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Abstract
The initial step of organ infiltration of malignant cells is the interaction with host 
vascular endothelial cells, which is often mediated by specific combinations of cell 
adhesion molecules. Cell adhesion molecule 1 (CADM1) is overexpressed in adult T-
cell leukemia/lymphoma (ATL) and provides a cell-surface diagnostic marker. CADM1 
promotes the adhesion of ATL cells to vascular endothelial cells and multiple organ 
infiltration in mice. However, its binding partner on host cells has not yet been iden-
tified. In this study, we show that CADM1 promotes transendothelial migration of 
ATL cells in addition to the adhesion to vascular endothelial cells. Moreover, CADM1 
enhances liver infiltration of mouse T-cell lymphoma cells, EL4, after tail vein injec-
tion, whereas a CADM1 mutant lacking adhesive activity did not. Among the known 
CADM1-binding proteins expressed in primary endothelial cells, only CADM1 and 
CADM4 could induce morphological extension of ATL cells when plated onto glass 
coated with these proteins. Furthermore, CADM1-mediated liver infiltration of EL4 
cells was canceled in conventional and vascular endothelium-specific Cadm1 knock-
out mice, whereas it was not canceled in Cadm4 knockout mice. These results suggest 
that CADM1 on host vascular endothelial cells is required for organ infiltration of ATL 
and other T-cell lymphomas expressing CADM1.
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1  |  INTRODUC TION

The CADM1 (Cell adhesion molecule 1) gene, which was originally iden-
tified as a tumor suppressor in non–small-cell lung cancer, encodes a 
single-pass transmembrane protein belonging to the immunoglobulin 
superfamily (IgSF).1 CADM1 is highly expressed in the brain, testis, 
and lung in normal tissues, whereas loss of Cadm1 in mice causes 
autism spectrum disorder, male infertility, and increased tumorigen-
esis, indicating that CADM1, also known as TSLC1/Necl-2/SynCAM1, 
plays diverse physiological roles by mediating cell–cell adhesion.2-7

CADM1 was also identified as one of the markedly upregulated 
genes in ATL cells.8 ATL is a malignancy of CD4+ T-cells caused by 
human T-lymphotropic virus type I (HTLV-I) and develops in 3%–6% 
of HTLV-I carriers with a long latency of about 60 years.9 ATL is an 
aggressive form of leukemia with a poor prognosis. It is accompanied 
by the involvement of bone marrow, lymph nodes, spleen, and ex-
tranodal sites such as the skin, liver, central nervous system, and gas-
trointestinal tract.10 CADM1 expression is observed in ATL cells and 
HTLV-I-infected T-cells, but absent in normal and activated CD4+ 
T-cells. Therefore, CADM1 is used as an established clinical diagnos-
tic marker for ATL cells in combination with CD7, which is gradually 
downregulated according to the progression of ATL, in a flow cyto-
metric analysis of peripheral blood mononuclear cells.11 The ectopic 
expression of CADM1 is caused by constitutive activation of NF-κB 
due to the autophagic degradation of p47, a negative regulator of 
NF-κB, in ATL cells.12

Previous studies have demonstrated that CADM1 promotes 
organ infiltration of ATL cells. Forced expression of CADM1 in ED-
40515(−), an ATL cell line without endogenous expression of CADM1, 
enhances its adhesion to HUVEC and liver infiltration in NOD-SCID/
γcnull (NOG) mice.8,13 CADM1 induces the invasive phenotype of ATL 
cells by activating Rac through direct interaction with Tiam1, a Rac-
specific guanine nucleotide exchange factor.14 Interestingly, CADM1 
expression is also detected in cutaneous T-cell lymphomas such as 
mycosis fungoides and Sézary syndrome and is associated with un-
favorable outcomes, including skin infiltration.15-17 These studies 
suggested that CADM1 is a potential therapeutic target for organ 
infiltration of ATL and other T-cell lymphomas.

Although CADM1 is considered to enhance adhesion of T-cell 
lymphoma cells to vascular endothelial cells, how CADM1 promotes 
organ infiltration, especially the expression of the homophilic or het-
erophilic binding partners for CADM1 in host cells, including vascular 
endothelial cells, is poorly understood. In this study, we focused on 
the tumor–host interaction mediated by CADM1 and demonstrated 
that CADM1 expression on host vascular endothelial cells is essen-
tial for CADM1-induced organ infiltration of T-cell lymphoma cells.

2  |  MATERIAL S AND METHODS

2.1  |  Cells

Cells were obtained as listed in Table S1.

2.2  |  RNA interference

CADM1 was knocked down as previously described18 (Document S1).

2.3  |  Expression vectors

Human CADM1 with an N-terminal HA tag (HA-CADM1)19 and its 
F86S mutant were inserted into pLenti7.3-V5/DEST (Thermo Fisher 
Scientific, Waltham, MA, USA). Jurkat and EL4 cells were introduced 
with the vectors, and stably expressing cells were obtained by sort-
ing GFP-positive cells using the FACSAria II system (BD Biosciences, 
San Jose, CA, USA).

2.4  |  Animals

NOD-SCID/γcnull (NOG) mice and C57BL/6J mice were obtained 
from CLEA Japan (Tokyo, Japan). Cadm1-deficient mice were gen-
erated as previously described.5 Cadm4-deficient mice were gen-
erated by inGenious Targeting Laboratory (Ronkonkoma, NY, USA) 
as described in Document S1 and Figure  S1. Cadm1- and Cadm4-
deficient mice were backcrossed with C57BL/6J mice more than 10 
times. Cadm1 [tm1a(EUCOMM)Wtsi] mice 20 were obtained from 
the European Conditional Mouse Mutagenesis Program and crossed 
with CAG-FLPe transgenic mice (Jackson Laboratory, Bar Harbor, 
ME, USA) to obtain Cadm1-flox mice (Figures S2 and S6B). Tie2-Cre 
and CAG-Cre21 transgenic mice were obtained from the Jackson 
Laboratory and RIKEN BioResource Center (Tsukuba, Japan), re-
spectively. All animal experiments were carried out under institu-
tional guidelines. Details of the primers for genotyping are listed in 
Table S2.

2.5  |  Tumor formation assay

Intravenous injection was performed by injecting 5 × 104 of MT-2 
cells and 1  ×  106 of EL4 cells into NOG mice and C57BL/6 back-
ground mice, respectively. The number of tumor nodules on the liver 
surface was counted 24 days after injection for MT-2 cells or 14 days 
for EL4 cells. Subcutaneous injection was performed by injecting 
1  ×  106 of EL4 cells into C57BL/6J mice, and the tumor volumes 
were measured twice a week.

2.6  |  Extravasation assay

The extravasation assay was performed as described previously.22 
Briefly, NOG mice were injected with 2 × 106 of MT-2 cells into 
the tail vein and sacrificed 24 h after the injection. The livers were 
fixed in PBS with 4% formaldehyde/0.3% Triton X-100, washed 
in 0.3% Triton X-100/PBS, permeabilized with acetone overnight 
at 4°C, washed again, and soaked in blocking buffer (10% normal 
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goat serum, 1% Triton X-100, 0.3 M glycine in PBS) overnight at 
4°C. After washing, the livers were incubated with anti-CD31 
antibody (1:50; BD Pharmingen, San Diego, CA, USA) in block-
ing buffer without glycine overnight at 4°C, then washed and 
incubated with Alexa Fluor 568-conjugated secondary antibody 
(Thermo Fisher Scientific) overnight at 4°C. The nuclei were 
stained using Hoechst 33342 (Nacalai Tesque). Fluorescent sig-
nals were obtained by confocal microscopy (Nikon A1+; Nikon, 
Tokyo, Japan).

2.7  |  Endothelium adhesion assay

HUVEC were seeded in a 6-well plate precoated with 10 µg/ml fi-
bronectin. Then, 1  ×  106 of MT-2 cells or 4  ×  105 of ATN-1 cells 
were overlaid onto the HUVEC monolayer, and unbound cells were 
washed off after 30-min incubation for MT-2 cells and 60 min for 
ATN-1 cells at 37°C. The number of adhered cells to HUVEC was 
counted in 10 randomly selected microscopic fields.

2.8  |  Transendothelial migration assay

HUVEC were cultured on Corning Matrigel Invasion Chamber 
inserts (8.0-µm pore, Corning, NY, USA), and 4  ×  105 of ATN-1 
cells or 1 × 106 of MT-2 cells were overlaid to HUVEC monolayer. 
A conditioned medium of NIH3T3 cells was added to the lower 
chamber as a chemoattractant. After incubation for 24 h at 37°C, 
the number of cells that migrated to the lower chamber was 
counted.

2.9  |  Production of proteins

The production of the ectodomain of human CADM1–4, NECTIN3, 
PVR, and CRTAM fused to the Fc region of human IgG2 has been 
described previously.18 The production of CADM1 ectodomain with 
Cd4-COMP-FLAG-His tag is described in Document S1.

2.10  |  Surface plasmon resonance imaging

Surface plasmon resonance imaging (SPRi) analyses were performed 
using an SPRi system OpenPlex (HORIBA France, Palaiseau, France) 
according to a previous report.18 Briefly, 10  µM protein samples 
and normal human IgG (Sigma-Aldrich) in PBS were spotted onto 
an SPRi-Biochip (HORIBA France) at 10 nl/spot using a DNA Array 
Spotter (HORIBA Ltd., Kyoto, Japan). The reflectivity of each spot in 
response to 2.4 µM analyte samples diluted in running buffer (PBS 
with 0.2% BSA and 0.02% Tween20) was recorded, and the percent-
age change in reflectivity (%ΔR) was calculated by subtracting the 
background signal. Data were processed using ScrubberGen soft-
ware (HORIBA France).

2.11  |  Flow cytometric analysis

For expression analysis, EL4 cells were stained with anti-CADM1 
antibody (3E1; Medical & Biological Laboratories, Nagoya, Japan) 
and APC anti-chicken IgY antibody (Jackson Immuno Research 
Laboratories, West Grove, PA, USA). For binding analysis, EL4 cells 
were treated with CADM1-Fc, CADM4-Fc, or normal human IgG 
and APC anti-Fc antibody (BioLegend, San Diego, CA, USA). The 
cells were analyzed using the FACSVerse system (BD Biosciences).

2.12  |  Chemical crosslinking

EL4 cells were incubated with PBS containing 3 mM nonpenetrat-
ing crosslinker BS3 (FUJIFILM Wako Pure Chemical) for 30 min with 
rotation. Crosslinking was quenched by adding 20 mM Tris-HCl (pH 
7.4) and rotating the sample for 15  min. Then the cells were sub-
jected to western blotting.

2.13  |  Cell adhesion assay to Fc-fusion proteins

The coverslips were coated with 140 µg/ml of proteins, and 2 × 104 
of Jurkat cells were plated onto coverslips in a 24-well plate. After 
incubation for 2 h at 37°C, the cells were fixed with 4% paraformal-
dehyde and labeled with Alexa Fluor 488 Phalloidin (Thermo Fisher 
Scientific). The number of cells was counted in randomly selected 
20 fields.

2.14  |  Cell spreading assay

Cell spreading assay was performed as previously described.18 
Briefly, coverslips were coated with 7 µg/ml of proteins, and 1 × 104 
of ATN-1 cells were plated onto the coverslips in a 24-well plate and 
incubated for 60 min at 37°C. The cells were fixed in 4% paraformal-
dehyde and labeled with Alexa Fluor 488 Phalloidin (Thermo Fisher 
Scientific). The cell area was quantified using AxioVision software 
(Carl Zeiss, Oberkochen, Germany).

2.15  |  Alpha technology

CADM1-Fc, CADM1F86S-Fc, and CADM4-Fc were serially diluted 
from 400 nM in 0.2% BSA/PBS and added at a volume of 5 µl/well 
to 384-well AlphaPlate (PerkinElmer, Waltham, MA, USA). CADM1 
ectodomain with Cd4-COMP-FLAG-His tag was added at 5  µl/
well and incubated for 1 h. Alpha Screen Protein A Acceptor Beads 
(PerkinElmer) and Anti-FLAG Alpha Donor Beads (PerkinElmer) were 
diluted to 80  µg/ml in 0.2% BSA/PBS, and 5  µl of each bead was 
added and incubated for 1 h in the dark. The interactions were de-
tected by recording the emission at 520–620 nm using an EnSight 
Multimode Plate Reader (PerkinElmer).
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3  |  RESULTS

3.1  |  Knockdown of CADM1 attenuates 
transendothelial migration of ATL cells and HTLV-I-
transformed T-cells

One of the most characteristic features of ATL is its infiltra-
tion into various organs, including the liver, spleen, and skin. To 
evaluate the role of CADM1 in the infiltration of ATL cells, we 
examined the involvement of CADM1 in the interaction with 
vascular endothelial cells and subsequent transendothelial mi-
gration in vitro. An ATL-derived cell line, ATN1, and an HTLV-I-
transformed T-cell line, MT-2, were transfected with two distinct 
siRNA against CADM1 (Figure  1A). CADM1  knockdown signifi-
cantly decreased the adhesion of both cell lines to HUVEC by 
20%–30% (Figure 1B), which is consistent with a previous study 
showing that forced expression of CADM1 in ATL cells promoted 
adhesion to HUVEC.8 Moreover, CADM1 knockdown significantly 
suppressed the chemotactic migration of ATN1 and MT-2 through 
the HUVEC monolayer (Figure  1C), whereas cells grown in vitro 
did not show any differences (Figure 1D). To further investigate 
the role of CADM1 in transendothelial migration in vivo, MT-2 
cells were introduced with shRNA against CADM1 (shCADM1-5) 
(Figure 1E and Figure S6A) and injected intravenously into NOG 
mice. Infiltration of MT-2 cells into the liver, lung, spleen, and 
bone was detected by microscopic analysis (Figure  S3A), show-
ing no discrepancy with the organotropism of ATL cells. Notably, 
large numbers of MT-2 cell nodules were observed on the liver 
surface at autopsy 2 weeks after the injection. In contrast, the 
number of tumor nodules decreased after treating cells with 
shCADM1 (Figure 1F,G), suggesting that CADM1 is involved in the 
liver infiltration of MT-2 cells. We further analyzed the positional 
relationship between MT-2 cells and the liver blood vessels 24 h 
after the intravenous injection. When the immunofluorescence 
signal of an endothelial marker, CD31, was used to determine 
the localization of MT-2 cells inside or outside of blood vessels 
in liver tissue (Figure 1H), knockdown of CADM1 decreased the 
number of extravascular cells, that is, infiltrated cells into the liver 

tissue (Figure 1I). Infiltration of MT-2 cells in the lung and spleen 
was also attenuated significantly by knockdown of CADM1, and 
the bone infiltration appeared to be attenuated in the cells with 
shCADM1 (Figure  S3B). These results suggested that CADM1 
would promote the extravasation of ATL and HTLV-I-transformed 
T-cells in multiple organ infiltration.

3.2  |  CADM1 promotes liver infiltration of T-cell 
lymphoma cells through its binding activity to CADM 
family proteins

Although CADM1 on ATL and HTLV-I-transformed T-cells is shown 
to be involved in adhesion to vascular endothelial cells, the bind-
ing partners for CADM1 on endothelial cells have not yet been 
identified. CADM1 forms trans-interactions with several IgSF mol-
ecules, including all CADM family proteins (CADM1–4) and CRTAM, 
through its first Ig-V loop. To generate a loss-of-function mutant of 
CADM1, we introduced an F86S mutation into the Ig-V loop because 
a previous study had demonstrated that CADM3 with a substitution 
in the F82 residue, which corresponds to F86 of CADM1, completely 
lost its trans-homophilic interaction activity.23 We quantitatively 
analyzed the interactions of CADM1 or CADM1F86S with the 
CADM1-binding proteins using surface plasmon resonance imaging 
(SPRi). We detected the interactions of CADM1-Fc with CADM1-Fc, 
CADM2-Fc, CADM3-Fc, CADM4-Fc, and CRTAM-Fc, which is con-
sistent with our previous report.18 In contrast, CADM1F86S-Fc bound 
to CRTAM-Fc with a lower affinity compared with CADM1-Fc, 
whereas CADM1F86S-Fc yielded no binding responses to CADM1–4 
(Figure 2A). The same results were obtained using another quantita-
tive interaction analysis and Alpha technology (Figure S4A–F). These 
results suggested that the F86 residue of CADM1 was critical for 
the interactions with the CADM family proteins and was partially 
involved in the interaction with CRTAM.

Next, CADM1F86S was introduced into mouse T-cell lymphoma 
EL4 cells to characterize its physiological functions (Figure  2B). 
Although CADM1F86S was expressed on the cell surface (Figure 2C), 
the CADM family proteins could not bind to cell-surface CADM1F86S 

F I G U R E  1  Knockdown of CADM1 in ATL and HTLV-I-transformed T-cell reduced adhesion to HUVEC and transendothelial migration. (A) 
CADM1 was knocked down in ATN1 and MT-2 cells by electroporation of two individual siRNA. (B) HUVEC adhesion assay. ATN1 and MT-2 
cells were plated onto a HUVEC monolayer, and the number of attached cells was counted. Means ± SD of the relative number of attached 
cells in three independent experiments were shown. *p < 0.05 using Student's t test. (C) Transendothelial migration assay. ATN1 and MT-2 
cells were plated onto a HUVEC monolayer, which was cultured on transwell culture inserts coated with Matrigel. The number of migrated 
cells to the lower chamber filled with NIH3T3-conditioned medium was counted. Means ± SD of the relative number of migrated cells in 
three independent experiments are shown. *p < 0.05 using Student's t test. (D) In vitro cell growth of ATN1 and MT-2 cells treated with 
siCADM1. The cells were seeded in a 48-well plate at 1 × 104 cells/well, and the number of living cells was counted using a hemocytometer. 
Means ± SD of cell number in three independent experiments were shown. (E) CADM1 was stably knocked down in MT-2 cells by 
introducing shRNA against CADM1. (F) The number of tumor nodules of MT-2/shControl and MT-2/shCADM1-5 cells on the liver surface 
was counted. *p < 0.05 using Mann–Whitney U-test. (G) Photographs of the livers 24 days after tail vein injection of MT-2/shControl or MT-
2/shCADM1-5 cells. (H) Representative images of MT-2 cells in the liver. The blood vessels were stained using an anti-CD31 antibody (red) to 
determine whether MT-2 cells expressing EGFP were localized inside (intravascular, left) or outside blood vessels (extravascular, right) using 
confocal microscopy (magnification: ×600). (I) Percentage of intravascular and extravascular MT-2 cells in the liver. Approximately 30 cells 
were analyzed in each sample. Means ± SD of three independent experiments were shown. *p < 0.05 using Student's t test
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(Figure S4G, H). CADM1F86S also lacked homo-cis-dimer formation 
(Figure 2D), indicating that CADM1F86S serves as a loss-of-function 
mutant lacking both cis-dimer formation and trans-interaction activ-
ity to the CADM family proteins. In addition, cell adhesion activity 
of the CADM1F86S mutant was examined using Jurkat T-cell lym-
phoma cells (Figure 3A). CADM1 enhanced the adhesion of Jurkat 
cells to the culture dishes coated with the CADM family proteins 
and CRTAM, but CADM1F86S promoted adhesion only to CRTAM 
(Figure 3B). CADM1 also enhanced the cell aggregation activity of 
EL4 through trans-homophilic interaction, whereas CADM1F86S did 
not (Figure 3C), showing that CADM1F86S lacked cell adhesion activ-
ity to the CADM family proteins.

Then, we injected EL4 cells expressing CADM1 or CADM1F86S 
into the tail vein of C57BL/6 mice, and tumor nodules on the liver 
surface were examined 2 weeks after the injection. CADM1 pro-
moted liver nodule formation of EL4 cells, whereas CADM1F86S did 
not (Figure  3D,E). Because CADM1 did not affect subcutaneous 
tumor growth of EL4 cells (Figure 3F), CADM1 appeared to promote 
the infiltration step, not the growing step in liver nodule formation 
after intravenous injection. Therefore, the trans-interaction activity 
of CADM1 is essential for liver infiltration, and the CADM1 family 
proteins on vascular endothelial cells may mediate the interaction 
with CADM1 on T-cell lymphoma cells.

3.3  |  CADM1 on T-cell lymphoma cells promote 
liver infiltration through interacting with CADM1 on 
vascular endothelial cells

To identify the binding partner of CADM1 on vascular endothelial 
cells, we examined the expression of all seven CADM1-interacting 
molecules: CADM1–4, NECTIN3, PVR, and CRTAM. Among them, 
the expression of CADM1, CADM4, NECTIN3, and PVR was detected 
in HUVEC by RT-PCR, but that of CADM2, CADM3, and CRTAM was 
not (Figure 4A). Next, we examined the cell spreading of ATN1 cells 
on the recombinant proteins of the molecules expressed in HUVEC 
because T-cell lymphoma cells, including ATL cells, show a char-
acteristic extended morphology in a CADM1-dependent manner 
when attached to fibroblast or endothelial cells.14 Quantification of 
cell area revealed that ATN1 cells showed significant cell extension 
on CADM1-Fc and CADM4-Fc, but not on NECTIN3-Fc or PVR-Fc 
(Figure 4B,C). Thus, we focused on CADM1 and CADM4 as promis-
ing candidates for the binding partner of CADM1 on vascular en-
dothelial cells. Because ATN1 cells with shCADM1 did not exhibit 
cell spreading on CADM1-Fc or CADM4-Fc (Figures S5A,B and S6C), 
the extension of ATN1 cells on CADM1-Fc or CADM4-Fc is depend-
ent on the CADM1 expression on the cell surface. Moreover, forced 
expression of CADM1 in Jurkat cells enhanced adhesion activity to 

F I G U R E  2  CADM1F86S is a loss-of-function mutant that lacks trans-interaction activity with the CADM family proteins and homo-cis-
dimer formation activity. (A) Quantitative analysis of the interactions of CADM1 with its binding proteins using surface plasmon resonance 
imaging (SPRi). Purified Fc-fusion proteins of CADM1–4, CRTAM, and CADM1F86S were spotted in duplicate on a sensor chip, and the 
SPRi analysis was performed by injecting CADM1-Fc (left) and CADM1F86S-Fc (right) as analytes with an association phase of 200 s and 
dissociation phase of 200 s. The averaged response signals (percent change in reflectivity: %ΔR) of the two spots are shown. (B) Generation 
of EL4 cells stably expressing CADM1 or CADM1F86S. (C) A stacked histogram of cell-surface expression of CADM1 in EL4/CADM1 and EL4/
CADM1F86S cells analyzed by flow cytometry. (D) Crosslinking of CADM1 or CADM1F86S on the cell surface. A single-cell suspension of EL4 
cells was incubated in the presence or absence of BS,3 and the cell lysates were subjected to western blotting. The arrow indicates homo-cis-
dimers of CADM1
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the culture dishes coated with CADM1-Fc or CADM4-Fc, whereas 
CADM1F86S did not (Figure 3B). These results suggest that CADM1 
on ATL and T-cell lymphoma cells induces cell adhesion and exten-
sion through the interaction of CADM1 and CADM4.

Then, to clarify possible involvement of CADM1 and CADM4 
on host cells in the infiltration of T-cell lymphoma cells expressing 
CADM1, we performed tail vein injection of EL4 cells into Cadm1- or 
Cadm4-knockout mice of C57BL/6 background. Interestingly, forced 
expression of CADM1 into EL4 promoted liver nodule formation in 
wild-type mice, whereas this promoting activity was canceled when 
injected into Cadm1−/− mice, suggesting that trans-homophilic inter-
action of CADM1 is involved in liver nodule formation (Figure 5A). In 
sharp contrast, the promoting activity of CADM1 on EL4 cells was 
not canceled when injected into Cadm4−/− mice, showing that het-
erophilic interaction of CADM1 and CADM4 is not implemented in 
liver nodule formation (Figure 5B). Furthermore, to confirm the in-
volvement of endothelial cells in the interaction with leukemic cells, 
we generated a conditional knockout mouse of Cadm1 in vascular 
endothelial cells by crossing Tie2-Cre mice with Cadm1-flox mice. 

Targeted deletion of Cadm1 in vascular endothelial cells canceled 
liver infiltration of EL4 cells induced by forced expression of CADM1 
(Figure 5C). These results strongly suggest that CADM1 expression 
on host vascular endothelial cells is essential for CADM1-induced 
liver infiltration of T-cell lymphoma cells.

In fact, we have previously reported that CADM1–CADM1 inter-
action showed higher cell aggregation activity than did the CADM1–
CADM4 interaction.24 Finally, to confirm the difference in the 
affinity of these interactions, we performed flow cytometry-based 
binding analysis and showed that CADM1-Fc, but not CADM4-Fc, 
bound considerable portions of EL4 cells expressing CADM1 
(Figure  5D). Furthermore, we examined quantitative analysis of 
molecular interaction between CADM1-FLAG and CADM1-Fc or 
CADM4-Fc using Alpha technology. The binding signal in a unit of 
alpha counts was much stronger in the CADM1–CADM1 interaction 
than in the CADM1–CADM4 interaction (Figure 5E). These findings 
would provide the molecular basis of the different activity of endo-
thelial CADM1 and CADM4 in organ infiltration of T-cell lymphoma 
cells (Table S4).

F I G U R E  3  The adhesive activity of CADM1 is essential for promoting liver infiltration of T-cell lymphoma cells. (A) Generation of Jurkat 
cells stably expressing CADM1 or CADM1F86S. (B) Adhesion assay on recombinant CADM1-binding proteins. Jurkat cells with vector, 
CADM1, and CADM1F86S were plated onto coverslips coated with the indicated proteins, and the number of attached cells was counted. 
Means ± SD of relative cell number in three experiments are shown. *p < 0.05 using one-sample t test (versus IgG). (C) Cell aggregation 
activity of CADM1 and CADM1F86S was examined by incubating for 24 h after plating 1 × 104 single cells in a 24-well plate. Bars, 50 µm. 
(D) Representative photographs of the livers after the tail vein injection of EL4 cells expressing CADM1. Bar, 1 cm. (E) The number of tumor 
nodules on the liver surface. Means ± SD and each value of six experiments are shown. *p < 0.05; **p < 0.01 using Mann–Whitney U-test. (F) 
Subcutaneous tumor formation of EL4/vector and EL4/CADM1 cells. Means ± SD of tumor volume in five mice are shown
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F I G U R E  4  ATL cells show extended morphology by interacting with CADM1 and CADM4. (A) The expression of CADM1-binding 
molecules in HUVEC was examined using RT-PCR. The primers used for RT-PCR are listed in Table S3. Positive controls are shown in the left 
lane (A549 cells for CADM1, NECTIN3, and PVR; SH-SY5Y cells for CADM2, CADM3, and CADM4; U937 cells for CRTAM). (B) Spreading assay 
of ATN1 cells on CADM1-binding proteins. ATN1 cells were incubated on coverslips coated with the indicated proteins, and cell spreading 
was quantified by measuring the area of 100 cells in an assay. Means ± SD of three independent experiments was shown. *p < 0.05 using 
Student's t test. (C) Representative images of the spread morphology of ATN1 cells incubated on CADM1-Fc- or CADM4-Fc-coated glasses. 
Scale bar, 20 µm
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F I G U R E  5  Liver nodule formation of EL4 mouse T-cell lymphoma cells in Cadm1- or Cadm4-knockout mice. (A, B) The number of tumor 
nodules on the liver was counted after the tail vein injection of EL4/vector and EL4/CADM1 cells into Cadm1−/− (A) or Cadm4−/− mice (B) and 
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4  |  DISCUSSION

CADM1 has been shown to enhance adhesion to vascular endothe-
lial cells and liver infiltration of ATL cells,8,13 and promote ATL cell 
extension through Tiam1-Rac signaling.14 This study demonstrated 
that CADM1 enhances organ infiltration of ATL and HTLV-1-
transformed T-cells by promoting adhesion to vascular endothelial 
cells and transendothelial migration (Figure  1). Because a loss-of-
function mutant in adhesion activity of CADM1, CADM1F86S did 
not promote liver infiltration of EL4 T-cell lymphoma cells (Figure 3), 
CADM1-mediated cell adhesion would trigger subsequent cell mi-
gration. Therefore, CADM1 may function to transduce cell–cell con-
tact signals bidirectionally into T-cell lymphoma cells and vascular 
endothelial cells and promote the migration of T-cell lymphoma cells.

This study showed that CADM1 on vascular endothelial cells fa-
cilitates liver infiltration of T-cell lymphoma cells expressing CADM1 
by promoting cell–cell adhesion through homophilic interaction. In 
contrast, CADM1–CADM4 interaction was not essential for organ 
infiltration, although CADM4 is expressed in vascular endothelial 
cells and could promote adhesion and spreading of T-cell lymphoma 
cells in vitro. To understand the difference in the activity and affinity 
between CADM1–CADM1 and CADM1–CADM4 interactions, we 
summarized the results obtained from a series of interaction anal-
yses at the molecular, cellular, and tissue levels in Table S4. At the 
molecular level, Alpha technology and SPRi analyses demonstrated 
that the CADM1–CADM1 interaction had higher affinity than the 
CADM1–CADM4 interaction (Figures 2A and 5E). Flow cytometry-
based binding assay also showed that CADM1-Fc protein bound to 
the surface of EL4 cells expressing CADM1, but CADM4-Fc pro-
tein did not (Figure  5D). Conversely, the adhesion and spreading 
assays of T-cell lymphoma cells expressing CADM1 on the covers-
lips coated with CADM1-Fc or CADM4-Fc failed to show a signif-
icant difference between CADM1–CADM1 and CADM1–CADM4 
interactions (Figures  3B and 4B), probably because these assays 
are rather qualitative due to a very high protein concentration. In 
a physiological condition of cell–cell adhesion activity, we had ex-
amined cell aggregation assay in a previous study24 and shown that 
the CADM1–CADM1 interaction had a higher cell adhesion activity 
than the CADM1–CADM4 interaction. Based on these results, we 
conclude that the CADM1–CADM1 interaction shows higher affin-
ity and biological activity than the CADM1–CADM4 interaction.

In this study, due to the technical limitation of using knockout 
mice, syngeneic T-lymphoma cells, EL4, were used instead of human 
ATL or other T-cell lymphoma cells, which are only transplantable 
to immunocompromised mice. We believe, however, that this find-
ing would be explored in human T-cell lymphomas, providing a new 
paradigm for understanding the infiltration of T-cell lymphomas. 
CADM1 is reported to regulate endothelial progenitor cell migra-
tion under the control of the TNFα–NF-κB pathway25 and may be 
involved in the vascular endothelial cell barrier.26 More importantly, 
blocking the trans-homophilic interaction of CADM1 between T-
cell lymphoma cells and vascular endothelial cells could provide a 
therapeutic target for the organ infiltration of T-cell lymphoma. In 

fact, a previous study has shown that an anti-CADM1 neutralizing 
antibody suppressed the adhesion of ATL cells to HUVEC and liver 
nodule formation of EL4 cells expressing CADM1.27 Although ATL 
cells frequently infiltrate into the skin rather than the liver, CADM1 
expression on vascular endothelial cells could be a risk factor for the 
infiltration of T-cell lymphoma cells; therefore, polymorphic variants 
of the CADM1  gene in host individuals might be associated with 
the malignant progression of T-cell lymphomas expressing CADM1. 
Further studies on CADM1 expression in vascular endothelial cells 
would lead to a better understanding of the infiltration of ATL and 
other cutaneous lymphomas such as mycosis fungoides and Sézary 
syndrome.
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