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Abstract: Previous studies have identified that both CKLF-like MARVEL transmembrane domain-containing member 
(CMTM6) and Neuropilin-1 (NRP1) played an essential part in regulating tumorigenesis and immune response. 
However, the potential connection between CMTM6 and NRP1 in oral squamous cell carcinoma (OSCC) remains un-
known. In this study, we investigated the clinicopathologic significance of CMTM6 and NRP1 in OSCC. We examined 
the co-expression of CMTM6 and NRP1 in both OSCC tissues and cell lines. Co-overexpression of CMTM6 and NRP1 
was generally highly expressed in cancer tissues and is associated with poor prognosis. Gain- and loss-of-function 
assays confirmed the oncogenic properties of CMTM6 in OSCC cells. Depletion of NRP1 abrogated tumorigenesis 
induced by CMTM6. By performing co-immunoprecipitation (co-IP), we discovered a potential interaction between 
CMTM6 and NRP1. Meanwhile, the stability of CMTM6 was significantly decreased in the NRP1-silencing cells, in-
dicating the involvement of NRP1 in the degradation process of CMTM6. The crosstalk between CMTM6 and NRP1 
provided a new insight into the progression of OSCC, which may indicate an alternative strategy for OSCC treatment.
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Introduction

Oral squamous cell carcinoma (OSCC) is one of 
the most common cancers in the world with a 
5-year survival rate less than 50% and the 
exact etiology of OSCC is still unclear [1, 2]. 
Although progress has been made in the  
treatment of OSCC, the overall survival rate 
remains unsatisfactory [3]. Therefore, an im- 
proved understanding of the molecular of its 
occurrence and progress is of great urgency [4, 
5].

CKLF-like MARVEL transmembrane domain-
containing member (CMTM) is a novel gene 
family of proteins that link classical chemo-
kines and transmembrane-4 superfamily 
(TM4SF) and was first reported in 2003 [6]. 

CMTM6 has been proved to play a key role in 
secretory proteins and plays multiple roles  
in physiological and pathological processes 
[6-10]. Recently, Marian L Burr and colleagu- 
es discovered that CMTM6 could bind to PD- 
L1 to maintain its cell surface expression  
[11]. Riccardo mezzadra et al. reported that 
CMTM6 could associate with the PD-L1 pro- 
tein, reduce its ubiquitination and increase 
PD-L1 protein half-life [7]. CMTM6 depletion 
ameliorated PD-L1-mediated T-cell suppres- 
sion and suggested a potential value of CM- 
TM6 as therapeutic targets in PD-L1-PD-1 
blocking therapies. Other related studies have 
been demonstrated in non-small cell lung can-
cer, gastric cancer, triple-negative breast can-
cer and pancreatic cancer [9, 10, 12, 13]. 
Furthermore, CMTM6 was reported to be over-
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expressed in OSCC patients and participated in 
the regulation of cancer stem cells (CSCs) and 
correlated with Wnt/β-catenin-induced epithe- 
lial-mesenchymal transition (EMT) phenotype 
alteration [14]. 

Neuropilins (NRPs) were characterized original-
ly for their role in the development of nervous 
system [15, 16]. NRP1 is a 120 kDa type I 
transmembrane protein involved in a wide 
range of physiological and pathological pro-
cesses. NRP1 has been identified as a co-
receptor for multiple growth factors, including 
VEGF-A, FGF, HGF and others, and is express- 
ed on both epithelial and tumor cells [16-18].  
In breast cancer, positive regulation of the 
VEGF/NRP1 axis on the tumorigenesis and 
metastasis was associated with the enhanc- 
ing EMT process and the NF-κB and β- 
catenin signaling [19]. Our group has previou- 
sly demonstrated that higher NRP1 expres- 
sion levels were associated with lymph node 
metastasis and poor prognosis in OSCC 
patients [20]. NRP1 promoted the EMT pro- 
cess through NF-κB activation. More recently, 
Dario AA Vignali et al. showed that a high  
percentage of intratumoral NRP1+ Tregs were 
correlated with poor prognosis in OSCC [21]. 
Additionally, NRP1 was expressed on a subset 
of activated human CD4+ and CD8+ TIL dis-
playing PD-1hi status in NSCLC tumors, in- 
dicating the crucial role of NRP1 in PD-1 treat-
ment reactivity. As both CMTM6 and NRP1 
played an essential part in regulating tumori-
genesis and immune response, we doubted 
whether CMTM6 could interact with NRP1 thus 
mediate cell proliferation and invasion.

In this study, we analyzed CMTM6 and NRP1 
expression by IHC staining in OSCC tissue 
microarrays. We examined the co-expression  
of CMTM6 and NRP1 in both OSCC tissues  
and cell lines. CMTM6 was generally highly 
expressed in cancer tissues and is associated 
with OSCC metastasis and patient prognosis. 
Gain- and loss-of-function assays confirmed 
the oncogenic properties of CMTM6 in OSCC 
cells. Depletion of NRP1 abrogated tumorigen-
esis induced by CMTM6. By performing co-
immunoprecipitation, we discovered a poten-
tial interation between CMTM6 and NRP1. The 
crosstalk between CMTM6 and NRP1 provided 
a new insight into the progression of OSCC, 
which may indicate an alternative strategy for 
OSCC treatment.

Materials and methods

Tissue samples collection

This study was approved by the ethics com- 
mittee of Nanjing Medical University. In brief, 
we used 3 sets of OSCC tissue microarrays, 
including 244 cases of primary OSCC who  
had undergone surgical resection between 
2009 and 2014 in Stomatological Hospital of 
Jiangsu Province and 32 cases of normal  
oral mucosae (more details of the pathological 
characteristics were demonstrated in Table  
1). Patients were excluded who had been  
treated with molecular targeted therapy, che-
motherapy or radiotherapy before surgery. The 
clinicopathologic information was obtained 
from the patients’ electronic medical records 
including age, gender, tumor size, histological 
grade, lymph node and clinical stage (defined 
according to American Joint Committee on 
Cancer 7th edition) and follow-up information 
for overall survival rates. Informed consent was 
signed by all of the recruited patients.

We next collected cancer tissues and match- 
ed adjacent normal tissue samples from 50 
patients with histologically diagnosed OSCC 
cancer from Stomatological Hospital of Jiang-
su Province between 2018 and 2019. The  
corresponding clinicopathological data were 
presented in Table S1. After collection, all  
samples were immediately frozen in liquid  
nitrogen and stored at -80°C until further use. 
Written informed consent was obtained from 
patients included in the study. Both tumor and 
matched adjacent normal tissues were coll- 
ected and histologically confirmed by the 
Department of Pathology, Stomatological Hos- 
pital of Jiangsu Province.

Cell culture

Human OSCC cell lines (HN4, HN6, HN13, 
CAL27, SCC4 and SCC7) were obtained as  
previously described [22, 23]. Human normal 
oral keratinocytes (HOK) cells were obtained 
from the American Type Culture Collection 
(ATCC). All cells were incubated in the corre-
sponding medium containing 10% fetal calf 
serum (FBS, HyClone, USA). Cells were cul- 
tured in a humidified at mosphere at 37°C  
with 5% CO2. MG132 and Cycloheximide (CHX) 
were bought from Selleck (Selleck Chem, 
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Table 1. Correlation between CMTM6 or NRP1 and clinicopathologic characteristics in 244 OSCC cases

Pathologic characteristics n
CMTM6

P value
NRP1

P valueOverexpression 
(number of cases)

Nonoverexpression 
(number of cases)

Overexpression 
(number of cases)

Nonoverexpression 
(number of cases)

Age, years
    ≥ 60 134 77 57 0.6889 61 73 0.1484
    < 60 110 66 44 40 70
Sex
    Male 148 73 75 0.2901 59 89 0.5932
    Female 96 54 42 35 61
Smoking
    Yes 109 61 48 0.3247 63 46 0.8138
    No 135 67 68 76 59
Drinking
    Yes 90 44 46 0.5371 51 39 0.1625
    No 154 69 85 73 81
Location
    Palate 23 8 15 0.024 11 12 0.1879
    Tongue 82 53 29 39 43
    Gingiva 46 20 26 28 18
    Buccal 68 30 38 42 26
    Mouth floor 25 11 14 10 15
Tumor stage
    T1 109 44 65 T1 vs T2 < 0.001 40 69 T1 vs T2 = 0.1638
    T2 95 74 21 T1 vs T3-4 = 0.0163 44 51 T1 vs T3-4 = 0.0109
    T3-T4 40 25 15 24 16
Lymph node status
    N0 148 76 72 N0 vs N1 < 0.001 64 84 N0 vs N1 = 0.0045
    N1 41 33 8 N0 vs N2-3 < 0.001 28 13 N0 vs N2-3 < 0.001
    N2-3 55 45 10 42 13
Pathological grade
    I 135 62 73 I vs II = 0.4608 76 59 I vs II < 0.001
    II 28 15 13 I vs III < 0.001 6 22 I vs III < 0.001
    III 81 66 15 69 12
The P values represent probabilities for CMTM6 or NRP1 expression levels between variable subgroups determined by a χ2 test.



Tyrosinase inhibitory activity with some quercetin fatty esters

1694	 Am J Cancer Res 2020;10(6):1691-1709

Houston). Dimethyl sulfoxide (DMSO) was used 
for control.

Vector construction and transfection

The full-length coding region of CMTM6 and 
NRP1 cDNA was inserted into pcDNA 3.1  
vectors with myc-tag and were constructed  
by Generay Biotech (Shanghai, China). The 
shRNA targeting sequences specific for the 
human CMTM6 and the siRNA targeting 
sequences specific for the human NRP1  
were synthesized by Shanghai Genepharma 
(Shanghai, China). The sequences were as  
follows: shCMTM6-1: 5’-TGGAGAACGGAGCGG- 
TGTACA-3’; shCMTM6-2: 5’-GAGTCTCCTTATAC- 
TGATTGT-3’; shCMTM6-3: 5’-GCTGGCCTTCAT- 
CTGTGAAGA-3’; shNC: 5’-TTCTCCGAACGTGT- 
CACGT-3’; si-NRP1-1: 5’-GCUCUGGAAUGUUG- 
GGUAUTT-3’; si-NRP1-2: 5’-CCUUACAUCUCCU- 
GGUUAUTT-3’; si-NRP1-3: 5’-CCACAAGUCUC- 
UGAAACUUTT-3’; si-NC: 5’-GGGTATCGACGATT- 
ACAAA-3’. The interference efficiency was 
determined by qRT-PCR and was shown in 
Figure S1. The sequences of shCMTM6-1 and 
si-NRP1-2 and the corresponding control were 
introduced in this study. Cells utilized for  
transfection (5 × 105 cells/well) were grown to 
~60% confluence in recommended growth 
medium, and cells were starved in serum- 
free medium and incubated for 16 hours. HN6 
and CAL27 cells were transformed with the 
purified plasmids using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s 
instructions. For stably CMTM6 and shCMTM6 
transfected cells selection, 400 μg/ul puromy-
cin (Gibco) was added into the medium for 
about 2 wk to generate stable expressing cells. 

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Cells and tissue samples were collected to 
extract total RNA using TRIzol (Invitrogen, 
Carlsbad, CA, USA) reagent and cDNA was gen-
erated using Superscript (Vazyme, Nanjing, 
China) according to the manufacturer’s instruc-
tions. Relative expression levels of related 
genes were measured by the 2-ΔΔCT methods. 
The primers were listed as follows: CMTM6: F: 
5’-TTTCCACACATGACAGGACTTC-3’, R: 5’-GGC- 
TTCAGCCCTAGTGGTAT-3’; NRP1: F: 5’-CAGGT- 
GATGACTTCCAGCTCA-3’, R: 5’-CCCAGTGGCAG- 
AAGGTCTTG-3’; GAPDH: F: 5’-GAAGGTGAAGG- 
TCGGAGTC-3’, R: 5’-GAGATGGTGATGGGATTTC- 
3’.

Western blot analysis

Western blot analysis was performed as 
described before [22]. The proteins were incu-
bated with primary antibodies against CMTM6 
(HPA026980, Sigma-Aldrich), NRP1 (#81321, 
Abcam), cyclin E1 (#4129, CST), cyclin D1 
(#55506, CST), cyclin D3 (#2936, CST), CDK2 
(#2546, CST), CDK4 (#12790, CST), CDK6 
(#3136, CST), E-cadherin (#3195, CST), N- 
cadherin (ab18203, Abcam), snail (#3879, 
CST), slug (#9585, CST), Vimentin (#5741, 
CST), β-actin (AP0733, Bioworld, China) at 4°C 
overnight. The β-actin was regarded as the 
internal control.

Immunofluorescence staining

Briefly, cells were incubated with primary anti-
bodies against E-cadherin (#3195, CST), N- 
cadherin (ab18203, Abcam), Vimentin (#5741, 
CST), CMTM6 (HPA026980, Sigma-Aldrich) or 
NRP1 (60067-1-Ig, Proteintech) at a dilution of 
1:100 overnight. Cells were further incubated 
with FITC or Cy3-labeled goat anti-rabbit IgG  
or anti-mouse IgG (Proteintech) at a dilution  
of 1:500 for 30 minutes and then counter-
stained with 4’,6-di-amidino-2-phenylindole 
(DAPI; Sigma Chemicals). Plates were blindly 
examined and taken by a fluorescence micro-
scope (DM4000B, Leica, Germany). Images 
were overlayed and analyzed by ImageJ 
software.

Cell viability CCK-8 assay and colony formation 
assay

For CCK-8 assay, 1000 OSCC cells were pla- 
ted in 96-well plates. Cell viabilities were de- 
termined at 0, 1, 2, 3 and 4 days after cell 
attachment. At the end of each timing, 10 μL 
CCK-8 reagent (Dojindo, Japan) was introdu- 
ced to each well. Cell growth curves were plot-
ted according to the average absorption values 
of each experiment. For colony formation as- 
say, 500 stably transformed cells were plated 
in 6-well plates. After 2 wk of incubation, colo-
nies were fixed in 5% formalin and then stain- 
ed with crystal violet. Cell colony images were 
counted under the microscope (DM4000B, 
Leica, Germany) and analyzed by ImageJ.

Wound healing and cell invasion assays

Artificial wounds were prepared with a 200 μl 
sterile pipette tip across the cell surface. 
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Images of the same area of the wound were 
taken at 0H and 12H for calculating the clo- 
sure of the wound. Cell invasion was measured 
by 24-well plates in a matrigel-coated 8-μm 
pore size chamber (BD Biosciences). HN6 and 
CAL27 cells were respectively seeded on the 
chambers at densities of 1 × 105 cells per  
well. After 24 hours, cells attached to the  
lower layer were fixed with methanol and 
stained with methylene blue. The results were 
analyzed by counting the stained cells using 
microscopy in 3 randomly selected fields.

Flow cytometry cell cycle assay

1 × 106 cells/well HN6 stable transfected cells 
were plated in 6-well plates. Cells were then 
harvested and washed twice with PBS, and 
resuspended in 70% ice-cold ethanol for 2 
days. Then cells were washed and centrifuged 
and resuspended with 0.5 mL propidium iodide 
(PI) staining buffer for 30 min in the dark at 
room temperature. The cell cycle profiles were 
assessed by FACS can cytometry at 488 nm.

Immunoprecipitation

Cells were harvested and lysed in 600 μL of 
RIPA buffer (Beyotime) with protease inhibitors. 
Then cells were scraped up on ice and the 
supernatants were collected by centrifugation. 
The supernatants of cell lysates were interact-
ed with indicated antibodies, NRP1 (#81321, 
Abcam) or myc-tag (#ab32, Abcam) and Protein 
A/G PLUS-Agarose beads (Sigma-Aldrich) at 
4°C for 12 hours. After immunoprecipitation, 
the beads were washed thoroughly with cell 
lysis buffer. 60 μL of immunoprecipitated pro-
teins and 1 × SDS PAGE was boiled for 10 min-
utes and then the precipitated proteins were 
analyzed. 

Animal experiments

All animal investigations were approved by  
the institutional guidelines of Nanjing Medical 
University. Generally, 20 male nude mice  
(5 weeks old) were bought from the Model 
Animal Research Institute of Nanjing Univer- 
sity. A total of 4 groups were assigned as  
followed: CMTM6, CMTM6-Vector, shCMTM6 
and shNC. Stable transfected HN6 cells  
were centrifuged and resuspended in 50% 
matrigel and were subcutaneously injected  
into the flank of the nude mice (2 × 107 cells/ 
200 μL). Xenograft tumor size was examined by 
vernier caliper every three days, and tumor vol-

ume was measured according to the formula: 
volume = (length × width2)/2. After 18 days of 
injection, all nude mice were executed to 
assess tumor volume, weigh as well as 
immunostaining.  

Immunohistochemistry

Both tissue microarrays and xenograft tu- 
mor tissue sections were stained with pri- 
mary antibodies against CMTM6 (HPA026- 
980, Sigma-Aldrich) or NRP1 (#81321, Abcam) 
overnight following secondary antibody in- 
cubation for 30 minutes. All of the sec- 
tions were counterstained using haematoxy- 
lin, dehydrated, cleared and mounted before 
examination using a microscope (DM4000B, 
Leica, Germany). CMTM6 and NRP1 im 
munoreactivity in microarray samples was cal-
culated according to staining concentration 
and proportion semi-quantitatively. The score 
for the scale of positive cells was demonstrat- 
ed as follows: 0, negative; 1, < 20%; 2, 20- 
50%; 3, 51-75%; and 4, > 75% positive cells. 
For staining strength, grading system was  
classified as below: 0, no staining; 1, light yel-
low; 2, brownish yellow; 3, dark brownish yel-
low. The result was calculated by multiplying 
the two scores as mentioned above. Scores for 
> 4 points were regarded as positive.

Statistical analysis

The Chi-square test and t-test were utilized to 
analyze the correlation between CMTM6 or 
NRP1 expression levels and clinicopatholo- 
gical parameters. The association between 
CMTM6 and NRP1 co-overexpression and 
OSCC overall survival (OS) was estimated us- 
ing the log-rank test. OS was determined as  
the outcome variable. All images represent at 
least three individual experiments. The data 
were presented as the mean ± SD. Statistical 
significance was evaluated using Graghpad 
Prism 7.0. P < 0.05 was considered as statisti-
cal significance for all tests (*P < 0.05, **P < 
0.01, ***P < 0.001). 

Results

Clinicopathologic characteristics of CMTM6 
and NRP1 expression by tissue microarrays

To determine the potential role of CMTM6  
and NRP1 in OSCC, we examined the ex- 
pression of CMTM6 and NRP1 in tissue micro-
arrays consisting of human OSCC (n = 244)  
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and normal mucosal tissues (n = 32). Both 
CMTM6 and NRP1 were highly expressed in 
tumor tissues compared with normal oral 
mucosa (Figure 1A, 1B). In normal oral muco-
sa, CMTM6 was mostly confined to the nu- 
cleus with lower expression compared with 
tumor tissues (Figure 1A). Notably, OSCC  
samples tended to have stronger membrane 
and cytoplasmic staining of CMTM6, and the 
staining was co-expressed with NRP1 in  
OSCC (Figure 1C). We then analyzed the  
connection between CMTM6 and NRP1 ex- 
pression with clinicopathological features 
(Table 1). Results showed that either increas- 
ed CMTM6 or NRP1 expression was correlat- 
ed with lymph node metastasis (Figure 1D)  
and higher pathological grade (Figure 1E). 
Elevated CMTM6 or NRP1 staining was de- 
tected in higher clinical tumor stages (Figure 
1F). By performing the Spearman’s rank  
correlation coefficient test and linear tenden- 
cy test, we found that NRP1 expression in  
OSCC was significantly correlated with CM- 
TM6 (P < 0.001, r = 0.4906) (Figure 1G). The 
Kaplan-Meier curves indicated that co- 
expression of increased CMTM6 and NRP1  
was related to lower overall survival in OSCC 
patients, p (CMTM+/NRP1+ vs CMTM-/NRP1-) 
= 0.0018 (Figure 1H). 

Correlation between CMTM6 and NRP1 in 
OSCC samples and cell lines

To further clarify the role of CMTM6 and NRP1 
in OSCC, we collected tissue biopsies from 
patients who were clinically diagnosed as 
OSCC. We first tested the mRNA and protein 
levels of CMTM6 and NRP1 in 50 OSCC  
tissue samples and the corresponding adja-
cent tissues. The qRT-PCR results demon- 
strated that the CMTM6 and NRP1 mRNA  
relative fold changes in tumor tissues were 
markedly higher than that in paired normal tis-

sues (Figure 2A). In addition, both CMTM6  
and NRP1 protein expression levels were sig-
nificantly elevated in OSCC tissues compared 
to nontumor tissues (Figure 2B). Scatter plots 
showed that CMTM6 and NRP1 mRNA and  
protein levels were positively correlated in 
OSCC samples (Figure 2C, 2D). Consistent  
with the results in tissue samples, analysis in 
The Cancer Genome Atlas (TCGA) of multiple 
cancer types showed that CMTM6 mRNA 
expression levels were positively related to 
NRP1 mRNA levels, including head and neck 
cancer (Figures 2E, S2). We then assessed the 
CMTM6 and NRP1 mRNA expression levels 
(Figure 2F) in OSCC cell lines and human nor-
mal oral keratinocytes (HOK). The results 
revealed that both CMTM6 and NRP1 mRNA 
levels were higher than that in HOK cells.

CMTM6 accelerates the proliferation of OSCC 
cells

To further explore the effect of the CMTM6 in 
OSCC cell lines, we transfected HN6 and  
CAL27 cells with CMTM6 overexpressed plas-
mid or CMTM6 short hairpin RNA (shRNA).  
After stable cells selection, the efficiency of 
transfection was confirmed by qRT-PCR (Fi- 
gure 3A). Importantly, mRNA levels of NRP1 
were elevated after CMTM6 overexpression 
and reduced by CMTM6 silencing (Figure  
3B). Western blotting analysis was consistent 
with qRT-PCR results (Figure 3C), indicating  
the plausible interaction between CMTM6 and 
NRP1. Rescue experiments showed the effec-
tive inhibition of shCMTM6 plasmids in both 
HN6 and CAL27 cells (Figure 3D). 

We then tested cell proliferative potential in 
OSCC cell lines. Much higher cell densities  
for the CMTM6-overexpressing cells were ob- 
served by colony formation assay when com-
pared to the vector controls, and CMTM6 

Figure 1. Clinicopathologic characteristics of CMTM6 and NRP1 expression by tissue microarrays. (A) Expression 
of CMTM6 and NRP1 in normal oral mucosa. (a, b) Both CMTM6 and NRP1 IHC staining was relatively low in nor-
mal oral tissues. (c, d) CMTM6 staining was mostly confined to the nucleus with lower expression in normal oral 
mucosa. NRP1 protein was co-expressed with CMTM6. (B) IHC staining analysis of CMTM6 and NRP1 expression in 
244 OSCC tumors (T) and 32 normal oral tissues (NT). (C) The weak (a, b), moderate (c, d) and strong (e, f) levels of 
CMTM6 and NRP1 staining were demonstrated. OSCC samples tended to have stronger membrane and cytoplasmic 
staining of CMTM6, and the staining was co-expressed with NRP1. (D) Quantification analysis of CMTM6 and NRP1 
staining in OSCC with different lymph node metastasis status. (E) Quantification analysis of CMTM6 and NRP1 stain-
ing in OSCC with different pathological grades. (F) Scores for CMTM6 and NRP1 staining in different tumor stages. 
(G) Scatter plots showed a positive correlation between CMTM6 and NRP1 IHC staining in tissue microarrays. R = 
0.4906, P < 0.001. (H) Kaplan-Meier survival analysis showed that co-overexpression of CMTM6 and NRP1 had 
a shortened overall survival (OS) compared with the nonoverexpression of CMTM6 and NRP1. All error bar values 
represent the SD. Scale bar, 100 μm.
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silencing inhibited colony formation compared 
with negative control (Figure 4A). Consistent- 
ly, CCK-8 assays demonstrated that CMTM6 
overexpression accelerated cell proliferation 
and cell proliferative rate was restrained after 
CMTM6 suppression (Figure 4B). 

Moreover, cell cycle analysis was performed  
to determine whether CMTM6 enhanced cell 
proliferation via alteration of the cell cycle.  
As expected, CMTM6 overexpression triggered 
G1 to S + G2 phases of cell cycle and CMTM6 
suppression blocked the cell cycle at G1 phase 
(Figure 4C). We then analyzed related cell-cy- 
cle proteins by western blot [24]. Overexpress- 
ion or silencing of CMTM6 was related to up-
regulated or down-regulated cyclin-dependent 
kinases levels (Figure 4D).

We then observed the in vivo tumor formation 
in a mouse xenograft model. CMTM6 overex-
pression significantly induced tumor growth 
compared with control. By the contrary, trans-
fection of stale shCMTM6 inhibited tumor pro-
gression in vivo (Figure 4E). Tumor proliferative 
curve, volumes and weight of tumors were pre-
sented in Figure 4F-H.

CMTM6 promotes cell migration and invasion 
in vitro

Wound healing and Transwell assays were per-
formed to determine the alteration of cell mig- 
rative and invasive ability in OSCC cell lines.  
In wound healing assay, we found that the cell 
migration ability was elevated in the CMTM6 
overexpression group (Figure 5A). Moreover, 

Figure 2. Correlation between CMTM6 and NRP1 in OSCC samples and cell lines. (A) qRT-PCR analysis of CMTM6 
and NRP1 mRNA expression in 50 OSCC tumors (T) and peritumoral oral tissues (NT). (B) Representative Western 
blotting analysis of CMTM6 and NRP1 protein expression. (C, D) Scatter plots show a positive correlation between 
CMTM6 and NRP1 at the mRNA (C) and protein (D) levels in 50 pairs of OSCCs (r = 0.4314, P < 0.0001 and r = 
0.4957, P < 0.001). (E) Expression correlation between CMTM6 and NRP1 mRNA expression in the TCGA HNSCC 
database (starBase v3.0 project). Correlation was analyzed using Spearman’s correlation coefficient test, r = 0.394, 
P < 0.001, n = 502. (F) Quantification of CMTM6 and NRP1 mRNA expression levels using qRT-PCR analysis in 6 
OSCC cell lines and human normal oral keratinocytes (HOK) cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Efficiency of CMTM6 overexpression and knock-down was assessed by qRT-PCR and Western blotting analysis. A. CMTM6 overexpressed plasmids or 
CMTM6 short hairpin RNA (shRNA) plasmids were transformed in HN6 and CAL27 cells. After stable cells selection, the efficiency was confirmed by qRT-PCR analy-
sis. B. NRP1 mRNA expression in cells stably transfected with the CMTM6 or shCMTM6 plasmids. C. Western blot analysis of CMTM6 and NRP1 expression in HN6 
and CAL27 cells stably transfected with the CMTM6 overexpressed plasmids or the shCMTM6 plasmids. D. Rescue experiments were confirmed by Western blotting 
analysis.
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Figure 4. CMTM6 accelerates the proliferation of OSCC cells. (A) Colony formation assay demonstrated much higher cell densities for the CMTM6-overexpressing 
cells compared with cells transfected with empty vector. Meanwhile, CMTM6 silencing inhibited colony formation compared with negative control. (B) CCK-8 assay 
showed that CMTM6 overexpression accelerated cell proliferation and cell proliferative rate was restrained after CMTM6 suppression. (C) CMTM6 transfected cells 
presented a significantly lower percentage of G1 phase and higher ratio of S phase than the control cells. By contrary, shCMTM6 ceased the cell cycle. (D) Proteins 
related to cell-cycle progression were detected by Western blot analysis. (E) CMTM6 over-expression promoted tumor growth in vivo. Depletion of CMTM6 inhibited 
tumor progression in vivo. The tumors dissected from mice were presented below. (F-H) Evaluation on xenografted tumor growth curves (F), tumor volumes (G) and 
tumor weight (H). *P < 0.05, **P < 0.01, ***P < 0.001.
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we observed that the CMTM6 over-expressed 
OSCC cells invaded through the matrix quick- 
er than in the control group (Figure 5B). 
Accordingly, CMTM6 silencing greatly inhibited 
cell migration and invasion in HN6 and CAL27 
cells (Figure 5A, 5B). 

There is considerable evidence linking EMT to 
tumor invasion and metastasis, and EMT is  
frequently observed in OSCC [25, 26]. Gener- 
ally, EMT is characterized by the down-regula-
tion of epithelial markers (e.g., E-cadherin)  
and the up-regulation of mesenchymal mark- 
ers (e.g., N-cadherin and Vimentin) [27]. To  
verify the alteration of EMT markers regulat- 
ed by CMTM6, we analyzed E-cadherin, N- 
cadherin, Vimentin and EMT-inducers in OSCC 
cells. We noticed a decrease in E-cadherin, 
accompanied by increased N-cadherin, Vi- 
mentin and snail family protein expression  
in CMTM6-overexpressed cells (Figure 5C). 
Downregulation of CMTM6 restrained the  
EMT process, as revealed by increased E- 
cadherin and decreased mesenchymal mark-
ers (Figure 5C). Similarly, Immunofluorescence 
staining showed that the epithelial markers 
E-cadherin were downregulated in CMTM6-
overexpressed cells, with an increase in the 
expression of N-cadherin and Vimentin (Figure 
5D).

NRP1 is essential for CMTM6-mediated OSCC 
proliferation and invasion

We have previously noticed that NRP1 expres-
sion was positively associated with CMTM6  
levels in OSCC. To discover the interaction 
between CMTM6 and NRP1 in OSCC, we first 
examined the co-localization of CMTM6 and 
NRP1 by confocal microscopy. The microscopy 
detected a similar localization of CMTM6 and 
NRP1, which suggested a potential interaction 
between the two putative proteins (Figure 6A). 

Mice xenograft tumors were also analyzed by 
IHC to detect the co-expression of CMTM6 and 

NRP1. Both CMTM6 and NRP1 proteins were 
mainly presented on the membrane. Mean- 
while, overexpression of CMTM6 resulted in 
higher NRP1 protein staining (Figure 6B). 

To further confirm that CMTM6 promoted OS- 
CC proliferation and invasion by regulating 
NRP1, we decreased the expression of NRP1  
in CMTM6 overexpressed or knockdown cells. 
We then discovered the protein expression of 
CMTM6 and NRP1 as well as cell proliferation 
and invasion abilities by Western blot, CCK-8 
and Transwell assays. Immunoblotting re- 
sults demonstrated that the upregulation of  
CMTM6 increased the protein levels of NRP1, 
whereas the NRP1-depletion restrained the 
upregulation of NRP1 induced by CMTM6 
(Figure 6C). Meanwhile, depletion of CMTM6 
significantly reduced the expression of NRP1 
(Figure 6C). In addition, NRP1 silencing sup-
pressed the elevated cell proliferative and  
invasive ability promoted by CMTM6 (Figure 
6D, 6E). Thus, these results indicated the 
essential role of NRP1 in CMTM6-mediated 
OSCC proliferation and invasion.

NRP1 interacts with CMTM6 protein in OSCC 
cells

To further verify whether there was a relation-
ship between endogenous CMTM6 and NRP1 
protein, we performed co-IP and the Yeast  
two-hybrid assays. The western blotting re- 
sults confirmed a potential interaction be- 
tween CMTM6 and NRP1 in OSCC cells  
(Figure 7A). However, we did not discover a 
direct activation through the Yeast two-hybrid 
system (Figure S3). Endogenous CMTM6 and 
NRP1 accumulation correlated with the con-
centration and duration of exposure to the  
proteasome inhibitor MG132 (Figure 7B). 
Cycloheximide (CHX) experiments were then 
carried out in HN6 and CAL27 cells. Both 
CMTM6 and NRP1 proteins were increased in 
response to CHX (Figure 7C). To explore wheth-

Figure 5. CMTM6 promotes cell migration and invasion in vitro. A. Wound healing assay showed that the cell mi-
gration ability was significantly increased in the CMTM6-overexpression group. Meanwhile, the wound closure was 
delayed in CMTM6 stable knockdown cells compared with shNC control at both the 12-hour time point. B. Transwell 
assays of HN6 and CAL27 cells with stable CMTM6 overexpression or CMTM6 knockdown. Magnification: × 100. C. 
EMT-related proteins were introduced in the experiment. CMTM6 promoted the expression of mesenchymal mark-
ers (N-cadherin, Vimentin, snail and slug) and reduced the expression of E-cadherin. Downregulation of CMTM6 
restrained the EMT process. D. Immunofluorescence staining showed that the epithelial markers E-cadherin were 
downregulated in CMTM6-overexpressed cells, with an increase in the expression of N-cadherin and Vimentin. Scale 
bar, 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. NRP1 is essential for CMTM6-mediated OSCC proliferation and invasion. (A) Confocal microscopy was uti-
lized to capture the subcellular localization of CMTM6 (red) and NRP1 (green) expression in HN6 and CAL27 cells, 
followed by DAPI nuclear counterstaining (blue). Scale bar, 20 μm. (B) Mice xenograft tumors were analyzed by IHC 
to detect the co-expression of CMTM6 (a-d) and NRP1 (e-h). Overexpression of CMTM6 (a) resulted in higher NRP1 
(e) protein staining. Scale bar, 50 μm. (C) Western blotting analysis was utilized to assess the expression of NRP1 in 
CMTM6 overexpressed or knockdown cells with the transfection of si-NRP1. (D) CCK-8 assay showed that the deple-
tion of NRP1 significantly reduced the cell proliferation in CMTM6-overexpressed cells. (E) Transwell assay showed 
an increased invasive ability in CMTM6-transfected cells and the ability was restrained by NRP1 knockdown. Mag-
nification: × 100. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 7. NRP1 interacts with CMTM6 protein in OSCC cells. A. Co-IP between endogenous CMTM6 and NRP1 with 
NRP1 antibody or igG in HN6 and CAL27 cells. B. HN6 and CAL27 cells were treated with MG132 (10 µM) for the 
indicated times, and then the levels of CMTM6 and NRP1 were detected by Western blot analysis. C. HN6 and CAL27 
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er NRP1 played a role in regulating the degra-
dation of CMTM6 protein, we transformed the 
CMTM6 plasmids into HN6 and CAL27 cells 
and detected the effects of CMTM6 on NRP1 
expression, either with or without CHX (Figure 
7D). The degradation dynamics assay showed 
that the half-life of CMTM6 was increased in 
the NRP1-overexpressed cells compared to 
that in the control cells. Finally, we added 
MG132 to cells transfected with CMTM6 and 
the lysates were mixed with a myc-tag anti- 
body for immunoprecipitation (Figure 7E). 
Results showed that MG132 promoted the 
level of CMTM6 and NRP1, suggesting that 
NRP1 stabilized CMTM6 protein expression in 
OSCC cells.

Discussion

OSCC is one of the most common malignant 
tumors with high mortality rate in the world 
[28]. However, because of the complex me- 
chanism, the exact carcinogenesis of OSCC is 
still unknown. Recently, two papers have  
indicated that CMTM6 was a critical regulator 
of PD-L1 [7, 11]. CMTM6 stabilized PD- 
L1 expression in tumor cells against T cells.  
On the contrary, the depletion of CMTM6 
relieved T cell immunosuppression. Although 
CMTM6 and immune responses have been 
explored in recent years, the endogenous  
connection between CMTM6 and other re- 
gulating genes is poorly understood. Recently, 
there has been an increasing interest in NRP1 
as a mediator of tumor development and pro-
gression [29]. Overexpression of NRP1 was 
associated with tumor progression and poor 
clinical outcome. However, the mechanism by 
which this activity is mediated remains unclear.

To explore the potential connection between 
CMTM6 and NRP1 in OSCC, we first analyzed 
the expression of CMTM6 and NRP1 in tissue 
microarrays. CMTM6 and NRP1 were co-over-
expressed in tumor tissues and were signifi-
cantly correlated with the clinicopathological 
characteristics and prognosis of patients with 
OSCC. Our gain- and loss-of-function studies 

revealed that CMTM6 promoted the cell prolif-
eration, migration and invasion, indicating  
that CMTM6 led to carcinogenesis in OSCC. To 
further determine the regulation of NRP1 on 
CMTM6 in OSCC cells, we performed immuno-
fluorescence staining and rescue experi- 
ments. We found that endogenous CMTM6  
and NRP1 co-localized on the surface of tumor 
cells. Western blotting analysis showed that 
the upregulation of CMTM6 increased NRP1 
expression, whereas the downregulation of 
NRP1 attenuated the upregulation of NRP1 
expression in CMTM6 overexpressed OSCC 
cells. Studies on phenotypic alteration experi-
ments showed that the silencing of NRP1  
greatly reduced cell proliferation and invasion 
caused by CMTM6 overexpression. We fur- 
ther discovered the involvement of NRP1 in  
the degradation process of CMTM6. Endo- 
genous CMTM6 and NRP1 accumulation  
correlated with the duration of exposure to  
the proteasome inhibitor. Meanwhile, the  
half-life of CMTM6 was significantly increased 
in the NRP1-overexpressed cells compared  
to that in the control cells. However, we did  
not discover an explicit activation between 
NRP1 and CMTM6 in the Yeast two-hybrid  
system. The exceeded length of NRP1 full-
length protein may lower the possibility of in- 
teraction between the two proteins in vitro.

As a co-receptor for multiple growth factors, 
including VEGF-A, FGF, HGF and others, NRP1 
has been identified to be expressed on both 
endothelial and tumor cells. Specifically, VEGF/
NRP1 axis contributed to key aspects of  
tumorigenesis including the self-renewal and 
survival of CSCs [16, 18, 19]. In our current 
study, we noticed a positive staining on CM- 
TM6 and NRP1 in tumor endothelial cells (data 
not shown). In addition to the significant roles 
on neoplastic epithelial cells, CMTM6 may also 
have positive effect on tumor endothelial cells. 
The potential mechanism of CMTM6/NRP1 axis 
on angiogenesis may provide a new insight into 
cancer therapy.

cells were subjected to cycloheximide (CHX) (20 µM) exposure at the indicated times and the levels of CMTM6 and 
NRP1 were determined by Western blot analysis. D. HN6 and CAL27 cells were transfected with the plasmid encod-
ing CMTM6 either in combination with the NRP1 plasmid or without combination. Then, the cells were treated to 
CHX (20 µM) exposure at the indicated times, and the expression of CMTM6 and NRP1 was detected. E. Cell lysates 
were prepared and subjected to immunoprecipitation with anti-myc-tag antibody. The level of NRP1 was detected by 
Western blotting analysis. **P < 0.01, ***P < 0.001.
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EMT is a biological process in which non- 
motor epithelial cells are transformed into  
mesenchymal phenotypes and is thought to  
be the primary mechanism of cancer cell  
migration and invasion [30, 31]. It is character-
ized by loss of E-cadherin, enhanced cell  
movement, and acquisition of N-cadherin and 
vimentin [25]. In the present study, we found 
that overexpression of CMTM6 significantly  
promoted cell migration and invasion. In  
addition, we observed that overexpression of 
CMTM6 attenuated the expression of E- 
cadherin and elevated the protein levels of 
N-cadherin, Vimentin and EMT-inducers in  
HN6 and CAL27 cells. Except for the above  
EMT makers, we also tested the level of 
β-catenin which is proved to be formed a  
complex with E-cadherin at the cell me- 
mbrane and played a role in maintaining the 
adhesion of homotype cells and preventing  
cell movement [32]. However, we did not no- 
tice a visible change on the total level of 
β-catenin in both CMTM6 overexpressed or 
silencing tumor cells (data not shown). The 
abnormity of β-catenin expression may reflect 
the potential interaction between CMTM6 and 
Wnt/β-catenin signaling [14].

In summary, our study reported a regulatory 
network of CMTM6 and NRP1 expression in 
OSCC. Identification of the clinical and molecu-
lar association between CMTM6 and NRP1 
expression in OSCC may provide a new thera-
peutic insight and thus improve the current 
treatment.
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Table S1. Clinical features of 50 patients with OSCC
No. Age Sex Location TNM Differentiation
1 81 F Gingiva T3N0M0 Well
2 53 M Floor of mouth T2N0M0 Poor
3 66 M Gingiva T2N2bM0 Moderate
4 67 F Floor of mouth T2N0M0 Moderate to poor 
5 62 M Gingiva T2N0M0 Moderate
6 61 F Buccal T2N2bM0 Moderate
7 62 M Tongue T1N0M0 Moderate to poor
8 64 M Floor of mouth T1N2bM0 Well
9 65 F Gingiva T2N0M0 Well
10 46 M Tongue T2N2bM0 Moderate to poor
11 70 M Gingiva T3N0M0 Moderate
12 62 M Buccal T3N2bM0 Moderate to poor
13 50 F Tongue T3N2bM0 Moderate
14 34 M Tongue T1N2bM0 Moderate to poor
15 51 F Buccal T2N1Mo Poor
16 74 M Buccal T2N0M0 Moderate
17 59 M Tongue T2N0M0 Moderate to poor
18 57 M Palate T3N0M0 Well
19 65 M Gingiva T2N0M0 Poor
20 52 M Palate T2N1M0 Moderate
21 65 M Tongue T2N2bM0 Moderate to poor
22 67 F Gingiva T2N2bM0 Moderate
23 77 M Gingiva T3N1M0 Poor
24 54 F Buccal T1N2bM0 Moderate
25 66 M Tongue T2N2cM0 Moderate to poor
26 62 M Oropharynx TisN0M0 Well
27 67 F Buccal T1N0M0 Well
28 74 F Gingiva T3N2bM0 Moderate to poor
29 69 M Gingiva T1N2bM0 Moderate
30 63 M Tongue T2N2bM0 Moderate
31 43 M Tongue T2N2aM0 Poor
32 60 F Gingiva T1N0M0 Well
33 62 F Buccal T3N0M0 Moderate to poor
34 77 M Tongue T3N2bM0 Well
35 56 M Buccal T2N1M0 Moderate
36 39 F Tongue T3N2bM0 Moderate
37 48 M Buccal T1N1M0 Moderate to poor
38 51 M Floor of mouth T1N0M0 Well
39 62 F Oropharynx T2N0M0 Moderate to poor
40 70 F Tongue T2N1M0 Poor
41 52 F Floor of mouth T3N2bM0 Poor
42 47 M Gingiva T1N1M0 Moderate
43 66 M Palate T1N2aM0 Poor
44 61 M Tongue T3N1M0 Moderate to poor
45 56 F Tongue T2N0M0 Moderate
46 71 M Tongue T2N1M0 Moderate
47 42 M Floor of mouth T3N2cM0 Moderate to poor
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48 33 M Tongue T2N2bM0 Moderate
49 45 F Tongue T3N2cM0 Well
50 58 F Buccal T1N0M0 Moderate
OSCC oral squamous cell carcinoma, F female, M male; TNM classification 
and tumor stage were determined by the Union for International Cancer 
Control (UICC).

Figure S1. The interference efficiency was determined by qRT-PCR. The sequences of shCMTM6-1 and si-NRP1-2 
and the corresponding control were introduced in this study.
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Figure S2. Analysis in The Cancer Genome Atlas (TCGA) of multiple cancer types showed that CMTM6 mRNA expression levels were positively related to NRP1 mRNA 
levels.
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Figure S3. The Yeast two-hybrid assay was performed to verify the physical interaction between NRP1 and CMTM6. 
The DNA sequences encoding NRP1 and CMTM6 gene were cloned into the PBT3-N and PPR3-N vector, respective-
ly. NRP1 worked as the Bait (pBT3-N-NRP1). CMTM6 was the Prey (pPR3-N-CM6). A. Bait plasmid toxicity detection 
and self-activation detection. The three plates from left to right were SD/-Leu/-Trp, SD/-Leu/-Trp/X, SD/-Leu/-Trp/ 
-His. B. Both recombinant plasmids were co-transformed into the yeast strain NMY51. Protein interaction enables 
the yeast to make the His3 enzyme, thereby permitting histidine biosynthesis and growth on His minimal medium. 
Colony formation was not detected in the SD/-Leu/-Trp/-His plate, therefore, protein interaction was not existed. C. 
Point board verified the result. 1: co-transformation of pBT3-N-NRP1 and pPR3-N. 2: co-transformation of pBT3-
N-CM6 and pPR3-N-POST-Nubal. 3: co-transformation of pBT3-N-NRP1 and pPR3-N-CM6. +: co-transformation of 
pTSU2-APP and pNubG-Fe65 (positive control). -: co-transformation of pBT3-SUC and PPR3-N (negative control).


