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CADM1 encodes a multifunctional immunoglobulin-like cell
adhesion molecule whose cytoplasmic domain contains a type I
PSD95/Dlg/Z0-1 (PDZ)-binding motif (BM) for associating
with other intracellular proteins. Although CADMI lacks
expression in T lymphocytes of healthy individuals, it is overex-
pressed in adult T-cell leukemia-lymphoma (ATL) cells. It has
been suggested that the expression of CADM1 protein promotes
infiltration of leukemic cells into various organs and tissues,
which is one of the frequent clinical manifestations of ATL.
Amino acid sequence alignment revealed that Tiaml (T-lym-
phoma invasion and metastasis 1), a Rac-specific guanine nucle-

- otide exchange factor, has a type Il PDZ domain similar to those
of membrane-associated guanylate kinase homologs
(MAGUKSs) that are known to bind to the PDZ-BM of CADM1.
In this study, we demonstrated that the cytoplasmic domain of
CADM!1 directly interacted with the PDZ domain of Tiam1 and
induced formation of lamellipodia through Rac activation in
HTLV-I-transformed cell lines as well as ATL cell lines. Our
results indicate that Tiam1 integrates signals from CADM1 to
regulate the actin cytoskeleton through Rac activation, which
may lead to tissue infiltration of leukemic cells in ATL patients.
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CADM 1 is the recently unified nomenclature for TSLCI (tumor
suppressor in non-small cell lung cancer 1) (1), which had a variety

of different names, including IGSF4A (2), RA175 (3), SgIGSF (4),

SynCAM1 (5), and Necl-2 (6) due to its previously reported multi-
ple functions, CADM1 encodes an immunoglobulin-like cell ad-
hesion molecule with three immunoglobulin loops. The ectodo-
main of CADM1 mediates intercellular adhesion through
homophilic or heterophilic trans-interaction between neigh-
boring cells (7). Despite being a tumor suppressor in various
carcinomas, recent DNA microarray analysis of primary adult
T-cell leukemia/lymphoma (ATL)? cells from acute type ATL
patients revealed that CADMI was up-regulated over 30-fold in
those patients through an as yet unknown mechanism (8). ATL
is a neoplastic disease of CD4-positive T lymphocytes that is
etiologically associated with human T-cell leukemia virus type
(HTLV-I) (9). ATL develops in 3-5% of HTLV-I-infected indi-
viduals after an extended latent period of ~40-60 years (10),
yet it remains an aggressive disease with poor prognosis and
a median survival time of 11-13 months reported even in
patients treated with the most effective first line combination

" chemotherapy (11). ATL is well known for its propensity of

infiltrating leukemic cells into various organs and tissues, such
as the skin, lungs, liver, gastrointestinal tract, central nervous
system, lymph nodes, and bone (12). Previous studies reported
that various cell adhesion molecules, cytokines, chemokines,
and chemokine receptors are implicated in the process of
ATL cell infiltration (13). Because cell adhesion is a critical
step in tumor cell invasion, it has been proposed that over-

3 The abbreviations used are: ATL, adult T-cell leukemia/lymphoma; HTLV-I,
human T-cell leukemia virus type |; GEF, guanine nucleotide exchange
factor; PDZ, PSD95/DIg/Z0-1; DH, Dbl homology; GST, glutathione
S-transferase; MAGUK, membrane-associated guanylate kinase homo-
log; BM, binding motif; Dox, doxycycline; mAb, monoclonal antibody;
pAb, polyclonal antibody; HEK, human embryonic kidney; NHDF, nor-
mal human dermal fibroblast(s); HMVEC, human adult dermal micro-
vascular endothelial cell(s); BisTris, 2-[bis(2-hydroxyethyl)amino}-2-(hy-
droxymethyl)propane-1,3-diol.
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Interaction of CADM1 with Tiam1 in ATL Cells

expression of CADM1 accelerates the tissue infiltration of
ATL cells (8).

The cytoplasmic domain of CADMI contains two conserved
protein-interaction modules (1). One is the submembranous
protein 4.1-binding motif (protein 4.1-BM) in which members
of the protein 4.1 family bind and link CADM1 to the actin
cytoskeleton (14). The other is the C-terminal EYFI sequence
called the type II PDZ-binding motif (PDZ-BM), in which
membrane-associated guanylate kinase homologs (MAGUKSs)
interact through their PDZ (PSD-95, Discs large and ZO-1)
domains (6, 15). PDZ domains are composed of ~90 amino
acids and bind to the C-terminal PDZ-binding motif of target
protein. Type L, I, and Il PDZ domains recognize E(S/T)X(V/
I}, X®, and XDXV, respectively, where X is any amino acid
and @ is a hydrophobic amino acid residue (16, 17). Proteins
harboring PDZ-BM interact with PDZ domain-containing pro-
teins and induce various cellular functions. One well known
example is the Tax oncoprotein encoded by HTLV-], a key
player of ATL leukemogenesis, which has type I PDZ-BM,
ETEV, at the C terminus. Tax exerts transforming activities by
binding with several intracellular PDZ domain-containing pro-
teins (18, 19), which are believed to be involved in ATL leuke-
mogenesis. Bioinformatic analysis of the amino acid sequence

revealed that Tiaml (T-lymphoma invasion and metastasis 1)
has a type II PDZ domain that shares significant similarities

with those of MAGUKSs. Tiaml was originally identified as an
invasion- and metastasis-inducing gene in murine T-lym-
phoma cells that encodes a guanine nucleotide exchange factor
(GEE) specific for Rac, a member of the Rho GTPases (20, 21).
Rho GTPases, including Rho, Rac, and Cdc42, act as molecular
switches by cycling between active (GTP-bound) and inactive
(GDP-bound) states to regulate actin dynamics that are in-
volved in diverse cellular responses, including cell adhesion and
motility (22). The activation of Rho GTPases is mediated by
specific GEFs that catalyze the exchange of GDP for GTP. In
their active state, Rho GTPases bind to their effectors with high
affinity, thereby eliciting downstream responses (22). It has
been well documented that reorganization of the actin cy-
toskeleton by Rho GTPases is the primary mechanism of cell
motility and is essential for most types of cell migration. Among
the Rho GTPases, Rac has long been known to induce the for-
mation of actin-rich membrane ruffles or lamellipodia at the
leading edge of motile cells that are required for forward move-
ment of migratory cells (22-24). Overexpression of Tiaml is
known to increase invasion of T lymphoma cells into a fibro-
blast monolayer (21) as well as to induce formation of lamelli-
podia and cell spreading through activation of Rac. There is a
growing body of evidence indicating that the interaction
between GEFs and other proteins through PDZ motifs is a gen-
eral mechanism for controlling the exchange activity of GEFs
(25). No scaffold protein or integral membrane protein has as
yet been reported to associate with the PDZ domain of Tiaml,
although this seems highly probable. We hypothesized, there-
fore, that in addition to its role as an anchor of the actin
cytoskeleton to the cell membrane through protein 4.1,
CADML1 is able to recruit Rac-specific GEF Tiam1 to the cell
membrane and induce reorganization of the cortical actin in
ATL cells, thereby rendering ATL cells motile. This scenario
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could explain the invasive nature of ATL cells overexpressing
CADML.

In the present study, we have demonstrated that the cyto-
plasmic domain of CADMI directly associates with Tiaml
through the PDZ domain of Tiam1 and induces formation of
lamellipodia through Rac activation in both HTLV-I-trans-
formed cell lines and ATL cell lines. This interaction be-
tween CADM1 and Tiaml, therefore, could play a role in
infiltration of leukemic cells into various organs and tissues
in ATL patients.

EXPERIMENTAL PROCEDURES

Cells—Jurkat, Molt-4, CCRF-CEM, T-all, and CEM/C2 cell
lines derived from acute lymphoblastic T-cell leukemia patients
and H9 and Hut78 derived from cutaneous T-cell lymphoma
were obtained from the American Type Culture Collection
(ATCC). The Jurkat Tet-Off cell line was purchased from
Takara Bio. HTLV-I-transformed cell lines used in this study,
MT-2, MT-4, C91/PL, and C8166 45, were supplied from the
National Institutes of Health AIDS Research and Reference
Reagent Program. ATL-1I, TL-Oml, and ATL-43Tb(—) cell
lines were leukemic T-cell lines derived from ATL patients and
provided by Masanao Miwa (Nagahama Institute of Bio-science
and Technology, Nagahama, Japan), Kazuo Sugamura (Tohoku
University, Sendai, Japan), and Michiyuki Maeda (Kyoto Uni-
versity, Kyoto, Japan), respectively. The ATL-3I cell line was
described previously (26). All T cell lines described above were
maintained in RPMI medium (Sigma) supplemented with 10%
Tet system-approved fetal bovine serum (Takara Bio), 100
units/ml penicillin, and 100 pug/ml streptomycin (Invitrogen).
Mouse NIH3T3 fibroblasts and human embryonic kidney
(HEK) 293 cells were from the ATCC and grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum (Sigma), 100 units/ml penicillin, and 100 pg/ml strepto-
mycin. Normal human dermal fibroblasts (NHDF) and human
adult dermal microvascular endothelial cells (HMVEC) were
purchased from Lonza Walkersville Inc. and maintained in cul-
ture media specified by the manufacturer’s instructions.

Antibodies and Reagents—Mouse monoclonal antibodies
{(mAbs) specific to V5 (R960-25), CD44 (C26), Talin (8D4), and
a-tubulin (sc-8035) were obtained from Invitrogen, BD Bio-
sciences, Sigma, and Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), respectively. CADM1 antibodies used in this study
were rabbit polyclonal antibodies (pAbs) against the cytoplas-
mic domain, CC2 (7), and number 6 (27); a rabbit pAb against
the ectodomain, EC (28); and a chicken mAb against the ec-
todomain, 3E1 (29). A rabbit pAb to Tiaml (C16) was pur-
chased from Santa Cruz Biotechnology, Inc. Secondary anti-
bodies used for immunoblot analysis were from GE Healthcare.
For immunofluorescent staining, all fluorophore-conjugated
secondary antibodies were obtained from Jackson Immunore-
search Laboratories. Alexa Fluor 568-phalloidin or Alexa Fluor
633-phalloidin (Invitrogen) was used to visualize the actin
cytoskeleton. '

Construction of Expression Vectors—Full-length human Tiam1
cDNA was generated from adult hwmnan brain poly(A) RNA
(Takara Bio) by RT-PCR using the Superscript first strand synthe-
sis system (Invitrogen) and the Expand high fidelity PCR system
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(Roche Applied Science) and cloned into either a pcDNA3.
1hygro(+) vector (Invitrogen) for expressing Tiam1 (pcDNA3.
1/Tiam1) or a pcDNA3.1/V5-HIS-TOPO vector (Invitrogen)
for expressing Tiaml tagged with V5 (pcDNA3.1/Tiam1-V5).
The pcDNA3.1/Tiam1-V5 was used as a template to create
truncated Tiam-V5 constructs by PCR. For construction of
C1199-V5 and C580-V5 mutants, the N-terminal 392 and 1011
amino acid residues were removed, respectively (Fig. 2C). The
truncated mutant C1199APDZ-V5 was designed to remove 146
amino acids (residues 817-962) encompassing the PDZ
domain from the C1199 mutant (Fig. 2C). In generating
pcDNA3.1/PDZ-V5, the PDZ fragment (amino acids 817-972)
of Tiaml was amplified by PCR and subcloned into a
pcDNA3.1/V5-HIS-TOPO vector. Construction of pTRE2/
CADM1 expressing full-length CADM1 and pTRE2/AC-HA
expressing CADM1 lacking its cytoplasmic tail was described
previously (30). Nucleotide sequences of all PCR-amplified
fragments were confirmed by sequencing. A plasmid encoding
the human dominant negative mutant of Racl, Rac1(T17N),
was obtained from Upstate, and the EcoRI-Pmel fragment con-
taining the coding region of Rac1(T17N) was subcloned into
a pEGFP-N3 vector at the EcoRI and Smal sites (Takara Bio).
The constructs for the N-terminal glutathione S-transferase
(GST)-tagged cytoplasmic domain of CADMI1 (GST-
.CADM1-C) and the truncated mutant lacking the C-termi-
nal 3 amino acids (GST-CADMI1-CA3) were also described
- previously (15).

Transfection—To obtain Jurkat Tet-Off cell clones expressing
full-length CADM1 or the mutant lacking the cytoplasmic domain
of CADMI, cells were transfected with pTRE2/CADM1 or
pTRE2/AC-HA using Fugene 6 (Roche Applied Science) and
selected in a medium containing 300 ug/ml hygromycin
(Invitrogen). Transient transfection of HEK293 cells and T cell
lines with plasmids were also performed with Fugene 6.

RNA Interference—Target sequences for small interfering
RNA were as follows: for human CADM1, 5'-CTGGCCCTA-
TTTAGATGATAA-3' (CADMLI siRNA 1) and 5'-AACGAA-
AGACGTGACAGTGAT-3' (CADM1 siRNA 2); for human
Tiaml, 5'-AACATGTAGAGCACGAGTTTT-3' (Tiaml siRNA
1) and 5'-CGGCGAGCTTTAAGAAGAA-3' (Tiaml siRNA
2). The RNA duplexes (Qiagen) were introduced into cells by
electroporation using a Microporator (Digital Bio Technology)
according to the manufacturer’s instruction. AllStars negative
control siRNA (Qiagen) was used as the control.

Cell Adhesion Assay—Cell adhesion assays were performed
with a Vybrant cell adhesion assay kit (Invitrogen) according to
the manufacturer’s protocol. Briefly, cells labeled with calcein
AM were co-cultured on NHDF monolayers for 2 h. After
removing the nonadherent cells, the absorbance at 494 nm was
measured with a multilabel counter Wallac 1420 ARVOsx
(PerkinElmer Life Sciences).

GST Pull-down Assay—GST-CADM1 fusion proteins ex-
pressed in Escherichia coli were purified with glutathione
Sepharose 4B (GE Healthcare). [**S]Methionine-labeled full-
length Tiam1 and deletion mutants were synthesized in reticu-
locytes using a TNT T7 Quick Coupled transcription/transla-

tion system (Promega). A GST pull-down assay was performed
as described previously (14). :
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- Immunoblot Analysis and Immunoprecipitation—Prepara-
tion of cell lysates and immunoblot analysis were described
previously (7). A rabbit anti-CADM1 pAb, CC2, was used for
detecting CADM1 by immunoblot analysis. For immunopre-
cipitation, cell lysates containing 500 pg of protein were first
precleared by incubation with protein A-Sepharose or protein
G-Sepharose (GE Healthcare) for 3 h at 4 °C. The precleared
lysates were then incubated with a rabbit anti-CADM1 pAb,
EC1, or a mouse anti-V5 mAb overnight at 4 °C. A rabbit IgG or
mouse IgG was used as a negative control. The protein-anti-
body conjugates were precipitated with protein A-Sepharose or
protein G-Sepharose for 1 h at 4 °C. Immunoprecipitates were
rinsed three times with the lysis buffer, fractionated either in a
4-12% gradient Nupage gel (Invitrogen) or a 3-5% Tris acetate
Nupage gel (Invitrogen), and then immunoblotted.

Immunocytochemistry and Confocal Microscopy—Immuno-
staining and confocal microscopy with either a Carl Zeiss
LSM510 or Bio-Rad Radiance 2000 laser confocal scanning sys-
tem were described previously (7, 30).

Human Samples and Histological Examination—ATL pa-
tients underwent excisional biopsies of lymph nodes at Naga-

saki University Hospital from 1998 to 2006. The diagnosis of .

ATL was based on clinical features and hematological findings,
including histologically proven mature T-cell leukemia/lym-
phoma and serum anti-HTLV-I antibodies. Immunohisto-
chemical analyses of formalin-fixed and paraffin-embedded tis-
sue sections were performed as described previously (31, 32).

RESULTS

Expression of CADM1 and Tiaml in HTLV-I-transformed
Cell Lines and ATL Cell Lines—W'e first examined localization
of CADM1 in HTLV-I-transformed cell lines and ATL cell
lines. When cultured in media, these cells tend to grow in aggre-
gates as observed in HTLV-I-transformed MT-2 cells (Fig. 14).
CADM]1 was concentrated at cell-cell contact sites (Fig. 14),
indicating that homophilic trans-interaction of CADM1 may
have promoted the formation of these cell aggregates. In epi-
thelia, homopbhilic trans-interaction of CADM1 mediates adhe-
sion of apposing cells (30), and the PDZ-BM of CADM1 asso-
ciates with MAGUKSs, such as MPP3 (15), Pals2 (6), and CASK
(5). It has been suggested that the interaction of CADM1 and
MAGUKSs plays a role in maintaining epithelial morphology
(33). Inan attempt to elucidate the role of CADM1 in ATL cells,
we performed data base homology searches of all NCBI
sequences looking for cytoplasmic proteins with type II PDZ
domains similar to the PDZ domains of MAGUKs and found
T-lymphoma invasion and metastasis 1 (Tiam1), which is a
Rac-specific GEF. Amino acid sequence alignment revealed
that among the members of MAGUKs, MPP2, Pals2 (MPP6),
and CASK showed the closest similarity to the type Il PDZ
domain of Tiam1 (Fig. 1B). We analyzed, therefore, the expres-
sion of Tiam1 as well as CADM1 in both HTLV-I-transformed
cell lines and ATL cell lines. As reported in an earlier study (8),
CADM1 was specifically expressed in HTLV-I-transformed
cell lines and ATL cell lines (Fig. 1C and supplemental
Fig. S1, middle). In contrast, Tiaml was detected not only in
those cells but also in cell lines derived from HTLV-I-negative
acute lymphoblastic T-cell leukemia and cutaneous T-cell lym-
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FIGURE 1. Expression of CADM1 and Tiam1 in HTLV-I-transformed cell lines and ATL cell lines. A, expres-
sion of CADM1 in the HTLV-l-transformed cell line. MT-2 cells were immunostained for CADM1 (green) and
a-tubulin (red) with a rabbit anti-CADM1 pAb (CC2) and a mouse anti-a-tubulin mAb and examined by confo-
cal microscopy. Scale bar, 10 um. Note that CADM1 is concentrated at the cell-cell attachment sites of the MT-2
cells. B, schematic representation of the domain structure of Tiam1 and sequence alignment of type Il PDZ
domains of selected MAGUKs and Tiam1. Tiam1 contains myristoylation signal (myr), Pest region (P), N-terminal
pleckstrin homology domain (PHn), Ras-binding domain (RBD), type I PDZ (PSD-95/Dlg/Z0-1) domain (PD2),
Db} homology domain (the catalytic domain) (DH), and C-terminal pleckstrin homology domain (PHc).
Sequences were aligned using ClustalW. Conserved residues have been highlighted inred, and semiconserved
residues are shown in green (very similar) and yellow (similar). The secondary structure elements, B-sheetand
a-helix, are indicated as B and «. The GenBank™ data base accession numbers for the nucleotide sequences
that encode human MPP2, MPP6, CASK, and Tiam1 are BC030287, NM016447, AF032119, and NM003253,
respectively. G, immunoblot analysis for the expression of CADM1 and Tiam1 in acute lymphatic leukemia (ALL)
cell lines, HTLV-Itransformed cell lines, and ATL cell lines. Five pg of cell lysates were fractionated in a 4-12%
gradient NuPAGE Norvex BisTris gel, followed by immunoblot analysis as described under “Experimental Pro-
cedures.” The antibodies used were a rabbit anti-Tiam1 pAb (C16) and a rabbit anti-CADM1 pAb (CC2). Amouse
anti-a-tubufin mAb was used to show a loading control.
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phoma (Fig. 1C and supple-
mental Fig. S1, top), indicating that
expression of Tiaml is not corre-
lated with either HTLV-I infection
or ATL. The molecular weight of
CADM1 varied due to the differ-
ence in N-linked and O-linked gly-
cosylation (data not shown).
Cytoplasmic Domain of CADM1
Interacts with Tiaml in HTLV-I-
transformed Cell Lines and ATL
Cell Lines—We initially tested the
physiological association of CADM1
with Tiaml in a co-immunopre-
cipitation assay using an HTLV-I-
transformed MT-2 cell line. When
endogenous CADM1 was immuno-
precipitated with a rabbit anti-
CADML1 pAb (EC) from the MT-2
cell lysate, co-immunoprecipitation
of endogenous Tiam1 was detected
(Fig. 24). Conversely, CADM1 was
specifically detected in Tiaml im-
munoprecipitate (Fig. 24). The
molecular weight of CADM1 co-
precipitated with Tiaml was
slightly higher than the CADM1 sig-
nal detected in the MT-2 whole cell
lysate (Fig. 24), which may suggest
that Tiam1 selectively interacts with
heavily glycosylated CADM1 spe-
cies. Reciprocal co-precipitation of
CADM1 and Tiaml was also ob-
served in another HTLV-I-trans-
formed cell line, C91/PL, as well as
inan ATL cell line, ATL-3I (datanot
shown), proving that CADM1 was
indeed associated with Tiaml in
those cells. N-terminal truncation
of Tiam1 (C1199) (Fig. 2C, left) has
been known to enhance its in vitro
GEF activity and also has been sug-
gested to increase the stability of
Tiaml due to the loss of PEST do-
mains (Fig. 2C, leff) that are believed
to function as targeting signals to the
degradation machinery (34). We ex-

- amined, therefore, whether this active

form of Tiaml, C1199, could associ-
ate with CADML1. A plasmid en-
coding either the full-length Tiaml
tagged with V5 (Tiaml-V5) or
C1199 tagged with V5 (C1199-V5)
was transfected into HEK293 cells,
and both Tiam1-V5 and C1199-V5
were immunoprecipitated with a
mouse anti-V5 mAb. Endogenous
CADM1 was co-immunoprecipi-
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FIGURE 2. Direct interaction of CADM1 with Tiam1. A, reciprocal co-immunoprecipitation of CADM1 with
Tiam1 in the HTLV-I-transformed cell line, MT-2. Five hundred pg of cell lysates were immunoprecipitated (IP)
with a rabbit anti-CADM1 pAb (EC), a rabbit anti-Tiam1 pAb (C16), or normal rabbit IgG. The precipitates were
subjected to immunoblot analysis with the rabbit anti-Tiam1 pAb (top) and a rabbit anti-CADM1 pAb (CC2)
{bottom). Red, blue, and black arrows, Tiam1, CADM1, and the rabbit IgG heavy chain, respectively. B, interaction
of CADM1 with the active form of Tiam1 (C1199). Five hundred pg of cell lysates from HEK293 cells transiently
transfected with pcDNA3.1, pcDNA/Tiam1-V5, or pcDNA/C1199-V5 were immunoprecipitated with a mouse
anti-V5 mAb or normal mouse IgG and subjected to immunoblot analysis (WB) with CC2 (top). Five pg of whole
cell lysates (WCL) were also analyzed for expression of CADM1 (middle), Tiam1-V5, and C1199-V5 (bottom) by
immunoblot analysis with CC2 and anti-V5 mAb, respectively. C, the PDZ domain of Tiam1 is required for
binding to the PDZ-BM of CADM1. The domain structure and truncated constructs of Tiam1 are shown on the
left. GST, GST fused with the cytoplasmic domain of TSLC1, amino acids 392-442 (GST-CADM1-C), and GST
fused with the cytoplasmic domain lacking C-terminal 3 amino acid residues, amino acids 392-439 (GST-
CADM1-CA3), were expressed in Escherichia coli. [**S]Methionine-labeled full-length and truncated Tiam1
were synthesized inreticulocytes. The size of the in vitro translated (/V7) proteins is shown in the right panelwith
dotsindicating eachfull-length in vitro translated product. Forin vitro binding, labeled proteins were incubated
with GST or GST fusion protein immobilized on glutathione-Sepharose beads and subjected to SDS-PAGE.
Binding of 33S-labeled proteins was detected by autoradiography (middle column). The entire images of the
GST pull-down assay are shown in supplemental Fig. 52, ‘

between C1199-C5 .and GST-
CADMI1-C (Fig. 2C and supple-
mental Fig. S2). In contrast, GST
protein fused with the cytoplasmic
domain of CADM1 lacking the 3
C-terminal amino acids (GST-
CADM1-CA3) did not associate
with either C1199, C580, or PDZ,
thus demonstrating that the
PDZ-BM of CADM1 was sufficient
for the direct interaction between
Tijaml and CADML.

Cytoplasmic Domain of CADM1
Induces Formation of Lamellipodia
through Rac Activation in Jurkat
Tet-off Cells Expressing CADMI—
In an attempt to assess the role of
CADMI1 in the infiltration of ATL
cells into tissue, we established
doxycycline (Dox)-inducible acute
lymphoblastic T-cell leukemia Jur-
kat cell clones expressing CADM1
(Jurkat/CADML1). In the isolated
Jurkat/CADM1 cell clone, expres-
sion of CADM1 was tightly regu-
lated with Dox (Fig. 3A). Expression
of CADM1 induced extensive for-
mation of cell aggregates in Jurkat

cells (Fig. 34, bottom right) that

were reminiscent of cell aggregates
seen in HTLV-I-transformed cell
lines, such as MT-2 cells (Fig. 14),
and- ATL cell lines indicating that
homophilic frams-interaction of
CADMI1 mediated formation of cell
aggregates in Jurkat cells. It appears
that homophilic frans-interaction
of CADMI, therefore, contributes
to formation of aggregates in many
of the HTLV-I-transformed cell

tated not only with Tiam1-V5 but also with C1199-V5 (Fig. 2B)
in HEK293 cells, indicating that C1199 interacted with
CADM1. We next analyzed whether Tiam1 would directly bind

to the cytoplasmic domain of CADM1 by a GST pull-down .

assay using various truncation mutants of Tiaml that were
translated as V5-tagged proteins in rabbit reticulocyte lysates
containing [**S]methionine. The bacterially expressed GST
protein fused with the cytoplasmic domain of CADMI1
(GST-CADM1-C) was precipitated with full-length Tiam1
and C1199 but not with C580, indicating that the cytoplas-
mic domain of CADM1 directly interacted with Tiam1, and
amino acid residues between 393 and 1012 of Tiaml were
essential for this direct interaction between CADML1 and
Tiam1 (Fig. 2C and supplemental Fig. §2). We further iden-
tified the PDZ domain of Tiam1 as the region responsible for
the CADM1 binding. Although the PDZ tightly bound to
GST-CADM1-C, deleting the PDZ domain from C1199
(C1199APDZ) was enough to abolish the interaction

NCTEN
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lines and ATL cell lines. In Jurkat/CADM]1 cells, co-immuno-
precipitation of endogenous Tiam1 was also confirmed in the
precipitate with anti-CADM1 pAb (EC) (Fig. 3B). We next
examined localization of CADM1 and Tiaml in Jurkat/
CADML1 cells co-cultured on a monolayer of mouse NIH3T3
fibroblasts for 7 h. In the absence of Dox, Jurkat cells expressing
CADMI1 tightly adhered to and spread over the monolayer of
fibroblasts, forming lamellipodia where CADML1 and Tiaml
were co-localized (Fig. 3C, middle and bottom). In contrast,
Jurkat/CADM1 cells in which CADMI1 expression was
repressed with Dox neither infiltrated into the monolayer of
fibroblasts nor formed membrane ruffles at the cell edge, and
Tiaml was distributed in the cytoplasm of those cells (Fig. 3C,
top panels). These findings together demonstrated that
CADM1 could induce formation of lamellipodia and recruit
Tijaml at the periphery of the lamellipodia. Such effects by
CADM]1 required its cytoplasmic domain because the deletion
mutant lacking the cytoplasmic domain of CADM1 could not
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FIGURE 3. The cytoplasmic domain of CADM1 is necessary for formation of lamellipodia in Tet-off Jurkat cells cultured on NIH3T3 fibroblasts. A, inducible
expression of CADM1 in Tet-off Jurkat cells. The established Tet-off Jurkat cell clones, Jurkat/vector and Jurkat/CADM1, were cultured in the presence (+) and absence
(—) of 100 ug/mi Dox for 5 days. Five ug of cell lysates were subjected to immunoblot analysis with an anti-CADM1 pAb (CC2) and anti-Tiam1 pAb (C16) as shown in
the top panel. The red and biue arrows indicate Tiam1 and CADM1, respectively. Representative phase-contrast images of Jurkat/CADM1 cells cultured in media with
or without 100 ug/mi Dox for 5 days are shown in the bottom panels. Original magnification was > 100. Note that CADM1-expressing Jurkat/CADMT cells show
extensive aggregates. B, co-immunoprecipitation of CADM1 with Tiam1 in the Tet-off Jurkat/CADM1 celfs. The Jurkat/CADM1 cells were cultured in the presence (+)
andabsence (—) of 100 «g/ml Dox for 5 days. To confirm the expression of Tiam1 and CADM1, 5 jug of whole cell lysates (WCL) were subjected toimmunoblot analysis
(lefthalves of panels). Five hundred g of cell lysates were immunoprecipitated (iP) with an anti-CADM1 pAb (EC) and subjected to immunoblot analysis for Tiam1 with
C16 (right half of top panel) and for CADM1 with CC2 (right half of the bottom panel). Co-precipitated Tiam1 is indicated with a black arrowhead. The red and blue arrows
indicate Tiam1 and CADMT, respectively. C, CADM? is necessary for formation of lamellipodia in Jurkat cells cultured on NIH3T3 fibroblasts. Jurkat/CADM1 cells were
co-cultured onamonolayer of NIH3T3 cellsfor 17 h. The cells were stained for CADM1 (blue) and Tiam 1 (green) with a chicken anti-CADM1 mAb (3E1) and an anti-Tiam1
pAb (C16), respectively. Magnified images show that CADM1 and Tiam1 are detected at membrane ruffling areas (middle and bottom panels). Scale bar, 10 pm.
D, cytoplasmic domain of CADM1 induces formation of lamellipodia. Jurkat/CADM1 and Jurkat/AC-HA were seeded on NIH3T3 monolayers and incubated for 17 h,
Cells were triple-stained for CADM1 {green), Tiam1 (red), and actin (blue). Actin filaments are shown in the merged panels. Note that stress fibers of NIH3T3 cells are seen
in the top merged panel, indicating that Jurkat/CADM1 cells infiltrated into the NIH3T3 monolayer. Scale bar, 10 um. E, a dominant negative mutant of Rac1, T17NRac1,
blocked CADM1-induced formation of lamellipodia. Jurkat/CADM1 cells cultured in the presence (-+) or absence {(—) of 100 ug/ml Dox for 5 days were transiently
transfected with pEGFP or pEGFP-T17NRac?. The next day, the transfected cells were seeded on NIH3T3 monolayers and incubated for 17 h. Cells were stained for
CADM1 (blue). Scale bar, 10 pm.

endothelial cells; 2) transmigration of vessel walls; 3) crawling
into dermis where fibroblasts are abundant; and 4) epidermal
localization. We looked, therefore, into the localization of
CADMI1 and Tiaml in ATL cell lines co-cultured on either

induce formation of lamellipodia in Jurkat cells co-cultured on
the monolayer of fibroblasts (Fig. 3D). In addition, Tiam1 did
not accumulate at the cell periphery of these cells, suggesting
that the interaction of the cytoplasmic domain of CADMI and

Tiaml was necessary for the formation of lamellipodia (Fig.
3D). Because Tiam1 is known to be a Rac-specific GEF, we also
tested whether activation of Rac was needed for CADM1-in-
duced formation of lamellipodia by introducing a dominant
negative mutant of Rac tagged with green fluorescent protein
(T17NRacl-GFP) in Jurkat/CADM1 cells. T17NRacl-GFP
completely blocked CADM1-induced formation of lamellipo-
dia (Fig. 3E), thereby underscoring the importance of Rac acti-
vation presumably through Tiam1 in CADM1-induced forma-
tion of lamellipodia.

CADM1I and Tiaml Co-localizes at the Leading Edge of
Migrating ATL-3I Cells—Infiltration of ATL cells into various
kinds of tissue like skin involves several key steps: 1) adhesion to

15516 JOURNAL OF BIOLOGICAL CHEMISTRY

HMVEC or NHDE. After a 17-h co-culture of the ATL cell line,
ATL-3I, on top of the monolayer of HMVEC, the cells firmly
adhered to HMVEC and formed lamellipodia where CADM1
and Tiaml were intensely co-accumulated (Fig. 44 and
supplemental Fig. $3). ATL-3I cells adhered to a NHDF mono-
layer in shorter 6-h co-culture (Fig. 4, C and D) and exhibited
lamellipodia in most of the cells adhered to NHDF where co-
localization of CADM1 and Tiaml was seen (Fig. 4D). As
observed in Jurkat/CADM1 cells overlaid on NIH3T3 cells, a
dominant negative T17NRacl mutant also inhibited the forma-
tion of lamellipodia in ATL-3I cells on HMVEC, suggesting that

Rac activity was required for ATL-3I cells to tightly attach to the

monolayer of HMVEC and subsequently form lamellipodia
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FIGURE 4. CADM1 and Tiam1 are co-localized at the leading edge of ATL-3! cells. A, co-localization of
CADMT with Tiam1 at the peripheral margin of ATL-3I cells. Cells were seeded on a monolayer of HMVEC and
cultured for 17 h.Cells were double-stained for CADM1 (green) and Tiam1 {red) with a chicken anti-CADM1 mAb
(3E1) and arabbitanti-Tiam1 pAb (C16), respectively, and then examined by confocal microscopy. Scale bar, 10
wm. A line scan graph of CADM1 (green) and Tiam1 (red) fluorescence intensities is shown. Fluorescence
intensities were measured along a white dotted line from a to b in the merged panel. The arrows in the graph
indicate the position of the cell edges. The patterns of CADM1 and Tiam1 intensities are similar and high at the
edges of the cell. B, a dominant negative mutant of Rac1, T17NRac1, blocked CADM1-induced formation of
lamellipodia. ATL-3 cells transfected with pEGFP or pEGFP-T17NRac1 were co-cultured on an HMVEC mono-
layer for 17 h and stained for CADM1 (blue) and actin (red). Scale bar, 10 um. C, CADM1 co-localized with the
leading edge marker Talin but not with the trailing edge marker CD44 at the invasive front of ATL3I cells. a-f, xz
sections of ATL3I cellsadhered to NHDF. CADM1 was co-localized with Talin (a—c) but not with CD44 (d-f) at the
invasive front of ATL3I cells. ATL-31 cells co-cultured on a NHDF monolayer for 6 h were double-stained for
CADM1 (green) and Talin (red in band ¢} or CD44 (red in e and f) with 3E1 and a mouse anti-Talin mAb or mouse
anti-CD44 mAb (C26), respectively. Note that intense staining of CADM1, not CD44, is seen at the adhesion sites
of ATL-31 cells to NHDF. lllustrations of the cells are depicted above the top panels (a and d) with red arrows that
indicate the direction of cell migration. Scale bar, 10 um. D, CADM1 and Tiam1 co-localized at the invasive front
of ATL3! cells. a-h, xz sections of ATL cells attached to the NHDF monolayer. Cells were triple-stained for
CADM1 (green), Tiam1 (red), and CD44 (blue) with 3E1, C16, and (26, respectively. The white arrows show
co-localization of CADM1 and Tiam1 at the ventral surface of ATL-31 cells invading the NHDF monolayer (a-d)
and at the leading edge of ATL-3l cells adhering to the monolayer (e~ h). lllustrations of the cells are depicted
above the top panels (a and e) with red arrows that indicate the direction of cell migration. Scale bars, 5 pm.

lymphocytes, respectively. xz cross-
section analysis of these cells
revealed that intense staining of
CADM1 and Talin was detected at
the contact zones of ATL-3I cells to
NHDF (Fig. 4C, a—c). In contrast,
CDA44 was not observed in those
contact regions {Fig, 4C, d—f), indic-
ative of CADM1 localization at the
leading edge of the migrating cells.
Triple immunofluorescence stain-
ing for CADM1, Tiaml, and CD44
in the xz cross-section of such cells
revealed that CADM1 was com-
pletely co-localized with Tiaml at
the cell periphery (Fig. 4D, a—d and
e-h). At the adhering sites of
ATL-3I cells to NHDF, however,
CADM1 was co-localized with
Tiam1, but not with CD44 (Fig. 4D,
a—d and e-h), demonstrating that
CADM1 and Tiaml were distrib-
uted at the leading edge of polarized
migrating cells. This was further
confirmed by quantitative analysis

~ of the xz cross-sections of the
adhering area of ATL-3I cells to

NHDF monolayers. Thirty-seven of

40 (93%) ATL-3I cells showed

CADM1/Tiam1-double-positive
and CD44-negative adhering sites.

Both CADMI and Tiaml Are
Necessary for Lamellipodium For-
mation of HTLV-I-transformed and
ATL Cell Lines—To further sub-
stantiate the importance of CADM1
and Tiam1 in CADMI-induced for-
mation of lamellipodia, we intro-
duced either CADM1 or Tiaml
siRNA into HTLV-I-transformed
cell lines, C91/PL and MT-4, and an
ATL cell line, ATL-3L Immunoblot
analysis of CADM1 and Tiam1 pro-
tein revealed that decreases in
CADM1 and Tiaml were most
prominent in C91/PL cells (Fig. 54)
due to them having the highest
transfection efficiency among the
three cell lines (data not shown).
Forty-eight h after the introduction
of siRNA, the cells in which
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(Fig. 4B). We realize that the first requirement for a cell to -

initiate migration is the acquisition of polarized morphology,
and establishment of cell polarity occurs during the migration
of lymphocytes (35). In ATL-3I cells adhered to NHDE, there-
fore, we compared the distribution of CADM1 with that of
Talin and CD44, which are well established markers for the
leading and trailing edges of chemokine-induced migratory T

BRDB.
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CADM1 expression had been knocked down lost their aggre-
gate morphology and started growing as single cells (Fig. 5B,
upper middle and right panels), whereas siRNA-mediated
knockdown of Tiaml interfered with aggregate formation to a
much lesser extent (Fig. 5B, bottom panels). It should be noted
that disruption of cell aggregation in ATL3I cells by CADM1
knockdown was not as striking as in MT-4 cells (data not

v
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Interaction of CADM1 with Tiam1 in ATL Cells

shown), suggesting that other adhesion molecules are also  A. Tiami

involved in cell aggregation of HTLV-I-transformed cell lines
and ATL cell lines. In assessing whether the reduction in aggre-
gate formation influenced cell growth, we counted the number
of living cells 7 days after siRNA introduction and found that
knockdown of CADM1 dramatically reduced cell growth of
C91/PL cells to ~30% (Fig. 5C). Although not as strongly as in
C91/PL cells, cell growth of MT-4 and ATL-3I cells was also
decreased from 50 to 66% upon silencing of CADM1 (Fig. 5C).
In contrast, knockdown of Tiam1 did not affect cell growth at
levels comparable with those induced by knockdown of
CADM1 (Fig. 5C). Together, these indicate that CADM1
enhanced the cell growth of both HTLV-I-transformed cell
lines and an ATL cell line by mediating formation of cell aggre-
gates through homophilic trans-interaction of CADM1, but it is
unlikely that Tiam1 was involved in the effect. We further ana-
lyzed whether CADM1 or Tiam1 was necessary for adhesion to
NHDF and subsequent formation of lamellipodia on NHDF. An
adhesion assay of a 2-h co-culture of these ATL cell lines on a
NHDF monolayer showed that knockdown of either CADM1
or Tiam1 reduced the level of cell adhesion by a similar amount
(50 -70%) (Fig. 5D). This result was consistent with the immun-
ofluorescent microscopic observation, which showed that
siRNA-mediated knockdown of CADM1 and Tiam1 in C91/PL
cells on NHDF repressed formation of lamellipodia and abro-
gated cell periphery localization of Tiaml and CADM, respec-
tively (Fig. 5E). These data together indicate that either Tiam1
or CADM1 are necessary for formation of lamellipodia in
HTLV-I-transformed cell lines and ATL cell lines.
Co-localization of CADMI and Tiaml in Lymph Node
Lesions of ATL Patients—Finally, we examined the expression

CADM1
i

Merged

FIGURE 6. Co-localization of CADM1 and Tiam1 in lymph node lesions of

of CADM1 and Tiam1 in lymph node lesions from nine ATL
patients with lymph node involvement by immunohistochem-
istry. As representatively shown in Fig. 64, infiltrating tumor
cells demonstrated immunoreactivity for CADML1 in eight of
the nine patients tested (four strongly positive, four positive,
and one negative). In comparison, Tiam1 was detected in three
patients who also were positive for CADM1, indicating that

ATL patients. A, immunohistochemical staining for CADM1 and Tiam1. Tis-
sues were incubated with a rabbit anti-CADM1 pAb (number 6) {left panels) or
a rabbit anti-Tiam1 pAb (C16) (right panels) and stained with aminoethylcar-
bazole. The nuclei were counterstained with hematoxylin. Representative
images of the CADM1*/Tiam1* specimens are shown. Original magnification
was X200 (top panels) and X400 (bottom-panels). B, co-localization of CADM1
and Tiam1 at the cell membrane of infiltrating ATL cells. Immunofluorescence
double-staining of sections for CADM1 (green) and Tiam1 (red) was per-
formed with a chicken anti-CADM1 mAb (3E1) and a rabbit anti-Tiam1 pAb

one-third of the specimens from those nine ATL patients were ~(C16)-5calebars, 50 um.

double-positive. Immunohistostaining revealed that CADM1
was detected at the plasma membrane of the tumor cells (Fig.
64, left column), and aggregate accumulation of CADM1 was
seen in some cases as an intense punctate structure (Fig. 64,
bottom left panel). Tiam1 was observed not only at the mem-
brane but also in the cytoplasm of the infiltrating ATL cells (Fig.

6A, right column). In an effort to determine more precisely
whether CADM1 and Tiam1 co-localize, we performed immu-
nofluorescence double-staining. Although none of the Tiam1-
positive specimens showed a unique pattern of punctate struc-
ture-like distribution of CADM1 as seen in Fig. 64, CADM1

FIGURE 5. Both CADM1 and Tiam1 are required for formation of lamellipodia in HTLV-I-transformed cell lines and ATL cell lines. A, siRNA-mediated
CADM1 and Tiam1 knockdown. Control siRNA {cont), CADM1-specific siRNA (CADM1 7 and CADM1 2), or Tiam1-specific siRNA (Tiam1 1 and Tiam1 2) was
introduced into C91/PL cells with electroporation. Forty-eight h after electroporation, lysates were prepared, and 5 ug of the lysates were analyzed by
immunoblot with anti-CADM1 pAb (CC2) and anti-Tiam1 pAb (C16). Signals of a-tubulin are shown as loading controls in the bottom panel. The red and blue
arrows indicate Tiam1 and CADM1, respectively. 8, CADM1 knockdown disrupted cell aggregates of MT-4 cells. Phase-contrast images were taken 48 h after
introduction of sSiRNA CADM1 by electroporation. Note that although similar results were obtained in C91/PL cells and ATL-3 cells, disruption of cell aggregates
by CADM1 knockdown was most prominent in MT-4 cells. Original magnification was X 100. G, CADM1 knockdown reduced celf growth of C91/PL, MT-4, and
ATL-3! cells. Seven days after electroporation, living cells were counted by trypan blue dye exclusion. Each bar represents the mean * S.D. (error bars) of
triplicate assays. The asterisks indicate statistical significance with p < 0.05 as determined by Student’s t test. D, either CADM1 or Tiam1 knockdown impaired
cell adhesion to NHDF monolayers. Forty-eight h after electroporation, calcein AM-labeled cells were co-cultured on NHDF monolayers for 2 h. Each bar
represents the mean * 5.D, of three independent experiments. The asterisks indicate statistical significance with p < 0.05 as determined by Student’s t test.
E, either CADM1 or Tiam1 knockdown abrogated lamellipodium formation of C91/PL cells cultured on a NHDF monolayer. C91/PL cells treated with specified
siRNA were co-cultured on NHDF monolayers for 6 h. Cells were double-stained for CADM1 {green) and Tiam1 (red) with a chicken anti-CADM1 mAb (3E1) and
a rabbit anti-Tiam1 pAb (C16), respectively. Scale bars, 10 um. Note that either CADM1 knockdown or Tiam1 knockdown not only inhibits formation of
lamellipodia but also affects the membrane localization of Tiam1 or CADM1.
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and Tiam1 were well co-localized at the cell membrane of ATL
cells (Fig. 6B). When considered together, these data support
our finding in vitro that both CADM1 and Tiaml are coopera-
tively involved in the infiltration of ATL cells.

DISCUSSION

In this study, we identified Rac-specific GEF, Tiaml, as a
binding partner of CADML in both HTLV-I-transformed and
ATL-derived cell lines and demonstrated that the interaction
induced formation of lamellipodia, structures seen at the lead-
ing edge of motile cells, indicating that CADM1-Tiam1 inter-
action was involved in the infiltrative propensity of ATL cells.
Although the cohort of ATL patients we investigated was not
large enough to provide conclusive clinical evidence, CADM1
and Tiam1 were well co-localized at the cell membrane in the
Tiam1"/CADM1™ specimens from ATL patients with lymph-
node involvement. In normal T lymphocytes in which CADM]1
is barely detectable (8), Tiam1 regulates chemokine-induced
T-cell polarization and chemotaxis by associating with the
Par3-Par6-atypical protein kinase C polarity complex (36). In
ATL cells, the overexpressed CADMI interacts with Tiaml
through the type Il PDZ-BM of CADM1 and recruits Tiaml to
the intracellular submembranous domain. Rac-specific gua-
nine nucleotide exchange factor activity of Tiaml1 is known to
depend on the membrane localization of Tiam1, which is medi-
ated by binding to phosphoinositides through the N-terminal
pleckstrin homology domain (PHn) of Tiaml (Fig. 1B) (37).
Others have reported, however, that the N-terminal pleckstrin
homology domain of Tiam1 possesses a relatively weak affinity
and less specificity for phosphoinositide compared with the
pleckstrin homology domains of PLCS and Akt (38), indicating
‘that binding of the N-terminal pleckstrin homology domain
with phosphoinositide seems to play an accessory but not a
defining role in targeting Tiam1 to cell membranes. It is, there-
fore, likely that the interaction of Tiam1 with transmembrane
proteins facilitates its membrane localization. Furthermore,
these transmembrane proteins with which Tiam1 interacts may
determine the downstream signals subsequently triggered by
such interaction. Accordingly, the association of CADM1 with
the PDZ domain of Tiaml could reinforce tethering of Tiam1
.to the membrane and induce the signal specific to CADM1. We
have previously shown that CADML1 binds to actin through its
protein 4.1-BM (14). CADMA, therefore, seems to recruit actin
and a regulator of actin, the Rac-specific guanine nucleotide
exchange factor, together to the juxtamembrane region,
thereby becoming a powerful driving force for actin reorgani-
zation to induce cell motility (Fig. 7). As can be surmised, co-
expression of CADM1 and Tiam1 in T lymphocytes appears to
be an unwanted combination that leads to the deviated invasive
tendencies of ATL cells.

Regardless of its tumor suppressor activities in various can-
cers (1, 33), our study revealed that CADM!1 functions rather as
an oncoprotein in ATL. Intriguingly, similar complexity of par-
adoxical functions has been well illustrated in Tiaml (39).
Besides promoting invasion of T-cell lymphoma cells (20, 40),
Tiaml expression has been demonstrated to correlate with the
invasive and metastatic phenotypes of breast and colon cancers
(39). It has also been shown that Tiam1 ™'~ mice are resistant to
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FIGURE 7. A possible role of CADM1 in ATL cells. CADM1 comprises threelg
loops modified with N-linked and O-linked glycosylation, a single membrane-
spanning a-helix, and a short cytoplasmic domain. The cytoplasmic domain
has a protein 4.1-BM connected to the actin cytoskeleton through members
of the protein 4.1 family and a type I PDZ-BM interacting with Tiam1.CADM1,
therefore, seems to recruit actin and a regulator of actin, the Rac-specific
guanine nucleotide exchange factor, together to the juxtamembrane region,
leading to Rac activation for actin reorganization. Domains of Tiam1 are
abbreviated as described in the legend to Fig. 18.

the development of Ras-induced: skin tumors, suggesting that
Tiam1 contributes to tumorigenicity (41). As opposed to these
abilities of Tiam1 to promote invasion and metastasis as well as
tumor formation, Tiaml expression has been demonstrated to
be inversely correlated with the invasive potential of renal cell
carcinoma cell lines (42). Such contradictory findings are pro-
posed to be due to the effects of Tiam1, which solely depend on
the cell type and the Rho GTPase activation status in the par-
ticular spatio-temporal context of given cells (39). It is plausi-
ble, therefore, that the dualistic effects of CADM1 may be also
attributable to the cell type and activation state of Rho GTPs.In
fact, we previously demonstrated using epithelial Madin-Darby
canine kidney cells that the cytoplasmic domain of CADM1
induced prolonged activation of Rac and reduced activation of
Rho, leading to suppression of hepatocyte growth factor-in-
duced epithelial mesenchymal transitions, which is a crucial
step for tumor cells to become invasive (30). Coincidentally,
ectopic expression of Tiaml or constitutively active Rac was
reported to block hepatocyte growth factor-induced cell scat-
tering of Madin-Darby canine kidney cells with high Rac and
low Rho activities(43). It is tempting to speculate, therefore,
that CADM1 spatio-temporally associates with Tiam1 even in
some epithelial cells where they cooperatively work together as
a tumor suppressor by maintaining epithelial integrity.
Although it is becoming increasingly clear that adhesion
molecules are involved in transendothelial migration of leuko-
cytes, this may not be the only possible process in which
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CADM1 is involved in infiltration of ATL cells into various
organs and tissues, such as skin. Skin involvement is one of the
most frequent manifestations in ATL patients. The extracellu-
lar domain of CADM1 is known to interact homophilically with
itself (6, 7), as well as heterophilically with CADM2 (Necl-3)
(44), CADM3 (Necl-1) (6), Nectin-3 (6) and CRTAM (45-47).
The molecular interactions that facilitate ATL migration to and
retention in skin may involve various cells residing in the skin
that express those ligands for CADML. Such cells may include
mast cells that are immune cell residents of the dermis consti-
tutively expressing CADM]1 (48). Our study revealed that ATL
cells adhered to NHDF with even higher affinity than to
HMVEC. NHDF are abundant in epidermis and quite possibly
help ATL cells to crawl into the dermal interstitinm. We have
found that CADM1-positive cells tend to show a high affinity
with fibroblasts, which are CADM1-negative, suggesting that
fibroblasts express some of those heterophilic ligands described
above or as yet unidentified ligands for CADM1. ATL cells
often display an affinity for Langerhans cells, immature dermal
dendritic cells, and cluster around them in the epidermis form-
ing Pautrier’s microabscesses (49). Because CADMI is known
to define a certain subset of dendritic cells (45), it is possible
that Langerhans cells express CADM1, thereby attracting ATL
cells to the epidermis. It is noteworthy that the dermis is abun-
dant in sensory nerve fibers that constitute an elaborate net-
work. Other than CRTAM, the CADM1 ligands listed above are
copiously expressed in nerve cells (5, 44). It seems plausible,
therefore, that ATL infiltration into skin is promoted through
the interaction between ATL cells and nerve fibers. It remains
elusive, however, whether the CADM1-Tiam1-Rac cascade is
constitutively activated in ATL cells or the activation is trig-
gered by adhesion of ATL cells to the cells expressing those
CADML1 ligands mentioned above. Further studies to define the
mechanism of CADM]1 activation of Rac through Tiam1 are
now ongoing. Because phosphorylation of Tiam1 on its serine/
threonine and tyrosine residues was previously reported (34,
39), investigating spatio-temporal phosphorylation of Tiam1 in
HTLV-I-transformed and ATL-derived cell lines would pro-
vide pivotal information toward understanding the CADM1-
Tiam1-Rac signaling in ATL cells.

In the present study, we found that CADM1 knockdown
affected cell growth, suggesting that CADM1 may play an aux-
iliary role in transformation of HTLV-I-infected T cells. During
such a transformation stage, Tiam1 may not be the sole binding
partner of CADM1 because Tiam1 knockdown did not have an
effect on cell growth. Tax is reported to be directly associated
with small Rho GTPase and therefore is believed to playarole in
the infiltrating propensity of ATL cells (18, 50). It is known,

- however, that Tax expression is frequently lost in ATL cells
(51). In contrast, a previous study from others (8) reported that
CADM1 was expressed in all of the primary ATL cellstested. In
such Tax-negative ATL cells, CADM1-Tiaml interaction may
become one of the driving forces for cytoskeletal reorganiza-
tion, thereby contributing to the infiltrating phenotype of ATL
cells. In support of this, it has been reported that, compared
with ED, the CADM1-nagative ATL cell line, ED cells overex-
pressing CADM1 caused larger tumor formation and massive
infiltration into various organs in NOG mice (52).
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Elucidating the molecular mechanisms of the CADMI-
Tiam1 pathway involved in tissue infiltration of ATL cells may
offer alternative approaches to the treatment of ATL, such as
specific interference with CADM1 using a mAb against the
ectodomain of CADMI. The use of therapeutic mAb for the
treatment of cancer has shown promising results over the past
few years, as exemplified by the major success of a mAb against
HER? in treatments for metastatic breast cancer and lung can-
cer. Our study revealed that CADMI affected both lamellipo-
dium formation and cell growth, thus suggesting that interfer-
ence with CADM1 may inhibit not only tissue infiltration of
ATL cells but also the growth of ATL cells. Tiam1 may also
become an attractive pharmacological target for developing
small molecular inhibitors of the invasive nature of ATL cells by
manipulating the CADM1-Tiam1-Rac signaling pathways.
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Type | interferon (IFN) protein is a cytokine with pleiotropic biolog- -

ical functions that include induction of apoptosis, inhibition of
angiogenesis, and immunomodulation. We have demonstrated
that intratumoral injection of an IFN-a-expressing adenovirus
effectively induces cell death of cancer cells and elicits a systemic
tumor-specific immunity in several animal models. On the other
hand, reports demonstrated that an elevation of IFN in the serum
following an intramuscular delivery of a vector is able to activate
antitumor immunity. In this study, we compared the intratumoral
and systemic routes of IFN gene transfer with regard to the effect
and safety of the treatment. Intratumoral injection of an IFN-u ade-
novirus effectively activated tumor-responsive lymphocytes and
caused tumor suppression not only in the gene-transduced tumors
but also in distant tumors, which was more effective than the
intravenous administration of the same vector. The expression of
co-stimulatory molecules on CD11c¢* cells isolated. from regional
lymph nodes was enhanced by IFN gene transfer into the tumors.
Systemic toxicity such as an elevation of hepatic enzymes was
much lower in mice treated by intratumoral gene transfer than in
those treated by systemic gene transfer. Our data suggest that the
intratumoral route of the IFN vector is superior to intravenous
administration, due to the effective induction of antitumor immu-
nity and the lower toxicity. (Cancer Sci 2010; 101: 1686-1694)

l nterferon-alpha (IFN-o) belongs to the group of type I inter-
ferons. It is produced by monocytes/macrophages, lympho-
blastoid" cells, fibroblasts, and plasmacytoid dendritic cells.
Interferon-alpha (IFN-o) binds to the IFN-o receptor CD118,
and the IFN receptor is coupled to a Janus-family tyrosine
kinase, which phosphorylates signal-transducing activators of
transcription (STATs), and STATS translocate to the nucleus
where they activate the transcription of several different genes
including the synthesis of host cell proteins that contribute to
the inhibition of viral replication.’” In addition to its antiviral
activity, IFN-o exhibits several other antitumor functions:
(i) direct inhibitory effects on tumor cell growth; (ii) radio and
chemosensitizing effects; (iii) anti-angiogenic properties; and
(iv) modulation of the immune system.?™> These features
might be of special interest for use in cancer treatments.

Among the above antitumor properties, the direct inhibitory
effects on tumor cell growth/functions and the interaction of
IFN-o. with chemotherapeutic drugs such as 5-FU have been
of particular interest.*™ The cytokine has been used world-
wide for treatment of a variety of cancers including chronic
myelogeneous leukemia, melanoma, and renal cancer.®”
However, clinical experiences with IFN protein therapy for
fnan(g) other solid cancers have generally not been encourag-
ing.”™ In the conventional regimen of IFN clinical trials, the

Cancer Sci | July2010 | vol.101 | no.7 | 1686-1694

recombinant IFN-o. protein is systemically administered
through subcutaneous or intramuscular routes. Since the pro-
tein is rapidly degraded in the blood circulation and only a
small portion of subcutaneously injected IFN-o, can reach the
target sites,”” the overall limited therapeutic efficacy of treat-
ments based on the IFN-o protein may reflect the inability to
target the cytokine to the right place and at the right dose.
Alternative delivery strategies are needed to achieve a safe
and effective IFN delivery in a clinical setting. In fact, it was
reported that gene- and cell-based delivery of type I IFNs into
tumors suppressed growth of various cancers such as breast
cancer, prostate cancer, renal cancer, hepatocellular carcinoma,
basal cell carcinoma, bladder cancer, and leukemia.®!» We
have also shown that a single injection of the recombinant
IFN-o protein into a tumor did not result in the suppression of
tumor growth, whereas an intratumoral injection of an IFN-o-
expressing adenovirus effectively induced cell death of cancer
cells and did suppress the growth of tumors including pancre-
atic, colon, and renal cancers.”'

Type I IFNs were long thought to act mainly by suppressing
tumor cell proliferation in vivo. However, more recently, it has
been established that type I IFNs have important roles in regu-
lating innate and adaptive arms of the immune system: up-regu-
lation of major histocompatibility complex (MHC) class I gene,
promotion of the priming and survival of T cells, enhancement
of humoral immunity, increase of the cytotoxic activity of natu-
ral killer (NK) cells and CD8" T cells, and activation of den-
dritic cells (DCS).(4’5) We have also shown that in addition to
the direct cytotoxicity in the injected site, intratumoral injection
of the IFN-o adenovirus elicits a significant systemic tumor-
specific immunity in several animal models. 3™ On the other
hand, it has been reported that an intramuscular delivery of the
IFN-a. gene exhibited inhibition of tumor growth and that CD8"*
T cells were required for the antitumor response,' 1% suggest-
ing that an elevation of the IFN-u level in the serum also acti-
vates the antitumor immunity. However, it has not been
examined whether the high IFN-o level in the tumor and blood
circulation effectively induces antitumor immunity. It is diffi-
cult to inject high amounts of the IFN-o adenovirus into the
muscle of mice without a leakage of the vector into the blood
circulation, which may result in a variety of serum IFN-a levels
among mice injected with the same amounts of IFN-o vector.
Therefore, in this study, the adenovirus was injected into the
tail vein to express consistent IFN-o at a high sustained level in
the serum, and the antitumor immunity and safety were com-
pared between the intratumoral and systemic routes of IFN gene
transfer.
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Materials and Methods

Tumor cell line and recombinant adenovirus vectors. CT26
and Renca are weakly immunogenic BALB/c-derived colon and
renal cancer cell lines, respectively, which were obtained from
the American Type Culture Collection (Rockville, MD, USA).
CT26 and Renca cells were confirmed to express MHC class I
molecules (H-2K® and H-2DY) by flow cytometry; however, the
heterogeneous MHC expression was observed in the subcutane-
ous tumors (data not shown). Cells were maintained in RPMI
containing 10% FBS, 2 mM L-glutamine, and 0.15% sodium
bicarbonate (complete RPMI). The recombinant adenovirus
vectors expressing mouse interferon-o (Ad-mIEN) or alkaline
phosphatase (Ad-AP) were prepared as described.">*® The
recombinant adenoviruses are based on the serotype 5 with a
deletion of the entire El region and a part of the E3 region, and
have the CAG promoter, which is a hybrid of the cytomegalovi-
rus immediate early enhancer sequence and the chicken
B-actin/rabbit f-globin promoter, in the deleted El region.®?
A cesium chloride-purified virus was desalted using a sterile
Bio-Gel P-6 DG chromatography column (Econopac DG 10;
BioRad, Hercules, CA, USA) and diluted for storage in a 13%
glycerol/PBS solution. All viral preparations were free of the
E1* adenovirus by PCR assay.®?

In vivo tumor inoculation and IFN-e gene transfer. Tumor
cells were prepared in a total volume of 100 pL PBS (5 x 10° of
Renca and 1 x 10° of CT26 cells) and injected subcutaneously
into the leg of BALB/c mice (Charles River Japan, Kanagawa,
Japan). When the subcutaneous tumor was established (~0.5 ¢cm
in diameter), 50 pL of Ad-mIFN or control vector (Ad-AP) was

- injected opnce into the tumors or into the tail vein. The injection”

of 1x 10® PFU (plaque forming unit) of Ad-AP showed that
70-80% of the cells were stained in the entire CT26 tumors. The
shortest (r) and longest ({) tumor diameters were measured and
the tumor volume was determined as #* X /2.

To deplete NK cells before and during the treatment with
IFN-o gene transfer, BALB/c nude mice (Charles River Japan)
received intraperitoneal injections of 0.5 mg of anti-asialo GM1
antibody targeting NK cells (Wako Pure Chemical Industries,
Tokyo, Japan). Administration of antibody started 2 days after
the inoculation of CT26.-cells, and the injection was repeated

every 5-6 days throughout the entire experimental period. Flow

cytometry showed that more than 80% of NK cells were
depleted in the antibody-treated mice.

Reverse transcription-polymerase chain reaction (RT-PCR) and
ELISA analyses of IFN-o expression. Subcutaneous tumors were
collected 4 days after the intratumoral or intravenous injection

~of Ad-mIFN or Ad-AP in the CT26 tumor-bearing BALB/c
mice. To examine the expression of the I[FN-o gene in the
tumors, RT-PCR amplification was carried out using total RNA
in a 50 pL of the PCR mixture with the following primer sets:
IFN-o0 upstream (5-GATGGTTCTGGCTGTGATGAG-3') and
downstream (5'-GATGTTCAGGATCTGCTGGGT-3") primers;
B-actin upstream (5-CCTCTATGCCAACACAGTGC-3) and
downstream (5’-ATACTCCTGCTTGCTGATCC-3") primers. In
total, 33 cycles (B-actin, 25 cycles) of the PCR were carried out
at 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min. The
PCR products were electrophoresed on a 2% agarose gel. Inter-
feron-alpha (IFN-ot) concentration in the serum, tumor and
organs was measured by enzyme-linked immunosorbent assay
(ELISA; Immunotech, Marseille Cedex, France).

ELISpot assays. Interferon-gamma (IFN-y) ELISpot kits (BD
Bioscience, San Jose, CA, USA) were used according to the
manufacturer’s instructions. CT26 cells were inoculated into the
BALB/c mice, and 7 days later 1 x 10® PFU of Ad-mIFN or
Ad-AP was administered into the tumors or into the tail vein.
Twenty days later, splenocytes were harvested from the mice,
and the splenocytes (1 X 10°) and mitomycin C (MMC)-treated

Narumi et al.

CT26 celis (1 x 10* were co-cultured for 20 h at 37°C in com-
plete RPMI medium in 96-well plates pre-coated with antimouse
IFN-y antibody (BD Bioscience) in triplicate. After aspirating
the cells away and washing the wells with de-ionized water, a
biotinylated antimouse IFN-y antibody (2 pg/mL) was added
and incubated for 2 h at room temperature. After extensive
washing, a streptavidin-horseradish peroxidase solution was
added and incubated for 1h at room temperature. Then, an
aminoethyl carbazole substrate solution was added, and the plate
was incubated for 15 min. Spots were counted under a stereomi-
croscope.

Flow cytometry of co-stimulatory molecules. The regional
Iymph nodes were collected from the CT26 tumor-bearing mice
10 days after the intratumoral or intravenous injection of
Ad-mIFN or Ad-AP (1 x 10% PFU). The 1 x 10° of cells from
the lymph nodes were incubated at 4°C for 30 min with phyco-
erythrin-conjugated hamster antimouse CDllc monoclonal
antibody (HL3; IgG; BD Biosciences), FITC-conjugated rat an-
timouse CD40 monoclonal antibody (3/23; 1gG; BD Bioscienc-
es), FITC-conjugated hamster antimouse CD80 monoclonal
antibody (16-10A1; IgG; BD Biosciences), FITC-conjugated rat
antimouse CD86 monoclonal antibody (GL1; IgG; BD Bio-
sciences), or isotype control antibody (IgG), and then washed
twice with PBS containing 2% BSA. Flow cytometry was car-
ried out using a FACScan system (BD Bioscience).

Immunohistochemistry. Inununostaining was  performed
using the streptavidin-biotin—peroxidase complex techniques
(Nichirei, Tokyo, Japan). Consecutive cryostat tissue sections
(5 um) were mounted on glass slides and fixed in 99.5% ethanol
for 20 min. After blocking with normal rat serum, the sections
were stained with rat antimouse CD4 and CD8 antibodies (BD
Biosciences). The cryostat sections were also processed for the
terminal deoxynucleotidyltransferase~-mediated dUTP-digoxige-
nin nick-end-labeling (TUNEL) assay (Intergen Company, Pur-
chase, NY, USA). Negative controls without primary antibodies
were examined in all cases. The sections were counterstained
with methylgreen.

Statistical analysis. Two-sided -tests were used to validate
the significance of the observed differences, which were consid-
ered statistically significant when P < 0.05.

Results

Distribution of interferon-a in various organs following
intratumoral or intravenous administration of Ad-miFN. To con-
firm the in vivo expression of the [FN-o gene, total RNA of
CT26 subcutaneous tumors was subjected to an RT-PCR analy-
sis of the gene 4 days after the intratumoral or intravenous injec-
tion of Ad-mIFN or control Ad-AP (1 x 10® PFU). Intratumoral
IFN-o gene transfer yielded a significant level of IFN-o. expres-
gion in the tumor, whereas the intravenous route did not show
the IFN-o band there (Fig. 1a). The IFN-o expression was not
detected in the tumor injected with Ad-AP (Fig. 1a).

To determine the kinetics of IFN-o expression in the serum,
the IFN-o levels were measured 3, 4, 7, and 13 days after the
intratumoral or intravenous injection of Ad-mIFN. In the mice
treated by intratumoral /FN-a gene transfer, the cytokine was
slightly elevated at Day 3 and returned to a base line by Day 4,
whereas in the mice with the intravenous injection of Ad-mIFN
the peak levels in the serum were observed at Day 3 and the
expression continued for more than 13 days, demonstrating that
the intravenous gene transfer leads to the sustained high IFN-o
expression in the blood circulation (Fig. 1b).

Then, to examine the in vivo distribution of IFN-o expression,
we inoculated CT26 cells into both legs of BALB/c mice, fol-
lowed by adenovirus (1 x 10® PFU) injection either into the
right tumors or into the tail veins. Three days later the IFN-o
levels were measured in the serum, subcutaneous tumors, and
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Fig. 1. Distribution of (IFN-o) in the sera,

interferon-alpha
_subcutaneous tumors, and various organs. (a) Expression of /FN-« gene
in subcutaneous tumors. The 1 x 10° PFU (plaque forming unit) of

recombinant adenovirus vectors expressing mouse interferon-a
(Ad-miFN) or alkaline phosphatase (Ad-AP) was injected into the CT26
subcutaneous tumor or into the tail vein, and 4 days later the
subcutaneous tumor was isolated, and IFN-a expression was examined
by RT-PCR analysis. (b) Time course of IFN-o expression in the serum.
The 1x 10° PFU of Ad-mIFN was injected into the subcutaneous
tumor or into the tail vein, and IFN-o concentration in the serum was
fneasured by. ELISA 3, 4, 7, and 13 days after the injection (n = 4). iv,
intravenous injection; it, intratumoral injection. (¢} Interferon-alpha
(IFN-o) concentration in the sera, tumors, and organs. The 1 x 10% PFU
of adenoviruses was injected into the subcutaneous tumor or into the
tail vein, and 3 days later IFN-o concentration was measured (n = 4).
Rt, right; Lt, left.

vqrious organs such as the spleen, liver, kidney, and lung. In the
_ Imice treateq by intratumoral /FN-x gene transfer, the serum
showed a slight elevation of TFN-a, whereas its concentration
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was highest in the right virus-injected tumor (Fig. 1c), which
was approximately 10-fold higher than the serum as previously
described.("#1317%3) Iy the mice treated by intravenous [FN-u

gene transfer, the IFN-o. level was significantly elevated in the

- serum and various organs including the liver but not in the sub-

cutaneous tumors compared with the intratamoral /FN-o gene
transfer (Fig. 1c). The IFN-o. was not elevated in the serum,
tumors, or organs in the mice that received the administration of
Ad-AP.

Antitumor effects of intratumoral and intravenous adminis-
tration of Ad-mIFN. To examine the in vivo antitumor effect of
the IFN-o gene transduction, various amounts (5% 105, 5 x 107,
1 x 108, and 5 x 10® PFU) of adenoviruses were injected into
right tumors or into the tail veins in mice with CT26 tumors on
both legs. The intravenous injection of. Ad-mIFN did not show a
definite suppressive effect except at the highest dose examined
(5 x 10® PFU), which resulted in tumor suppression comparable
with that of the intratumoral injection (Fig. 2a). The intratumor-
al injection of Ad-mIFN showed remarkable tumor suppressive
effects in not only the vector-injected right tumors but also in
the vector-uninjected left tumors at all doses examined
(Fig. 2a,b). Tumor volumes were not changed in the mice trea-
ted by intratumoral and intravenous injections of Ad-AP at any
doses (Fig. 2a), which were similar to those in the no treatment
group (data not shown).

To compare the [FN-q levels in the tumors with the antitumor
effects, an IFN-a concentration was examined 3 days after the
gene transfer. The TFN-o concentration in the tumors following
the intratumoral gene transfer was elevated in a dose-dependent
manner, and the levels were much higher than those for the
intravenous injections at all doses (Fig. 2c). An intravenous
injection of less than 1 X 10% PFU of Ad-mIFN did neither ele-
vate the IFN-o. concentration in the tumors nor suppress the
tumor growth. By contrast, the intravenous injection of the high
dose (5 x 10® PFU) resulted in 1522.2 pg/g of IFN-a in the
tumors, which was close to that (2054.7 pg/g) after an intra-
tumoral injection of low dose (5 X 10° PFU) of Ad-mIEN
(Fig. 2¢), and significantly suppressed tumor growth (Fig. 2a).
The increase of the IFN-a level in the tumor might be related to
induction of an effective antitumor immunity.

To confirm the antitumor activity of intratumoral JFN-o. gene
transfer in a different tumor cell line, 1 x 10 PFU of Ad-mIFN
was injected into Renca tumor-bearing mice. The antitumor
activity of an intratumoral injection was also evident against the
renal cancer cells (Fig. 2d), and resulted in 2 statistically signifi-
cant improvement in the survival of the treated mice as com-
pared with the Ad-AP-injected animals (Fig. 2e).

Then, we inoculated CT26 cells on the right legs and on the
backs and Renca cells on the left legs of BALB/c mice, and
1 x 10® PFU of Ad-mIFN was injected into CT26 tumors on the
right legs. Interferon-alpha (JFN-o) gene transfer suppressed the
growth of not only the right leg CT26 tumors but also the back
CT26 tumors; and the growth of Renca tumors, which were not
transduced with IFN-o gene, on the left legs was also signifi- -
cantly suppressed compared with the Ad-AP injection (Fig. 2f).
Certain tumor-associated antigens (TAAs) might be shared by
CT26 and Renca tumors. Alternatively, the activation of NK
cells by the IFN-o expression may be responsible for this
phenomenon as later described.

Cell-death induction and infiltration of CD4* and CD8" cells in
the tumors. To examine whether the IFN-o expression induces
cell death in the tumors, TUNEL assay was performed using
tumors of mice treated by /FN-o gene transfer. The assay
revealed massive cell death of cancer cells in Ad-mIFN-injected
tumors as shown in our previous reports,’” but TUNEL-
positive cells were also recognized albeit relatively sparsely in

“the vector-uninjected tumors in the mice treated by intratumoral

IFN-o gene transfer (Fig. 3a). The difference in numbers of
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TUNEL-positive cells is probably due to presence of the direct
cell-death induction by the IFN-o expression in the injected but
not uninjected tumors.

To determine whether the different therapeutic efficacies
between the intratumoral and intravenous [FN-o gene transfer
are associated with different T-cell responses, we analyzed the
infiltration of CD4% and CD8* cells into the subcutaneous
tumors by immunostaining 10 days after the vector injection.
The intratumoral IFN-o. expression significantly increased the
infiltration of CD4* and CD8" T cells in the tumors on both legs,
compared to the intravenous administration of Ad-mIEN
(Fig. 3a,b). No increases of those cells were observed in the
Ad-AP-treated mice. The infiltrated immune cells could induce
an antitumor effect against tumors, in particular at distant sites.

Natural killer (NI cells also play a role in antitumor effect of
intratumoral Ad-mIFN administration. It has been reported that
IFN-o. enhances the activity of NK cetls® in addition to the acti-
vation of cytotoxic T lymphocyte. To determine whether the
absence of T cells abrogates IFN-o-mediated therapeutic effi-
cacy, we inoculated CT26 cells in both legs of BALB/c nude
mice, and then injected 5 X 107 PFU of Ad-mIFN into the tumor
on the right leg or into the tail vein. The intravenous IFN-0. gene
transfer showed modest tumor growth inhibition compared with
the Ad-AP injection, whereas a marked suppression of both vec-
tor-injected and vector-uninjected tumors was observed after
intratumoral IFN-a gene transfer (Fig. 4a). The depletion of NK
cells with anti-asialo GM1 antibody cancelled the antitumor
effect of vector-uninjected tumors-on the left legs almost com-
pletely, whereas significant growth suppression was still recog-
nized in the Ad-mIFN-injected tumors on the right legs
(Fig. 4b), possibly due to the direct cell-death induction by IFN-
o expression. The results suggest that the NK cells in the regio-
nal tumor are activated by the IFN-o expression and contribute
to systemic antitumor immunity, which is consistent with our
previous report.(”) Interestingly, the intravenous injection of
5% 10’ PFU of Ad-mIFN suppressed the tumor growth in
immune-deficient nude mice (Fig. 4a) but not in immune-com-
petent mice (Fig. 2b). The difference may be explained by the

Fig. 2. Intratumoral interferon-alpha (/FN-z) gene transfer induces a
systemic antitumor effect. CT26 cells were inoculated in both legs in
BALB/c mice, and 7 days later recombinant adenovirus vectors
expressing mouse interferon-o (Ad-miFN) or alkaline phosphatase (Ad-
AP) wias Injected into the subcutaneous tumor on the right leg or into
the tail vein. (a) Growth suppression of the CT26 subcutaneous tumors
20 days after the tumor inoculation. Various amounts (5 x 108,
5x10°, 1x10% and 5x10°PFU [plaque forming unit]) of
adenoviruses were injected, and 13 days after the virus injection
tumor volume was measured (n=6). In the mice treated by
intravenous injection of adenoviruses, tumor volumes on both legs
were combined to calculate the average. (b) Time course of CT26
tumor growth following intratumoral IFN-o gene transfer. The
5% 107 PFU of adenoviruses was injected, and tumor volume was
measured at indicated days (n = 6). (¢} Interferon-alpha (IFN-a) levels
after the injection of various amounts of Ad-miFN. Various amounts
of Ad-mIFN were injected into the subcutaneous tumor or into the
tail vein, and 3 days later IFN-a concentration was measured in the
serum and tumor (n=3). The IFN-a concentration in the tumors
injected with 5 x 10° PFU of Ad-mIFN was 13895.3 = 5916.1 pg/g. (d)
Time course of Renca tumor growth. The 1 x 10° PFU of adenoviruses
was injected, and tumor volume was measured at indicated days
(n = 4). In the mice treated by intravenous injection of adenoviruses,
tumor volumes for both legs were combined to calculate the average.
(e) Survival of mice treated by intratumoral or intravenous injection
of adenoviruses. The 1 x 108 PFU of adenoviruses was injected in the
Renca tumor-bearing mice, and a time to death after tumor
inoculation was assessed (n = 6). (f) Growth suppression of €726 and
Renca tumors. CT26 cells were inoculated on the right legs and on the
backs and Renca cells were inoculated on the left legs in BALB/c mice,
and then 1 x 10% PFU of Ad-mIFN was injected into the CT26 tumor
on the right leg {n = 6).
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fact that activity of NK cells is more elevated in nude mice com-
pared with immune-competent mice, and by the possibility that
an increase of the serum IFN-o concentration effectively
enhances the cytotoxicity of the NK cells more than that of T
cells. Although it could be due to augmented IFN-o production
since nude mice have less ability to exclude adenovirus,
the serum IFN-o. concentration of nude mice 4 days after
the intravenous injection of Ad-mIEN (1 x 10® PFU) was
5444.1 = 244.7 pg/mL, which was not significantly different
from the value (7402.9 + 1912.1 pg/mL) of BALB/c mice
(Fig. 1b). :

Expansion of tumor-responsive lymphocytes after intratumoral
IFN-a gene transfer. To examine the expansion of tumor-
responsive lymphocytes after intratumoral or intravenous JFN-o
gene transfer in immune-competent BALB/c mice, the spleno-
cytes were harvested 20 days after the vector administration,
and stimulated with MMC-treated CT26 cells or syngeneic lym-
phocytes. ELISpot assay showed that the intravenous [FN-o
gene transfer slightly increased the number of IFN-y-secreting
cells in response to CT26 cells compared with the control Ad-
AP injection, and that the intratumoral IFN-o gene transfer
resulted in a significantly higher number of IFN-y-positive spots
than the intavenous injection (Fig. 5a, left), suggesting that the
IFN-o expression in the ‘tumor effectively expanded tumor-
responsive immune cells including cytotoxic T cells and NK
cells. Spot numbers of lymphocytes from CT26 tumor-bearing
mice with no treatment were similar to those with the Ad-AP
injection (data not shown). Intratumoral JFN-a gene transfer did
not significantly change the number of IFN-y-positive spots for
syngeneic lymphocytes, whereas the intravenous route of the
same vector increased the number of spots for lymphocytes
(Fig. 5a, right). The elevation of the IFN-o concentration in the
serum may enhance the lymphocyte reactivity nonspecifically.
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Antigen presentation by DCs isolated from vector-injected
tumors. After antigen capture, and in response to inflammatory
stimuli, DCs mature and migrate to lymph nodes to initiate
immunity. To verify whether the expression of IFN-¢ in the
tumors augments the maturation of the antigen presenting cells,
we isolated CD11c* cells from the regional lymph nodes of
tumor-bearing mice treated with adenoviruses, and examined
the expression of co-stimulatory molecules in the cells. Flow
cytometry showed that the frequency of CD11c* cell per lym-
phocyte increased and the expressions of CD40, CD80, and
CD86 were up-regulated in CD11c* cells isolated from the mice
treated by intratumoral IFN-o gene transfer. The expression of
CD86 in CD11c" cells after intravenous injections of Ad-mIFN

‘was slightly increased compared with the Ad-AP-injected mice .

(Fig. 5b). The results indicate that IFN-o expression in the
tumor effectively enhances the maturation of CD11c¢™ cells in
the regional lymph nodes more than the high systemic level of
IFN-a does.

Then, to examine whether the enhanced expression of
co-stimulatory molecules on DCs is associated with antigen pre-
sentation, CD4" T cells derived from the spleen of CT26 tumor-
bearing control mice were co-cultured for 3 days with the
CD11c* cells isolated from the tumors in the vector-treated mice
and MMC-treated CT26 cells. The production of IFN-y protein
from the isolated CD11lc* cells per se was minimal in the
in vitro culture (data not shown). ELISpot analysis showed that
a primary culture with CD11c* cells isolated from the tumors
treated by Ad-mIFN resulted in a higher number of IFN-y-
secreting CD4" T cells than cultures with CD11c" cells isolated
from tumors in the intravenously Ad-mIEN-, intratumorally
Ad-AP-, and intravenously Ad-AP-injected mice (Fig. 5¢), dem-
onstrating that the antigen presentation capacity of DCs was
significantly enhanced by IFN-a expression in the tumor.

Ad-miFN

r v

Fig. 3. Infiltration of CD4* and CD8* T cells into
the tumors. (a) Immunohistochemical staining of
CT26 tumors. Ten days after the administration
of adenoviruses, the fresh frozen sections of
subcutaneous  tumors were processed for
immunohistochemistry with anti-CD4 and anti-CD8
antibodies, and also processed for TUNEL staining
(x400). Ab, antibody; H&E, hematoxylin-eosin. (b)
Number of CD4* and CD8* T cells in CT26 tumors.
Positive cells were counted in 10 representative
high power view fields (HPF, x400) under
microscope. '
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Fig. 4. Suppression of CT26 tumors in nude mice. (a) The CT26 cells
were inoculated on both legs of BALB/c nude mice, and 7 days later
5 x 107 PFU (plaque forming unit) of recombinant adenovirus vectors
-expressing mouse interferon-o. (Ad-mIFN) or alkaline phosphatase (Ad-
AP) was injected into the right tumor or into the tail vein. (b) BALB/c
nude mice were treated with anti-asialo GM1 antibody, and the CT26
tumors were injected with 5 x 107 PFU of Ad-mIFN (n = 7). Tumor
volumes 10 days after interferon-alpha (/FN-x) gene transfer are
presented. )

Fig. 5. Activation of antigen-presenting cells isolated from the mice
treated by interferon-alpha (/FN-¢) gene transfer. (a) Expansion of
tumor-responsive’ T cells after intratumoral injection of recombinant
adenovirus vector expressing mouse interferon-o. (Ad-mlIFN). ELISpot
assay of interferon-gamma (IFN-y)-producing cells was performed in
response to stimulation of CT26 cells. Ad-mIFN or recombinant
adenovirus vector expressing alkaline phosphatase (Ad-AP) was
injected into the CT26 tumor or into the tail vein and 20 days later
splenocytes were co-cultured with CT26 cells or lymphocytes, and
stained with biotinylated antimouse IFN-y antibody to detect captured
IFN-y (n = 3). Lymphocytes were isolated from the spleen of a naive
BALB/c mouse. (b) Expression of co-stimulatory molecules on CD11c*
cells. Flow cytometry of CD40, CD80, and CD86 expressions was
performed on CD11c* cells isolated from regional lymph nodes of the
mice treated by intratumoral or intravenous injection of Ad-miFN or
Ad-AP (n = 3-4). The frequency of CD11c* cells (upper left) per
lymphocytes, and CD40* (upper right), CD80* (lower left), and CD86"
(lower right) cells per CD11c* cells are presented. (c) Number of IFN-y-
producing cells by the stimulation of CD11c* cells. CD11c* cells were
isolated from the tumors of treated mice. CD4* T cells were isolated
from the spleens of CT26 tumor-bearing mice, and co-cultured with
CT26 cells and the isolated CD11c* cells for 3 days, and then the
number of IFN-y-producing CD4* T cells was counted. AP-CD11c”,
CD11c* cells isolated from tumors in mice treated by Ad-AP. miFN-
CD11c*, CD11c* cells isolated from tumors in mice treated by
Ad-mIFN.
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Lower systemic toxicity after intratumoral injection of Ad-mIFN. To
compare the toxicity between the administration routes of the
IFN-a vector, different doses (1 X 10%, 5 x 108, 1 x 10°, and
3 x 10° PFU) of Ad-mIFN or Ad-AP were injected into the sub-
cutaneous tumors or into the tail veins of mice. All three mice
treated by intravenous injection of 3 X 10° PFU of Ad-mIFN
died within 4 days after the vector administration, whereas all
the mice treated by the intratumoral injection of the same
amount of Ad-mIFN survived and appeared healthy up to
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5 days, when the mice were sacrificed to evaluate serum
enzyme values. In the mice that received the intravenous /FN-a
gene transfer, the injection of 1 x 10° PFU significantly ele-
vated the aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) levels (more than 100-fold higher than the
average value in normal mice) in the serum, and the injection of
5 x 10® PFU slightly elevated the ALT level (5.7-fold higher
than the average value) (Fig. 6). Although the intratumoral
injection of Ad-mIFN slightly increased the AST level in a
dose-dependent manner, the values were similar to the intratu-
moral injection of Ad-AP, confirming the lower systemic toxi-
city after the intratumoral IFN-¢ gene transfer. Regarding
albumin and creatinine, there was no significant difference
among the treated mice (Fig. 6).

Discussion

It has been reported that the modes of antitumor responses of
IFN-o gene therapy manifested three aspects: direct antiprolifer-
ative effect,’”” stimulation of antitumor immunity,®” and anti-
angiogenesis activity.*” Our previous reports also showed that
an intratumoral IFN-o gene transfer induces a marked regional
antitumor effect and an effective systemic immunity.">'® This
immunity was not attributable to the elevated level of the IFN-o
in the systemic circulation, because we found a little leakage of
the cytokine followin% the intratumoral injection of the IFN-
expressing adenovirus.">'” On the other hand, the elevation of
the systemic IFN-o level after intramuscular delivery of the
IFN-o. gene was reported to exhibit an inhibition of tumor
growth by the infiltration of CD8* T cells.!'®!'? Therefore, in
this study, we compared the induction of systemic antitumor
immunity by a high IFN-a level in the tumor and blood circula-
tion. The antitumor effects and general toxicities in the mice
treated by intratumoral or intravenous injection of Ad-mIFN at
various doses are summarized in Table 1. The tumor growth
suppression was recognized at the lowest dose (5 x 10° PFU)
and the toxicity was not observed at levels of less than
1 x 10° PFU in the mice treated by the intratumoral /FN-« gene

1692

Table 1. Summary of antitumor effects and toxicities by intratumoral
and intravenous injection of Ad-miFN at various doses

Route Dose Antitumor effect Toxicity

Intratumoral injection 5x 108 + NE
5% 107 . T+ NE
1% 108 ++ -
5x 108 -+ NE
1x10° NE -
3% 10° NE +

Intravenous injection 5% 108 - NE
5x 107 - NE
1x 108 - -
5x 108 ot +
1% 10° NE ot
3x10° NE 4+

Antitumor effect was evaluated on the basis of tumor growth
compared with recombinant adenovirus vector expressing alkaline
phosphatase (Ad-AP)-injected tumors: +, >70%; ++, 30-70%; +++,
<30%. Toxicity was evaluated on the basis of the elevation of
aspartate aminotransferase (AST) or alanine aminotransferase (ALT)
values compared with average in normal mice: +, >5-fold elevation;
++, 5-100-fold elevation; +++, >100-fold elevation or death. Ad-mIFN,
recombinant adenovirus vector expressing mouse interferon-o;

NE, not evaluated.

transfer, whereas the antitumor effect only appeared at
5% 105 PFU, and hepatic toxicity was observed at the
5% 10® PFU level, in the mice treated by intravenous gene
transfer. The results suggested that the intratumoral route of IFN
vector is superior to intravenous administration, due to the effec-
tive induction of an antitumor immunity and the lower toxicity.
The underlying mechanism of the antitumor immunity
induced by IFN-x gene transfer is not fully understood. In this
study, we noticed the role of IFN-o in the maturation and func-
tion of DCs. Dendritic cells (DCs) are antigen-presenting cells
specialized to induce T-cell responses against cells exposing
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foreign peptides including TAAs, and DCs show an effective
cross-priming with antigens from apoptotic tumor cells.*32% As
shown in Figure 3a and our previous report,"” a high IFN-o,
level after intratumoral injection of an adenovirus vector
induced apoptotic cell death in CT26 subcutaneous tumors, and
-abundant apoptosis induced by intratumoral IFN-o expression
may expose TAAs in large quantity and enhance the uptake of
released TAAs by DCs. Moreover, recent data have shown that
type LIEN itself can act as an important signal for differentiation
and maturation of DC: DCs generated after a few days of treat-
ment with IFN-o. showed the mature phonotype.-?” It is known
that maturation of DCs is associated with up-regulation of the
co-stimulatory molecules, and enhancement of their antigen-pre-
senting function.””® In this study also, the CD11" cells isolated
from regional sites of mice treated by intratumoral IFN gene
transfer showed up-regulations of CD40, CDS80, and CD86
(Fig. 5b) and the enhancement of antigen-presentation capacity
(Fig. 5¢). Finally, TAA-specific T cells activated by DCs could
efficiently infiltrate into the CT26 tumors, leading to antitumor
effect. Therefore, the effective apoptosis induction and direct
immunomodulatory effect of IFN-o. on DCs may contribute to
the observed augmentation of the tumor specific immunity.
Intravenous administration of an adenovirus results in gene
delivery primarily to the liver.?**? We previously reported a
significant production of IFN-o in the liver after an intravenous
injection of 1 x 107 of an IFN-a-expressing adenovirus vector
in the dimethylnitrosamine-induced cirrhotic rat, but no IFN-o.
was detected in the serum.®” The transgene expression was
mainly observed in the fibrous septa but not in hepatocytes in a
cirrhotic liver, whereas it was detected in septa as well as in
hepatocytes in the normal rats.®" In this study, we intrave-
nously injected 1 x 10* PFU of Ad-mIFN to examine the biodis-
tribution of IFN-of expression in various mice organs (Fig. 1c).
The difference in the amount of the injected virus and the
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histopathology of the liver may be the reason that high IFN-a
levels were sustained in the serum in this study.

1t is well known that a systemic administration of IFN-o pro-

tein often induces severe adverse effects such as flu-like symp-
toms, leucopenia, liver dysfunction, and mental depression.®?
With respect to the safety of a local IFN-o gene therapy, it is
noteworthy that the intratumoral [FN-o gene transfer showed
very limited general toxicity such as an elevation of hepatic
enzymes, since the IFN-o concentration in the serum was
approximately 6-68-fold lower in the intratumorally Ad-mIFN-
injected mice compared with the intravenously Ad-mIFN-
injected mice (Fig. 1b). The apparent difference in the IFN-o
concentration between the tumor and serum is an important
finding especially from the viewpoint of safety of local IFN-a
gene therapy. As one of the reasons for a little leakage of the
IFN-o0 protein from the tumors into blood circulation, we
recently reported that extracellular matrix proteins such as
fibronectin in tumors directly interact with IFN-o and retain the

cytokine.’
In summary, our preclinical study suggests that a regional

23)

adenovirus-mediated gene transfer of IFN-a. is one of the prom-
ising new approaches to cancer. The strategy may deserve an
evaluation in a-future clinical trial for intractable cancer.
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