide reduced the number of focal adhesions. These results indicate that the peptide

inhibits integrin a6 function. This study identified the target residue of integrin a6 and

designed the inhibitory peptide. For breast cancer patients, metastasis inhibition therapy

may be developed in the future based on this study.
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Introduction

Breast cancer is the most common cancer in women worldwide (Ferlay et al., 2015).

Although various procedures have been developed, many breast cancer patients die from

metastasis (Gupta & Massagué, 2006). Therefore, the development of metastasis

inhibition therapy is in high demanded.

During the process of metastasis, cancer cells move from the primary site to

other parts of a body (Nguyen, Bos, & Massagué, 2009). This metastatic process includes

multiple steps, such as local invasion, intravasation, anoikis resistance, extravasation and

formation of metastatic focus. Because the migratory ability promotes some of these steps,

an acquisition mechanism for this high migratory ability may be a therapeutic target. In

metastatic basal-like breast cancer (Yehiely, Moyano, Evans, Nielsen, & Cryns, 2006),

we previously reported that integrin 0631 promotes cell migration and metastasis through

activation of focal adhesion dynamics (Itou et al., 2017). This suggests that an inhibitor

for integrin a6f1 may result in inhibiting breast cancer metastasis.

Integrins are membrane proteins and form a complex of a and 8 subunits

(Shattil, Kim, & Ginsberg, 2010). The extracellular region of the integrin complex binds
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to the extracellular matrix, and the intracellular domain recruits focal adhesion molecules,

such as paxillin and vinculin (Huttenlocher & Horwitz, 2011; C. Lawson & Schlaepfer,

2012). In focal adhesions, paxillin is phosphorylated by focal adhesion kinase (Turner,

2000). The function of focal adhesion is the activation of intracellular signaling and

organization of the actin cytoskeleton (Huttenlocher & Horwitz, 2011), which contributes

to the promotion of cell migration. In addition to cell migration, integrin is involved in

cell proliferation, survival and stemness in various cancers (Chang et al., 2015;

Desgrosellier & Cheresh, 2010; Groulx et al., 2014).

In the human genome, there are 18 a and 8 3 integrin subunit genes. Previously,

various integrin inhibitors have been developed. An inhibitor of integrin a2f31 was

designed for cardiovascular disease (Miller et al., 2009). Cilengitide, an inhibitor of av[33

and avf5, is being evaluated in clinical trials for glioblastoma therapy (Scaringi, Minniti,

Caporello, & Enrici, 2012). Ley et al. reviewed inhibitors of integrin olIbp3, a437 and

aEP7 (Ley, Rivera-Nieves, Sandborn, & Shattil, 2016). Several of these inhibitors are in

clinical trials or clinically used. For example, antagonists against olIbB3, such as

abciximab, eptifibatide and tirofiban, were developed for percutaneous coronary
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interventions (Bledzka, Smyth, & Plow, 2013). Treatment with natalizumab, an antibody

for the a4 subunit, is in a clinical trial for multiple sclerosis (Singer, 2017) and 1is

approved for Crohn's disease (McLean & Cross, 2016). A small molecule inhibitor of

aoLp2, lifitegrast, was shown to reduce inflammation for dry eye disease (Perez,

Pflugfelder, Zhang, Shojaei, & Haque, 2016).

For cancer, a cyclic integrin-binding peptide reduced cell migration in prostate

and pancreatic cancer cells in a neuropilin-1 dependent manner (Sugahara et al., 2015).

In ovarian cancer cell lines, neutralizing antibodies for a3, a6, av and 1 reduce cell

proliferation, and the antibodies for a3, a6 and 1 inhibits migration (Ahmed, Riley, Rice,

& Quinn, 2005). An anti-integrin a6 antibody inhibited angiogenesis and tumor growth

in xenograft experiments with a breast cancer cell line (T. H. Lee et al., 2006). Another

antibody for integrin 0.6 reduces cell proliferation and invasion in esophageal squamous

cell carcinoma (Kwon et al., 2013). In addition, anti-integrin 1 antibody inhibited

metastasis of prostate cancer (Y. C. Lee et al., 2013). However, although it is considered

that complex formation of integrin o and 3 subunits is required for their function, no

inhibitor of integrin complex formation has been designed for cancer therapy.
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Integrin a6 (also known as VLA-6 and CD49f, coded by ITGA6) is expressed

in normal and cancer cells (Ahmed et al., 2005; Chen et al., 2016; Ding et al., 2013; Kwon

et al.,2013; Pontier & Muller, 2009). It forms a heterodimer with integrin 31 or 34, which

binds to a component of the extracellular matrix, laminin (Hynes, 1992). The mouse null

mutation of integrin 06 causes early postnatal death with aberration in the skin tissue

(Georges-Labouesse et al., 1996). In human, homozygous mutation of the integrin a6

gene causes a skin disease with blisters (Pulkkinen et al., 1997). Integrin 0.6 contributes

to radiotherapy resistance in breast cancer cells through activation of Akt and Erk

signaling (Hu, Zhou, Zhao, & Wu, 2016). In malignant breast cancer cell lines, integrin

a6 is involved in migration and stemness (Chang et al., 2015; Itou et al.,2017). However,

amino acid residue(s) required for integrin a6 functions has not been fully understood.

This study focused on integrin a6 for the inhibition of cell migration in breast

cancer cells. Our in silico analyses identified Asp-358 as a target residue for metastasis

inhibition in the integrin a6 amino acid sequence. A peptide with the same sequence

around Asp-358 inhibits cell migration. Zebrafish metastasis assays and mouse tail vein
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injection show that the peptide has a potential to inhibit metastasis. Our findings may

contribute to establishing a therapy for breast cancer metastasis.

Results

Integrin a6 contributes to cell migration in basal-like breast cancer cells.

Breast cancer is classified into various subtypes. To identify the subtype that has high

integrin 06 expression, we immunostained a tissue microarray with anti-integrin a6

antibody. The results showed that integrin a6 expression was observed in the cytoplasm

and membrane and tends to be higher in basal-like breast cancer than other subtypes (Fig.

1A). The results of immunoblotting also showed high integrin a6 expression in a basal-

like breast cancer cell line, MDA-MB-231, whereas the expression was low in luminal

ones, MCF-7 and T-47D (Fig. 1B). Integrin 31 is a binding partner of Integrin a6 (Hynes,

1992), and integrin o631 promotes cell migration in basal-like breast cancer (Itou et al.,

2017). Under our conditions, integrin 1 expression was observed in both luminal and

basal-like breast cancer cell lines. MDA-MB-231 cells showed higher integrin 1

expression than Luminal breast cancer cell lines (Fig. 1B).
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To analyze the migratory ability of breast cancer cell lines, we performed

Boyden chamber assays, and observed that basal-like breast cancer cells have a higher

migratory ability than luminal breast cancer cells (Fig. 1C). To determine the role of

integrin a6 in cell migration, we performed shRNA-mediated integrin a6 knockdown and

Boyden chamber assays. We used two shRNA constructs (Itou et al., 2017), and both

reduced the integrin a6 level in MDA-MB-231 cells (Fig. 1D). In the Boyden chamber

assays, integrin a6 knockdown reduced the number of migrated cells (Fig. 1E). These

results indicate that high expression of integrin 0.6 promotes cell migration in basal-like

breast cancer cells.

Integrin a6 has the potential to promote the cell migration of luminal breast cancer cells.

Integrin a6 has two isoforms, named a.6A and 6B, which share the extracellular region

and have different cytoplasmic domains (Hogervorst, Kuikman, van Kessel, &

Sonnenberg, 1991). We designed primers for each isoform and total a.6. Primers for each

isoform specifically amplified the target (Supporting information Fig. S1). We calculated

the mRNA copy numbers of the isoforms and total a6 in the samples from basal-like
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breast cancer cell lines. The sum of the copy numbers of a6A and 6B were comparable

with that of total 0.6, supporting the reliability of our quantification (Fig. 2A). The results

of quantitative RT-PCR revealed that a6A expression is higher than a6B in basal-like

breast cancer cells (Fig. 2A).

Luminal breast cancer cells have weak integrin a6 expression (Fig. 1B) and a

low migratory ability (Fig. 1C). We overexpressed integrin a6A in these cells (Fig. 2B).

In a 2-dimensional culture, luminal breast cancer cell lines showed compacted colonies.

We observed that integrin a6A overexpression disperse cells (Fig. 2C). Because this

change is indicative of an increase in cell migration, we performed Boyden chamber

assays to analyze the migratory ability. The results showed that integrin a6A

overexpression significantly enhanced the cell migration of luminal breast cancer cells

(Fig. 2D), suggesting that integrin a6 has the potential to promote the cell migration of

breast cancer cells.

A peptide with the sequence around Asp-358 inhibits cell migration.

10
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Our data suggest that inhibition of integrin a6 reduces cell migration and metastasis in

breast cancer cells. To design an inhibitory peptide for integrin .6, target amino acid

residue(s) should be identified. Because functionally important amino acid residues are

conserved among species, we performed in silico analyses to identify an integrin a.6-

specific vertebrate-conserved amino acid residue. First, we compared the amino acid

sequences of the integrin o family in the human genome to extract integrin 0.6-specific

residues (Supporting information Doc. S1). The results showed that integrin a6 has 276

specific residues. Next, to determine whether these residues are conserved among species,

we aligned the amino acid sequences of integrin a6 for 65 vertebrates, such as human,

mouse, chicken, frog and zebrafish (Supporting information Doc. S2). The amino acid

analysis identified Asp-358, which is located at the 3 propeller domain of integrin 0.6

(Fig. 3A). The integrin a6 structure was predicted based on the crystal structures of

integrin a5 and aV (Nagae et al., 2012; Xiong et al., 2009) with a protein structure

prediction platform (Guex, Peitsch, & Schwede, 2009), and the location of Asp-358 was

analyzed. The results showed that Asp-358 is located at the surface of the 3 propeller

domain (Fig. 3B).

11
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Because the 3 propeller domain integrin o subunits interact with other

molecules, such as integrin 3 subunits, to function (Hynes, 1992; Shattil et al., 2010), it

is possible that a peptide with the sequence around Asp-358 reduces cell migration

through competitive inhibition of integrin a6 complex formation. We designed an 8

amino acid peptide with the sequence of FGYDVAVYV (Fig. 3A and 3C, the peptide

structure was depicted by software (Lamiable et al., 2016)). We treated the luminal breast

cancer cell line, MCF-7, with the peptide and analyzed cell migration. The peptide

significantly reduced cell migration in integrin a6A overexpressing cells, whereas no

change was observed in the control cells (Fig. 3D). In the basal-like breast cancer cell line

MDA-MB-231, peptide treatment significantly reduced cell migration. However, there

was no reduction effect in cell migration in the peptide-treated integrin a.6-knocked-down

cells compared with the no-peptide control (Fig. 3E). These results suggest that the

peptide inhibits integrin a6-mediated cell migration.

The peptide reduced cell migration in two basal-like breast cancer cell lines,

MDA-MB-231 and SUMI159, in a dose-dependent manner (Fig. 3F). No change was

12
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observed in the cells treated with mutant peptide, the sequence of which was

FGYAVAVV.

Zebrafish metastasis assay enables us easily to identify a metastasized cell by

live imaging (Itou et al., 2017; Teng et al., 2013). Because this is an advantage of

analyzing in vivo metastatic ability at the single-cell level compared to mammalian

models and appropriate for the purpose of this study, we performed zebrafish metastasis

assays with or without the peptide. Tg[flila:egfp]" fish that express green fluorescent

protein in their endothelial cells (N. D. Lawson & Weinstein, 2002) were used. We

injected cells into the abdominal cavity of a 2 days post-fertilization embryo. After 3 days

of culturing, we performed fluorescence microscopy, and identified an extravasated cell

at a distal part from the primary site as a metastasized cell (Fig. 3G). We observed a

reduction in metastasis rate in the peptide-treated group, compared with the no-peptide

control (Fig. 3GH). We did not observe remarkable effects on fish growth and behavior

in the peptide-treated group, although it was not determined whether the peptide affects

zebrafish integrins. These results indicate that the peptide have a potential to reduce

metastasis through the inhibition of cell migration.

13
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The peptide-mediated integrin a6 inhibition reduces metastatic focus formation.

Integrin a6 contributes stemness in breast cancer cells (Chang et al., 2015; Goel et al.,

2014). Stemness and anoikis resistance is required for formation of a metastatic focus. To

analyze stemness and anoikis resistance, we performed sphere formation assay. We

observed reduced sphere formation rate in the cells treated with the peptide (Fig. 4A),

indicating that the peptide reduces stemness and/or anoikis resistance. In breast cancer

cells, peptide treatment did not change cell growth in basal-like breast cancer cells (Fig.

4B).

Although zebrafish metastasis assay can evaluate in vivo cell migration,

intravasation and extravasation, it is not able to analyze anoikis resistance and metastatic

focus formation. To determine whether the peptide also inhibits anoikis resistance and

metastatic focus formation, we conducted mouse tail vein injection of MDA-MB-231

cells with or without the peptide treatment. We counted the number of metastatic foci in

the lungs of the injected mice. The peptide treatment significantly reduced the number of

foci (Fig. 4C). These results indicate that the peptide reduces metastasis through

14
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inhibition of anoikis resistance, extravasation and metastatic focus formation, in addition

to inhibition of cell migration.

The peptide blocks the interaction of integrin a6 with 1, and reduces the number of focal

adhesions.

To determine whether the peptide disrupts the interaction of integrin a6 with 1, we

conducted immunoprecipitation assay with anti-FLAG antibody in MDA-MB-231 cells

overexpressing integrin a6-FLAG. In the control sample, we observed integrin 1 band

(Fig. 5A). The band was not observed in the peptide treated cells (Fig. SA), indicating

that the peptide inhibits the complex formation of integrin a6 and 31.

Integrins regulate focal adhesion formation (Huttenlocher & Horwitz, 2011).

To analyze the effect of the peptide with respect to focal adhesion, we treated basal-like

breast cancer cells with the peptide for 2 h, and then performed immunostaining with an

antibody for phosphorylated paxillin, a marker of focal adhesion. Focal adhesion signals

were detected primarily at the peripheral region of a cell, and the number of focal

adhesions per a cell was reduced in the peptide-treated groups (Fig. 5B). Treatment with

15
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various concentrations of the peptide showed a reduction in the number of focal adhesions

in a dose-dependent manner. The reduction was observed in the cells treated with more

than 3.125 uM (MDA-MB-231 cells) and 6.25 pM peptide (SUM159 cells) (Fig. 5C). At

higher concentrations, the numbers of focal adhesions were reduced to approximately

50% of the no-peptide controls. The half maximum effective concentrations (EC50) were

2.865 uM (MDA-MB-231 cells) and 3.377 pM (SUM159 cells).

Integrin a6PB1 binds to laminin 511 (Nishiuchi et al., 2006). To determine

whether the peptide-mediated inhibition of integrin a.6f1 dimerization reduces laminin

binding ability, we performed laminin binding assay in MDA-MB-231 cells with or

without the peptide. The results showed reduction in laminin binding ability in the peptide

treated cells (Fig. 5D). Taken together, these results indicate that the peptide inhibits

integrin function through disruption of the integrin o631 complex formation.

Discussion

In this study, we observed high integrin a6 expression in basal-like breast cancer cells.

Integrin a6 expression enhanced cell migration. We identified the integrin a.6-specific

16
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vertebrate-conserved residue, Asp-358. A peptide with the same sequence around Asp-

358 reduced cell migration in basal-like breast cancer cells. Zebrafish metastasis assays

and mouse tail vein injections of breast cancer cells showed the reduced metastatic ability

in the peptide-treated group. Moreover, our immunoprecipitation showed that the peptide

disrupts integrin a6 complex formation.

Under our conditions, integrin a6 and 31 expressions were high in MDA-MB-

231 cells. In luminal cell lines, integrin $1 expression was detected (Fig. 1). Integrin 0.6

has two 1soforms a6A and a6B. We previously reported that both isoforms promote cell

migration in basal-like breast cancer cells (Itou et al., 2017). This study showed that a6A

is the major isoform in basal-like breast cancer cells. We overexpressed integrin 0.6A in

luminal cell lines and observed the promotion of cell migration (Fig. 2). These results

suggest that integrin a6AB 1 can enhance cell migration in luminal breast cancer cells.

In silico analyses can identify functional residues in a protein. In this study, we

found Asp-358 to be a candidate for the functional residue of integrin 6. The result of

the prediction of the integrin a6 structure showed that Asp-358 is located at the surface

of the B propeller domain. The 3 propeller domain of the integrin o family is located at

17
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the N-terminal region and has 7 [} sheets (Springer, 1997). Each sheet consists of 4

antiparallel [} strands and loops. In silico tools for protein structure (Guex et al., 2009)

predicted that Asp-358 is at a boundary between a 3 strand and a loop. Because the 3

propeller domain of the integrin o subunit interacts with the integrin [ subunit (Shattil et

al., 2010), it is possible that Asp-358 is involved in integrin complex formation. To

support this, the peptide with the sequence around Asp-358 of integrin 0.6, inhibited the

dimerization of integrin a6f31 (Fig. 5).

Our peptide, inhibited cell migration in Boyden chamber assays (Fig. 3). Our

zebrafish metastasis assay and mouse tail vain injection of breast cancer cells showed that

the peptide inhibited metastasis (Fig. 3,4). These results suggest that the peptide has the

potential to contribute to development of a metastasis inhibition therapy for breast cancer

patients.

Our immunoprecipitation assay showed that the peptide inhibits the

heterodimer formation of integrin a6 and B1 (Fig. 5). Integrins regulate focal adhesion

formation (Huttenlocher & Horwitz, 2011; C. Lawson & Schlaepfer,2012). We observed

a reduction in the number of focal adhesions in the peptide-treated groups (Fig. 5). In
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laminin binding assay, the peptide-treatment reduced the laminin binding ability (Fig. 5).

These results suggest that the peptide may impair integrin a6f1 function through

inhibition of their complex formation.

This study proposed the peptide-mediated inhibition of breast cancer metastasis.

In contrast from previous integrin inhibitors, which targets the protein itself, we first

determined the target residue of integrin a6, Asp-358, by in silico analyses and designed

the peptide. The peptide showed an inhibitory effect on cell migration and metastasis in

integrin a.6-expressing cells. This suggests that drug design with in silico analyses can be

a useful approach to identify target residues and can be applied for various target

molecules, which are involved in not only for metastasis, but also proliferation,

angiogenesis, stemness and drug resistance. Because a previous study has reported that

exosomal integrin 0.6 is involved in breast cancer metastasis (Hoshino et al., 2015), the

peptide may reduce metastasis via inhibition of integrin a6 positive exosomes. Although

integrin a6 is also expressed in normal cells (Pontier & Muller, 2009), this study may

contribute to the establishment of metastasis inhibition therapy for breast cancer patients

in the future.
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Experimental procedures

Cell culture

MCEF-7 cells were obtained from the American Type Culture Collection (Manassas, VA,

USA) and maintained in RPMI-1640 containing 10% heat-inactivated FBS and 1nM £-

estradiol (Sigma, E2758, St. Louis, MO, USA). T-47D and MDA-MB-231 cells were also

obtained from the American Type Culture Collection and maintained in RPMI-1640

containing 10% FBS. SUM159 cells were obtained from Asterand (Detroit, MI, USA)

and maintained in Ham’s F-12 nutrient mixture containing 5% FBS, 5 pg/mL insulin, 1

ug/mL hydrocortisone and 10 mM HEPES. Short tandem repeat analyses were performed

for cell authentication in July 2017 (MCF-7), June 2018 (T-47D) and May 2017 (MDA-

MB-231 and SUM159), and the results showed no contamination and no alterations of

these cells. Mycoplasma contamination was checked every 3 months by staining with

Hoechst 33342 (Dojindo, 346-07951, Kamimashiki, Japan, 1:1000 dilution) and no

contamination was observed. For drug selection to obtain infectants, 1 pug/mL puromycin

or 10 pg/mL blasticidin S was used. The peptide was synthesized with 90.0% HPLC
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purity by GenScript (Piscataway, NJ, USA). Sterilized water was used to dissolve the

peptide powder. For cell growth assays, cells were counted manually.

Immunohistochemistry

A tissue microarray obtained with the patient's informed consent was purchased from US

BioMax (BR1921b, Rockville, MD, USA). After deparaffinization, the sample was

incubated in boiled citrate buffer (pH6.0) for 40 min for heat induced epitope retrieval.

Blocking solution with normal goat serum and BSA was used. To detect integrin a6

expression, the sample was incubated with anti-CD49f/ITGA6 antibody (Acris,

SMO38PT, Rockville, MD, USA, 1:100 dilution) overnight at 4°C. Subsequently, the

sample was treated with the Vectastain elite ABC-HRP kit for rabbit IgG (Vector, PK-

6101, Burlingame, CA, USA). Signals were detected with the NovaRED substrate kit

(Vector, SK-4800). Hematoxylin was used for counterstaining. The dehydrated sample

was mounted with Malinol (Muto pure chemical, 2009-1, Tokyo, Japan). Investigations

were performed according to the principles expressed in the Declaration of Helsinki.
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Immunoblotting

The primary antibodies used were anti-integrin .6 antibody (Cell Signaling Technology,

3750, Danvers, MA, USA, 1:1000 dilution), anti-integrin 31 antibody (Cell Signaling

Technology, D2ES5, 9699, 1:1000 dilution) and anti-DYKDDDDK antibody (Wako, 018-

22386, Osaka, Japan, 1:1000 dilution, for FLAG tag detection). For the secondary

reaction, the Easy-Western-1I detection system (Beacle, BCL-EZS21, Kyoto, Japan) was

used. For an internal control, an anti-B-actin antibody (Abcam, ab6276, Cambridge, UK,

1:10000 dilution) and anti-mouse IgG antibody conjugated to a peroxidase (Pierce

biotechnology, 31340, Rockford, IL, USA, 1:50000 dilution) were used. Signals were

developed with ECL select reagent (GE Healthcare, RPN2235, Buckinghamshire, UK).

Images were collected with Ez-Capture II (ATTO, Tokyo, Japan) and Image Server 5

software (ATTO).

Loss- and gain-of-function studies

For integrin 0.6 knockdown, the shRNA-mediated gene silencing system with a lentiviral

vector, pLKO.1 (Addgene, 8453, Cambridge, MA, USA) was used. The target sequences
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were #2: 5'-CGAGAAGGAAATCAAGACAAA-3 and #3: 5

CGGATCGAGTTTGATAACGAT-3'. The shRNA control sequence was 5'-

CCTAAGGTTAAGTCGCCCTCG-3'. For integrin a6A overexpression, integrin 0.6A-

FLAG gene was constructed and inserted it between the EcoRI and the Xhol sites of a

lentiviral vector, pLenti-6.3 (Life Technologies, V533-06, Carlsbad, CA, USA). The

FLAG (DYKDDDDK) expression vector was used for the control. A previously

established lentiviral system was used (Dull et al., 1998). Virus particles were produced

in Lenti-X 293T cells (Takara, 632180, Otsu, Japan).

Boyden chamber assay

Eight-um pore culture inserts for 24-well plates (Greiner, 662638, Kremsmiinster,

Austria) were used. Twelve thousand and five hundred cells were plated with serum-free

medium in the upper compartment and incubated for 1 h at 37°C. Then, medium

containing 5% FBS was added to the lower compartment. After 6 or 24 h, cells were fixed

and stained with crystal violet. The numbers of migrated cells were counted manually by

using Image] software (Schneider, Rasband, & Eliceiri, 2012).

23



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

Quantification of the copy number of mRNAs

Integrin a6A and 06B cDNAs were cloned into the pCR-II vector (Life Technologies,

45-0245) and the pENTR vector (Life Technologies, K2400-20), respectively. They were

used as the reference for the calculation of mRNA copy numbers. First strand cDNAs

were reverse-transcribed from 1 pg of total RNA samples with an oligo dT18 primer.

Real-time PCR was performed with primer sets for a6A: forward 5'-

GCCACATATCACAAGGCTGAG-3' and reverse 5'-GCGTTTAAAGAATCCACACA

-3', 06B: forward 5'-CAAATGCAGGCACTCAGGTTC-3' and reverse 5'-

GCGTTTAAAGAATCCACACT-3', and total a6: forward 5'-

GGACAGCAAGGCGTCTCTTATT-3' and reverse 5'-

CGGCAGCAGCAGTCACATCAA-3'. Primers were validated by checking whether

specific amplification was observed with the a6A or a6B vector and whether the

amplicons have a single melting temperature in the melting curve analysis (Supporting

information Fig. S1).
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In silico analyses

Amino acid sequences were obtained from GenBank. Alignment was performed by using

ClustalW software (Larkin et al., 2007). The three-dimensional structure of integrin a6

was predicted by using a platform SWISS-MODEL (Guex et al., 2009). The structure of

the peptide was depicted with the software PEP-FOLD3 (Lamiable et al., 2016).

Zebrafish metastasis assay

The mCherry-expressing MDA-MB-231 cells (Itou et al., 2017) were injected into the

abdominal cavity of an anesthetized 2 days post-fertilization Tg[fli/a:egfp]" zebrafish (N.

D. Lawson & Weinstein, 2002). After injection, the fish was recovered in water and

incubated for 3 days at 32°C with or without 25 uM peptide. The animal experiments in

this study were approved by the Ethics Review Board for Animal Experiments of Kyoto

University. The approval number is J-13-15-2.

Sphere formation assay
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The procedure of sphere formation assay has been described previously (Matsumoto, Itou,

Sato, & Toi, 2018). A thousand cells were cultured in a well of an ultralow attachment

24-well plate (Corning, 3473, Kennebunk, ME, USA) with 500 pL. of DMEM/F-12

medium containing 10 ng/mL EGF, 10 ng/mL basic FGF, 1% B-27, 5 pg/mL insulin and

0.03% LA717 (Wako, 381-09041) for 16 days. The number of spheres larger than 100

um was counted manually by using ImageJ software.

Mouse tail veil injection

Six-week old nude mice were used. Two hundred thousand of MDA-MB-231 cells were

suspended in serum-free RPMI-1640 medium with or without 100 pg peptide and injected

into a tail vein. After 10 weeks, lung was harvested and the number of metastatic foci

were counted. The animal experiments in this study were approved by the Animal

Research Committee of Kyoto University, number MedKyo18321. All animals were

maintained according to the Guide for the Care and Use of Laboratory Animals (National

Institute of Health Publication).
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Immunoprecipitation

Integrin 0l6A overexpression was introduced to MDA-MB-231 cells. Cells were treated

with or without 25 uM peptide for 24 h. Immunoprecipitation was performed with a

Dynabeads Co-Immunoprecipitation Kit (Veritas, DB14321, Tokyo, Japan) and anti-

FLAG M2 antibody (Sigma, F1804). Additionally, 0.5% NP-40 was added to the

extraction buffer of the kit used.

Immunofluorescence

Three thousand cells were plated in the well of a chamber slide (Matsunami glass, SCS-

008, Osaka, Japan). After 2-day of culturing, cells were treated with various

concentrations of the peptide for 1 h. Fixed cells were permeabilized with 0.1% TritonX-

100 and then blocked with a blocking solution containing 5% goat serum and 1% BSA.

The primary antibody was anti-phospho-paxillin (Tyr118) antibody (Cell Signaling

Technology, 2541, 1:20 dilution). The secondary antibody was anti-rabbit IgG antibody

conjugated to Alexa 546 (Life Technologies, A11010, 1:1000 dilution). Cells were

counterstained with Hoechst 33342 (Dojindo, 1:1000 dilution). Fluoromount-G reagent
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(SouthernBiotech, 0100-01, Birmingham, AL, USA) was used for mounting. The number

of phosphorylated-paxillin signals was counted manually using ImagelJ software

(Schneider et al., 2012).

Laminin binding assay

For laminin binding assay, wells of a 24-well plate were coated with 400 uL of phosphate

buffered saline containing 1 pg of laminin-511 E8 fragment (Nippi, 892013, Tokyo,

Japan) for 1h at 37°C. After washing, the wells were blocked with 1% BSA for 1h at 37°C

and washed. Then, 1,000 cells were plated with medium and incubated for 30 min at 37°C.

The wells were washed, and cells were stained with crystal violet. Bound cell number

was counted manually.

Microscopy

The images of cultured cells, migrated cells and immunostainings were collected with an

all-in-one microscope, BZ-9000 (Keyence, Osaka, Japan) and the BZ-II Viewer software
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(Keyence). Images of zebrafish embryos were collected with a fluorescent stereoscope,

MZ16 FA (Leica, Mannheim, Germany) and analyzed with LAS AF software ver 2.6.0.

Statistics

Student's #-test was used for Boyden chamber assays, real-time PCR, sphere formation

assays, cell growth assays and laminin binding assay (Fig. 2AD, 3E, 4AB, 5D). For

multiple comparisons, Dunnett's test was used (Fig. 1CE, 3DF, 4C). Fisher's exact test

was used in the zebrafish metastasis assay (Fig. 3G). P<0.05 was considered statistically

significant. Error bars indicate standard deviations.

Acknowledgements

We thank BEX Co., LTD. for short tandem repeat analyses for cell authentication. The

manuscript was proofread by American Journal Experts. Financial supports were

provided by Taiho Pharmaceutical Co., Ltd.

Conflicts of interest

29



455

456

457

458

459

460

461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

ST, NS, Al, ASF, TT and FS declare no conflict of interest. MT received research funding

from Taiho Pharmaceutical Co., Ltd. JI is an employee of Kyoto University’s Sponsored

Research Program funded by Taiho Pharmaceutical Co., Ltd. The funding source had no

role in the study design, experiment, analysis, interpretation or writing the manuscript.

References

Ahmed, N., Riley, C., Rice, G., & Quinn, M. (2005). Role of integrin receptors for
fibronectin, collagen and laminin in the regulation of ovarian carcinoma
functions in response to a matrix microenvironment. Clin Exp Metastasis,
22(5), 391-402. doi:10.1007/s10585-005-1262-y

Bledzka, K., Smyth, S. S., & Plow, E. F. (2013). Integrin alphallbbeta3: from
discovery to efficacious therapeutic target. Circ Res, 112(8), 1189-1200.
doi:10.1161/circresaha.112.300570

Chang, C., Goel, H. L., Gao, H., Pursell, B., Shultz, L. D., Greiner, D. L., . . .
Mercurio, A. M. (2015). A laminin 511 matrix is regulated by TAZ and
functions as the ligand for the alpha6Bbeta1 integrin to sustain breast
cancer stem cells. Genes Dev, 29(1), 1-6. doi:10.1101/gad.253682.114

Chen, H., Qu, J., Huang, X., Kurundkar, A., Zhu, L., Yang, N., ... Zhou, Y. (2016).
Mechanosensing by the alpha6-integrin confers an invasive fibroblast
phenotype and mediates lung fibrosis. Nat Commun, 7, 12564.
doi:10.1038/ncomms 12564

Desgrosellier, J. S., & Cheresh, D. A. (2010). Integrins in cancer: biological
implications and therapeutic opportunities. Nat Rev Cancer, 10(1), 9-22.
doi:10.1038/nrc2748

Ding, Y. B., Deng, B., Huang, Y. S, Xiao, W. M., Wu, J., Zhang, Y. Q,, . . . Wu,
K. Y. (2013). A high level of integrin alpha6 expression in human
intrahepatic cholangiocarcinoma cells is associated with a migratory and

30



482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

invasive phenotype. Dig Dis Sci, 58(6), 1627-1635. doi:10.1007/s10620-
012-2524-6

Dull, T., Zufferey, R., Kelly, M., Mandel, R. J., Nguyen, M., Trono, D., & Naldini,
L. (1998). A third-generation lentivirus vector with a conditional packaging
system. J Virol, 72(11), 8463-8471.

Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., . ..
Bray, F. (2015). Cancer incidence and mortality worldwide: sources,
methods and major patterns in GLOBOCAN 2012. Int J Cancer, 136(5),
E359-386. doi:10.1002/ijc.29210

Georges-Labouesse, E., Messaddeq, N., Yehia, G., Cadalbert, L., Dierich, A., &
Le Meur, M. (1996). Absence of integrin alpha 6 leads to epidermolysis
bullosa and neonatal death in mice. Nat Genet, 13(3), 370-373.
doi:10.1038/ng0796-370

Goel, H. L., Gritsko, T., Pursell, B., Chang, C., Shultz, L. D., Greiner, D. L., . ..
Mercurio, A. M. (2014). Regulated splicing of the alpha6 integrin
cytoplasmic domain determines the fate of breast cancer stem cells. Cell
Rep, 7(3), 747-761. doi:10.1016/j.celrep.2014.03.059

Groulx, J. F., Giroux, V., Beauséjour, M., Boudjadi, S., Basora, N., Carrier, J. C.,
& Beaulieu, J. F. (2014). Integrin alpha6A splice variant regulates
proliferation and the Wnt/beta-catenin pathway in human colorectal cancer
cells. Carcinogenesis, 35(6), 1217-1227. doi:10.1093/carcin/bgu006

Guex, N., Peitsch, M. C., & Schwede, T. (2009). Automated comparative protein
structure modeling with SWISS-MODEL and Swiss-PdbViewer: a
historical perspective. Electrophoresis, 30 Suppl 1, S$162-173.
doi:10.1002/elps.200900140

Gupta, G. P., & Massagué, J. (2006). Cancer metastasis: building a framework.
Cell, 127(4), 679-695. doi:10.1016/j.cell.2006.11.001

Hogervorst, F., Kuikman, ., van Kessel, A. G., & Sonnenberg, A. (1991).
Molecular cloning of the human alpha 6 integrin subunit. Alternative
splicing of alpha 6 mMRNA and chromosomal localization of the alpha 6 and
beta 4 genes. Eur J Biochem, 199(2), 425-433.

Hoshino, A., Costa-Silva, B., Shen, T. L., Rodrigues, G., Hashimoto, A., Tesic
Mark, M., . . . Lyden, D. (2015). Tumour exosome integrins determine

31



515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547

organotropic metastasis. Nature, 527(7578), 329-335.
doi:10.1038/nature 15756

Hu, T., Zhou, R., Zhao, Y., & Wu, G. (2016). Integrin alpha6/Akt/Erk signaling is
essential for human breast cancer resistance to radiotherapy. Sci Rep, 6,
33376. doi:10.1038/srep33376

Huttenlocher, A., & Horwitz, A. R. (2011). Integrins in cell migration. Cold Spring
Harb Perspect Biol, 3(9), a005074. doi:10.1101/cshperspect.a005074

Hynes, R. O. (1992). Integrins: versatility, modulation, and signaling in cell
adhesion. Cell, 69(1), 11-25.

Itou, J., Tanaka, S., Li, W., lida, A., Sehara-Fujisawa, A., Sato, F., & Toi, M.
(2017). The Sal-like 4 - integrin alpha6betal network promotes cell
migration for metastasis via activation of focal adhesion dynamics in basal-
like breast cancer cells. Biochim Biophys Acta, 1864(1), 76-88.
doi:10.1016/j.bbamcr.2016.10.012

Kwon, J., Lee, T. S,, Lee, H. W., Kang, M. C., Yoon, H. J., Kim, J. H., & Park, J.
H. (2013). Integrin alpha 6: a novel therapeutic target in esophageal
squamous cell carcinoma. Int J Oncol, 43(5), 1523-1530.
doi:10.3892/ijo.2013.2097

Lamiable, A., Thévenet, P., Rey, J., Vavrusa, M., Derreumaux, P., & Tufféry, P.
(2016). PEP-FOLD3: faster de novo structure prediction for linear peptides
in solution and in complex. Nucleic Acids Res, 44(W1), W449-454.
doi:10.1093/nar/gkw329

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A,,
McWilliam, H., . . . Higgins, D. G. (2007). Clustal W and Clustal X version
2.0. Bioinformatics, 23(21), 2947-2948.
doi:10.1093/bioinformatics/btm404

Lawson, C., & Schlaepfer, D. D. (2012). Integrin adhesions: who's on first? What's
on second? Connections between FAK and talin. Cell Adh Migr, 6(4), 302-
306. doi:10.4161/cam.20488

Lawson, N. D., & Weinstein, B. M. (2002). In vivo imaging of embryonic vascular
development using transgenic zebrafish. Dev Biol, 248(2), 307-318.

Lee, T. H., Seng, S., Li, H., Kennel, S. J., Avraham, H. K., & Avraham, S. (2006).
Integrin regulation by vascular endothelial growth factor in human brain

32



548
549
550
551
552
5563
554
995
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

microvascular endothelial cells: role of alpha6betal integrin in
angiogenesis. J Biol Chem, 281(52), 40450-40460.
doi:10.1074/jbc.M607525200

Lee, Y.C,, Jin, J. K, Cheng, C. J., Huang, C. F., Song, J. H., Huang, M., . . . Lin,
S. H. (2013). Targeting constitutively activated beta1 integrins inhibits
prostate cancer metastasis. Mol Cancer Res, 11(4), 405-417.
doi:10.1158/1541-7786.Mcr-12-0551

Ley, K., Rivera-Nieves, J., Sandborn, W. J., & Shattil, S. (2016). Integrin-based
therapeutics: biological basis, clinical use and new drugs. Nat Rev Drug
Discov, 15(3), 173-183. doi:10.1038/nrd.2015.10

Matsumoto, Y., Itou, J., Sato, F., & Toi, M. (2018). SALL4 - KHDRBS3 network
enhances stemness by modulating CD44 splicing in basal-like breast
cancer. Cancer Med, 7(2), 454-462. doi:10.1002/cam4.1296

McLean, L. P., & Cross, R. K. (2016). Integrin antagonists as potential therapeutic
options for the treatment of Crohn's disease. Expert Opin Investig Drugs,
25(3), 263-273. doi:10.1517/13543784.2016.1148137

Miller, M. W., Basra, S., Kulp, D. W., Billings, P. C., Choi, S., Beavers, M. P., . ..
DeGrado, W. F. (2009). Small-molecule inhibitors of integrin alpha2beta1
that prevent pathological thrombus formation via an allosteric mechanism.
Proc Natl Acad Sci U S A, 106(3), 719-724. doi:10.1073/pnas.0811622106

Nagae, M., Re, S., Mihara, E., Nogi, T., Sugita, Y., & Takagi, J. (2012). Crystal
structure of alphaSbetal integrin ectodomain: atomic details of the
fibronectin receptor. J Cell Biol, 197(1), 131-140.
doi:10.1083/jcb.201111077

Nguyen, D. X., Bos, P. D., & Massagué, J. (2009). Metastasis: from dissemination
to organ-specific colonization. Nat Rev Cancer, 9(4), 274-284.
doi:10.1038/nrc2622

Nishiuchi, R., Takagi, J., Hayashi, M., Ido, H., Yagi, Y., Sanzen, N., . . . Sekiguchi,
K. (2006). Ligand-binding specificities of laminin-binding integrins: a
comprehensive survey of laminin-integrin interactions using recombinant
alpha3beta1, alpha6beta1, alpha7betal and alpha6beta4 integrins. Matrix
Biol, 25(3), 189-197. doi:10.1016/j.matbio.2005.12.001

33



580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

Perez, V. L., Pflugfelder, S. C., Zhang, S., Shojaei, A., & Haque, R. (2016).
Lifitegrast, a Novel Integrin Antagonist for Treatment of Dry Eye Disease.
Ocul Surf, 14(2), 207-215. doi:10.1016/}.jtos.2016.01.001

Pontier, S. M., & Muller, W. J. (2009). Integrins in mammary-stem-cell biology
and breast-cancer progression--a role in cancer stem cells? J Cell Sci,
122(Pt 2), 207-214. doi:10.1242/jcs.040394

Pulkkinen, L., Kimonis, V. E., Xu, Y., Spanou, E. N., McLean, W. H., & Uitto, J.
(1997). Homozygous alpha6 integrin mutation in junctional epidermolysis
bullosa with congenital duodenal atresia. Hum Mol Genet, 6(5), 669-674.

Scaringi, C., Minniti, G., Caporello, P., & Enrici, R. M. (2012). Integrin inhibitor
cilengitide for the treatment of glioblastoma: a brief overview of current
clinical results. Anticancer Res, 32(10), 4213-4223.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 years of image analysis. Nat Methods, 9(7), 671-675.

Shattil, S. J., Kim, C., & Ginsberg, M. H. (2010). The final steps of integrin
activation: the end game. Nat Rev Mol Cell Biol, 11(4), 288-300.
doi:10.1038/nrm2871

Singer, B. A. (2017). The role of natalizumab in the treatment of multiple sclerosis:
benefits and risks. Ther Adv Neurol Disord, 10(9), 327-336.
doi:10.1177/1756285617716002

Springer, T. A. (1997). Folding of the N-terminal, ligand-binding region of integrin
alpha-subunits into a beta-propeller domain. Proc Natl Acad Sci U S A,
94(1), 65-72.

Sugahara, K. N., Braun, G. B., de Mendoza, T. H., Kotamraju, V. R., French, R.
P., Lowy, A. M., . .. Ruoslahti, E. (2015). Tumor-penetrating iRGD peptide
inhibits metastasis. Mol Cancer Ther, 14(1), 120-128. doi:10.1158/1535-
7163.Mct-14-0366

Teng, Y., Xie, X., Walker, S., White, D. T., Mumm, J. S., & Cowell, J. K. (2013).
Evaluating human cancer cell metastasis in zebrafish. BMC Cancer, 13,
453. doi:10.1186/1471-2407-13-453

Turner, C. E. (2000). Paxillin and focal adhesion signalling. Nat Cell Biol, 2(12),
E231-236. doi:10.1038/35046659

34



612 Xiong, J. P., Mahalingham, B., Alonso, J. L., Borrelli, L. A., Rui, X., Anand, S,, . ..

613 Arnaout, M. A. (2009). Crystal structure of the complete integrin
614 alphaVbeta3 ectodomain plus an alpha/beta transmembrane fragment. J
615 Cell Biol, 186(4), 589-600. doi:10.1083/jcb.200905085

616  Yehiely, F., Moyano, J. V., Evans, J. R, Nielsen, T. O., & Cryns, V. L. (2006).
617 Deconstructing the molecular portrait of basal-like breast cancer. Trends
618 Mol Med, 12(11), 537-544. doi:10.1016/j.molmed.2006.09.004

619

620

35



621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

Figures

A

B

Low Middle High
kS = Y
o i S AT p¥Eils, MDA-MB
258 o, .?f‘.:,;;’;‘ "o;ﬁ % MCF-7 T-47D -231
S L %2 T ., a- = 136.6kDa
Zh z . ‘3‘ f_‘j A .,'@ integrin A6 o = -
Integrin a6 expression . a- > o " 136610
Low Middle High integrin 1> SRS
Basal-like (1=26)  2(7.69%) 15 (57.69%) O (34.62%) 46.2kDa
HER2 (n=18) 1(5.56%) 14 (77.78%) 3 (16.67%) a-B-actin —————
Luminal (n1=108) 12 (11.11%) 72 (66.67%) 24 (22.22%)
Luminal HER2 (n=14) 1 (7.14%) 12 (85.71%) 1 (7.14%)
C OMCF-7 BT-47D BMDA-MB-231 et 7D MDA 231
- - -MB- OIS e R0 ARGTRh w2 T .
° * % _° o‘:’»ﬁ*_g% 7g Pf:g‘:;“g ,‘zwo%:"é’oq
-21000 b [ | ’one ) 0:.“’;?“’ ‘,"% ? ?o:'o lepn
5 8y s e e E% Ry
c %"x R ] [ WW Q‘c" - d o
= %v‘?.p’\ o A & <’_o. NG
8 * % °3f5%£rh'ai:.wé;lﬁifyahn? e
T 501 ,8‘::"&’00}?‘,\,5!.;0 G090 § a2
® P48 SO0Y YD 5O ou'od g 0
S £ [ 7, 8, S by & ?9@
E g @ » .Id‘ ’ovcuo& iﬂ; .io % o ‘;;‘;t
0- R kT[S o ¢.2
o o o
6h 24h A0 Pla o a0y & O&
D E 400 MDA-MB-231
F [ S0 B T
'é '55% %i}% é'°'
o D » 8
sha6 5 300 R o""\
pra— : SORE
Control #2 #3 § 200 3 8” % 'f’.%:
a- e = 2R i,
integrin a6 MMM .. <o 1366kDa G ne ub.e T
. o © A%
a-B-actin EEED . G, > 100 g:u\z{ipg.
= Sa Py . o
0 e &
Control  #2 #3 04 ¥ p. B,

sha6

Figure 1. Integrin a6 expressing cells have high migratory ability in breast cancer. (A)

Immunohistochemistry was performed in a tissue microarray with breast cancer tissues.

Integrin .6 immunoreaction was visualized as pink staining. Classification of integrin a6

staining intensities was determined by 3 researchers. Bars indicate 50 pm. (B) Integrin
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a6 and P1 expressions were analyzed in breast cancer cell lines, MCF-7, T-47D and

MDA-MB-231. B-actin was detected as the internal control. (C) The migratory ability of

MCF-7, T-47D and MDA-MB-231 cells were analyzed by Boyden chamber assays (n =

3). Cell migration was analyzed at 6 h and 24 h. Arrowheads indicate migrated cells. Bars

indicate 100 pm. (D) The efficiency of integrin a6 knockdown constructs were

investigated in MDA-MB-231 cells. Immunoblotting images were shown. (E) Migrated

cell numbers of integrin a6 knockdown cells are shown (6h, n = 3). Arrowheads indicate

migrated cells. Bars indicate 100 pm. **: P<0.01.
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Figure 2. Integrin a6A enhances cell migration. (A) Quantification of the copy numbers

of integrin 0.6A, a6B and total 0.6 was performed (n = 3). Basal-like breast cancer cell

lines, MDA-MB-231 and SUM159, were used. (B) Integrin a6A overexpression was

analyzed in MCF-7 cells. (C) Typical images of integrin a6 overexpressing cells are

shown (n = 3 observations). MCF-7 and T-47D cells were used. Bars indicate 100 pum.

(D) Cell migration was analyzed in integrin a6 overexpressing cells (24h, n = 3).

Arrowheads indicate migrated cells. Bars indicate 100 um. n.s.: not significant, *: P<0.05,

4 P<001.
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Figure 3. A peptide with the sequence around Asp-358 inhibits migration and metastasis.

(A) Location of Asp-358 (D358) is depicted. Amino acid sequence from 345 to 370 is
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shown. Yellow box indicates Asp-358. The underlined sequence was used for the peptide.

(B) Predicted structure of the 3 propeller domain of integrin a6 is shown. Magenta

residue indicates Asp-358 (Arrow). (C) The structure of the peptide is shown. Magenta

circles indicate the aspartic acid residues corresponding to Asp-358. (D) Boyden chamber

assays were performed in integrin a6-overexpressing MCF-7 cells (24h, n = 3). Cells

were treated with 25 uM peptide. (E) Cell migration was analyzed in integrin a.6-

knocked-down MDA-MB-231 cells (6h, n = 3). Cells were treated with 25 pM peptide.

(F) The effect of the peptide on cell migration was analyzed in MDA-MB-231 and

SUM159 cells (6h, n = 3). The concentration of mutant peptide was 50 uM. (G) Zebrafish

images are shown. MDA-MB-231 cells were injected. Injected fish was cultured with or

without 25 pM peptide. Yellow arrows indicate metastasized cells. Bars indicate 100 um.

(H) Metastasis rates were graphed. n.s.: not significant, *: P<0.05, **: P<0.01.
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Figure 4. The peptide inhibits metastatic focus formation. (A) The results of sphere

formation assays were graphed (n = 4). MDA-MB-231 cells were used. (B) MDA-MB-

231 and SUM159 cells were cultured with or without the peptide (25uM). Cell number

was counted at 6, 24 and 48 h (n = 3). (C) Images of the lungs of mice injected MDA-

MB-231 cells are shown. Arrowheads indicate metastatic foci. For simplicity, not all foci

are labeled. Bars indicate 5 mm. The numbers of metastatic foci were graphed (n = 4).

n.s.: not significant, *: P<0.05, **: P<0.01.
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Figure 5. The peptide disrupts integrin 0.6 complex formation and inhibits integrin o631

function. (A) The result of immunoprecipitation assay is shown. Cells were treated with

or without 25 pM peptide for 24 h. Immunoblotting was performed with anti-integrin 31

antibodies. (B) Phosphorylated-paxillins were immunostained. Hoechst was used for

counter staining. Bars indicate 10 pm. (C) The numbers of phosphorylated-paxillin

signals were graphed. More than 35 cells were analyzed in each concentration. (D) The

result of laminin binding assay is graphed (n =3). MDA-MB-231 cells were used. **:

P<0.01.
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Supporting information

Supporting information Doc. S1 Alignment of the amino acid sequences of human

integrin o family

Supporting information Doc. S2 Alignment of 68 integrin a6 amino acid sequences of

65 vertebrates

Supporting information Fig. S1 Verification of primers for integrin a6 isoforms and

total integrin a6
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