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Abstract
Recent studies have shown that aberrant expression of tight junction proteins (TJP) 
contributes to malignant potential of various cancers. In the present study, we in-
vestigated the expression of junctional adhesion molecule-A (JAM-A), one of the 
transmembrane TJP, in uterine cervical adenocarcinoma and the significance of its 
expression for malignancy. Immunohistochemistry on human surgical specimens 
showed that JAM-A was aberrantly expressed in neoplastic regions including adeno-
carcinoma in situ (AIS). Knockout of JAM-A significantly suppressed cell proliferation 
and colony-forming and migration abilities. We also showed that an antibody specific 
to an extracellular region of JAM-A reduced cell proliferation ability and that loss 
of JAM-A increased drug sensitivity of cervical adenocarcinoma cells. Based on a 
comprehensive proteome analysis, we found that poliovirus receptor (PVR/CD155) 
was regulated by JAM-A and formed a physical interaction with JAM-A. In human 
surgical specimens, PVR/CD155 expression was significantly correlated with some 
clinicopathological features and prognosis of cervical adenocarcinoma. Interestingly, 
most of the PVR/CD155-positive cases expressed a high level of JAM-A, and patients 
with the expression pattern of PVR/CD155 positive/JAM-A high had significantly 
shorter periods of relapse-free survival (P = .00964) and overall survival (P = .0204) 
than those for the other patients. Our observations suggest that aberrant expres-
sion of JAM-A promotes malignancy of uterine cervical adenocarcinoma by regula-
tion of PVR/CD155, and JAM-A is therefore a potential therapeutic target for this 
malignancy.
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1  | INTRODUC TION

The number of patients, especially young women, with uterine cer-
vical adenocarcinoma has recently been increasing worldwide.1-3 It 
has been reported that adenocarcinoma has a worse prognosis than 
squamous cell carcinoma because of its high rate of metastasis and 
resistance to chemoradiotherapy.3-6 Although an understanding of 
its oncogenesis and the mechanism of its malignancy is important for 
improving the prognosis of adenocarcinoma, there have been few 
studies on adenocarcinoma.

Tight junctions create the apical-most intercellular cell-cell adhe-
sion in epithelial and endothelial cells.7 Tight junctions are dynamic 
molecular structures composed of claudin family members, occludin, 
scaffolding proteins and JAM family members, and they contribute 
to the paracellular barrier, the fence dividing plasma membranes, 
and signal transduction.7-9 Recently, it has been reported that aber-
rant expression of these tight junction proteins contributes to malig-
nant potentials of various cancers.6,10-14

In the present study, we focused on JAM-A, one of the 
transmembrane glycoproteins associated with tight junctions. 
JAM-A also belongs to the Ig superfamily and is expressed in 
epithelial cells, endothelial cells, leukocytes and platelets.15,16 
Previous studies showed that JAM-A is involved in various 
cellular physiologies such as cell-cell adhesion, platelet activa-
tion, and leukocyte migration.16 In humans, JAM-A is expressed 
in various tissues including the brain, liver, kidney, pancreas, 
heart, lymph nodes, intestine, lung, placenta, skin and cornea.15 
High expression levels of JAM-A have been found in various 
types of cancer.16,17 We previously reported that elevated ex-
pression of JAM-A promotes the malignancy of lung adenocar-
cinoma and that JAM-A is a potential therapeutic target for this 
malignancy.14 Recently, we also reported that JAM-A showed 
aberrant expression in uterine cervical adenocarcinoma com-
pared with its expression in the adjacent cervical columnar 
epithelium.18 However, there has been no study showing rela-
tionships between JAM-A and clinicopathological parameters 
and how JAM-A contributes to the malignancy of uterine cervi-
cal adenocarcinoma.

In the present study, we examined the expression of JAM-A in 
uterine cervical adenocarcinoma specimens by immunohistochem-
istry. We also investigated the functional relationship between 
JAM-A expression and malignant behaviors of adenocarcinoma 
cells of the uterine cervix. Our results suggested that aberrant ex-
pression of JAM-A promotes malignancy by interaction with PVR, 
also known as CD155 (PVR/CD155), in uterine cervical adenocar-
cinoma, and JAM-A is therefore a potential therapeutic target for 
this malignancy.

2  | MATERIAL S AND METHODS

2.1 | Antibodies and siRNAs

The antibodies and siRNAs used in this study are shown in Tables S1 
and S2, respectively.

2.2 | Patients and specimens

Specimens of 67 cases of uterine cervical adenocarcinoma in-
cluding AIS obtained by surgical resection during the period from 
2004 to 2014 were retrieved from the pathology file of Sapporo 
Medical University Hospital, Sapporo, Japan. Mean age of the pa-
tients was 44  years (range, 25-79  years). Histological type was 
based on the WHO classification of tumors of the uterine cervix 
(4th edition). The 67 cases were staged by the UICC stage clas-
sification (7th edition): stage 0 (n = 10), stage IA (n = 7), stage IB 
(n = 37), stage IIA (n = 4), stage IIB (n = 3), and stage IIIB (n = 6). 
This study was approved by the Institutional Review Board 
of Sapporo Medical University (IRB study number: 302-197). 
Written informed consent was obtained from each patient who 
participated in the investigation.

2.3 | Immunohistochemistry

Tissue sections were deparaffinized in xylene, rehydrated through 
a graded series of ethanol and PBS, and incubated in 3% H2O2 for 
10 minutes to block endogenous peroxidase activity. After antigen 
retrieval by microwave heating (95°C for 30 minutes) in 10 mmol/L 
Tris/1  mmol/L EDTA buffer, sections were incubated overnight at 
4°C with a primary monoclonal antibody against JAM-A (ab52647; 
Abcam). The sections were then incubated with EnVision (Dako) 
for 30  minutes at room temperature, and color was developed 
using 3,3′-diaminobenzidine tetrachloride (Dako) as the chromo-
gen. The slides were subsequently counterstained with hematoxy-
lin. Appropriate positive and negative controls were used in each 
experiment.

Immunohistochemical staining positivity was semiquantita-
tively analyzed by considering the percentage of positive cells 
and staining intensity. A score was assigned on the basis of the 
percentage of positively stained tumor cells (proportion score) as 
follows: 10, staining in 91%-100% of the cells; 9, staining in 81%-
90% of the cells; 8, staining in 71%-80% of the cells; 7, staining 
in 61%-70% of the cells; 6, staining in 51%-60% of the cells; 5, 
staining in 41%-50% of the cells; 4, staining in 31%-40% of the 
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cells; 3, staining in 21%-30% of the cells; 2, staining in 11%-20% 
of the cells; 1, staining in 1%-10% of the cells; 0, staining in 0% 
of the cells. Another score was determined on the basis of immu-
noreactivity intensity (intensity score) as follows: 3+, strong; 2+, 
moderate; 1+, weak, and 0, negative. The final IRS was obtained 
by multiplication of the proportion and intensity scores. In cases 
of invasive adenocarcinoma, we analyzed JAM-A immunoreac-
tivity in invasive parts excluding the noninvasive component 
because JAM-A expression was also observed in noninvasive ad-
enocarcinoma. When evaluating the slides, the observers (TM, 
KM and AT) were blinded to the clinical data. Discordant cases 
were discussed, and a consensus was reached.

2.4 | Cell culture

Human cervical adenocarcinoma cell lines HCA1, Hela229, CAC-1 
and TMCC-1 were maintained as described previously.6 JAM-A 
knockout HCA1 cell lines were generated by the CRISPR/cas9 
system using the GeneArt CRISPR Nuclease Vector Kit (Thermo 
Fisher Scientific) according to the manufacturer’s instructions.6 
The sequence of the target site for the human JAM-A gene is 
5′-GGACAAAGGCGCAAGTCGAG-3′. Loss of JAM-A protein ex-
pression was screened by western blotting using an anti-JAM-A 
antibody.

2.5 | WST-8 assay

Cells were seeded in 96-well plates (5000 cells/well) and the viabil-
ity was assessed at 24, 48 and 72 hours after incubation by using 
a CCK-8 (Dojindo Laboratories, Kumamoto, Japan) according to the 
manufacturer’s instructions. Absorbance at a wavelength of 450 nm 
was measured by using a Varioskan LUX (Thermo Fisher Scientific). 
For assessment of drug resistance, cells were treated with etoposide 
(final concentration of 0-200 μmol/L; n = 8) at 24 hours after seed-
ing and then the viability was assessed at 48 hours after treatment.

2.6 | Plate colony-forming assay

Cells were seeded in 6-well plates at a density of 1250 cells per well. After 
incubation for 12 days, the cells were fixed with methanol for 15 minutes 
and stained with 0.04% crystal violet for 15 minutes at room temperature. 
A colony was defined as at least 50 cells. Visible colonies were counted.

2.7 | Immunocytochemistry of cell blocks and 
immunofluorescence microscopy

Cells were harvested from culture dishes with a cell lifter and then 
collected by centrifugation at 300 g for 3 minutes. The cell pellets 

F I G U R E  1   Increased expression 
of junctional adhesion molecule-A 
(JAM-A) in surgical specimens of uterine 
cervical adenocarcinoma. A, JAM-A 
was strongly expressed on the cell 
membrane in adenocarcinoma cases. 
Left panels, H&E staining; Right panels, 
immunohistochemistry of JAM-A. B, 
Immunoreactive score (IRS) of JAM-A 
in surgical specimens of uterine cervical 
adenocarcinoma. C, D, Kaplan-Meier 
curve analysis. Relapse-free survival 
was significantly shorter in the group 
with high immunoreactive scores (≥27) 
of JAM-A. ADC, adenocarcinoma; AIS, 
adenocarcinoma in situ; CE, cervical 
epithelia; OS, overall survival, RFS, 
relapse-free survival. Bar = 50 µm
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were fixed in formalin overnight at 4°C, followed by the standard 
method of paraffin-embedding and sectioning. Immunostaining was 
carried out using antibodies against cleaved caspase-3 (#9664; Cell 
Signaling Technology) and Ki-67 (MIB-1 clone; BioGenex) as de-
scribed previously.6 Immunofluorescence using anti-JAM-A and anti-
PVR antibodies was performed as described previously.12

2.8 | Wound healing assay

Cells were plated on collagen-coated 60-mm culture dishes. 
Confluent cell sheets were scratched with 200-μL yellow pipette 
tips to generate straight-lined gaps. Each gap was marked with a dot 
to obtain the same field during image acquisition at 48 and 72 hours 
after incubation. The scratched area was measured by Image J soft-
ware (National Institutes of Health).

2.9 | Peptide preparation and comprehensive 
proteome analysis

Whole cell protein was prepared by using a phase transfer surfactant 
method19 and then trypsinized and desalted. Peptide samples were dis-
solved in 0.1% formic acid and loaded into a nano-flow UHPLC (Easy-nLC 

1000 system; Thermo Fisher Scientific) online-coupled to an Orbitrap 
mass spectrometer equipped with a nanospray ion source (Q-Exactive 
Plus; Thermo Fisher Scientific) to obtain MS/MS spectra as described 
previously.20 For MS/MS data analysis, we used the Sequest HT (Thermo 
Fisher Scientific) and Mascot ver 2.5 (Matrix Science) algorithms embed-
ded in the Proteome Discoverer 2.2 platform (Thermo Fisher Scientific), 
and the peak lists were searched against the UniProt human databases. 
The tolerance of precursor ions and that of fragment ions were set to 
10 ppm and 0.02 Da, respectively.

2.10 | Statistical analysis

Comparisons between two groups for statistical significance were car-
ried out with Fisher’s exact test. The relationships between the expres-
sion of JAM-A (or PVR/CD155) and clinicopathological parameters 
were tested using Kruskal-Wallis test. Survival curves were plotted by 
the Kaplan-Meier method and compared using the log-rank test. All cell 
biological experimental data are expressed as means ± standard devia-
tions and were analyzed using unpaired Student’s t test. Data analysis 
was carried out using EZR software Version 1.27.21 P values < .05 were 
considered statistically significant.

3  | RESULTS

3.1 | JAM-A is highly expressed in uterine cervical 
adenocarcinoma

In previous studies, JAM-A was shown to be expressed at high levels in 
various types of cancer. Therefore, we first evaluated the expression of 
JAM-A in uterine cervical adenocarcinoma. Immunohistochemical analy-
sis showed that AIS and ADC expressed high levels of JAM-A (intensity 
of 2+ or 3+), whereas most of normal CE (33/39, 84.6%) were almost 
negative for JAM-A (intensity of 0 or 1+, Figure 1A and Table S3). The 
IRS of AIS and that of ADC were significantly higher than the score of CE 
(P < .001 vs CE; Figure 1B). We investigated whether JAM-A expression 
correlates with clinicopathological parameters of uterine cervical adeno-
carcinoma. We divided the cases into two groups by the median of IRS. 
The numbers of lymphovascular infiltration (P =  .002) and recurrence 
(P  =  .040) were significantly increased in the JAM-A high-expression 
group (Table 1). Kaplan-Meier survival curve analysis showed that the 
relapse-free survival rate in the JAM-A high-expression group was sig-
nificantly lower than the rate in the JAM-A negative and low-expression 
groups (P =  .0418), although there was no significant relationship be-
tween expression of JAM-A and overall survival (Figure 1C,D).

3.2 | JAM-A contributes to malignancy of cervical 
adenocarcinoma cells

To examine the significance of JAM-A expression in uterine cervical 
adenocarcinoma cells for malignancy, we established HCA1 uterine 

TA B L E  1   Clinicopathological parameters and immunoreactive 
score of JAM-A in uterine cervical adenocarcinoma

N

JAM-A
P 
value<27 ≥27

Histology

AIS 10 6 4 .169

ADC 57 20 37

Tumor factor

pT0 10 6 4 .0973

pT1 45 17 28

pT2 11 3 8

pT3 1 0 1

Lymph node metastasis

Negative 57 24 33 .294

Positive 10 2 8

Lymphovascular infiltration

Negative 47 24 23 .00211

Positive 20 2 18

Recurrence

Negative 56 25 31 .0403

Positive 11 1 10

UICC stage

0 10 6 4 .0719

I 44 17 27

II 7 2 5

III 6 1 5
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cervical adenocarcinoma cells with stable KO of JAM-A by a CRISPR/
Cas9-based approach. Western blot analysis confirmed that JAM-A 
expression was absent in JAM-A KO cells (Figure 2A,B). WST-8 cell 
proliferation assay showed that JAM-A KO significantly inhibited 
the proliferation of HCA1 cells (Figure 2C). Colony formation assay 
showed that the number of colonies of JAM-A KO cells was signifi-
cantly less than that of control cells (Figure 2D). To evaluate the ef-
fects of altered JAM-A signaling on apoptosis and proliferation, cell 
blocks were made from cultured cells and they were subjected to im-
munohistochemistry by incubation with antibodies against cleaved 
caspase-3 and Ki-67. KO of JAM-A significantly increased the number 
of cleaved caspase-3-positive cells and decreased the number of Ki-
67-positive cells (Figure 2E,F). These results were also obtained in cells 
when we suppressed the expression of JAM-A by JAM-A-specific siR-
NAs (Figure S1). To investigate the relation of JAM-A to migration, cul-
tured cells were scratched in a straight line. After 48 and 72 hours, the 
volume of wound closure was significantly smaller in JAM-A KO cells 

than in control cells (Figure 2G). These results indicated that JAM-A 
contributes to the malignancy of cervical adenocarcinoma cells and is 
involved in the proliferation, migration and apoptosis of those cells.

3.3 | Knockout of JAM-A attenuates drug 
resistance and anti-JAM-A antibody suppresses 
proliferation of cervical adenocarcinoma cells

To clarify the effect of JAM-A expression on drug resistance, cancer 
cells were exposed to etoposide and their proliferation was assessed 
by WST-8 assay. KO of JAM-A in HCA1 cells significantly reduced the 
ability of the cells to resist etoposide (Figure 3A). In addition, BrdU 
incorporation assay showed that an anti-JAM-A monoclonal antibody 
that recognizes the extracellular domain (N-terminal) of JAM-A signifi-
cantly inhibited proliferation of HCA1 cells (Figure 3B). WST-8 assay 
showed that cell proliferation of HCA1 cells was significantly inhibited 

F I G U R E  2   Junctional adhesion 
molecule-A (JAM-A) contributes to 
proliferation, colony formation and 
collective migration of uterine cervical 
adenocarcinoma cells. A, JAM-A 
was expressed in uterine cervical 
adenocarcinoma cell lines. B, KO of 
JAM-A expression was achieved by 
using the CRISPR/cas9 system in HCA1 
cells. C, WST-8 assay (5000 cells/
well). Proliferation of HCA1 cells was 
significantly inhibited by KO of JAM-A. 
D, Colony formation assay (6-well plate, 
1250 cells/well). Number of colonies 
of HCA1 cells was decreased by KO of 
JAM-A. E, F, Immunohistochemistry of 
Ki-67 (proliferation marker) and cleaved 
caspase-3 (apoptosis marker) in cell block 
samples of HCA1 cells. KO of JAM-A 
significantly decreased the number of 
Ki-67-positive cells and increased the 
number of cleaved caspase-3-positive 
cells (Ki-67: n = 5, cleaved caspase-3: 
n = 6). The number of positive cells per 
100 cells is represented as mean ± SD. G, 
Wound healing assay. Wound closure was 
significantly inhibited by KO of JAM-A. 
**P < .01 vs control cells. A, B, western 
blot analysis
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by the antibody, while the antibody had no obvious effect on HCA1 
JAM-A KO cells (Figure 3C). Our findings indicate that JAM-A protein 
is a potential therapeutic target for uterine cervical adenocarcinoma.

3.4 | Comprehensive proteome analysis showed 
PVR/CD155 as a candidate interacting molecule of 
JAM-A in cervical adenocarcinoma cells

To elucidate the underlying molecular mechanisms of the JAM-A-
dependent phenotypes described above, we carried out compre-
hensive shotgun proteome analysis. Protein samples from JAM-A 
KO cells and control cells were trypsinized, and the digested pep-
tides were subjected to mass spectrometry. A label-free semi-quan-
titation proteomic method was used to compare protein expression 
patterns in JAM-A KO cells and control cells. To ensure the quality 
and precision of data, each sample was independently analyzed in 
quadruplicate (Data S1). A total of 2849 unique proteins was iden-
tified; of these, 326 proteins were upregulated in JAM-A KO cells 
(ratio > 1.5, P < .05) and 201 proteins were downregulated in JAM-A 
KO cells (ratio < 0.67, P < .05) (Figure 4A,B).

To evaluate the characteristics of the downregulated proteins 
in JAM-A KO cells, we carried out GO analysis and KEGG pathway 
analysis. As shown in Figure 4C, enriched GO terms for dow-regu-
lated proteins were associated with cell-cell adhesion terms includ-
ing cell-cell adherens junction (GO:0005913) and cadherin binding 
involved in cell-cell adhesion (GO:0098641), indicating that loss of 
JAM-A significantly affected cell-cell adhesion. No pathways were 
identified with statistical significance for downregulated proteins in 
KEGG pathway analysis. Enriched GO terms and KEGG pathways for 
upregulated proteins are shown in Table S4.

We hypothesized that the cell surface molecule JAM-A interacts 
with some plasma membrane-associated molecules to contribute to 
the malignant potentials of uterine cervical adenocarcinoma, as in the 
case of interaction with HER2 in breast cancer.22 We next examined 
the list of downregulated proteins in JAM-A KO cells to determine 
which molecules are associated with JAM-A in cervical adenocarci-
noma cells. We found that HER2 was not included in the list and that 
the expression level of HER2 was not affected by JAM-A KO in western 
blotting (data not shown). On the basis of cancer-associated function, 
we finally selected the following three candidate molecules for sub-
sequent examination (Figure  4D): PVR/CD155 (P15151), ARHGEF1 
(Q92888) and MVP (Q14764). PVR/CD155 regulates cell movement 
and proliferation,23 ARHGEF1 belongs to the Rho-GEF family24 and 
MVP is associated with drug resistance25-27 in various cancerous tis-
sues and/or cancer cells. As shown in Figure 5A, we confirmed that 
the expression levels of the selected proteins were decreased in 
JAM-A KO cells compared with the levels in control cells (Figure 5A 
and Figure  S2). The decreased expression of PVR/CD155 and 
ARHGEF1 was recovered by transfection of an N-terminal 3xFLAG-
tagged JAM-A expression vector in JAM-A KO cells (Figure 5B and 
Figure S2A), indicating that the expression levels of PVR/CD155 and 
ARHGEF1 are JAM-A-dependent. Next, we assessed the possibility 
of a complex formation between JAM-A and the candidate molecules. 
Immunoprecipitation with an anti-FLAG antibody showed that PVR/
CD155 was co-immunoprecipitated with N-terminal 3xFLAG-tagged 
JAM-A from 3xFLAG-JAM-A-expressing JAM-A KO cells (Figure 5C 
and Figure S2B). Immunofluorescence microscopy also showed that 

F I G U R E  3   Junctional adhesion molecule-A (JAM-A) contributes 
to drug resistance and is a potential therapeutic target of uterine 
cervical adenocarcinoma cells. A, KO of JAM-A significantly 
suppressed etoposide resistance of HCA1 cells. WST-8 assay. B, C, 
A monoclonal antibody against the extracellular domain of JAM-A 
reduced proliferation of HCA1 control cells but not that of JAM-
A-KO cells. Cell proliferation was measured by BrdU incorporation 
assay (B) and WST-8 assay (C) after treatment with the antibody. 
Graphs represent means ± SD. *P < .05 and **P < .01 vs control cells



912  |     MURAKAMI et al.

immunoreactivities of JAM-A and PVR/CD155 were co-localized on 
the plasma membrane of HCA1 cells (Figure 5D). These results sug-
gest that PVR/CD155 exists in a complex with JAM-A on the plasma 
membrane of cervical adenocarcinoma cells.

3.5 | PVR/CD155 contributes to the malignant 
potentials of cervical adenocarcinoma cells

PVR/CD155 has been reported to contribute to the malignant potentials 
of various cancers including breast and hepatocellular cancers.28,29 To 
determine the significance of PVR/CD155 in cervical adenocarcinoma 
cells, we knocked down PVR/CD155 expression and examined its ef-
fect. Protein levels of PVR/CD155 expression were reduced by transfec-
tion of PVR/CD155-specific siRNAs. There was almost no change in the 
expression level of JAM-A with knockdown of PVR/CD155 (Figure 5E). 
Colony-forming assay showed that the number of colonies was sig-
nificantly smaller in PVR/CD155 knockdown cells than in control cells 
(Figure  5F). Percentage of Ki-67-positive cells in PVR/CD155 knock-
down cells was significantly lower than that in control cells (Figure 5G). 

These results indicated that PVR/CD155 expression contributes to the 
proliferation of cervical adenocarcinoma cells.

3.6 | Co-expression of JAM-A and PVR/
CD155 correlates with poor prognosis in surgical 
specimens of cervical adenocarcinoma

We finally examined the expression of PVR/CD155 by immuno-
histochemistry of surgical specimens from uterine cervical ad-
enocarcinoma. As shown in Table 2, 15 (26.3%) of 57 ADC cases 
were positive for PVR/CD155, whereas AIS and normal cervi-
cal glands were almost negative for PVR/CD155 (Figure 6A and 
Table  2). These results are not consistent with the prominent 
staining for JAM-A in most adenocarcinoma cases including AIS 
(Figure 1B).

Importantly, the expression of PVR/CD155 was significantly cor-
related with some major clinicopathological parameters and progno-
sis of uterine cervical adenocarcinoma. As shown in Table 2, PVR/
CD155 expression was significantly correlated with tumor factor 

F I G U R E  4   Comprehensive proteome 
analysis was carried out to clarify the 
role of junctional adhesion molecule-A 
(JAM-A) overexpression. A, Volcano plot 
of identified unique proteins. B, Venn 
diagram. A total of 2849 unique proteins 
were identified, 201 proteins being 
significantly down-regulated (ratio < 0.67 
and P < .05) and 326 proteins being 
significantly upregulated (ratio > 1.5 
and P < .05) by JAM-A KO. C, GO 
analysis of significantly downregulated 
proteins in JAM-A KO cells. D, Three 
candidate molecules were selected 
from downregulated proteins that 
might promote malignant potentials in 
association with JAM-A in uterine cervical 
adenocarcinoma
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(P =  .028), lymph node metastasis (P =  .009), lymphovascular infil-
tration (P <  .001), prognosis (P =  .007) and UICC stage (P =  .034). 
Kaplan-Meier curve analysis showed positive relationships of pos-
itivity of PVR/CD155 with poor relapse-free survival (P =  .00426) 
and overall survival (P = .00143) (Figure 6B,C).

As results of biological cell experiments showed that PVR/
CD155 expression was affected by JAM-A expression (Figure 5), 
we analyzed the relationship between JAM-A immunoreactiv-
ity and PVR/CD155 immunoreactivity in surgical specimens. 
Interestingly, most of the PVR/CD155-positive (PVR+) cases 
(14/16, 87.5%) were included in the JAM-A high-expression 
group. The percentage of PVR/CD155-positive cases was signifi-
cantly higher in the JAM-A high-expression group (14/41, 34%) 

than in the JAM-A low-expression group (2/26, 8%, P  =  .0179), 
indicating a positive correlation between JAM-A expression 
and PVR/CD155 expression in uterine cervical adenocarcinoma 
(Figure  6D). To investigate the relationships between prognosis 
and expression patterns of the two molecules, we divided the 
cases into three groups: Group I (PVR/CD155 negative/JAM-A 
low; n = 24), Group II (PVR/CD155 positive/JAM-A low or PVR/
CD155 negative/JAM-A high; n = 29), and Group III (PVR/CD155 
positive/JAM-A high; n  =  14). Kaplan-Meier analysis revealed 
that patients with the expression pattern of PVR/CD155 posi-
tive/JAM-A high had significantly shorter periods of relapse-free 
survival (P =  .00964) and overall survival (P =  .0204) than those 
for the other patients (Figure 6E,F).

F I G U R E  5   Poliovirus receptor (PVR)/CD155 was identified as a candidate molecule directly interacting with junctional adhesion 
molecule-A (JAM-A). A, Expression of the candidate JAM-A-associated proteins was significantly decreased by JAM-A KO. B, Expression 
of PVR/CD155 and ARHGEF1 was increased by transfection of an N-terminal 3xFLAG-tagged JAM-A plasmid in JAM-A KO cells. C, 
Immunoprecipitation (IP) assay. PVR/CD155 was detected in immunoprecipitation with an anti-FLAG antibody from N-terminal 3xFLAG-
tagged JAM-A-expressing JAM-A KO cells. D, Immunofluorescence of JAM-A (green) and PVR/CD155 (red) was co-localized on the 
plasma membrane of HCA1 cells. E, PVR/CD155 expression was knocked down by PVR/CD155-specific siRNAs. F, Colony-forming 
assay (6-well plate, 1250 cells/well). The number of colonies of HCA1 cells was significantly decreased by knockdown of PVR/CD155. G, 
Immunohistochemistry of Ki-67 in cell block samples. The number of Ki-67-positive cells (proliferation marker) was significantly decreased 
by knockdown of PVR/CD155 (n = 5). The number of positive cells per 100 cells is represented as mean ± SD. **P < .01 vs control cells. A, B, 
C and E, western blot analysis
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4  | DISCUSSION

In this study, we demonstrated that JAM-A, one of the transmem-
brane proteins of tight junctions, is aberrantly expressed in uterine 
cervical adenocarcinoma and that suppression of JAM-A expres-
sion limits the oncogenic potential of uterine cervical adenocar-
cinoma. Importantly, we showed for the first time that JAM-A 
interacts with PVR/CD155, a type I transmembrane glycoprotein 
in the Ig superfamily, and that cooperation between JAM-A and 
PVR/CD155 is involved in the malignant potential of uterine cervi-
cal adenocarcinoma.

Previous studies showed that JAM-A is overexpressed in var-
ious cancers,16,17 and we have reported that elevated expression 
of JAM-A promotes the malignant potential of lung adenocarci-
noma.14 We have also reported that JAM-A was expressed at high 
levels in AIS and ADC compared with its expression level in CE in 
surgical specimens of uterine cervical adenocarcinoma and that 
there is a possibility that overexpression of JAM-A is associated 
with malignancy.18 In the present study, we prepared additional 
cases of uterine cervical adenocarcinoma to increase the exper-
imental accuracy and we investigated the associations between 
expression of JAM-A and clinicopathological parameters as well 
as patient outcome. We divided cases of AIS and ADC into two 
groups according to IRS to investigate the correlations between 
expression of JAM-A and clinicopathological parameters and we 
found that JAM-A overexpression was significantly associated 

with lymphovascular infiltration, recurrence and relapse-free sur-
vival (Table 1 and Figure 1C).

Consistent with our observations, previous studies showed 
that overexpression of JAM-A is associated with malignancy in var-
ious cancer cells.22,30,31 Recently, we reported that KO of JAM-A 
had striking effects on the cancer malignant potential of lung ad-
enocarcinoma cells.14 As KO of JAM-A showed a more significant 
phenotype than that with knockdown by siRNAs, we also estab-
lished JAM-A KO cells in this study and analyzed their oncogenic 
properties. As expected, KO of JAM-A significantly suppressed 
cell proliferation, colony formation, and collective migration, indi-
cating that JAM-A expression in uterine cervical adenocarcinoma 
cells contributes to the malignant potentials of the cells (Figure 2).

In the present study, we demonstrated that an antibody against 
the extracellular domain of JAM-A suppressed the proliferation of 
uterine cervical adenocarcinoma cells (Figure 3B,C), suggesting that 
the cell surface molecule JAM-A is a candidate molecule for target-
ing therapy. As we reported previously,18 JAM-A shows neoplastic 
change in its subcellular localization, from tight junctions (in the 
non-neoplastic epithelium) to the whole cell membrane (in AIS and 
ADC), which is also advantageous for targeting therapy. Tight junc-
tions in the non-neoplastic columnar epithelium are present in the 
most apical region of cell-cell adhesion, where material permeability 
is restricted, making it difficult for drugs targeting JAM-A to reach 
and act on them. In contrast, in the cancerous epithelium, TJP includ-
ing JAM-A are mislocalized around the whole cell membrane,10,12,14 

F I G U R E  6   Positive correlation of overexpression of junctional adhesion molecule-A (JAM-A) and poliovirus receptor (PVR)/CD155 in 
surgical specimens of uterine cervical adenocarcinoma. A, Immunohistochemistry of PVR/CD155 in a surgical specimen of uterine cervical 
adenocarcinoma (ADC). PVR/CD155 was strongly expressed in that case. B, C, Kaplan-Meier curve analysis. Relapse-free survival and 
overall survival were significantly shorter in the PVR/CD155-positive group. D, Summary of the expression profiles of JAM-A and PVR/
CD155 in surgical specimens. Percentage of PVR/CD155-positive cases was significantly higher in the high-JAM-A expression group than 
in the low-JAM-A expression group (P = .0179). E, F, Kaplan-Meier curve analysis. The cases were divided into three groups: PVR/CD155 
negative/JAM-A low (Group I), PVR/CD155 positive/JAM-A low or PVR/CD155 negative/JAM-A high (Group II) and PVR/CD155 positive/
JAM-A high (Group III). Kaplan-Meier analysis showed that patients with the expression pattern of PVR/CD155 positive/JAM-A high (Group 
III) had significantly shorter periods of relapse-free survival (P = .00964) and overall survival (P = .0204) than for the other patients. ADC, 
adenocarcinoma; CE, cervical epithelia; OS, overall survival; RFS, relapse-free survival
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suggesting that drugs can easily access and act on JAM-A and exert 
anti-tumor effects. Furthermore, JAM-A-KO cells were found to be 
more susceptible than WT cells to etoposide (Figure 3A), suggesting 
that targeting JAM-A may be beneficial for anticancer drug treat-
ment when used in a combination such as zolbetuximab (anti-clau-
din-18.2 antibody) with EOX (epirubicin/oxaliplatin/capecitabine) 
chemotherapy for gastric cancers.32

Based on proteome analysis, we explored candidate molecules 
that interact with JAM-A in cervical adenocarcinoma cells, such 
as HER2 in breast cancer.22 Among the proteins that were down-
regulated by JAM-A KO, we focused on PVR/CD155, MVP, and 
ARHGEF1, and we found that PVR/CD155 exists in a complex with 
JAM-A on the plasma membrane of cervical adenocarcinoma cells. 
PVR/CD155 has not previously been reported to be associated 
with cervical cancers or to be a molecule that interacts with JAM-A. 
Interestingly, both PVR/CD155 and JAM-A have extracellular Ig-like 
domains, which play a key role in heterophilic and/or homophilic pro-
tein-protein interactions among the Ig superfamily proteins.33,34 The 
structural similarity between PVR/CD155 and JAM-A may cause 
physical interaction between the molecules.

We previously reported that ectopic overexpression of TJP, 
including JAM-A, promotes malignant potentials of cancers; 

however, the underlying molecular mechanisms were not fully elu-
cidated.6,10-14 In cervical adenocarcinoma, tumor-promoting PVR/
CD155 may partially explain a mechanism in which ectopic over-
expression of JAM-A regulates and/or stabilizes PVR/CD155 ex-
pression to contribute to the malignancy. From our observations, 
JAM-A seems to be hierarchically upstream of PVR/CD155 be-
cause JAM-A expression altered PVR/CD155 expression, whereas 
knockdown of PVR/CD155 did not affect the expression of JAM-A 
(Figure 5E). Furthermore, most of the PVR/CD155-positive cases 
were a subset of the JAM-A high-expression group in immunohis-
tochemistry of surgical specimens (Figure 6D), also supporting the 
idea of the hierarchy between the molecules. PVR/CD155 posi-
tive/JAM-A high group showed worse prognosis than that of the 
other groups (Figure  6E,F). These results suggest that aberrant 
expression of JAM-A contributes to possible malignant transfor-
mation of cervical adenocarcinoma in cooperation with various 
proteins such as PVR/CD155.

Of note, recent studies have shown another aspect of PVR/
CD155 in cancers: PVR/CD155 overexpression induces tumor im-
mune escape by binding to TIGIT and CD96 on natural killer and T 
cells.28,29,35,36 Some researchers reported that PVR/CD155 expres-
sion correlates with TIGIT expression and that TIGIT/PVR signaling 
may be considered as a therapeutic target for various cancers.36-40 
Clinical trials using recombinant oncolytic poliovirus and anti-TIGIT 
antibody are now in progress.36,39,41 A therapeutic strategy against 
TIGIT/PVR signaling can be applied to cervical adenocarcinoma 
because PVR/CD155 expression in cervical adenocarcinoma sig-
nificantly correlates with tumor size, lymph node metastasis, lym-
phovascular infiltration, prognosis, UICC stage, relapse-free survival 
and overall survival (Table 2, Figure 6B,C). Considering the relation-
ship between PVR/CD155 and JAM-A described above, ectopic 
JAM-A may induce tumor immune escape through regulation and/
or interaction with PVR/CD155 in cervical adenocarcinoma, and tar-
geting JAM-A may also be effective in the context of suppression of 
PVR/CD155 function.

In summary, our observations suggest that JAM-A is a reliable 
biomarker for uterine cervical adenocarcinoma and that JAM-A 
and PVR/CD155 are potential therapeutic targets for this malig-
nancy. Therapy using an anti-JAM-A antibody may be effective 
for uterine cervical adenocarcinoma, having properties such as 
treatment resistance and poor prognosis. Combination therapy 
with an anti-JAM-A antibody and drugs is possibly more effective, 
and further studies are therefore needed. As JAM-A contributes 
to the malignant potential of uterine cervical adenocarcinoma via 
PVR/CD155, additional studies are also needed to determine the 
associations between the tumor immune system and proteins of 
tight junctions.
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TA B L E  2   Clinicopathological parameters and immunoreactivity 
of PVR/CD155 in uterine cervical adenocarcinoma

N

PVR/CD155

P value− +

Histology

AIS 10 9 1 .43

ADC 57 42 15

Tumor factor

pT0 10 9 1 .0275

pT1 45 36 9

pT2 11 5 6

pT3 1 1 0

Lymph node metastasis

Negative 57 47 10 .0091

Positive 10 4 6

Lymphovascular infiltration

Negative 47 43 4 2.12E-05

Positive 20 8 12

Prognosis

Alive 60 49 11 .00689

Dead 7 2 5

UICC stage

0 10 9 1 .0342

I 44 35 9

II 7 4 3

III 6 3 3
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