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1  | INTRODUC TION

Triple-negative breast cancer (TNBC) lacks expression of estrogen re-
ceptor (ER), progesterone receptor (PR) and human epidermal growth 
factor receptor 2 (HER2). As TNBC patients have no established mo-
lecular targets at present, chemotherapy is still the standard treat-
ment approach.1 In contrast to patients with other subtypes, TNBC 
patients usually demonstrate aggressive clinical behavior and have an 
unfavorable prognosis.2 Notably, TNBC is a heterogeneous disease 
consisting of different subgroups according to protein expression, 

mRNA signatures and genomic alterations.3 Some TNBC tumors dis-
play a mesenchymal or mesenchymal stem-like phenotype.4

Epithelial-to-mesenchymal transition (EMT) means a shift from 
the epithelial state toward the mesenchymal state. This process al-
lows epithelial cells to acquire mesenchymal traits and metastatic 
potentiality. Cancer cells during EMT demonstrate increased ex-
pression of vimentin but decreased expression of E-cadherin (E-cad). 
Mechanistically, transcription factors (TF) such as Zeb1, Slug, Twist1 
and Snail are involved in EMT. Increasing evidence has indicated that 
EMT promotes breast cancer progression. Oncogenic pathways such 
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Abstract
Patients with triple-negative breast cancer (TNBC) lack molecular targets and have 
an unfavorable outcome. CD155 is overexpressed in human cancers, but whether it 
plays a role in TNBC is unexplored. Here we found that CD155 was enriched in both 
TNBC cell lines and tumor tissues. High CD155 expression was related to poor prog-
nosis of breast cancer patients. CD155 was associated with a mesenchymal pheno-
type. CD155 knockdown induced a mesenchymal-epithelial transition in TNBC cells, 
and suppressed TNBC cell migration, invasion and metastasis in vitro and in vivo. 
Mechanistically, CD155 cross-talked with oncogenic IL-6/Stat3 and TGF-β/Smad3 
pathways. Moreover, CD155 knockdown inhibited TNBC cell growth and survival. 
Taken together, these data indicate that CD155 contributes to the aggressive behav-
ior of TNBC; targeting CD155 may be beneficial to these patients.
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as IL-6/Stat3,5-7 TGF-β/Smad3,8-10 Wnt11,12 and Notch13,14 are impli-
cated in EMT-associated breast cancer metastasis.

CD155, also called poliovirus receptor (PVR) or necl-5, harbors con-
served amino acids and domain structure similar to the immunoglob-
ulin superfamily.15 CD155 belongs to the nectin-like molecule family. 
Functionally, CD155 interacts with nectin-3 to regulate cell adhesion 
and migration.16,17 CD155 is overexpressed in human cancers.18 It has 
been reported that CD155 overexpression promotes cell migration 
and proliferation.17,19,20 Recently, our group revealed that CD155 was 
related to cancer cell apoptosis.21,22 On the basis of in silico analysis, 
our present study identified a novel role of CD155 in breast cancer. We 
found that CD155 was enriched in TNBC and was associated with a 
mesenchymal phenotype. CD155 knockdown significantly suppressed 
TNBC cell migration, invasion and metastasis. Therefore, CD155 may 
be a potential molecular target for TNBC.

2  | MATERIAL S AND METHODS

2.1 | In silico analysis

Patients negative for expression of ER and PR and amplification of 
HER2 were considered TNBC patients. The mRNA expression data 
in tissues were extracted from TCGA and Curtis23 within Oncomine 
(https​://www.oncom​ine.org/) and GEPIA (http://gepia.cancer-pku.
cn/index.html).24 The correlation of CD155 expression with survival 
was analyzed by GEPIA and Kaplan-Meier plotter (http://kmplot.
com/analy​sis/).25 Expression of CD155 and some other genes in 
breast cancer cell lines was investigated in GSE1277726 and Cancer 
Cell Line Encyclopedia (CCLE) databases (https​://porta​ls.broad​insti​
tute.org/ccle). Correlation analysis was performed using the Pearson 
correlation coefficient. DAVID tool (Version 6.8; https​://david.ncifc​
rf.gov/) was used to predict pathways27 and gene ontology (GO). 
GO is commonly used to annotate genes from high-throughput ge-
nome or transcriptome data.28 Functional analysis revealed their 
associated GO molecular processes, biological processes and cel-
lular components. To expand differentially expressed genes (DEGs) 
into whole transcriptomes, the gene set enrichment analysis (GSEA) 
analysis was used to test the tendency of all genes in a given path-
way for expression profiles.29 The 311 cases were categorized into 
a CD155 high expression group and a CD155 low expression group. 
GSEA analysis was performed using GSEA v2.0 software (http://
softw​are.broad​insti​tute.org/gsea/index.jsp). Statistical significance 
was assessed by comparing the enrichment score with the enrich-
ment results generated from 1000 random permutations of the gene 
set to obtain P-values.

2.2 | Cell culture and breast cancer tissues

MDA-MB-231 (ER−PR−HER2−) and MCF-7 (ER+PR+HER2−) cells 
were cultured in DMEM (Gibco), and BT549 (ER−PR−HER2−), T47D 
(ER+PR+HER2−) and 4T1 (ER−PR−HER2−) cells were cultured in 

RPMI1640 (Gibco). The culture media were supplemented with 10% 
FBS. All cells were cultured at 37°C in a humidified incubator with 5% 
CO2. The cells were digested using 0.25% trypsin and 0.02 mol/L EDTA 
in PBS and seeded in 6-well and 12-well plates for the experiments.

Human breast cancer tissues (TNBC 17 cases and non–TNBC 28 
cases) and normal breast tissues (15 cases, at least 5 cm away from a 
tumor) were collected from patients at the First Affiliated Hospital 
of China Medical University. None of the patients had previously un-
dergone radiotherapy or chemotherapy or any other therapy before 
the surgery. Approval was obtained for the use of clinical materials 
for research purposes by the Institutional Research Ethics Committee 
of China Medical University. All samples were collected and analyzed 
with the prior written informed consent of the patients. All samples 
were immediately frozen in liquid nitrogen and stored at −80°C. Then, 
total RNA and protein from these tissues were isolated. The rest of 
the tissues were fixed with formalin and embedded in paraffin.

2.3 | Lentiviral shRNA transfection

CD155 shRNA lentivirus (shCD155) and control shRNA lentivi-
rus (scramble) were constructed by Obio Technology. The shRNA 
sequence for shCD155-1 is 5′-CCTAGGCTACATCTTTCTT-3′, for 
shCD155-2 is 5′-GGGCCAAGTGCACATCATT-3′ and for scramble 
is 5′-TTCTCCGAACGTGTCACGT-3′. For stable knockdown, shRNA 
were cloned into pLKD-CMV-Puro-U6-shRNA vector. MDA-MB-231 
and 4T1 cells were transfected with 25 MOI of scramble or shCD155 
lentivirus. After 48 hours of infection, infected cells were selected 
by 5 μg/mL puromycin (Sigma) and confirmed as successfully estab-
lished by using western blot.

2.4 | Reagents and antibodies

The rabbit anti–CD155 polyclonal antibody (ab103630) and the 
mouse anti–α-SMA monoclonal antibody (ab7817) were obtained 
from Abcam. The rabbit anti–ZO-1 polyclonal antibody (#8193), 
the rabbit anti–MMP-9 polyclonal antibody (#15561), the rabbit 
anti–Slug polyclonal antibody (#9585), the rabbit anti-E-cadherin 
polyclonal antibody (#3195), the rabbit anti–vimentin polyclonal 
antibody (#5741), the rabbit anti–ZEB1 polyclonal antibody 
(#3396), the rabbit anti–TGF-β polyclonal antibody (#3711), the 
rabbit anti-Smad3 polyclonal antibody (#9523), the rabbit anti-
IL-6 polyclonal antibody (#12153), the rabbit anti-Stat3 poly-
clonal antibody (#30835), the rabbit anti–phospho-Stat3(Tyr705) 
polyclonal antibody (#9145), the rabbit anti-Caspase3 polyclonal 
antibody (#9662), the rabbit anti-Cleaved-Caspase3 polyclonal an-
tibody (#9664), the anti–rabbit IgG HRP-linked antibody (#7074) 
and anti–mouse IgG HRP-linked antibody (#7076), were purchased 
from Cell Signaling Technology. The mouse anti–GAPDH mono-
clonal antibody was purchased from Beyotime Biotechnology. The 
Alexa Fluor 488 and 594 fluorescent second antibodies were pur-
chased from ThermoFisher Scientific.

https://www.oncomine.org/
http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html
http://kmplot.com/analysis/
http://kmplot.com/analysis/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12777
https://portals.broadinstitute.org/ccle
https://portals.broadinstitute.org/ccle
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
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2.5 | RNA isolation and quantitative real-time PCR

Total RNA was extracted from tissues with TRIzol Reagent 
(TaKaRa) according to the manufacturer’s instructions. Reverse 
transcription was carried out in a 25-μL reaction volume with 
2  μg of total RNA according to the manufacturer’s protocol for 
M-MLV reverse transcriptase (Promega). The primers for CD155 
are 5′-GCTAGAAGGACTCACTAGACTCAGGAA-3′ (forward) 
and 5′-GTCGCCTCATCTGTCGTGGAAC-3′ (reverse), and for 
18S are 5′-GCAGAATCCACGCCAGTACAAGAT-3′ (forward) and 
5′-TCTTCTTCAGTCGCTCCAGGTCTT-3′ (reverse). Relative quanti-
ties (Δ cycle threshold (Ct) value) were obtained by subtracting the 
Ct value of CD155 from 18 seconds. The fold change was calculated 
according to the formula 2−ΔΔCt. Each reaction was performed in 
triplicate.

2.6 | Western blot

Total protein was lysed in a modified RIPA buffer containing 
1  mmol/L DTT, 1  mmol/L PMSF and complete protease inhibitor 
cocktail (1 tablet/10  mL; Invitrogen). A total of 30  µg protein was 
separated on 10% SDS-PAGE gel and transferred to a PVDF mem-
brane. After blocking with 5% skimmed milk, western blots were per-
formed with specific antibodies to detect the corresponding proteins 
and incubated at 4°C overnight. Then the membrane was washed 
and incubated with HRP-conjugated secondary antibody (1:5000) 
for 2 hours at room temperature. To control sampling error, the same 
blot was also probed for GAPDH as an internal loading control. The 
specific protein bands were visualized using the enhanced chemi-
luminescence (ECL) method through the DNR Imaging System. The 
integral optical density of each band was analyzed using the Image-J 
software and the ratio of band intensities of target protein over asso-
ciated control was obtained. Data were expressed as the mean ± SD 
of at least three independent experiments.

2.7 | Immunohistochemistry and image analysis

The tumor tissues were fixed with 4% paraformaldehyde for 
72 hours, embedded in paraffin for preparation as H&E or immu-
nostained sections. Briefly, the tissue sections were consecutively 
deparaffinized in xylene (I, II and III) and rehydrated using a graded 
series of alcohol (100% alcohol, 95% alcohol, 85% alcohol and 75% 
alcohol). For H&E, sections were stained with H&E. For immunohis-
tochemistry, endogenous peroxidase was blocked with 3% hydrogen 
peroxide. Antigen retrieval process was performed in 0.01 mol/L so-
dium citrate solution (pH 6.0) in a high-pressure steam boiler for 
10 minutes. Sections were incubated with first antibody overnight 
at 4°C. Then, sections were incubated with goat anti–rabbit IgG and 
streptavidin peroxidase (SP) complex at 37°C for 30 minutes, and 
developed with the DAB reagent. The sections were observed under 
an Olympus BX61 microscope. Immunoreactivity was evaluated 

separately by two experienced pathologists who were blinded to 
the clinicopathological data of the participants.

Five randomly chosen fields of view were assessed. We used a 
staining index (SI; values 0-12) with the following formula: SI = stain-
ing intensity  ×  staining area, where intensities were scored semi-
quantitatively as follows: 0 (negative staining), 1 (mild staining), 2 
(moderate staining) and 3 (intense staining). The staining area was 
scored as follows: 0, no staining of cells; 1, <25%; 2, 25%-50%; 3, 
50%-75%; and 4, >75%. SI was graded as follows: 0-1, negative ex-
pression; 2-3, mild positive expression; 4-8, moderate positive ex-
pression and 9-12, strongly positive expression.30 All three levels 
were considered positive.

2.8 | Immunofluorescence and confocal imaging

Cells were seeded onto adhesion cover slips for 16 hours, fixed with 
4% paraformaldehyde in PBS for 15 minutes at 25°C and permea-
bilized with 0.1% Triton X-100 for 15  minutes. Subsequently, cells 
were blocked with 1% donkey serum for 30  minutes followed by 
incubation with specific primary antibodies at 4°C overnight. After 
washing with PBS three times for 5 minutes, each time, the slides 
were subjected to fluorescent secondary antibody for 1  hour at 
room temperature. DAPI was used for nuclear staining. Cells were 
mounted on glass slides and visualized using a confocal microscope 
(FV-1000; Olympus).

2.9 | Cell Counting Kit-8 assay

Cells were trypsinized and seeded into 96-well plates (1  ×  103 
cells/well). Then, 10  μL Cell Counting Kit-8 (CCK-8; Dojindo 
Laboratories) was added and mixed into each well and incubated 
for 1  hour at 37°C, and absorbance was measured at 450  nm. 
Three dependent experiments were repeated. Data were pre-
sented as the mean ± SD.

2.10 | Colony formation assay

A total of 300 cells/well were trypsinized and cultured on 6-well 
plates in medium with 10% FBS containing 5% CO2 for 2  weeks. 
Then, the cells were fixed with methanol for 30 minutes and stained 
with 1% crystal violet for 10 minutes. Colonies of more than 50 cells 
were counted. All experiments were performed in triplicate. Data 
were presented as the mean ± SD.

2.11 | Flow cytometry for the cell cycle and 
apoptosis assays

In brief, scramble and CD155 knockdown groups cells were har-
vested by exposure to trypsin/EDTA and centrifuged at 350  g for 
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5  minutes. Cell precipitates were washed three times with PBS. 
After fixation with 70% ethanol at 4°C overnight, samples were 
treated with 5 μL RNase A (10 μg/mL) for 1 hour at room tempera-
ture, stained with 10 μL propidium iodide (10 μg/mL) on ice for at 
least 30 minutes at 4°C and analyzed using the FACSCalibur Flow 
Cytometer (BD Company). All experiments were performed in tripli-
cate. Data were presented as the mean ± SD.

According to the manufacturer’s protocol, the apoptotic status was 
analyzed using an Annexin V-PE/7-AAD Apoptosis Kit (559763; BD 
Biosciences). Cells were stained and evaluated for apoptosis by flow. 
The number of apoptotic cells was analyzed by flow cytometry (BD 
Biosciences).

2.12 | Wound healing assay

Cells were seeded in 12-well culture plates (5 × 104 cells/well) and 
cultured for 24 hours. Then scratches were made on the monolayer 
cells using a sterile P200 pipette tip to mimic the wound process. 
The cells were washed with PBS and were incubated in DMEM con-
taining 2% FBS. Five different zones of each well were chosen and 
the digital images were captured continuously (×10) from the same 
field at 0 and 24 hours after scratching. This wound scratch assay 
was carried out in triplicate. All experiments were performed three 
times. Data were presented as the mean ± SD.

2.13 | Transwell migration and invasion assays

For migration assay, 5 × 104 cells were allowed to migrate from upper 
to lower chambers for 14 hours. Then the migration was stopped. The 
chamber membranes with cells adhering to the lower surface were 
fixed with cold 4% paraformaldehyde (PFA) for 30 minutes and stained 
with 0.1% crystal violet for 30 minutes, followed by washing three times 
with PBS and mounting on glass slides. A representative percentage of 
migrated cells was used as cell migration index. The numbers of migra-
tion cells were counted to determine the index of cell migration.

For the invasion assay, 8 × 104 cells were trypsinized and seeded 
in the upper chamber covered with Matrigel. After incubation for 
24  hours, the non–invasive cells on the surface of the membranes 
were gently removed and the migrated cells on the lower side of the 
filters were fixed with cold 4% PFA and stained with 0.1% crystal vi-
olet. A representative percentage of migrated cells was used as cell 
invasion index. All experiments were performed in triplicate. Data 
were presented as the mean ± SD.

2.14 | Xenograft metastasis model of triple-negative 
breast cancer

Male BALB/c nude mice (5- to 6-week-old, weighting 20-22 g) were 
obtained from Weitong Lihua and all animal experiments were per-
formed according to the Guide for the Care and Use of Laboratory 

Animals (Ministry of Science and Technology of China, 2006), and 
were approved by the animal ethics committee of China Medical 
University. For cell metastasis analysis, 2 × 105 4T1-scramble cells 
or 4T1-shCD155 cells were washed in serum-free DMEM and in-
jected intravenously into mice (N = 6) to study lung metastasis. After 
8 weeks, mice were killed and metastatic nodules were counted vis-
ually. Lungs were embedded in paraffin and cut into 4-μm sections 
and stained with H&E. In addition, lung sections were analyzed by 
immunohistochemistry and TUNEL staining assay.

2.15 | TUNEL staining

Tumor tissue sections were dehydrated in various concentrations of 
ethanol. To block endogenous peroxidase activity, the tumor samples 
were incubated with 3% hydrogen peroxide for 10 minutes at room 
temperature. The sections were then incubated with Proteinase K 
(Gibco BRL) in 20 μg/mL of 10 mmol/L Tris/HCl (pH 8) for 10 min-
utes at room temperature. Apoptotic cells were determined by the 
TUNEL Apoptosis Detection Kit S7110 (Millipore) according to the 
provided protocol. After washing with PBS, tumor samples were 
counterstained with DAPI. The TUNNEL positive labeled apoptotic 
cells were calculated and photographed using an Olympus BX61 flu-
orescence microscope. The number of apoptotic cells was counted 
in a total of 1000 cells by Image J software.

2.16 | Statistical analysis

All experiments were obtained at least in three replicates. In addi-
tion, assays producing quantitative data were run in triplicate. SPSS 
19.0 software (SPSS) was used. Statistical significance was deter-
mined by ANOVA or two-tailed Student’s t test. The survival plot 
was generated by GEPIA and the log-rank test was used for com-
parison of survival curves. *P  < 0.05 was considered to indicate a 
statistically significant difference.

3  | RESULTS

3.1 | CD155 is preferentially expressed in triple-
negative breast cancer 

TCGA and Curtis databases from Oncomine and GEPIA web-
sites were investigated. CD155 mRNA expression was shown 
to be upregulated in TNBC (Figure 1A and Figure S1A). CD155 
mRNA expression in human breast cancer specimens and adja-
cent non–tumorous tissues were thereafter examined by real-time 
PCR. Consistently, TNBC expressed the highest level of CD155 
mRNA (Figure 1B). CD155 protein expression was determined 
by both western blot and immunohistochemistry. These detec-
tions confirmed that CD155 protein was overexpressed in TNBC 
(Figure 1C-F). Kaplan-Meier plotter and GEPIA websites were 
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investigated for the correlation of CD155 expression with progno-
sis. High CD155 expression was associated with shortened overall 
survival (OS) (Figure 1G and Figure S1B). Finally, GO analysis indi-
cated that CD155 might be involved in signaling pathways related 
to cell adhesion and survival (Figure S1C-E).

3.2 | CD155 is associated with 
mesenchymal phenotype

CD155 expression was determined in several breast cancer cell 
lines. Mesenchymal/TNBC cell lines such as MDA-MB-231, BT549 
and 4T1 expressed higher levels of CD155 than luminal-type cell 
lines such as MCF7 and T47D (Figure 2A). The expression pattern 
of CD155 was similar to that of mesenchymal factors vimentin, Zeb1 

and Slug, but differed to that of E-cadherin (Figure 2B-D). Using 
GSEA, we identified a significant enrichment of METASTASIS-EMT 
high-risk genes in the high CD155 group. (Figure 2E and Figure S2A). 
GSE12777, CCLE and TCGA databases were finally investigated for 
the association of CD155 with mesenchymal factors in a series of 
breast cancer cell lines and TNBC samples. As expected, CD155 
was positively correlated with vimentin (VIM), Zeb1 (ZEB1) and Slug 
(SNAI2) (Figure 2F-H and Figure S2B-D).

3.3 | CD155 knockdown induces mesenchymal-
epithelial transition

CD155 shRNA lentiviruses were used to knockdown CD155 ex-
pression in MDA-MB-231 and 4T1 cells (Figure 3A-D). The effect of 

F I G U R E  1   CD155 expression is elevated in triple-negative breast cancer (TNBC) and correlates with poor prognosis. A, CD155 
expression was higher in TNBC tissues than in normal breast or non–TNBC tissues from the TCGA dataset (normal N = 244, ERBB2/ER/
PR negative N = 49 and other biomarker status N = 300) and Curtis dataset (normal N = 161, ERBB2/ER/PR negative N = 250 and other 
biomarker status N = 1725). B, Differential mRNA expression of CD155 in adjacent tissues (N = 15), TNBC tissues (N = 17) and non–TNBC 
tissues (N = 28). C and D, CD155 was highly expressed in TNBC tissues (T) compared with normal tissues (N) detected by western blot. E and 
F, 45 breast cancer tissues (TNBC, N = 17; non–TNBC, N = 28) and adjacent tissue (N = 15) were assessed by immunohistochemistry (IHC). 
The level of CD155 was higher in TNBC tissues compared with non–TNBC or normal tissues. Representative images are shown (left scale 
bar: 100 μm, right scale bar: 50 μm) (*P < 0.05). G, Overall survival curves of patients with or without elevated CD155 levels. Patient data 
from a study on TNBC in the Kaplan-Meier plotter database were analyzed

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12777
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F I G U R E  2   CD155 is overexpression in triple-negative breast cancer (TNBC) cell lines. A, CD155 expression level in breast cancer cell 
lines (MDA-MB-231, MCF7, BT549, T47D and 4T1) was examined by western blot. B and C, The expression of epithelial marker (E-cad) and 
mesenchymal markers (vimentin, ZEB1, Slug) was determined by western blot. GAPDH was used as a loading control. (E-cad, E-cadherin). 
D, Epithelial-to-mesenchymal transition (EMT) marker expression was detected by immunofluorescence (IF) in MDA-MB-231 (TNBC) and 
MCF7 (non–TNBC) cell lines. E, Enrichment plot showed enrichment of EMT-metastasis-related genes in the CD155 high expression group. 
The red part represents the CD155 low expression group and the blue part represents the CD155 high expression group (two groups 
were divided by median). The GSEA data showed EMT-metastasis-related gene enrichment in CD155 high expression groups. CD155 high 
expression was correlated with metastasis. F-H, The correlation between the mRNA level of CD155 and that of EMT markers such as 
vimentin (VIM), ZEB1 and SNAI2 (Slug) in TNBC cell lines via the GSE12777 database and TNBC tissues via TCGA. Pearson’s correlations and 
P-values were analyzed and are shown

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12777
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CD155 knockdown on Slug and Zeb1 expression was then investi-
gated. Both Slug and Zeb1 were significantly downregulated in cells 
with CD155 shRNA transfection (Figure 3A-D). CD155 knockdown 
suppressed expression of mesenchymal markers vimentin, α-SMA 
and MMP-9, whereas stimulated expression of epithelial markers 
ZO-1 and E-cadherin (Figure 3E-H). Immunofluorescent staining fur-
ther confirmed that CD155 knockdown upregulated E-cadherin ex-
pression whereas downregulated vimentin expression (Figure 3I,J). 
Moreover, CD155 knockdown induced a morphologic transition 
from mesenchymal-like to epithelial-like in both MDA-MB-231 and 
4T1 cells (Figure S3).

3.4 | CD155 knockdown suppresses triple-negative 
breast cancer cell migration, invasion and metastasis

The potential role of CD155 in TNBC metastasis was explored in 
vitro and in vivo. Wound healing test revealed that CD155 knock-
down inhibited migration of both MDA-MB-231 and 4T1 cells 
(Figure 4A,B). Furthermore, a transwell assay showed that CD155 
knockdown suppressed cell invasion (Figure 4C,D). 4T1 cells were 
injected into mouse tail veins and metastases in the lungs were ob-
served. Consistent with in vitro results, CD155 knockdown signifi-
cantly blocked lung metastasis of 4T1 cells (Figure 4E-G). Together, 

F I G U R E  3   CD155 knockdown promotes mesenchymal-epithelial transition properties. A-D, CD155 expression was knockdowned by 
CD155 shRNA lentiviruses in MDA-MB-231 and 4T1 cells. The CD155 levels in these established cell lines were verified by western blot 
analysis. E-H, The expression of epithelial marker (ZO-1, E-cad) and mesenchymal markers (vimentin, α-SMA and MMP9) was determined 
by western blot. GAPDH was used as a loading control. I and J, EMT marker expression was detected by immunofluorescence (IF) in CD155 
knockdown MDA-MB-231 (TNBC) and MCF7 (non–TNBC) cell lines
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these findings indicate that CD155 contributes to TNBC cell EMT 
and metastasis.

3.5 | CD155 cross-talks with IL-6/Stat3 and TGF-β/
Smad3 pathways

To investigate the molecular mechanisms underlying CD155-
induced EMT and metastasis, GSE12777, CCLE and TCGA were 
investigated for the association of CD155 with EMT-related signal-
ing pathways. CD155 was shown to be positively correlated with 
IL-6, TGF-β and Smad3 in these databases (Figure 5A-C and Figure 
S4A-C). GSEA analysis also indicated that CD155 was associated 
with IL-6 and TGF-β pathways (Figure S4D,E). To verify whether 
CD155 cross-talked with these two pathways, CD155 expres-
sion was downregulated in MDA-MB-231 and 4T1 cells by CD155 
shRNA transfection. As expected, CD155 knockdown reduced 

IL-6, TGF-β and Smad3 expression, and inhibited Stat3 phospho-
rylation (Figure 5D-G). These findings suggest that CD155 con-
tributes EMT and metastasis by cross-talking with IL-6/Stat3 and 
TGF-β/Smad3 pathways.

3.6 | CD155 knockdown suppresses breast cancer 
growth and survival

The role of CD155 in TNBC cell growth and survival was finally 
evaluated. CCK-8 test showed that CD155 knockdown inhibited 
the viability of MDA-MB-231 and 4T1 cells (Figure 6A). Clone for-
mation tests confirmed the inhibitory effect of CD155 knockdown 
on the growth of these cells (Figure 6B,C). Furthermore, flow cy-
tometry indicated that CD155 knockdown enhanced the apopto-
sis of these cells (Figure 6D,E). Consistently, CD155 knockdown 
increased cleaved caspase-3 expression (Figure 6F-H). The effect 

F I G U R E  4   CD155 knockdown affects cellular invasion and metastasis in vitro and in vivo. A and B, Wound healing assay was performed 
to determine the effects of CD155 knockdown on triple-negative breast cancer (TNBC) cell motility. Bars represent the average percentage 
of scratch area remained (%) by each cell line. C and D, Results of a transwell migration assay and a Matrigel Invasion assay for cellular 
invasion. The mean number of cells in five fields per membrane is shown. E-G, Images of gross and H&E staining and the numbers and length 
of lung surface metastatic nodules detected in each group. immunohistochemistry (IHC) staining score analysis of CD155 in xenograft 
tumors (H&E Scale Bar: 500 μm, IHC Scale Bar: 200 μm)

F I G U R E  5   CD155 cross-talks with IL-6/Stat3 and TGF-β/Smad3 pathways. A-C, The correlation between the mRNA level of CD155 and 
that of different pathways such as IL6 (IL-6), TGFB1 (TGF-β) and SMAD3 in triple-negative breast cancer (TNBC) cell lines via the GSE12777 
database and TNBC tissues via TCGA. D-G, Western blot analysis was carried out to detect the expression levels of TGF-β, Smad3, IL-6, 
Stat3, p-Stat3 in scramble or CD155 knockdown MDA-MB-231 and 4T1 cell lines. GAPDH was used as a loading control. Quantitative 
graphs represent the ratio of phosphorylated-/total-proteins

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12777
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12777
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of CD155 knockdown on TNBC cell apoptosis was also assessed in 
vivo. TUNEL staining revealed that tumor tissues derived from 4T1 
cells with CD155 shRNA transfection harbored more apoptotic cells 
than those from 4T1 cells with control transfection (Figure S5A,B).

4  | DISCUSSION

CD155 is rarely expressed in most normal tissues. However, some 
human cancers such as colon cancer, pancreatic cancer and lung 
cancer harbor CD155 overexpression.21,31-33 Our study showed 
that CD155 was overexpressed in TNBC, but not in other subtypes. 
As TNBC patients usually have a poor outcome, we supposed that 
CD155 overexpression might be associated with an aggressive phe-
notype. Just as expected, in combination with in silico analysis, we 
found that CD155 was positively correlated with some mesenchy-
mal markers. Furthermore, CD155 knockdown induced a reverse 
process of EMT in mesenchymal-like breast cancer cells. These find-
ings indicate that CD155 is involved in the maintenance of breast 
cancer mesenchymal phenotype.

Mechanistically, EMT is driven by some EMT-TF. Our study revealed 
that CD155 modulated Zeb1 and Slug, but had no effect on Twist1 
and Snail (data not shown). Studies demonstrated that both Zeb1 and 
Slug played crucial roles in breast cancer cell EMT.13,34-36 Moreover, 
Zeb1 and Slug were shown to induce TNBC metastasis.37,38 Our study 
further indicated that CD155 knockdown induced mesenchymal-epi-
thelial transition, accompanied by decreased in vitro cell motility and 
in vivo metastasis. Together, these data suggest that Zeb1 and Slug 
are involved in the aggressive phenotype of CD155-associated TNBC.

We explored the molecular mechanisms underlying CD155-
induced EMT and metastasis. The IL-6/Stat3 pathway was iden-
tified to cross-talk with CD155 in TNBC cells. IL-6 was involved 
in TNBC cell growth, survival, migration, metastasis and stem-
ness.39-43 As a downstream intracellular molecule of IL-6, Stat3 
was also overactivated in TNBC, and associated with the aggres-
sive phenotype.44,45 Targeting IL-6/Stat3 was demonstrated to 
suppress breast cancer growth and metastasis in mouse xenograft 
models.39,44,46 Consistently, our study showed that CD155 knock-
down impaired not only TNBC cell metastasis but also growth and 
survival.

F I G U R E  6   CD155 knockdown suppresses breast cancer progression. A, Cell viability rates were measured using CCK-8 assays in MDA-
MB-231 and 4T1 cell lines. B and C, A colony formation assay was carried out to determine the stem-like effect of CD155 knockdown 
on MDA-MB-231 and 4T1 cell lines. The colonies were counted and captured. Representative photographs are shown at the original 
magnification. D and E, Early and late apoptosis assays with Annexin V/7-AAD staining were performed with flow cytometry in MDA-
MB-231 and 4T1 cell lines. The percentages of apoptosis cell populations have been quantified. F-I, The expression levels of Caspase-3 and 
Cleaved-Caspase-3 were detected by western blot in MDA-MB-231 and 4T1 cell lines. GAPDH was used as the loading control
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Our study revealed that CD155 knockdown significantly weak-
ened TGF-β expression, indicating that CD155 also cross-talked 
with TGF-β signaling. In TNBC, TGF-β was shown to induce EMT 
and metastasis.47-49 Smad family members such as Smad2, Smad3 
and Smad4 mediated these processes.48,50,51 Our in silico analysis 
showed that CD155 was positively correlated with TGF-β and Smad3 
but not Smad2 and Smad4. CD155 knockdown reduced Smad3 ex-
pression, further demonstrating Smad3 to be a downstream effector 
molecule of CD155 in TNBC.

The mechanism underlying CD155 overexpression in TNBC is un-
clear. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
were shown to stimulate CD155 expression.52,53 In fact, TNBC over-
produced ROS, which promoted TNBC cell stemness, chemoresistance 
and metastasis.54,55 Moreover, Ras/MAPK signaling was shown to be 
involved in CD155 overexpression.17 Activation of Ras due to the loss of 
its negative regulators was a common event in TNBC.56 Suppression of 
Ras/MAPK signaling inhibited TNBC cell EMT and metastasis.57

In summary, our study demonstrates for the first time that CD155 
is overexpressed in TNBC, which contributes to the aggressive phe-
notype. Mechanistically, IL-6/Stat3 and TGF-β/Smad3 pathways may 
be involved in CD155-associated TNBC cell EMT and metastasis. 
Suppression of cell motility and metastasis by CD155 knockdown sug-
gests that CD155 is a potential molecular target for TNBC.
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