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Fibroblasts, which are a major component of cancer-induced
stroma, can have a significant impact on the progression of adja-
cent malignant epithelia. To characterize fibroblasts recruited into
cancer-induced stroma, we examined the recruitment efficiency of
9 human fibroblast cell lines into experimental tumors generated
in immunodeficient mice. Green fluorescence protein (GFP)-
labeled fibroblast cell lines and human pancreatic cancer cell line
Capan-1 were injected i.p. at different sites; the GFP-labeled cells
within xenografts were then analyzed. KM104%*" (bone marrow)
and VA-13°TF (lung) were selectively recruited into cancer stroma
more efficiently than the other cell lines, KM1045™ cells did not
affect tumor volume; however, VA-13°" cells increased tumor
volume b}y about 2-fold. After 5 cyclic in vivo passages of
KM104°*F in Capan-1, we selected a subp(é) lation with an 8.4-
fold higher recruitment efficiency (KM104 TP_5G) compared to
parental KM104%FF, KM104%*7.5G also exhibited higher chemo-
taxis and chemoinvasion activity compared to KM104%"™ in
response to cancer-released chemoattractant(s). Oligonucleotide
microarray analysis identified 8 genes with >3-fold upregl lation
and 6 genes with >3-fold downregulation in KM104°¥F.5G,
Immunohistochemistry confirmed that fibroblasts recruited into
pancreatic cancer stroma strongly expressed carbonic anhydrase
IX and_ keratin-8, whose transcripts were upregulated in
KM104FY.5G by oligonucleotide microarray analysis, whereas
their expression in fibroblasts within noncancerous pancreatic
stroma were under the detection level. Our results indicate that
fibroblast recruitment is not selective with respect to organ origin
and that particular fibroblast subpopulations with specific pheno-
typic characteristics could be recruited efficiently into cancer-
induced stroma,

© 2005 Wiley-Liss, Inc.

Key words: fibroblast; cancer stroma; recruitment; green fluorescent
protein

The invasion process of cancer cells is associated with the gen-
eration of specific stroma, called “‘cancer-induced stroma’’. The
main constituents of cancer-induced stroma are inflammatory
cells, including lymphocytes, granulocytes, macrophages, the
endothelial cells of blood and lymph vessels, pericytes and fibro-
blasts. Inflammatory cells and endothelial cells are recruited into
cancer stroma and involved in tumor immunity " and neoangio-
genesis, > respectively. Fibroblasts, which are the major compo-
nent of stroma, are also recruited and can convert into smooth
muscle actin-positive fibroblasts, i.e., myofibroblasts or activated
fibroblasts, and produce collagens and extracellular matrix pro-
teins in response to several extracellular stimuli. The paracrine
signaling interactions between cancer cells and associated fibro-
blasts play important roles in tumor formation and progression.’”
Experimental evidence of fibroblast recruitment into cancer
stroma comes from the demonstration that the tumor microenvir-
onment preferentially promotes engraftment of i.v.-injected bone
marrow—derived mesenchymal stem cells.'® In addition, when B-
galactosidase-transduced human fibroblasts were injected i.p. into
SCID mice with an ovarian cancer cell line, they preferentially
localized within the cancer stroma but not within the normal tissue
stroma.!' Bone marrow—derived fibroblasts contribute to the

@UICC Publication of the International Union Against Cancer

é}obai cancer controf

tumor stromal reaction. We have reported that stroma generated
by invasive cancer cells consist of both bone marrow—derived and
non-bone marrow—derived activated fibroblasts and that the bone
marrow—derived activated fibroblasts were recruited into cancer-
induced stroma at a later stage.12 Furthermore, Direkze et al.'?
also described the bone marrow contribution to tumor-associated
myofibroblasts and fibroblasts. However, the functional implica-
tions of bone marrow—derived fibroblasts for cancer growth
remain unclear.

Stromal fibroblasts create a context that promotes tumor pro-
gression.'*'® Furthermore, investigators have found evidence that
the proliferative activity of stromal fibroblasts in cancer-induced
stroma is closely linked to lymph node and distant organ metasta-
sis'®!7 and that soluble factor secretion by stromal fibroblasts
influences tumor progression.'®' Elucidation of the mechanism
by which fibroblasts are recruited into cancer stroma could lead to
new insights into not only the mechanisms of cancer progression
but also strategies for cancer treatment.

In the present study, we addressed the efficiency and selectivity
of fibroblast recruitment into experimental tumors. First, we ana-
lyzed whether fibroblast cell lines derived from different or the
same organs could be equally recruited into cancer-induced
stroma. We found that recruitment of fibroblasts into cancer
stroma is not selective with respect to organ origin. Furthermore,
we developed a novel method to obtain a fibroblast cell line with
higher recruitment efficiency by repeated in vivo passages within
cancer stroma. We also found that the biologic phenotype of
recruited fibroblasts is distinct from that of nonrecruited fibro-
blasts.

Material and methods
Animals

Six-week-old female SCID mice (C.B-17 background) were
purchased from Clea (Tokyo, Japan) and maintained at the
National Cancer Center Research Institute East. All animals were
maintained under specific pathogen-free, temperature-controlled
environmental conditions. throughout the study, in accordance
with institutional guidelines. Written approval for all animatl
experiments (K03-011) was obtained from the local Animal
Experiments Committee of the National Cancer Center Research
Institute.

Abbreviations: CA IX, carbonic anhydrase IX; GFP, green fluorescent
protein; hFB, human fibroblast; HRP, horseradish peroxidase; MFI, mean
fluorescence intensity; MMP, matrix metalloproteinase; RT, reverse tran-
scriptase; SCID, severe combined immunodeficiency.
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hFB-GFP

Cetl lines and cell culnres

SV-40 transtormed human libroblast cell lines from bone mar-
row (KMIOT, 102, 103, 104 and 103) were originally established
from an identical male patient. as previousty described. ™ These
cell lines were caliired in RPMI-1640 medium with 1% heat-
inactivated IFBS and antibioties (penicillin and streptomycing. SV-
40 vanstormed fibroblast cell Tines trom tung (VA-13, IMR-90-
SV and MRC-5 SVI TG and skin {(W-V) were purchased from
Riken (Tsukuba, Japan). These cell lines were cubtured in DMEM
with 0% heat-inactivated FBS and antibioties. The human pan-
creatic cancer cell tine Capan-1 was purchased from the ATCC
(Rockville, MD). Capan-1 was maintained in REMI-1640 medium
with 206 heat-inactivated FBS and antibiotics. AL cells were
naintiined in a 3% COs incubator at 37°C.

Retroviral transfer of GEP and cell sorting

Recombinant retroviruses were produced by cotranstecting the
pMX-GEP vector™! (kindly provided by De. 1. Kitamura, Univer-
sity of Tokyo. Tohyo, Jupan) and amphotropic helper virus DNA
into 2037 cells. Human fibroblast celf tines were infected with
recombinant retroviruses by culturing in conditioned medium i
the presence of polybrene. GEP-positive tibroblast cell lines were
further sorted using a FACScaliber sorting system (Becton Dickin-
son, San Jose, CA)L

Xenotransplantation of GEFP-labeled human fibroblast cell lines
and Capun-1

Capan-1 celis (5 % 10%animaly were injected into the peritoneal
cavities of SCID mice. One hour later, 5 % 10° cells of a GFP-
labeled fibroblast cell line were injected into cach peritoneal cav-
ity at a different injection site. As we did not know when the celtu-
lar interactions between human fibroblasts and Capan-1 cells,
which are responsible oy efficient recruitment into the cancer
stroma, occur, we reinjected GEP-labeled fibroblasts on day 14, a
week before tumor removal, Animals were Killed on day 21 and
the tumor masses and other tissues removed. Control mice
received only a Capan-1 injection. Another experiment was per-
formed as tfollows, Capan-1 cells (5 X 10°%animal) were injected
into the peritoneal cavities of SCID mice on day 0. Next, 5 X 10°
cells of GFFP-tabeled KM 104 cells were injected i.p.on day 0.7 or
14 after the Capan-1 transplantation: animals were Killed on day
21. Tumor volume was calculated by the formula volume =
{width? X length)/2. We measured both tumor volume and tumor
wet weight in cach sample and confirmed that tumor wet weight
was proportional o tumor volume (1.6 =+ (1.2 mg/mm")A

Inununohistochemical and immunofluorescence analysis

Xenogralted cancer tissues were tixed in 10% formaldehyde for
1 day. Double immunolabeling was performed on sections using
an indireet immunoperoxidase technigue followed by an indirect
alkaline phosphatase technigue. Primary antibodies were a rabbit
polyclonal anti-topoisomerase 1k (Novocastra. New Castle-upon-
Tyne. UK) at 1:100 dilution and & rabhit polyclonal anti-GFP
(Molecular Probes, Eugene, OR) at a 1:1.000 dilution. Tissue sec-
tions (5 pm) were treated using @ microwave-based antigen
retrieval technigue with 10 mmol/l citrate buffer (pH 6.0y for 20
min at Y0°C. Endogenous peroxidases were inactivated with 3%
11,05 in methanol. Sections were incubated for | hr with anti-top-
oisonterase 11y antibody, then with EnVisionTM + System-HRP
(Dako. Glostrup, Denmark). Reacted products were stained with
dinminobenzidine. Sections were incubated with anti-GFP anti-
body for 1 hr and then with EnVisionTM A System-AP (Dako).
After washing in PBS, the product of the alkaline phosphatase
reaction was revealed using 0.5% fuchsin solution,

Double immunolluorescence analysis was performed by sec-
tioning specimens into 3-um-thick sections and incubating them
with the primary antibodies, including vabbit potyclonal anti-GEP-
Alexa Fluor 488 (Molecular Probes) at a 1:500 dilution and a
mouse monoclonal antilhuman cytokeratin (AL1/3. Dako) at a 1:50

(8
-

Liay 0

ﬁ-»

Capan-1 hFBSF

Dav 14

FIGeRe 1 - Recruitment of GEP-labeled human Rbroblast celf lines
into cancer stromit. (¢) Flow-cytometric analysis of GEFP expression in

genetically  engineered  human  transformoed  fibroblast cetl - lines
FBYY)  Thin tline. KMIO4 betore in vitro transduction: thick lne.
KM104 after GEFP transduction. (0) Capan-1 (3 10"animal) cells
were injected into the peritoneal cavities of SCID mice. One hour
fater, 5 X 100 cells of a GEP-labeled fibroblast cell line were injected
into the peritoneal cavity at a different site. The GEP-fabeled nibro-
blast cell line was also injected i.p.on day B4 afier the initial trans-
plantation. Animals were Killed on day 21 (o) Histologic examination
of the i.p. tumor generated by Capan-1. The peripheral wrea of Capan-
b xenografts is characterized by papillary growth. () Immunotluores-
cence  analysis  of GFP-Jabeled  fibroblast cell line (KN4
recruited into cancer stroma. GFP-positive cells (greeny were found in
the fibrovascular stroma generated by Capan-1 (red). (¢) Histologic
examination of i.p. tumor generated by Capan-1. The central area iy
characterized by glandular formation surrounded by desmoplastic
stroma. (/) Immunotluorescence analysis of GEP-Tabeled tibroblast
cell line (KM 104y recruited into cancer stroma. GEP-positive cells
(green) were found in the desmoplastic stroma generated by Capan-|
(red).

dilution. Alexa Fluor 546 antimouse 1gG (Molecular Probesy was
used as the secondary untibody. Sections were examined using an
inverted microscope with an excitation wavelength of 488 nm tor
Alexa Fluor 4838 and 568 nm for Alexa Fluor S46. Alter mounting.
sections were examined using an LSMS PASCAL confocal imag-
ing system (Carl Zeiss, Oberkochen, Germany). Confocal images
were stored as digital tiles and viewed using Photoshop (Adobe,
Mountain View, CA). Surgically resected pancreatic cancer tis-
stes were snap-frozen in liquid nitrogen and stored at = 807C until
used. Tissue scctions (5 pm) were fixed in 109 formaldehyde tor
5 min, and endogenous peroxidases were inactivated with 3%
H-Os in methanol, Primary antibodies inctuded a goat polyclonad
anti-CA X (Santa Cruz Biotechnology, Sunta Cruz, CA) at a
100 dilution and & mouse monoclonal anti-cytokeratin 8 (Dako.
Denmarky ata 1:30 dilution. Sections were incubated for |, Tol-
towed by the stundard ABC technigue (Vector, Burlingame, CA).
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TABLE I — RECRUITMENT OF HFB®"™ INTO CANCER STROMA

GEP* clusters

Cell line TV (mm?)
- + ++ + 4+

— 55 =21 077 0/7 0/7 077
Bone marrow

KM101 52+ 19 4/10 4/10 1/10 1/10

KM102 43 *+ 13 4/7 3/7 /7 077

KM103 49 + 21 3/7 477 0/7 0/7

KM104 55+ 20 0/9 1/9 4/9 4/9

KM105 55 =24 4/6 2/6 0/6 0/6
Lung N

IMR-90-SV 26 + 17 477 3/7 0/7 077

MRC-5 SV1 TG1 66 + 53* 1/8 5/8 2/8 0/8

VA-13 94 *+ 41 0/9 0/9 0/9 9/9
Skin

W-V 76 + 30 3/8 5/8 0/8 0/8
KMi04

Day 0 61 + 25 0/7 1/7 2/7 417

Day 7 60 = 15 1/6 2/6 1/6 2/6

Day 14 60 + 18 1/6 5/6 0/6 0/6

Day 0+ 14 62 + 24 0/6 1/6 2/6 3/6

Capan-1 cells and GFP-labeled fibroblast cell lines were injected i.p. at a different site. The same GFP-
labeled fibroblast cell lines were also injected i.p. 14 days after the initial transplantation. Control mice
received only a Capan-1 injection. Another experiment was performed as follows. Capan-1 cells were
injected i.p. on day 0. GFP-labeled KM104 were injected i.p. on day 0, 7 or 14 after the Capan-1 trans-

plantation. The number of GFP™ clusters was determined on the tumor maximum cut surface.
+, 1-5; ++, 6-10; +++, >11. TV, tumor volume.

Day 21

&>

Dy 21

KM104CFP

Capan-1

FiGure 2 - Capan-1 cells (5 X 106/anima1) were injected into the
peritoneal cavities of SCID mice on day 0. Thereafter, 5 X 10°
KM104%™ cells were injected ip. on day 0, 7 or 14 after Capan-1
transplantation; animals were killed on day 21.

Establishment of KM 104 subpopulations with high recruitment
efficiency into cancer stroma

GFP-labeled KM104 (KM104%FF) and Capan-1 cells were ino-
culated into the peritoneal cavities of SCID mice. After 21 days,
tumors at parapancreatic sites were removed, minced and cultured
in 10% FBS RPMI-1640. Under subconfluent conditions, adherent
cells were harvested and GFP-positive cells at the same MFI were
sorted using the FACScaliber system. After confirming that >90%
of each cell line was GFP-positive, the collected GFP-positive
KM104 cells were then once again inoculated with Capan-1 into
the peritoneal cavities of SCID mice. This procedure was repeated 5
times, and the resulting subpopulation was called KM104°TF-5G.

Real-time quantitative PCR analysis

Quantitative PCR was performed using the LightCycler System
(Roche Diagnostics, Indianapolis, IN). An aliquot of 4 pg of the
extracted total RNA from the tumor mass was reverse-transcribed
using ThermoScript and oligo(dT)q as the primer (Invitrogen, La
Jolla, CA). The obtained cDNA was diluted 1/10 with water, and
1 ul was used for amplification. PCR was performed with the
LightCycler FastStart DNA SYBR Green Kit (Roche Diagnos-
tics), according to the manufacturer’s protocol. To control for the
specificity of the amplification products, a melting curve analysis

-, 0;
p < 0.05.

was performed. No amplification of nonspecific products was
observed. In addition, PCR products were gel-separated to confirm
a band of the expected size. The relative initial amount of a partic-
ular template in the cDNA mixture was extrapolated from a stand-
ard curve. The standards, composed of 5 serial dilutions of one of
the cDNAs (ranging from 1 X 10% 10 1 X 10? copies/ul), were run
in parallel with the samples under identical PCR conditions and
amplified using the same set of primers. Using the LightCycler
software, the amplification curves of samples were plotted against
these standard curves to generate gene-specific mRNA copy num-
bers. The relative amounts of the resulting products were normal-
ized using the B-actin housekeeping gene. Primer sequences were
as follows: B-actin 5'-TTGAAGGTAGTTTCGTGGAT-3', 5'-
GAAAATCTGGCACCACACCTT-3; GFP 5-AAGTTCATCTGC-
ACCACCG-3, 5'-TCCTTGAAGAAGATGGTGCG-3'.

Chemotaxis and chemoinvasion assays

The chemotaxis assay was performed using 24-well culture
chambers (Becton Dickinson Labware, Bedford, MA) and a poly-
carbonate filter with an 8 um pore size, while the chemoinvasion
assay was performed using 24-well culture chambers and a growth
factor-reduced, Matrigel-coated filter with a pore size of 8 um
(Becton Dickinson Labware). The lower chamber contained
0.6 ml of RPMI-1640 + 0.1% BSA with Capan-1-released chemo-
attractant(s) or RPMI-1640 + 0.1% BSA as a control. In the upper
compartment, 2 X 10* cells/well were placed in triplicate wells
and incubated for 6 hr (chemotaxis assay) or for 24 hr (chemo-
invasion assay) at 37°C in a humidified incubator with 5% CO,.
After incubation, the cells that had passed through the filter into
the lower wells were stained with hematoxylin and counted under
a microscope in 9 predetermined fields.

Microarray analysis

‘We used human H133A oligonucleotide probe arrays (Affyme-
trix, Santa Clara, CA) for analysis of mRNA expression levels cor-
responding to 22,284 transcripts. The procedures were conducted
according to the supplier’s protocols and are thus described
briefly. Total RNA was extracted from cultured KM104TF and
KM104°FF-5G by Trizol (Life Technologies, Bethesda, MD)
reagent. Every 1 mg of total RNA was used to generate a cRNA
probe by T7 transcription. Fragmented cRNA (10 mg) was hybri-
dized to the microarrays in 200 ml of a hybridization cocktail at
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Froeke, 3 - Establishment  of
KM subpoputations with
higher recruitment efficiency into
cancer stromit. (¢) Schematic rep-
resentation of the in \l\u selection
of KMIO4 KMI044" was ino-
culated into the peritoneal cavities
of SCID mice with Capan-1 xeno-
prufts. After 21 days, the tumor
was  removed, minced and cul-
tured. Under subconfluent condi-
tions, adherent cells were  har-
vested and the GFP-positive cells
sorted. The collected GFP-positive
KMIO4 cells were then repeatedly
inoculated mto peritoneal cavities
with (dp.m 1 (h)y FACS Anal)sls
of KMIOH™ and KM1049T725¢G
after in vive selection. (¢) Mmplm»
logic appearanee of KM104™ and
KMLO4™-5G in vitro. () (mmlh
of KMIOA®™ and KMI1049"-5¢
in mmmldyu Lulluu KMIO4"
and  KMTO4 cells were
sceded at 5§ X l() /\\!cll on day 0
and the number of cells per well
was determined on days 1, 2, 3
and 4,

Capan-1 KM1046FP

]

@/E Sorting

KM1046FP

KM104GFP

EM1047 EMI10497.5G

A

Figure 4 — K\/H(M"” 5G exhibited higher recruitment clhuulcy
than KM 1049 (&) Immunofiuorescence analysis of KM104 and
KM 104156 recruited into cancer stronia. (Lefty KMEO4Y™ cells
were found \LdllLl(.d throughout the stroma Garrows). (Right) Numer-
ous KM1049""-5G cells were found in the stroma (arrows). (#) Quan-
titative PCR analysis of GFP expression in the resected peritoneal
turmor. GFP-specilic primers amplified a band of 173 bp.

45°C for 16 hrin a rotisserie oven set at 60 rpm. The arrays were
then washed with nonstringent wash buffer (6 X SSPE) at 25°C
followed by stringent wash butter {100 mM MES (pH6.7), 0.1 M
NaCl and 0.01% Tween-20} at 50°C, stained with streptavidin
phycoerythrin (Molecular Probes), washed again with 6 X SSPE,
stained with biotinylated antistreptavidin [gG followed by a sec-
ond staining with streptavidin phycoerythrin and washed a third
time with 6 X SSPE. The arrays were scanned using the Gene
Array scanner (Affymetrix) at 3 pm resolution, and the scanned
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image was quantitatively analyzed with Microarray Suite 5.0 soft-
ware (Affymetrix). For normalizing the data to compare mRNA
expression levels among samples, we unified 000 as an average
of average difference (AD) scores corresponding o signal inten-
sities of all probe sets in cach sample. For statistical analysis to
select genes, Microsoft Excel (Redmond, WA) was used. Each
experiment was done in duplicate. Duplicate experiments were
conducted completely independently of each other.

RESULTS
In vivo model for recruitment of human fibroblase cell lines into
xenotransplanted cancer stroma

Nine human fibroblast cell lines from bone marrow, tung and
skin were geneticatly moditied by GEP retroviral transtection; and
the GEP-positive cells were sorted. Alter confirming that =~90% ot
each cell tine was GFP- poxmvc MFBY™) they were used in the
tollowing experiment (Fig. l«). The human panuca(lu cancer cell
line Capan-1 was inoculated i.p. into SCID mice, and hEBTY cells
were administered according to the schedule outlined in Figure 15,
By day 21, all Capan-1 cells had formed tumor masses in the peri-
toneum at the injection site, parapancreas and hilum of the splccn
and liver. Although tumor sizes varied among cases, the tumor in
the parapancreas region was the largest in cach animal. The periph-
eral area of the Capun-1 xenografts at the parapancreas site was
characterized by papillary growth (Fig. 1¢), while the central area
exhibited a glandular formation surrounded by desmoplastic stroma
(Fig. ley. Immunofluorescence ummumuon enhanced using a GFP
antibody, revealed the presence of hFB S within both the papillary
stroma (Fig. d) and the dumoplaxm stroma (Fig. 1f). We exam-
ined the presence of hHFB in the intestine, liver and spleen by
immunohistochemical analysis but did not find any GFP-positive
cells. Furthermore, none of the 9 tibroblast celt lines induced meta-
static spread of Capan-1 into other organs (data not shown). Table |
shows the uuummm efliciency of hi¥ B into the cancer stroma.
Although hrBY? originating hnm hone marrow did not affect
mmm growth, 8 of 9 I\Ml()—l(' showed moderate ( ++) or hieh
() uumlmu\l efficiency. On the contrary, when KM 1026 »
l()’»('” and 1059 were injected with Capan-1, the number )'
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TABLE H = RECRUFIMENT OF KNI AND KM 56
INTO CANCER STROMA

. g GFP clusters
Celi line IV tmm) ! R

+ t o+ + 4

KM 104t 61 + 23 0/7 177 21 41
KM 5G 65 = 3y 077 077 0/7 117

Capan-1 cells were injected ip. on day 0. After 1 hr, KM1049
and KM I049""-5G were injected i.p. at a diftferent site. The number of
GFP' clusters was determined on the tumor maximum cut surface.
=, 0+, =5 ++.5-10: +++. 211 TV, tumor volume.
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FiGure 5 — Proliferative activity of KM1049 und KM 1049™-5G
within cancer stroma on days H) and 21. (¢) Double immunolabeling
of topoisomerase 1l and GFP (day 21). Nuclear positive staining for
topoisomerase a appears as brown, while cytoplasmic positive stain-
ing for GFP appears as red. Arrows indicate both topoisomerase Ha-
and GFP-positive cells. (h) Ratio of topoisomerase Ha-positive cells
to GFP-positive cells on days 10 and 21.

cases with GFP-positive clusters was lower than when KM 1049™
wus injected. hFBY™" originating from lung exhibited variable
recruitment efficiency. VA-1391 promoted tumor growth by about
2-fold and showed the highest recruitment efficiency. However,
IMR-90-SV/'™" reduced the tumor volume by half, and its recruit-
ment efficiency was low. The recruitment efficiencies of MRC-5
SVITGIY from lung and W-VO" from skin were intermediate
and low, respectively.

Early-phase interactions between KM 1049 and Capan-1 are
required for efficient recruitment into cancer stroma

To investigate when the cellular interactions between hFBY™
and Capan-1 that are responsible for efficient recruitiment into the
cancer stroma oceur, we inoculated KM1049 on day 0, 7 or 14
(Fig. 2). KM104°™ was used for this experiment since this cell
tine did not affect tumor volume, unlike VA-139"" (Table 1). As
expected, the tumor volume was nolt influenced by this injection
protocol. When KM 1049 was administered on day 0, 6 of 7
(85.7%) showed moderate (++) or high (++ +) recruitment effi-
ciency, which was almost the same as on both day O and day 14
injection (5/6, 83.3%: Table 1), However, when KM104“ was
administered on day 14, the recruitment efficiency decreased and

ISHIN ET AL

A

KM1045F7

Supernatant of Capan-1

B Chemotaxis

Chemoinvasion

—
b
<
L]
=4
<

©

<
[acd
>

40

Cellzfopticst field
n oo
<o O

Celisfoptical field
>
>

lavd
<

R
¢ & &
& Fo Fo

[ L —
Sup(+) Sup(-) Sup(¥)

L
Sup(-)

Fioure 6 — KM104M.5G exhibited higher chemotaxis and che-
moinvasion capacity than KM104 (4) Schematic representation of
the chemotaxis and chemoinvasion assays: the lower chamber con-
tained 0.6 ml of RPMI-1640 + 0.1% BSA with Capan- I -released che-
lm)mlmctunlgs)’ or RPMI-1640 + 0.1% BSA as a control. Next, 2 X
10 KMIT049T ar KMI049T™-5G cells were placed in the upper com-
partment and incubated for 6 hr (chemotaxis assay) and for 24 hr {(che-
moinvasion assay). Cells that migrated through the porous membrane
were stained and counted. Cells were counted in microscopic fiekds at
X200 magnification. Nine liclds were selected for cell counting, and
each numerical value was averaged. () Number of cells that passed
through the filter into the lower wells in response to the Capan-1-
released chemoattractant(s).

no case showed moderate or high recruitment efficiency. These
resulls suggest that early cellular interactions between Capan-!
and KM104"™ are required for efficient recruitment into cancer
stroma.

In vivo selection of « KM1049"" subpoputation with a higher
recruitment efficiency in Capan-1-induced stroma

To establish a KM 104" subpopulation with higher recruit-
ment efficiency, we performed 5 cyclic in vivo selections of
KM1049" i Cuapan-t-induced stroma, as shown in Figure 3u
(KM104*Y-5G).  The population of  GFP-positive cells in
KMI104™ and KM104°Y.5G was 95.0% and 96.7%, respec-
tively; and MFI of GFP in KM 104" and KM104-5G was 339
and 380, respectively (Fig. 3h). Morphologically, KMI(H('H)—S(‘-
exhibited a spindle shape that was similar to KM 1049 (Fig. 3¢).
Growth of KM104" and KM 104956 cells in monolayer cul-
ture did not significantly difter, indicating that there is no critical
difference in proliterative activity or other growth-determining
celtular features of these fibroblast subclones (Fig. 3d). When
Capan-1 was injected with KM1047-5G, numerous GEP-posi-
tive clusters were found within cancer stroma (Fig. 4¢). In
KMIO4% 477 showed high (+++) and 2/7 showed moderate
(+ +) recruitment efficiency, whereas all cases (7/7) showed high
(++ +) recruitment efliciency in KMl()4('[‘P-5G. (Table 1), indi-
cating higher recruitment efticiency in KM104°".5G. Quantita-
tive RT-PCR analysis revealed that the relative copy numbers of
GFP/B-actin (107 in tumor masses injected with KM 104917256
and in those injected with KM 104" were 115.8 and 13.8, respec-
tively (Fig. 4b). We double immunostained the cells with GFP and
topoisomerase Il whose expression is limited mostly 10 the S-10-
Go/M phases of the cell cycle™ (Fig. Sa). The topoisomerase Ha-
positive cell ratios for GFP-positive KM 049 and KM 104917
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TABLE I - CDNA MICROARRAY SEARCH FOR GENES THAT ARE
>3-FOLD DIFFERENTIALLY EXPRESSED IN KMI104%F".5G

Genebank Gene name Fold change
Genes upregulated in KM104°FF-5G
NMO002273  Keratin-8 6.0
NMO004415 Desmoplakin 5.6
NMO003543  Zing finger protein 198 38
NMO005682 G protein—coupled 37
receptor 56
NM001216 CAIX 3.0
NMO004436 Endosulfine-o 3.0
NMO005901 Mothers against 3.0
decapentaplegic homolog 2
NMO002345 Lumican 3.0
Genes downregulated in KM104%F7-5G
NMO014459  Protocadherin-17 0.1
NMO012453  Transducin B-like 20 02
NMO001004 Ribosomal protein, large P2 0.2
NMO005195 CCAAT/enhancer binding protein 8 0.2
XM168302 Zinc finger protein 36 03
NMO004436 Hypothetical protein FLJ20375 0.3

5G cells on day 10 xenografts were 37.0 = 7.3% and 37.1 *
5.4%, respectively, and those on day 21 xenografts were 27.4 *
4.5% and 32.9 = 3.7%, respectively; these differences were not
significant (Fig. 5b). These results indicated that higher recruit-
ment efficiency of KM104%""-5G was not caused by increased
proliferative activity.

KM104SFF_5G exhibited higher chemotaxis and chemoinvasion
activity

Fibroblast recruitment is thought to involve several sequential
events, such as migration, proliferation and survival within the
cancer microenvironment. We therefore examined whether
KM104°FF and KM104°F-5G exhibited any differences in che-
motaxis__or chemoinvasion activity. When KM104°F  and
KM104SFP-5G were placed on transwell chambers, the number of
migrating cells increased in resgonse.to Capan-1-released chemo-
attractant(s); however, KM104°%-5G exhibited a 2.4-fold higher
migratory capacity than KM1049 (KM104°™ 28.1 = 6.0/field
vs. KM104°"P5G 68.0 *+ 1.6/field). When KM104°™ and
KM104%FF-5G were placed on a Matrigel transwell chamber, the
invasion capacity of KM104%FF-SG was 3.1-fold higher than that
of KM104%™ (KM104°™F 4.1 + 1.1/field vs. KM104%7"-5G 12.6
+ 4.6/field) without any chemoattractants and 4.3-fold higher
(KM104°F¥ 22,3 = 2.9/field vs. KM104977-5G 95.5 * 10.2/field)
in response to Capan-1-released chemoattractant(s) (Fig. 6).

Comparison of expression profiles between KM1 04%F? and
KM104°F7-5G -

To identify the genes differently expressed in KM104%FF.5G,
genomewide screening for genes with different expression
patierns in KM 104 and KM10497*-5G was performed using a
microarray containing 22,284 probes. We performed duplicate
microarray analysis and selected the genes with >3-fold up- or
downregulation in both experiments. Eight genes with >3-fold
upregulation and 6 genes with >3-fold downregulation in
KM104%F-5G were identified (Table III). The upregulated genes
were keratin-8 and desmolakin (microfilaments and cytoskeleton),
zinc finger protein 198 (transcription and translation), G protein—
coupled receptor 56 and CA IX (membrane proteins), mothers
against decapentaplegic homolog 2 (signal transduction), lumican
(cell-matrix interactions) and endosulfine-a (others). The downre-
gulated genes were protocadherin-17 (cell-matrix interactions),
ribosomal protein large P2, CCAAT/enhancer binding protein 8
and zinc finger protein-36 (transcription and translation) as well as
transducin (beta)-like 20 and hypothetical protein FLIJ20375
(others). Significant differences in the expression of genes directly
involved in cell gration and/or invasion (MMP family) were not
found in KM104°FF-5G.
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TABLE IV — EXPRESSION PROFILES FOR CA IX AND KERATIN-8 IN hFB“""

Cell line CAIX Keratin-8

Bone marrow

KM101 25.4 5.4

KM102 6.8 3.1

KM103 1.2 2.2

KM104 5.1 27.0

KM104-5G 284 37.2

KM105 0.5 6.0
Lung

IMR-90-SV 2.4 1.7

MRC-5SVI TG1 0.5 19.9

VA-13 20.6 6.4
Skin

w-vV 0.0 7.3

Total RNA was extracted from 9 GFP-labeled fibroblast cell lines
and KM1049F-5G, and quantitative RT-PCR was performed. The rel-
ative amounts of the resulting products were normalized using B-
actin.

Immunohistochemical staining of CA IX and keratin-8
in fibroblasts in pancreatic ductal cancers

To verify whether expression of the genes identified in microar-
ray experiments could be found in the recruited fibroblasts within
cancer stroma, we selected 2 genes (CA IX and keratin-8). The
results obtained by microarray were confirmed by real-time quan-
titative PCR. Relative amounts of transcription for CA IX and ker-
atin-8 in 9 fibroblast cell lines and KM104%7*-5G are summarized
in Table IV. Transcripts for CA IX and keratin-8 in KM104°FF.
5G were 5.6-fold and 1.4-fold higher, respectively, than in
KM104%FF, Then, their protein expression was immunohisto-
chemically analyzed in xenografts and surgically resected pancre-
atic cancers. In the xenografts, KM104%F recruited into Capan-1-
induced stroma expressed CA IX (Fig. 7a,b) but not keratin-8
(data not shown). Overexpression of CA IX was observed in fibro-
blasts within pancreatic cancer stroma, with desmoplastic reaction
in 6 of 8 cases (Fig. 7¢). On the contrary, its expression was weak
or under the detection level in fibroblasts within noncancerous
pancreatic tissue (Fig. 7d). Overexpression of keratin-8 in fibro-
blasts within cancer stroma was observed in 2 of 8 cases (Fig. 7e),
whereas its expression in fibroblasts was under the detection level
in noncancerous pancreatic tissue (Fig. 7f).

Discussion

During cancer invasion, fibroblasts as well as inflammatory
cells are recruited into cancer-induced stroma in response to che-
motactic signals produced by the cancer cells. One of the first
demonstrations of recruitment of genetically modified endothelial
cells showed that rat brain endothelial cells can stably engraft into
glioma-associated vessels.”? Recently reported evidence has
shown that exogenously administered human endothelial cells
and fibroblasts are selectively recruited into the microvasculature
and stromal compartment, respectively, of human tumors growing
i.p. in SCID mice.!! We also demonstrated in the present study
that GFP-labeled human fibroblast cell lines were incorporated
into cancer stroma. Furthermore, KM104%™" (from bone marrow)
and VA-13°* (from lung) were recruited more efficiently than
the -other cell lines. These results indicate that the recruitment of
fibroblasts into cancer stroma is regulated by the properties of the
fibroblasts themselves, which appears to agree with the results
of previous in vitro studies showing that fibroblasts within cancer
stroma and normal tissue are phenotypically and functionally
distinct, >

Interestingly, although KM104°TF was efficiently recruited, it
did not influence tumor growth. However, VA-139F was effi-

ciently recruited and promoted tumor growth. The integration of
fibroblasts in the tumor mass would not contribute to the increase
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of tumor volume since the number of recruited fibroblasts was
<5% in the resected tumor by microscopic analysis. In addition,
IMR-90-SV*? reduced tumor growth significantly, while W-
V“H’, which showed similar recruitment efficiency as IMR-90-
SV promoted mor growth. Therefore, the biologic character-
istics ol fibroblasts could influence not only the recruitment efii-
ciency of fibroblasts themselves but the growth of cancer cells.
We are now investigating the mechanism by which recruited VA-
13 promotes xenograft volume. We used KM 104" which exhib-
ited high recruitment etficiency but did not affect tumor growth, in
the tollowing studies,

When KMI049 cells were administered on day 14, the
recruitment efticiency was obviously lower than when they were
administered on day 0. We previously reported that most myofi-
broblasts within cancer stroma al the carly phase of cancer pro-
gression were of residual tissue origin, whereas at the late phase,
40% of myofibroblasts were of bone marrow origin.'* These find-

Keratin 8 (noncancer
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Fioure 7 — Recruited fibroblasts
into cancer strona expressed CA
IX and keratin-8. (¢) KM1049""
recruited into Capan-1 - induced
stroma. Section was stained with
GFP. Arrowheads indicate the clus-
ter of KM1049*Y_ () Serial section
was stained with CA 1X. Note
KMI04 showing CA IX-posi-
tive. Parts of Cupan-1 also were
positive for CA IX. (¢) Recruited
fibroblasts  (arrows) in  invasive
pancreatic cancer with desmoplas-
tic stroma showed strongly positive
reaction for CA I1X. () Fibroblasts
within - noncancerous  pancreatic
tissue showed weak or negative
staining for CA 1X. (¢) Recruited
fibroblasts  (arrows) in  invasive
pancreatic cancer showed positive
reaction for keratin-8. (f) Fibro-
blasts within noncancerous pancre-
atic tissue showed negative stain-
ing for keratin-8, whereas exocrine
glands were strongly positive for
keratin-§.
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ings imply that the cancer microenvironment at the late phase pro-
vides an optimal condition for the recruitment of fibroblasts from
the peripherat blood, rather than from the focal connective tissue
around the cancer nests. As tumnor microenvironments of early and
late phases might recruit ditferent kinds of fibroblast, we speculate
that early phase, but not late phase, Capan-l-induced microenvir-
onment was suitable for the recruitinent of KM 1049,

Fibroblasts within cancer stroma are biologically heterogene-
ous, and this heierogeneity has many ramifications for studies on
tumor biology.™ ™ To select and maintain fibroblast variants with
a higher recruitment potential from a heterogeneous ]')opululion,
we performed in vivo selection™ using the KMEO4S™ cell line.
After 5 cyclic in vivo selections within cancer stroma, we obtained
A subp()P tlation with an 8.4-fold higher recruitment potential
(KM1049™.5G). we investigated whether the higher recruitment
of KMI04“"™.5G in vive is functionally hnked with its migration
and invasion capacity in virro. Although both KMI049™ and

192 —



FIBROBLAST RECRUITMENT INTO CANCER STROMA

KM104°"-5G exhibited migratory potential in response to
Capan-1-released chemoattractant(s), KM1049**-5G had_higher
migratog; activity. Most interestingly, when KM104°FF “and
KM104%*.5G were subjected to a Matrigel invasion assay,
KM104°F-5G also exhibited a higher degree of invasiveness.
Several reports have described fibroblasts from pathogenic fibrotic
lesions, including cancer tissue, exhibiting *‘transformed” behav-
jor.!33%-%% Fibroblast-like synoviocytes derived from rheumatoid
arthritis joints were highly invasive and have functional implica-
tions for the matrix degradation of cartilage, whereas cells from
normal tissues were not invasive.>® Based on these findings, one
may postulate that fibroblasts within cancer stroma have a migra-
tory and invasive capacity similar to that of cancer cells and asso-
ciate with cancer cells by transmitting reciprocal signals. This
hypothesis is also supported by the fact that exogenous KM104°F
administered on day 0 was found in both central and peripheral
areas of the cancer tissue on day 21 (Fig. 1¢—f).

Considering the results obtained from the oligonucleotide micro-
array method, we have focused on CA IX and keratin-8, which were
significantly upregulated in KM104%FF_5G. Their protein expres-
sion was actually upregulated in recruited fibroblasts within cancer
stroma of invasive pancreatic cancer cases. CA IX is a novel mem-
ber of the carbonic anhydrase family that codes for a transmem-
brane glycoprotein with an extracellular catalytic domain; its
expression is strongly induced by hypoxia.‘“)’41 Colpaert et al.*?
reported that CA IX expression was found in not only breast cancer
cells but also fibroblasts within the cancer stroma and that expres-
sion in fibroblasts was associated with poor prognosis. Keratin-8, an
intermediate filament, is mainly expressed in epithelial cells but is
also found in human decidual stromal cells, embryonal mesenchy-
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mal cells and SV-40 transformed fibroblasts in vitro.**** Moreover,
forced expression of kerating 8 and 18 in mouse L cells augmented
cell migration and invasion.** Nakagawa et al.*® analyzed molecu-
lar expression profiles of cancer-associated fibroblasts in colon can-
cer metastasis and indicated that these fibroblasts form a favorable
microenvironment for cancer cells. According to their results, genes
upregulated in cancer-associated fibroblasts compared to skin fibro-
blasts included keratin-18, which is not found in normal stromal
cells. Taking these observation and our results into consideration,
keratin upregulation in fibroblasts may be a key phenomenon for
the recruitment into cancer-induced stroma. Further research should
address the precise role of these genes with regard to fibroblast
recruitment in our model using gene overexpression or silencing
methods, although the possible effects of posttranscriptional modifi-
cations must be kept in mind.

By targeting the tumor microenvironment, treatment effective-
ness could be increased.*”*® Much work on the biologic mecha-
nisms of fibroblast recruitment is needed, but the present results
suggest that fibroblasts could be used as a biologic tracer of cancer
cells and could act as an efficient drug delivery system to prevent
or slow the local growth of cancer cells.
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Rapt is a small GTPase that regulates adherens junction maturation. It remains elusive how Rap1 is activated upon
cell-cell contact. We demonstrate for the first time that Rapl is activated upon homophilic engagement of vascular
endothelial cadherin (VE-cadherin) at the cell-cell contacts in living cells and that MAGI-1 is required for VE-cadherin-
dependent Rap1l activation. We found that MAGI-1 localized to cell-cell contacts presumably by associating with
B-catenin and that MAGI-1 bound to a guanine nucleotide exchange factor for Rap1, PDZ-GEF1. Depletion of MAGI-1
suppressed the cell-cell contact-induced Rap1 activation and the VE-cadherin-mediated cell-cell adhesion after Ca**
switch. In addition, relocation of vinculin from cell-extracellular matrix contacts to cell-cell contacts after the Ca** switch
was inhibited in MAGI-1-depleted cells. Furthermore, inactivation of Rap1by overexpression of Rap1GAPIl impaired the
VE-cadherin-dependent cell adhesion. Collectively, MAGI-1 is important for VE-cadherin-dependent Rapl activation
upon cell-cell contact. In addition, once activated, Rap1 upon cell-cell contacts positively regulate the adherens junction
formation by relocating vinculin that supports VE-cadherin-based cell adhesion.

INTRODUCTION (JAM) family members, occuludin, caudin-5, and nectin
(reviewed in Dejana, 2004).

VE-cadherin has an extracellular domain constituted by
five cadherin domains, a transmembrane domain, and a
cytoplasmic domain connected to p120 catenin and f-cate-
nin (Iyer et al., 2004). Through B-catenin, VE-cadherin is
linked to a-catenin that is associated with the actin cytoskel-

Intercellular adhesion of vascular endothelial cells is essen-
tial for connecting neighboring endothelial cells to develop a
vascular tree and to function as a barrier separating blood
and tissues. Vascular endothelial cell adhesion is character-
ized by the overlapping of adherens junctions (AJs) and

tight junctions (T]s). AJs are constituted by vascular endo- eton, which results in the maintenance of cell-cell adhesion
thelial cadherin (VE-cadherin) in close cooperation with i conjunction with cytoskeleton (Herren et al., 1998; Na-
platelet and endothelial adhesion molecule-1 (PECAM-1)  varro et al,, 1998; Kobielak and Fuchs, 2004). Tyrosine-phos-
and nectin. VE-cadherin-mediated cell adhesion depends on phorylated VE-cadherin in its cytoplasmic domain provides
extracellular Ca®*, but not those mediated by PECAM-Tand  docking sites for signal-transmitting molecules (Esser ef al.,
nectin. TJs are made up of junctional adhesion molecule 1998; Zanetti et al., 2002; Hudry-Clergeon ¢t al., 2005). Con-

versely, cytoplasmic domain modified by phosphorylation

or associated with signaling molecules triggers the inside-
This article was published online ahead of print in MBC in Press out signal that regulates the VE-cadherin-mediated cell ad-
(http:/ /www.molbiolcell.org /cgi/doi/10.1091/ mbc.E05-07-0647) hesion (Nwariaku ¢f al., 2004). B-catenin binds to other sig-

on December 7, 2005. naling molecules including PI3-K and MAGUK with

i (¥} The online version of this article contains supplemental ma- inverted domain structure-1 (MAGI-1) as well as a-catenin
terial at MBC Online (http://www.molbiolcell.org). (Kotelevets et al., 2005).

Address correspondence to: Naoki Mochizuki (nmochizu@ MAGI-1 consists of six PSD95/ DiscLarge/ZO-1 (PDZ) (.jlo-
ri.ncve.go.jp). mains, a guanylate kinase domain and two WW domains
Abbreviations used: AJ, adherens junction; CFP, cyan fluorescent flanked by the first an_f:l second P.DZ domain .(Dobrosofslfafya
protein; ECM, extracellular matrix; EGRP, enhanced green fluores- et al., 1997_)- Because PDZ domains are d.ockmg.domamb. OT
cent protein; FRET, fluorescence resonance energy transfer; GEF, PDZ-binding molecules, MAGI-1 associates with a variety
guanine nucleotide exchange factor; GAP, GTPase activating pro- molecules such as NMDA (N-methyl-p-aspartate) receptors,

tein; HAEC, human aortic endothelial cell; HUVEC, human umbil- PTEN, BAI-1, §-catenin, mNET1, and B-catenin (Hirao et al.,

ical vascular endothelial cell; JAM, junctional adhesion molecule; 1998; Ide ef al., 1999;Mino ef al., 2000; Dobrosotskaya, 2001).

MAGI-1, MAGUK with inverted domain structure-1; GFP, green These MAGI-1-associatin lecules f " t cell—cell
! . s -l-associating molecules function at cell-ce

fluorescent protein; PBS, phosphate-buffered saline; PDZ, PSD95/ A , ~1 HOnS s
DiscLarge/ZO-1; PECAM-1, platelet and endothelial cell adhesion contacts (Laura et al., 2002). MAGI-1, therefore, functions as

molecule-1; siRNAs, small interfering RNAs; T, tight junction; VE- @ scaffold molec.ule by localizing to c'ell—cell contacts. Re-
cadherin, vascular endothelial cadherin; VEC-Fc, recombinant VE- cently, MAGI-1 is reported f0’ blOChem.l.CE}”y forma COmP]GX
cadherin ectodomain-Fc chimera; YFP, yellow fluorescent protein. with E-cadherin and g-catenin (Kawajiri et al., 2000). How-
© 2006 by The American Society for Cell Biology 1
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ever, the role of the E-cadherin/ B-catenin-MAGI-1 complex
in cell~cell junctional formation remains elusive.

Rap1 regulates cell-cell adhesion as well as cell-extracel-
lular matrix (cell-ECM) adhesion (Bos, 2005). We have pre-
viously demonstrated that Epac-Rapl signaling enhances
VE-cadherin-dependent cell adhesion, thereby stabilizing
vascular endothelial cell junctions (Fukuhara et al., 2005). On
cell-cell contact, C3G, a guanine nucleotide exchange factor
(GEF) for Rapl, is involved in the signaling mediated by
E-cadherin and nectin in epithelial cells (Hogan ef al., 2004;
Fukuyama ¢t al., 2005). Rapl cycles between GDP-bound
inactive form and GTP-bound active form; Rapl-specific
GEFs and GTPase activating proteins (GAPs) activate and
inactivate Rapl, respectively. Rapl GEF family consists of
C3G (RAPGEF1), PDZ-GEF1 (RAPGEF2), PDZ-GEF2,
CalDAG-GEF1, Epac, and Epac2 (Bos et al., 2001).

We here investigate the involvement of MAGI-1-PDZ-
GEF1 in the activation of Rapl on vascular endothelial cell
contact and demonstrate that MAGI-1 recruited to cell-cell
junctions by associating B-catenin contributes to cell-cell con-
tact-dependent activation of Rapl. In addition, the MAGI-
1-mediated signal evoked upon cell-cell contact augments
VE-cadherin-dependent endothelial cell adhesion. Thus,
engagement of VE-cadherin activates Rapl via MAGI-1, re-
sulting in positive regulation of VE-cadherin-mediated cell
adhesion.

MATERIALS AND METHODS

Plasmids and Adenovirus

pRaichu-Rap1, Rapt activation monitoring-probe based on fluorescence res-
cnance energy transfer (FRET), and Adeno-Raichu-Rapl, an adenovirus ex-
pressing Raichu-Rapl were described previously (Mochizuki ef al., 2001).
Adenoviruses encoding RaplGAPI and TacZ were obtained from S. Hattori
(The Institute of Medical Science, University of Tokyo) and M. Matsuda
(Research Institute for Microbial Disease, Osaka University, Osaka, Japan),
respectively. Endothelial cells were infected with adenovirus at the appropri-
ate multiplicity of infection for more than 24 h before imaging. The coding
sequences of human MAGI-1b (hereafter MAGI-1) and PDZ-GEF1 were am-
plitied by PCR using human heart cDDNA library as a template and resultant
DNAs were inserted into p3~ FLAG-CMV-10Q (Sigma, St. Louis, MO) and
pEGEP-C1 (Clontech, Ialo Alto, CA). cDNAs encoding truncated MAGI-1
as indicated in Figures 3B and 4A were similarly inserted into pEGFP-C1.
pCALWL-FLAG-C3G, a FLAG-tagged mammalian expression vector, was
obtained from M. Matsuda (Research Institute for Microbial Disease,
Osaka University, Osaka, Japan; Ohba et al,, 2001). pIRM21-PDZ5 ex-
pressed FLAG-tagged PDDZ domain & of MAGI-1 and internal ribosomal
entry site-driven dsFP5Y2 (Nagashima et al., 2002). HeRed-pl20 catenin-
expressed HeRed-tagged p120 catenin was described previously (Kogata et
al., 2003).

Reagents and Antibodies

Purified human immunoglobulin (Ig) G Fe protein was purchased from
ICN Biclogicals (Cosa Mesa, CA). Glutathione Sepharose, protein A- and
G-Sepharose were purchased from Amersham Biosciences (Piscataway,
NJ). The rabbit polyclonal anti-MAGI-1b and anti-PDZ-GEF1 antibodies
were developed in our laboratory by immunizing rabbits with recombi-
nant glutathione S-transferase (GST)-tagged MAGI-1b (aa 1-140Q) or PDZ-
GEF1 (aa 1-250) coupled with complete Fraeund’s adjuvant, respectively.
Anti-green fluorescent protein (GFP) antibody was generated in our lab-
oratory. Other antibodies were purchased as follows: anti-Rap] from Santa
Cruz Biotechnology (Santa Cruz, CA); anti-FLAG (M2) and anti-vinculin
from Sigma; anti-VE-cadherin, and anti-2-catenin from BD Bioscience (San
Jose, CA); anti-ZQ-1 from Zymed (South San Francisco, CA), Alexa 488- or
Alexa 546-Jabeled secondary antibodies from Muolecular Probes (Eugene,
ORY); horseradish peroxidase-coupled goat anti-mouse and anti-rabbit 1gG
from Amersham Biosciences.

Cell Culture and Transfection

Human umbilical vein endothelial cells (HUVECs) and human arterial endo-
thelial cells (HAECs) were purchased from Kurabo (Kurashiki, [apan). The
cells were maintained in HuMedia-lG2 with a growth additive set as de-
scribed previously (Nagashima et al,, 2002). Bovine aortic endothelial cells
(BAECs), MDCK and 293T cells were maintained in DMEM (Nissui, Tokyo,

Japan) supplemented with 10% fetal bovine serum and antibiotics (100 pg of
streptomycin and 100 U of penicillin/ml). Endothelial cells and 2937 cells
were transfected by Lipofect AMINE plus reagent (Invitrogen, Carlsbad, CA)
and by the calcium phosphate method, respectively.

FRET Imaging and Fluorescence Imaging

HUVECs cultured on collagen-coated glass-base dishes were infected with
Adeno-Raichu-Rapl or transfected with pRaichu-Rapl. The structure of
Raichu-Rapl and the principle of FRET are illustrated as in Figure 1A, Cells
were imaged on an Olympus IX-81 inverted fluorescence microscope (Lake
Success, NY) as described previously (Nagashima ¢t al., 2002). Dual images
for cyan flucrescent protein (CEP) and yellow fluorescent protein (YFP) were
obtained through an XF1071 excitation tilter, an XF20234 dichroic filter, and an
XF3075 emission filter for CFP and an XF 3079 for YFI' (Omega Scientific,
Tarzana, CA), respectively. The ratio image of YFP/CFP were created by
MetaMorph 5.0 software (Universal Iimaging, West Chester, PA) and dis-
plaved as an intensity-modulated display image as describad previously
(Nagashima ef al., 2002).

Quantilative FRET analysis at the cell-cell contacts was performed by
dividing the intensity of YFP by that of CEDP in the area defined by randomly
selected 30 cell-cell contact sites. The detail was explained in the figure
legend of Supplementary Figure 2. Cells expressing either fluorescence
tagped proteins (GFP, dsFP593, and HeRed) were time-lapse imaged similar
to FRET imaging on an IX-81 microscope using appropriate filter sets for GFI’
and dsFPH93.

Calcium Switch

HUVECs serum-starved for 10 h in medium 199 {Invitrogen) containing 1%
bovine serum albumin (BSA) were transiently exposed to 4 mM EGTA for 20
min to chelate extracellular calcium and disrupt Ca?*-dependent intercellular
junctions (Volberg et al., 1986). After washing, the cells were allowed to
recover in complete cell calcivum-containing culture media for the time indi-
cated in the figure.

Detection of GTP-bound Rapl

GTP-bound active Rapl was detected according to Bos's method (Franke et
al., 1997). Briefly, cells starved in medium 199 containing 1% BSA for 10 h
were subjected to a calcium switch or stimulated with 10 g/ ml VB-cadherin
ectodomain-Fe (VEC-Fe) protein for the time indicated at the top of the figure.
The cells were lysed at 4°C in pulldown lysis buffer (20 mM Tris-HCl [pH 7.5],
100 mM NaCl, 10 mM MgCl,, 1% Triten X-100, 1 mM EGTA, 1 mM dithic-
threitol, 1 mM NazV(y,, 1x protease inhibitor cocktail). Precleared lysates
were incubated with GST-Rapl binding domain of RalGD$ precoupled to
glutathione-Sepharose beads. Proteins collected on the beads were stubjected
to SDS-PAGE followed by immunoblotting with anti-Rap1 antibody.

Immunocytochemistry and Confocal Imaging

Cells cultured on glass-bottom dishes were fixed with 2% formaldehyde in
phosphate-buffered saline (PBS) for 30 min and permeabilized with 0.1%
Triton X-100 for 10 min. Cells were blocked with 3% BSA for 30 min and
incubated with anti-MAGI-1b, anti-VE-cadherin, anti-ZO-1, anti-vinculin, or
anti-B-catenin antibody for 1 h at room temperature. Immunopositive reac-
tion was visualized with Alexa 488- or Alexa 546-labeled secondary antibod-
ies. Confocal images were obtained by an Olympus BXSOWT microscope
controlled by Fluoview.

Immunoprecipitation Assay

HUVECs were lysed with lysis buffer (100 mM NaCl, 50 mM Tris-HCI [pH
7.5], 1% Triton X-100, 2 mM NaaVQ,, 1+ protease inhibitor cocktail). Pre-
cleared cell lysates by centrifugation at 15000 = g were incubated with
antibodies. Inmunoprecipitates collected on protein A- or G-Sepharose were
subjected to SIDS-PAGE and immunoblotting with antibodies as indicated in
the figure,

siRNA-mediated Protein Knockdown

Small interfering RNAs (siRNAs) targeted to human MAGI-1; 5-GGAC-
CCUUCUCAGAAGUUCCCUCAA-Y  and 5 -UUGAGGGAACUUCU-
GAGAAGGGUCC-3, corresponding to nt 843-867 of coding sequence of
MAGI-1 ¢DNA, and that for PDZ-GEF1; 5" -GGGAGUAAUCAAACAAA
GAAGACUUS" and 5-AAGUCUUCUUUGUUUGAUUACUCCCY, corre-
sponding to nt 1980-2004 of PDZ-GEF1, were obtained from Invitrogen.
VE-cadherin siRNAs were purchased from Santa Cruz Biotechnology. As a
control, siRNA duplex with an irrelevant sequence was used. HUVECs were
transfected with 20 nM siRNA duplexes using Lipofect AMINE 2000 (Invitro
gen) according to the manufacturer’s instructions and incubated for 48 h after
replacing fresh HuMedia-EG2.

Cell Adhesion Assay

Recombinant VEC-Fe chimeric protein was prepared as described previously
(Fukuhara et al, 2005). Twenty-four-well tissue culture plates were coated
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Figure 1. Rapl is activated by VE-cadherin-mediated cell adhesion upon celi-cell contact. (A) Schematic illustration of Raichu-Rapl. FRET
efficiency depends on the guanine nucleotide binding state of Rap1. GDI-bound Raichu-Rapl emits 475-nm fluorescence when excited at 4373
nm, whereas GTP-bound Raichu-Rapt emits 5327-nm fluorescence due to FRET. Raf; Ras/Rapl binding domain of Raf. (B) Motile HUVECS
infected with Adeno-Raichu-Rapi swere monitored by FRET time-lapse imaging every 20 s. A ratio image of YFI' to CFP reflects FRET
efficiency. Ratio images are shown by the intensity modulated display, in which the upper and lower timits of the rativ (the intensity ot YEP
divided by that of CT1) are indicated by the red and blue hues. respectively, and the average intensity of YFP and CFI s used. Time since
starting, FRET imaging, is indicated on the top (min). The boxed regions in the top panels were enlarged and are shown in the bottom panels
Bare, 20 i (C) HUVECs expressing both Raichu-Rapt and HeRed-tagged pl120 catenin were FRET-imaged and red -fluorescence-imaged.
The real images of boxed region of the schema are showwn as FRET image (left panel) and red-fluorescence image (center). Areas indicated
by the gray are regions where protruding and overlapping regions of the contacting cells. Note that Rapl is activated at the adherens
junctions swhere p120 catenin localizes. Bar, 20 . (D) Contluent HUVECs cultured in medium 199 containing, 120 BSA without serum were
treated with EGTA for 30 min to disrupt Ca™ -dependent cell adhesion. Subsequently, the cells were treated with Ca C-comtaining mediunm.
Cell ly<ates at the time points indicated at the top were subjected to pultdown assay for detecting GTP-bound Rap1 as described in Materals
amd Mothode. A representative results from three independent experiments is shown (top). Fold activation indicates the ratio of the GTIRapl
intensity of total Rap 1 intensity to the control GTP-Rap1 intensity of total Rap bintensity, The result from three independent experiments were
<hown (bottom). Control (conth was prepared from cells in medium 199 betore calcium switch, Cells treated with EGTA for 3 min (time 0}
(B} HU VECs aparsely cultured on the dish were stimulated with 10 g /ml VEC-Fe or Fe for the time indicated at the top. Rapl activity was
examined as described for 1. Fold activation is analyzed similarly to D, (F) The effect of VE-cadherin siRNA on VE-cadherin expression was
examined by immunoblotting (eft). FRET at the cell-cell contacts were quantitatively analyzed in controb «iRNA treated HUVECS and
VE-cadherin depleted HUVECs (right), as explained in Supplementary Figure 2. Mean values with SDs obtained by 3 cell-cell contact sites
are shown as a representative result of three independent experinents. Stalistical significance was analyzed by Student's £ test; ** p - 001
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Rapl Is Activated ot Homophilic VE-Cadlierin
Association at Cell-Cell Coutacts

Rapl is previously reported to localize to cell-cell contacts
in vascular endothelial cells as well as epithelial cells to
stabilize cell-cell contacts (Mandell ¢f al., 2005; Wittchen ¢t
al., 2005). However, it remains elusive where Rapl is acti-
vated on celt contacts. To monitor the spatiotemporal acti-
vation of Rapl on vascular endothelial cell-cell contact,
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HUVECs expressing Raichu-Rapl were time-lapse FRET-
imaged. Raichu- Rapl consists of YEP, Rap 1, the Rn»bmdmy
domain of Raf, CFP, and a CAAX boy of Ki-Ras, The in-
tramolecular binding of GTP-Rapl to Raf induces FRET
from CFI" to YFP (Figure 1A), whereas the dissociation of
Rapt from Raf reduces FRET. [ncreased FRET indicated by a
red hue was observed at cell-cell contacts during spontane-
ots movement (Fipure 1B and Supplementary Movie 1),
Rapl was constantly activated in the perinuclear region of
the cells irrespective of cell-cell contact.

In vascular endothelial cells, the peripheral membrane of
cellw contacting ench other was overlapped. Thus, Als and
Tl are intermingled (Dejana, 2004). To ascertain Rapl acti-
vation at the adherens junctions, HUVECs expressing both
Raichu-Rapl and HeRed-tagped pl120 catenin were imaged
(Figzure 1C). Most of Rap 1 activation as indicated by red hue
was abserved at Als where p120 catenin was localized. No
remarkable Rapl activation was detected within the pro-
truding membrane overlapping region.

We further quantitatively examined whether the Rapl is
activated during cell adhesion after de-adhesion by chelat-
ing extracellular calcium and restoring calcium (hereafter,
calcium switch)., GTP-bound Rapl was rapidly increased
within 5 minand to a greater extent than the predisruption
level Dy restoration of Ca’ (Figure 1D, top panel). The
quantitative results obtained from three independent exper-
iments were shown (Figure 1D, bottom panel). These results
suggest that the cell-cell contact triggers the Rap! activation
in a manner dependent on extraceltular Ca”" . Although
Raplis reported to be activated in a manner dependent on
nectin, which is independent  of extracellular  Ca’
(Fukuyama ¢t al., 20058), we assumed that Ca” “-dependent
cell-cell contact tn)wyel\ Rapl activation besides nectin-trig-
pered. Rapl activation. We, therefore, examined the VE-
cadherin engagement-dependent Rapl activation. To mimic
the VE-cadherin engagement in nascent cell-cell contacts,
we used VEC-Fo chimeric protein, which consisted of the
extracellular domain of VE-cadherin fused to the Fe portion
of Ty GTP-bound Rapl was increased when cells were
treated with VEC-F¢, but not with control Fe (Figure 1E).

To examine the requirement of VE-cadherin for Rapl
activation upon cell-cell contact, we imaged Rapl activation
in VE-cadherin-depleted HUVECs, Quantitative FRET im-
aging analysis upon cell-cell contacts demonstrated that
Rapt activation at the cell-cell contacts was less in VE-
cadherin-depleted cells than those observed in control
SIRNA-treated cells (Figuare 1F). Collectively, these data in-
dicate that the engagement of VE-cadherin induces Rapl
activation.

MAGI-T Localizes to Cell-Cell Contacts and Binds to
B-Catenin

MAGET constitutes a complex with E-cadherin/ f-catenin
and associates with o GEF tor Rapl, PDZ-GEF (Kawaijiri ot
al . 2000), implying that MAGI-1 mav link the cadherin-
mediated signal to PDZ-GEF1 for the activation of Rapl. To
investigate the involvement of MAGI-T in Rapl activation
on VE-cadherin-mediated cell-cell contact, we first devel-
oped ananti-MAGI-1 antibody and examined the expression
of MACGI-1 in vascular endothelial cells, MAGI-T was ex-
pressed in all cultured vascular endothelial cells we tested,
because it was found in MDCK epithelial cells used ax a
positive control {Figure 2A). Next, we examined the local-
izatton of MAGI-1 in vascular endothelial cells by immuno-
staining, MAGI-1 was localized to the cell-cell contacts (Fig-
ure 2B} and colocalized with VE-cadherin (Figure 2C). The
immunopositive reaction in the nucleus appeared to be non-
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Figure 2. MAGI-1 localizes to cell-cell contacts and forms a com-
plex with VE-cadherin and p-catenin. (A) Lysates from the cells
indicated at the top were subjected to SDS-PAGE folowed by
immunoblothing with anti-MAGI-1 antibody (left) and with pre-
immune serum (P15, right). (8) Endothelial cells were immuno-
stained with pre-tmmune serum (P15, left top) and anti-MAGI-]
antibody. Immunoreaction was visualized by fluorescent micros-
copy. Bars, 20 pam. (O) HUVECs were immunostained with both
anti-MAGI-1 antibody (green) and anti-VE-cadherin antibody (red).
A merged image is shown in the right panel (Merge). Bar, 20 p.
(D) Cell lysates from HU VECs were subjected to either immuno-
precipitntinn (I with antibodies as indicated at the top followed by
immunoblotting (1B) with antibodies as indicated at the left. VE-
cadherin was coimmunoprecipitated with j3-catenin (top). g-catenin
was coimmunoprecipitated with MAGE-1 (bottom)

specific, because it was detected in the nucleus by immuno-
staining using preabsorbed anti-MAGI-1 (unpublished data)
and after knockdown of MAGI-1 {see Figure 5B).

To investigate how MAGI-T localizes to cell-cell contacts,
we tested the link between VE-cadherin and MAGI-1 by
B-catenin. We examined this link by immunoprecipitation

Molecular Biology of the Cell

AQ R



balt2/zmk-mbe/zmk-mbe/zmk00206/zmk7520-06a | eideg | S=4 | 12/28/05 | 9:30 [ Art: | Input-cip |

Figure 3. MAGI-1 interacts with 'DZ-GEF1
in vascular endothelial cells (A) Cell lysates
from HUVECs, HAECs, BAECs, and MDCK
cells were subjected to SDS-TAGE and immu-
noblottingg with anti-PDZ-GEF} antibody (left)
or pre-immune serum (IS, right). (B) Sche-
matic illustration of MAGI-1 (full length) and
its deletion mutants. MAGI-1 consists of six
I'DZ domains (I'DZ0-5, indicated by gray
boxes), a guanylate kinase domain (GuK), and
two WW domains. Deletion mutants, 'DZ1-5
and I"DZ0-1, consist of I'DZI to 'DZ5 and the
amino-terminus to PDZ1, respectively. (C) 203T
cells were transfected with the plasmids to-
gether with (1) or without () FLAG-tagged
PDZ-GEF1 expressing vector as indicated at the
top. Cell lysates were subjected to immunopre-
cipitation (IP) with anti-GFI antibody followed
by immunoblotting (1B) or directly to immuno-
blotting using the antibodies as indicated. Note
that FLAG tapgged PDZ-GEF1 is coimmunopre-
cipitated with GFP-tagged I'DZ0-1. (D) Cells
transfected with a panel of FALG-tagged Rapl
GEF-expressing plasmids together with (1) or
without () EGFI-tagged MAGH1-expressing
plasmid. Cell lysates were subjected to immu-
noprecipitation (1P} followed by imnwnoblot-
ting (IB) similarly to C. Note that only FLAG-
tagged PDZ-GEF-1 among several Rapl GEFs
is coimmunoprecipitated with MAGI-1. (E) The
lysate of HUVECs was incubated with either
pre-immune serum (I'1S) or anti-MAGI-1 anti- Lysate
body, followed by immunoblotting with anti- |
PDZ-GEFT antibody. Note that MAGI-1 is co-
immunoprecipitated with PDZ-GEF1.

PDZ1-5
PDZ0-1
C

FLAG-PDZ-GEF1
IP:anti-GFP

Lysate
1B:anti-FLAG

assay (Figure 2D). f-catenin bound to both VE-cadherin
(Figure 2D, top panel) and MAGI-1 (Figure 2D, bottom
panel). These results indicate that MAGI-1 appears to local-
ize to VE-cadherin-based cell adhesion through f-catenin in
vascular endothelial cells.

MAGI-1 Interacts with PDZ-GEF1 in Vascular
Endothelial Cells

it has been shown that MAGI-1 binds to PDZ-GEF1 local-
ized to cell-cell contacts in epithelial cells (Dobrosotskaya
and James, 2000; Kawajiri of al., 2000). We hypothesized that
PDZ-GEF1 is associated with MAGI-1 in vascular endothe-
lial cells and that it is involved in the activation of Rapl on
VE-cadherin-mediated cell-cell contact. PDZ-GEF1 was ex-
pressed in vascular endothelial cells similarly to MAGI-1
(Figure 3A). The interaction between MAGI-1 and I'DZ-
GEF1 was examined by the immunoprecipitation using the
full-length and the truncated mutants of MAGI-1 (Figure 3,
B and C). The PDZ-GEF1 bound to the N-terminus of
MAGI-1 (Figure 3C). EGFP-tagged MAGI-1 coimmunopre-
cipitated ’DZ-GEF1, but not other GEFs for Rapl, C3G,
Epacl, and CalDAG-GEF-I (Figure 3D). We further exam-
ined the interaction between endogenous MAGI-1 and PDZ-
GEF1 in HUVECs. Both MAGI-1 and PDZ-CEF1 were coim-
munoprecipitated from the lysate of HUVECs (Figure 3E),
indicating that 'DZ-GEF1 associates with MAGI-1 in vascu-
lar endothelial cells,

Localization of MAGI-1 to Cell-Cell Contact is Important
for Rap1 Activation on Cell Contact

To understand the role of MAGI-1 in activating Rapl when
forming cell-cell contacts, we proceeded to investipate the
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localization of MAGI-1 using EGFP’-tagyred MAGI-1 in mo-
tile endothelial cells. EGFP-MAGI-1 was accumulated at
cell-cell contacts (Figure 4B, left panels, and Supplementary
Movie 2}, Removal of the carboxy terminal PDZ domain
(delta PDZ5) resulted in the dissociation of MAGI-1 from
cell-cell contacts (Figure 4B, right panels, and Supplemen-
tary Movie 3). Because it was reported that MAGI-1 binds to
B-catenin through PDZ5 (Dobrosotskaya and James, 2000),
we tested the requirement of PDZ5 for the association of
MAGI1- with B-catenin. B-catenin was coimmunoprecipi-
tated with EGFD-tagged full-length MAGI-1 but not with
MAGI-1 lacking PDZ5 (Figure 4C). These results sugpest
that MAGI-1 localizes to vascular endothelial cell-cell con-
tacts in a manner dependent on B-catenin. We further re-
vealed that MAGI-1 was dislocated from the cell-cell con-
tact of the PDZ5-expressing cells as marked by red
fluorescence but not from that of wild-type cells (Figure 4D),
indicating that PDZ5 is important for the localization of
MAGI-1 to cell-cell contacts.

To examine the requirement of the association of MAGI-]
with B-catenin for the cell-cell contact-induced Rap1 activa-
tion, we checked the effect of disconnection of MAGI-1 to
fF-catenin by overexpressing MAGI-1 PDZ domain 5 on Rapl
activation. in HUVECs expressing MAGI-1 P'DZ domain 5, as
marked by dsFI'503 (Figure 4E and Supplementary Movie 4),
Rap1 activation upon cell-cell contacts was not observed in
FRET imaging. These results indicate that the dislocation of
MAGI-1 from the cell-cell contact inhibits Rap] activation at
the cell-cell contacts in motile vascular endothelial cells.

To confirm the requirement of MAGI-1 in Rapi activation
upon vascular endothelial cell-cell contact, we knocked
down MAGI-1 in HUVECs using RNA interference. MAGI-1

3
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Figure 4. MACGI-T localizing to cell-cell contact via g catenin is

required for Rapl activation. (A) Schematic illustration ot MAGIH-1
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transfected with the plasmids indicated at the top and imaged onan
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was almost completely reduced, as examined by Western
Dlotting (Figure 5A). MAGI-1 at the cell-cell junction was
not found in the cells treated with siRNA, as examined by
immunostaining (Figure 5B). In the same setting, SiIRNA-
introduced HUVECs expressing Raichu-Rapl were sub-
jected to FRET imaging. Rapl activation upon cell-cell con-
tact was significantly suppressed in MAGI-1-depleted cells
(Figure 5C and Supplementary Movie 5). Quantitative FRET
imaging analysis was performed to quantitatively analyze
the activation of Rapl at the cell-cell contacts in MAGI-1-
depleted cells (Figure 5D and Supplementary Figure 2). We
notice that Rapt activation was detected at the free ruifled
membrane without cell-cell contacts, similarly to control
cells (Supplementary Movies 1 and 5), even in the MAGI-1-
depleted cells. Collectively, these data suggest that the lo-
calization of MAGI-1 to cell-cell contacts through binding to
B-catenin is involved in Rap1 activation.

Depletion of MAGI-1 Results in Impairment of VE-
Cadlierin-based Cell Adhesion

To elucidate the role of activated Rapl downstream of
MAGI-1 upon cell-cell contact, we examined the effect of
depletion of MAGI-T on VE-cadherin/p-catenin-based cell-
cell contact after calcium switch. The localization of VE-
cadherin and p-catenin at cell-cell contacts in confluent
monolayer-cultured HUVECs was unchanged by MAGI-1
SIRNA treatment. Because calcium switch induces cadherin-
mediated cell junction after its disruption, we looked at the
localization of VE-cadherin and -catenin during calcium
switch by immunostaining for VE-cadherin and B-catenin.
VE-cadherin was reaccumulated at cell-cell junctions to-
gether with g-catenin within 20 min in control HUVECs. In
clear contrast, there was a significant impairment of the
formation of VE-cadherin/ fi~catenin-based cell junction in
MAGI-1-depleted HUVECs (Figure 6).

TI formation was not affected by MAGI-T depletion and
calcium switch (Figure 7A), whereas the recovery of VE-
cadherin-based cell adhesion was substantially impaired in
MAGI-1-depleted cells. These results indicate that MAGI-1-
mediated ~ignal is important for VE-cadherin/ p-catenin-
based cell adhesion.

We and others have previously reported that Rapl acti-
vation enhances cell adhesions (Fukuhara of af., 2005; Koo-
istra ef al., 2005). Cortical actin formation is enhanced by
Rap1 activation and strengthens VE-cadherin-based cell-cell
adhesion. Vinculin supports the cortical actin by linking
a-catenin to o-actinin and by directly functioning as an

Figure 4. (cont) plasmids as indicated at the top. Cell lvsates
were subjected to immuanoprecipitation 4P with anti-GFP followed
by immunoblotting (1B} or directly to inwmunoblotting using the
antibodies indicated at the left. Note that endogenous @-catenin is
coinmunoprecipitated with EGFP - tagged MACGLHT, but not with
that lacking I'DZ5. (D) HULVECS expressing PDZ domain 5 of
MAGET was immunostained with anti MLAGE T antibody. No im
munoreaction was detected at the cell-cell contact between I'DZ
domain S-expressing cells (arrow), whereas immunoreaction was
detected at the contact between PDZ domain S-expressing cell and
untransfected  cell (arrow-head). (B} HUVECs transfected with
Raichu-Rap1 and pIRM21T-MAGH1-PDZ5 were FRET-imaged (mid
dle). Phase contrast image was overlaid onto the image for dsFPI03
to distinguish HUVECs transfected with pIRM21T-MAGE1-1'DZ5
from those transfected only with Raichu-Rapl (top). Red and blue
hues indicated by intensity modulated display reflect increased and
decreased FRET, respectively, The boxed regions in the middle
panels were enlarged (bottom). The upper and lower fimits of the
ratio range are show at the bottonm vight. Bars, 20 pm.

Motecalar Biology of the Cell
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Figure 5. Depletion of MAGI-1 inhibits Rapt activation upon cell-

cell contact. {(A) HUVECs transfected with control siRNAs or
MAGET SiIRNAS were cultured for 48 h. The cells were lysed,
subjected to SDS-PAGE, and immunaoblotted with anti-MAGIH-1 and
anti-j3-catenin. (B) HUVECs transtfected with control siRNAs or
MAGHE <IRN A< were cultured for 48 h and immunostained with
anti-MAGI-T. Bars, 20 pon (C) MAGH$-depleted HUVECs were
infected with Adeno-Raichu-Rap! and FRET.imaged. The ratio-
images indicate Rapt activation by red hue and Rapl inactivation
by blue hue {top). The bosed region between two neighboring cells
is enlarged (bottom). Bars, 20 prm. (DY Quantitative FRET analysis at
the cell-cell contacts were performed in cells treated with control
SIRN A-treated HUVECS (control) and with MAGH1-depleted cells
(NMAGI-T KD). Quantitative FRET analysis is explained in Supple-
mentary Figure 2. Mean values with standard deviations obtained
by 30 cell-cell contact sites are shown as a representative result of
three independent experiments. Statistical significance was ana-
Iyzed by Student's | test and is indicated as ¥ p - 0.01L

actin-bundling molecule (Kobielak and Fuchs, 2004). Thus
we investigated the vinculin localization after calcium
switch by immunostaining. Vinculin was observed at the
cel L-ECM comtacts presumably by translocating from cell-
cell contacts after calcium depletion. Calcium restoration
induced the relocation of vinculin from cell-ECM to cell- cell
contact in control siRNA-treated cells. In clear contrast, vin-
culin remained at the focal adhesions in MAGI-1-depleted
cells after calcium switch (Figure 7B). These data sugpest
that MAGI-1-dependent Rapl activation at cell- cell contact
mav affect the vinenlin localization, thereby regulating VE-
cadherin-based cell adhesion.
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MAGI-1 Is Required for VE-Cadherin-mediated Cell
Adhesion

Vascular endothelial cell adhesion entails VE-cadherin-
based adhesion and other cell adhesion molecules-based cell
adhesion. To directly assess the involvement of MAGI-1 in
VE-cadherin-mediated cell adhesion, we examined the ad-
hesion of control siRNA-treated HUVECs and MACGI-1-de-
pleted HUVECs onto VEC-Fe-coated dishes. The adhesion
was quantified by the ALD activity of cells attaching to the
dish after washing. Control HUVECs adhered to the VEC-
Fe-coated dish in a time-dependent manner, whereas MAGI-
1-depleted HUVECs exhibited significantly impaired adhe-
sion to the VEC-Fc-coated dish (Figure 7A). No cells
attached to the Fe-coated dish. MAGI-1-depleted HUVECs
adhered to the collagen-coated dish comparably to control
HUVECs (Figure 7B). We proceeded to examine the effect of
inactivation of Rapl on VE-cadherin-dependent adhesion.
Control adenovirus-infected HUVECs adhered to VEC-Fe-
coated dish, whereas Rap1GAPH-expressing adenovirus-in-
fected HUVECs did not (Figure 7C). These results indicate
that MAGI-1 and Rapl activation is required for VE-cad-
herin-dependent cell adhesion.

DISCUSSION

FRET imaging enabled us for the first time to show the
activation of Rapl at the endothelial cell-cell junction, al-
though previously Rapt was suggested to be activated upon
cell adhesion. In epithelial cells, C3G associating with E-
cadherin is responsible for Rap1 activation upon cell con-
tacts (Hogan et al, 2004). Rapl, vice versa, regulates E-
cadherin-mediated cell adhesion (Price ¢f al, 2004, in
addition to E-cadherin, homophilic dimerization of nectin at
the Als triggers Rapl activation downstream of Sre-Crk
(Fukuyama ¢t al., 2005). During the calcium switch experi-
ment, which requires extracellular Ca”, we found that Rapl
was activated (Figure 10), indicating extracellular Ca’" -
dependent signal, namely cadherin- and nectin-independent
signal, appears to be involved in Rapt activation upon cell-
cell contact. In the present study, we propose the involve-
ment of the MAGI-1/PDZ-GEF1 complexin RapT activation,
besides nectin-mediated Rap1 activating signal and the sub-
sequent positive feedback regulation of VE-cadherin-medi-
ated cell adhesion,

Rapl is responsible for maintenance and maturation of
AJs. The establishment of cadherin-dependent cell-cell con-
tacts is attributable to Rapl in Drasoplila welniogester and
mammalian cells (Knox and Brown, 2002; Price ¢t al., 2004).
Consistently, we show here that VE-cadherin-dependent cell
adhesion triggers a signal implicating MAGI-1 in Rap1 ac-
tivation, presumably the MAGI-1-PDZ-GEF1-Rap! path-
way. VE-cadherin engagement-induced  Rapl activation
may contribute to Al formation in addition to homophilic
engagement  of  nectin-dependent Rapl activation
(Fukuyama ot al., 2005).

Here we demonstrate VE-cadherin-dependent Rapl acti-
vation besides nectin-dependent Rapl activation. Calcium
switch does not alter localization of nectin at the cell-cell
contacts (Yamada ¢f al., 2005). We found that Rapl was
activated after calcium restoration in the calcium switch
experiment that mimics nascent cell-cell contact formation
(Figure 1), indicating that Ca” " -dependent cell-cell contact
is involved in Rapl activation. We first assamed that VE-
cadherin is responsible for Rapl activation. Indeed, VE-
cadherin  depletion inhibited cell-cell contact-mediated
Rap1 activation (Figure 15).

~4
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These two Al molecules, VE-cadherin and nectin, are
linked by their cvtoplasmic domain-associating proteins
(Tachibana et al., 2000). L-afadin, a nectin cytoplasmic
domain-binding molecule, binds to a-catenin and subse-
quently locates cadherin to Als without the transinterac-
tion of cadherin (Tanaka ¢of al., 2003}, L-afadin, s-afadin
(AF-6), and Canoe (Drosophiln orthologrue of AF-6) contain
a Rapl-binding domain (Boettner of l., 2000, 2003). Thus,
afadin regulated by activated Rapl at cell-cell contacts
may enhance A} formation constituted by both cadherin
and nectin

We explored the requirement of MAGI-1 for Rapl activa-
tion at cell adhesion. The association of MAGI-T with p-cate-
nin via the PDZ domain S is critical for its localization to
VE-cadherin-based cell-cell contact, MAGI-1 also interacts
with endothelial cell-welective adhesion molecule (ESAM)
and JAN-4 at TIs (Hirabayashi ef al, 2003). Other JAM
family members (JAM-A, B, and C) do not bind to MAGI-1
(our unpublished data). The carboxy-terminal sequence of
ESAN and TAM-1 provides the class 1 PDZ-binding motif,
whereas that of JAM family members contains the class [l
PDZ-binding motif (Huny and Sheng, 2002), Thus, ESAM-
mediated MAGHET recruitment may contribute to Rapl-reg-

{

min)

control

-siRNA
Figure 6. Depletion of MAGI-1 tmpairs Al tor
mation, HUVECs transfected with control siRN AS
(top three columns) or MAGHET siRNAs (bottom
three columns) were cultured for 48 h. Cells were
replated onto the glass-base dishes for another
24 h to constitute the cell-cell contacts, The cells

MAG|‘1 were treated with EGTA for 30 min to disrupt

sIRNA VE-cadherin-dependent junctions and kept in the

replaced medium containing Ca’ for the time
indicated at the top. The cells were immuno
stained with anti-VE-cadherin antibody  (green)
and anti-B-catenin antibody (red). The merged im-
ages are shown in the bottony panels (Merge). Bars,
20 pm. VE-cadherin remarkably accumulated 20
min after Ca’ restoration in control SiRNA-
treated HUVECs, whereas slight  accumulation
was observed in MAGH1 siRNA-treated HUVECs.

ulated cell adhesion at T]s as B-catenin recruits MAGI-1 at
Afs. It will be interesting to explore the T]-dependent Rapt
activation.

MAGI-1 together with MAGI-2 (5-SCAM}, and MAGI-3
constitute the MAGI family (Hirao et al., 2000; Franklin of
al., 2005). It has been shown that MAGI-2 binds to -cate-
nin and that MAGI-3 colocalized to g-catenin in astrocytes
expressing E-cadherin (Adamsky ef al., 2003; Subauste ¢f
al., 2005). Although MAGI-2 is exclusively expressed in
the brain, MAGI-3 is ubiquitously expressed. Although
we cannot exclude the involvement of MAGI-3 in the
activation .of Rapl in vascular endothelial cells, the dis-
connection of MAGI family members from p-catenin by
overexpressing the ’'DZ domain 5 of MAGI-1 perturbed
the Rap1 activation upon cell-cell contact (Figure 4, D and
E). Furthermore, depletion of MAGI-1 by siRNA ham-
pered the Rapl activation (Figure 5), suggesting that
MAGI-1 i indispensable for Rapl activation based on
the linkage between VE-cadherin-fi-catenin complex
and MAGI-PDZ-GEF1 complex in vascular endothelial
cells.

To delineate the VE-cadherin engagement-trigpered
Rap! activation signal, we tried to test the requirement of

Motecular Biology of the Cell
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Figure 7. MAGIH1 depletion affects an A~
supporting molecufe, vinculin, but not a T}-
supporting molecute, ZO-1. (A) Similarly to
Figure 6, HUVECs treated with control siR-
NAs (top panels) and MAGET SiRNAs (bot-
tom panels) were immunostained with anti-
ZO-1 after calcium switch. Bar, 20 pm. Note
that ZO-1-positive cells were affected neither
by calcium ssvitch nor MAGH] depletion. (B)
Similarly to AL control siRN A -treated cells and
MAGH-depleted cells were immunostained
with antivinculin before and  after Ca™
switch. Ca' depletion from the culture me-
dium resulted 1 displacement of vinculin
from cell-cell contacts to cell-ECA contacts
and Ca’restoration induced relocalization
from cell-ECM contacts to cell- cell contacts in
control HUVECs. In clear contrast, vinculin
remained at the cell-ECM contacts even 20 min

after Ca™ restoration in MAGI-1-depleted
(t’”\
'DZ-GEF1 for Rapl activation because we found that

AMAGE-1 associated with PRZ-GEF1 in vascular endothe-
lial celix (Figure 3), as this association reported previousty
(Dobrosotskava and fames, 2000; Kawajiri of af., 2000},
'DZ-GEF1-depleted cells seemed to be detached from the
collagen-coated dishes and the adhesive activity to colla-
pen-coated dish was significantly inhibited. Thus we as-
sumed that there might be other signaling besides MAGI-
1-PDZ-GEF l-mediated signat for cell adhesion and thus
concluded that PDZ-GEF I-depleted cells were not appro-
priate for further evaluation to delineate the signaling. At
least, VE-cadherin engragement-triggered Rapl activation
recuires MAGI-1.

Activated Rapl upon cell-celf contact further strength-
ens the VE-cadherin-dependent cell-cell adhesion. Rapl
activation is requived for VE-cadherin-mediated cell ad-
hesion (Figure 8B). We previously reported that the in-
side-out signal regulated by cAMP-Epac-Rapt signal en-
hances the VE-cadherin-mediated cell-cell contacts by
repulating cortical actin (Fukuhara et al., 2005). Although
we did not observe significant cortical actin distribution
after calcivm ssitch experiment (unpublished data), we
noticed that the relocation of vinculin from cell-ECM to
cell-cell contacts was inhibited in MAGI-i-depleted cells.
Recause vinculin supports the cadherin-based cell con-
tacts by linking actin to cytoplasmic domain of cadherin
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through a-catenin, inhibition of Rapl activation by
MAGI-1 depletion might affect A] formation. These re-
sults imply a positive feedback loop in cell-cell contact
regulated by Rapl; namely, cell-cell contact promotes
transdimerization of cell surface adhesion molecules, in-
ducing Rapl activation followed by further tiphtening of
VE-cadherin-mediated cell adhesion.

In conclusion, we revealed that MAGI-1 is required for
Rap1 activation upon cell=cell contacts and in tum for Al
formation. The translocation of NMAGI-1 to cell-cell contacts
is ascribed o its association with g-catenin, The MAGI-1-
assaciating molecule, PDZ-GEF1 may account for Rapi ac-
tivation.

ACKNOWLEDGMENTS

Weare wratelnd e MO Matsida tor us v plasmids, and vins, K. Kathu
Gl ter ant: PHOZ GERT anthodys B Pearsen tor Tus ontiaat teadieg of s
manseptand MSones Yo N zoshing, Y Matsooes o then teciioeal
assistance, Hus swork was stppopted by prants from the Mimestry of Health,
Labor, and Weltare Toundation of fapan; from the Prosian o Prometion of
Fandamertal Stdies o Floadth Scoences ot the National Instiinte of Pronmed
e Bnevatien. trem the Miustiy o Edieation, Soenve,
ot Japan: frem the Mocnda Meterial Foundabon tor Medial and Pharma
contieal Researchs and trom Astotlas Foarudanion for Rescarch on Metabolhi
[hsorders

Spvats and Gl

— 203 —



| balt2/zmk-mbe/zmk-mbe/zmk00206/zmK7520-06a | eideg | s=4 | 12/28/05 | 9:30 | Art: | tnput-cip

A. Sakurai ef al.

A
12 control i
10| EIMAGI-1 KD L
£ 8 oo
[ i E
,(% 6 1
o ,
5 4 ,
NN
0 .........  SUIIT . RO - .
Time 0 30 30(m|n)
B VEC-Fc Fc
30 controf
__ 25 EIMAGI1 KD
= 20- g
&
5 15 -
2
ko) 10 -
< |
5- |
0 e I ot e -
Time 0 5 10" 20 30 (min)
collagen
C
30 LacZ -
25 BRap1GAP
°\° %
5 o L
2 15
2
5 10
< ;
S ﬁ i
0 - -
Time 0 7 )
VEC-Fc Fc

Figure 8. Depletion of MAGI-1 and inactivation of Rapl inhibits
VE-cadherin-mediated cell adhesion. (A) HUVECs transfected with
control siRNAs (white column) or MAGI-1 siRNAs (black column)
were cultured for 48 h, suspended ih 0.5% BSA-containing medium
199, and incubated for 30 min at 37°C. Cells, 2.0 X 105, were plated
onto either a VEC-Fe- or Fe-coated well for the time indicated at the
bottom. Cell adhesion was quantified as described in Materials and
Methods. The averages of triplicate (plus SDs) are presented. A
representative result of three independent experiments is shown.
Statistical significance was analyzed by Student’s { test ; * p < 0.05
and **p < 0.01. Note that adhesion of HUVECs treated with
MAGI-1 siRNAs to the VEC-Fc-coated dish was significantly re-
duced compared with mock-treated HUVECs. (B) Adhesion of
MAGI-1-depleted cells to a collagen-coated dish was comparable to
mock-treated HUVECs, as analyzed by the saime method described
in the legend for A. (C) HUVECs infected with either LacZ-express-
ing adenovirus (LacZ) or RapiGAPIL-expressing virus (RaplGAD)
were analyzed for adhesion to a VEC-Fc-coated dish similarly to A.
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