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The invasion-metastasis cascade is one of the most important factors relating to poor

survival and prognosis of malignant melanoma (MM) patients. Long non-coding RNA

lymph node metastasis associated transcript 1 (LNMAT1) is a key regulator in lymph

node metastasis of multiple cancer types, but the roles and underlying mechanisms

of LNMAT1 in the invasion-metastasis cascade of MM remain unclear. In the present

study, we aimed to investigate the expression and function of LNMAT1 in MM. Here, we

found that LNMAT1 was upregulated in MM tissues and cells, and its expression levels

were further enhanced in MM patients with lymph node metastasis and metastatic MM

cells. Using loss-of-function assays, we found that LNMAT1 promoted cell migration

and invasion and lung metastasis in MM in vitro and in vivo. Moreover, we found that

cell adhesion molecule 1 (CADM1), the established tumor suppressor in MM, was the

downstream target of LNMAT1. Mechanistically, LNMAT1 epigenetically suppressed

CADM1 expression by recruiting EZH2, the key regulator of trimethylation of histone H3

at lysine 27 (H3K27me3), to the CADM1 promoter, resulting in transcriptional inhibition

of CADM1. Lastly, rescue assays demonstrated that LNMAT1 promoted cell migration

and invasion of MM by suppressing CADM1 expression. Our findings elucidate a new

mechanism for LNMAT1-mediated invasion-metastasis cascade in MM and suggest that

LNMAT1 may be a new therapeutic target and prognostic predictor for MM.
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INTRODUCTION

It is estimated that there will be 96,480 newly diagnosed malignant melanoma (MM) cases in
2019 in the United States following a drastically increased incidence throughout the last decade
(1). Despite continuous improvement in diagnosis and treatment, the current recommended
maintenance schedules, from radical resection to molecular-targeted drugs, are only effective in
a subset of patients (2, 3). Tumors spread to distant sites or visceral organs in some early diagnosed
patients, and the 5-year overall survival rate remains extremely disappointing for this subset of
patients (4). Hence, it is highly important to explore new detailed mechanisms that account for the
invasion-metastasis cascade in MM.
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Long non-coding RNAs (lncRNAs) are reported to play
pivotal roles in a wide range of vital biological processes (5, 6).
More importantly, lncRNAs have also been identified as crucial
regulators in the metastasis of multiple cancer types and function
as oncogenes or tumor suppressors depending on the cancer
type or circumstance (7). Regarding MM, it was reported that
lncRNAs could function as molecular scaffolds to regulate the
expression levels and functions of established oncogenes or
tumor suppressors by interacting with RNA-binding proteins
(8–10). Nevertheless, only a few lncRNAs have been functionally
characterized in MM, and the mechanisms underlying their
biological functions are yet to be fully elucidated. Long intergenic
non-coding RNA 01296 (Linc01296), also known as lymph
node metastasis associated transcript 1 (LNMAT1), is located
in chromosome 14q11.2 and was identified as a metastasis-
promoting gene in multiple cancer types (11, 12). It was reported
that LNMAT1 could promote invasion and metastasis by either
functioning as a ceRNA (13) or by interacting with RNA-binding
proteins (14). However, the expression pattern and functions of
LNMAT1 in MM remain unclear.

CADM1, a member of the cell adhesion molecule family, has
been proven to be a tumor suppressor in many cancers, including
breast cancer (15), esophageal squamous cell carcinoma (16),
and hepatocellular carcinoma (17). In MM, it was reported that
the expression of CADM1 was also significantly downregulated
and functions as a tumor suppressor by suppressing matrix
metalloproteinases (MMPs) in MM (18, 19). However, the
regulating mechanism of CADM1 in MM is not fully elucidated.

In the current study, we determined that LNMAT1 was
upregulated in MM tissues and cells, with enhanced expression
in patients with lymph node metastasis and metastatic MM
cell lines. More importantly, we found that LNMAT1 inhibited
invasion and lung metastasis by suppressing CADM1 expression
by recruiting EZH2 to its promoter. Our study indicates that
LNMAT1 promotes the invasion-metastasis cascade and may be
a potential therapeutic target in MM.

MATERIALS AND METHODS

Clinical Specimens
This study was carried out in accordance with the
recommendations of Ethical Committee of the First Affiliated
Hospital of Xi’an Jiaotong University. The protocol was approved
by the Ethical Committee of the First Affiliated Hospital of Xi’an
Jiaotong University. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. A total of 13
human MM tissues of diagnosed MM patients and 13 benign
nevi (BN) tissues of healthy controls were resected and collected
at the First Affiliated Hospital of Xi’an Jiaotong University from
2010 to 2017. Written informed consent was obtained from the
participants enrolled in this study. Detailed information about
the MM patients is provided in Supplementary Table 1.

Cell Culture
Humanmalignant melanoma cell linesWM35, A375, A2058, and
mouse malignant melanoma cell line B16/F10 were purchased
from GeneChem (Shanghai, China), and human epidermal

melanocytes HEMa-LP were purchased from ThermoFisher
(ThermoFisher, MA, USA). HEMa-LP cells were cultured in
Medium 254 (ThermoFisher, MA, USA) supplemented with
human melanocyte growth supplement, and WM35, A375,
A2058, and B16/F10 cells were cultured in Dulbecco’s modified
eagle medium (DMEM, Gibco, NY, USA) supplemented with
10% fetal bovine serum (Cellmax, Beijing, China) at 37◦C in a
humidified atmosphere of 5% CO2.

shRNA Infection and siRNA Transfection
Lentiviral small hairpin RNA (shRNA) directed against LNMAT1
in human and mouse-derived cells and scrambled negative
control (NC) shRNA were designed and provided by GeneChem
(Shanghai, China). Briefly, the LNMAT1 shRNAs targeting
human LNMAT1 and NC shRNAs were cloned into the Bam I
and Age I sites of the CV146 core vector (Ubi-MCS-SV40-firefly-
Luciferase-IRES-Puromycin). The LNMAT1 shRNAs targeting
mouse LNMAT1 and NC shRNAs were cloned into the Bam
I and Age I sites of the GV260 core vector (hU6-MCS-
Ubi-firefly-Luciferase-IRES-Puromycin). Then, 20 µg CV146-
LNMAT1 shRNAs/NC shRNAs for human LNMAT1 knockdown
or GV246-LNMAT1 shRNA/NC shRNAs for mouse LNMAT1
knockdown along with lentiviral packaging helper plasmid
Helper 1.0 (15 µg) and Helper 2.0 (10 µg) were co-transfected
into 293T cells by Lipofectamine 2000. The cell supernatant
was collected 48 h later and then centrifuged to concentrate and
purify human and mouse LNMAT1 shRNAs and NC shRNAs.
LNMAT1 siRNA, CADM1 siRNA, and scrambled NC siRNA
were synthesized and provided by Ribobio (Guangzhou, China).
The sequences for shRNAs and siRNAs used in our study are
provided in Supplementary Table 2.

For shRNA infection, MM cells were seeded in six-well
plates and infected by HiTransG A (Genechem) according to
the manufacturer’s protocol. Then, MM cells were selected
with puromycin for 2 weeks to remove uninfected MM
cells and obtain stable LNMAT1 knockdown cells. The stable
LNMAT1 knockdown MM cells were collected for qRT-PCR,
western blot (WB), transwell assays, wound healing assays, and
animal experiments.

For siRNA transfection, MM cells were seeded in six-well
plates and transfected by Lipofectamine 2000 (ThermoFisher)
according to the manufacturer’s protocol. After 48 h, cells were
collected for qRT-PCR,WB, transwell, and wound healing assays.

Migration and Invasion Assays, Wound
Healing Assays, and WB
The number of migratory and invasive cells with LNMAT1
NC and LNMAT1 shRNA were measured by transwell assay
(Corning, NY, USA) with or without Matrigel (BD, CA, USA),
and the migratory distance of cells with LNMAT1 NC and
LNMAT1 shRNA was measured by wound healing assays.
CADM1 protein levels in MM cells infected with LNMAT1 NC
and LNMAT1 shRNA were measured by WB. All procedures for
transwell assays, wound healing assays, and WB were performed
as described in our previous study (20).
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Chromatin Immunoprecipitation
(ChIP)-qPCR Assay
ChIP-qPCR assays were performed using the EZ-Magna ChIP
A/G kit (Millipore, MA, USA) following the manufacturer’s
instructions. First, 1 × 106 MM cells were fixed in
formaldehyde for 10min, cell lysates were sonicated and
sheared to generate chromatin DNA between 100 and 200 bp
in length, and then the lysates were immunoprecipitated
with anti-EZH2 (Cell Signaling Technology, USA) or
anti-H3K27me3 (Abcam, UK). IgG served as the control.
Then, the precipitated chromatin DNA was analyzed
by qRT-PCR.

RNA Immunoprecipitation (RIP)
RIP assays were performed using the EZ-Magna RIP kit
(Merck Millipore, USA) following the manufacturer’s
protocol. MM cells were lysed in RIP lysis buffer, and cell
extracts were incubated with anti-EZH2 (Cell Signaling
Technology, USA) or IgG for 6 h. Then, purified RNA
was analyzed by qRT-PCR to identify the presence
of LNMAT1.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
RNA extraction and qRT-PCR were performed as described
in our previous study. The primers used in this study were
purchased from Sangon Biotech (Shanghai, China) and are
displayed in Supplementary Table 3.

Animal Experiment
This study was carried out in accordance with the
recommendations of Animal Care and Use Committee
of Xi’an Jiaotong University. For lung metastasis assays,
B16/F10 cells were seeded in six-well plates, and LNMAT1
shRNA targeting mouse LNMAT1 was infected by HiTransG
A (Genechem) according to the manufacturer’s protocol.
Then, B16/F10 cells were selected with puromycin for 2
weeks to remove uninfected B16/F10 cells and obtain stable
LNMAT1 knockdown B16/F10 cells. LNMAT1 stably silencing
B16/F10 cells (1 × 106) or control cells were injected into
the tail vein of 6-week-old C57/B6 mice (Animal Center
of Xi’an Jiaotong University, Xi’an, China; n = 5 for each
group). All mice were housed and maintained under specific
pathogen-free conditions, and all experiments were approved
by the Animal Care and Use Committee of Xi’an Jiaotong
University and performed in accordance with institutional
guidelines. Lung metastases were monitored and quantified
by the Xenogen IVIS Kinetic Imaging System (PerkinElmer,
MA, USA).

Statistical Analysis
IBM SPSS statistical software (version 22.0) was used to perform
statistical analyses. Student’s t-test was used for data analysis,
and P-values were determined using 2-sided tests. P < 0.05 was
considered to have statistical significance.

RESULTS

LNMAT1 Is Upregulated in MM Cells and
Tissues With High Metastasis Potential
qRT-PCR analysis indicated that LNMAT1 is upregulated in MM
tissues (cutaneous and acral melanoma) compared to BN tissues
(Figure 1A, P < 0.05). Furthermore, LNMAT1 was found in
higher levels in MM patients with lymph node (LN) metastasis
than those without LN metastasis (Figure 1B, P < 0.05).
Accordingly, the TCGA database from GEPIA (http://gepia.
cancer-pku.cn) also showed enhanced LNMAT1 expression in
MM (P < 0.05, Figure 1C), and enhanced LNMAT1 levels were
observed in metastatic MM (P < 0.05, Figure 1D). Furthermore,
LNMAT1 was also higher in MM cells than in HEMa-LP
cells, and enhanced LNMAT1 levels were observed in MM
cell lines with high metastatic potential (A375 and A2058)
compared to primary MM cells (Figure 1E, P < 0.05). More
importantly, after silencing LNMAT1 expression in MM cells
with shRNAs (Figure 1F, P < 0.05), the mRNA expression levels
of MMP-2, MMP-9, and N-cadherin, which are markers of tumor
invasion-metastasis cascade, were found to be downregulated
by qRT-PCR. Meanwhile, the expression of E-cadherin,
one of the most important tumor metastasis suppressors
and epithelial–mesenchymal transition (EMT) markers, was
upregulated (Figures 1G,H). These results indicated that
LNMAT1 may play an oncogenic role in the invasion-metastasis
cascade in MM.

LNMAT1 Promotes the Invasion-Metastasis
Cascade in MM in vitro and in vivo
To further elucidate the functions of LNMAT1 in the invasion-
metastasis cascade of MM, wound healing, transwell, and
B16/F10 pulmonary metastasis models were employed. Wound
healing assays demonstrated that the migratory distance was
decreased in MM cells infected with LNMAT1 shRNA lentivirus
compared to that in control cells (Figure 2A, P < 0.05).
Furthermore, silencing LNMAT1 expression in MM cells could
attenuate cell migratory and invasive abilities (Migration assays:
Figures 2B,C, invasion: Figures 2D,E; all P < 0.05), Then,
we infected B16/F10 cells with LNMAT1 shRNA to stably
silence LNMAT1 expression in B16/F10 and investigate the
effects of LNMAT1 on lung metastasis in B16/F10 in vivo
(Figure 2F). As shown by the Bioluminescence imaging (BLI)
data (Figures 2G,H) and ex vivo photography of lung tissues
(Figures 2I,J), LNMAT1 depletion significantly decreased lung
colonization of B16/F10; this was consistent with the in vitro
results. These results indicated that LNMAT1 promotes the
migration and invasion of MM in vitro and in vivo.

CADM1 Is the Downstream Target of
LNMAT1 in MM
Previously, it was found that CADM1, an established metastasis
suppressor gene, could inhibit cell migration and invasion in
MM by suppressing the expression of MMP-2 and MMP-9 (18).
Thus, we investigated whether a regulatory mechanism existed
between LNMAT1 and CADM1 in MM. As shown by qRT-PCR
and WB, mRNA (Figure 3A, P < 0.05) and protein (Figure 3B)
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FIGURE 1 | LNMAT1 is upregulated in MM cell and tissues with high metastasis potential. (A) The expression of LNMAT1 in BN and MM (8 cutaneous melanoma and

5 acral melanoma); (B) The expression of LNMAT1 in MM patients with or without lymph node metastasis; (C) The expression of LNMAT1 in 461 patients with skin

cutaneous malignant melanoma (SCKM, red box) and 558 healthy controls (Benign nevi (n = 346) and normal skin (n = 212), black box). TCGA data was analyzed by

GEPIA (http://gepia.cancer-pku.cn/). (D) The expression of LNMAT1 in 101 patients with primary cutaneous MM (Red box) and 360 patients with metastatic

cutaneous MM (Blue box). TCGA data was analyzed by GEPIA (http://gepia.cancer-pku.cn/). (E) The expression of LNMAT1 in human epidermal melanocytes and

primary and metastatic MM cells; (F) The silencing effects of LNMAT1 shRNA in MM cells; (G,H) The expression of MMP-2, MMP-9, E-cadherin, and N-cadherin in

A375 (G) and A2058 (H) cells infected with LNMAT1 shRNA or NC. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant. The representative results of

three independent experiments are shown.

levels of CADM1 were enhanced after silencing LNMAT1
expression in MM cells. Additionally, CADM1 expression
was downregulated in MM tissues compared to BN tissues

(Figure 3C, P < 0.05). More importantly, CADM1 expression
was inversely correlated with LNMAT1 expression in MM tissues
(Figure 3D, P < 0.05).
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FIGURE 2 | LNMAT1 promotes the invasion-metastasis cascade in MM in vitro and in vivo. (A) MM cells were infected with LNMAT1 NC or shRNA. Wound healing

assays were performed to detect the migratory distance in the indicated groups. The representative results of three independent experiments are shown; (B,C)

Transwell assays were performed to detect the number of migratory cells in the indicated groups. The representative results of three independent experiments are

shown; (D,E) Transwell assays were performed to detect the number of invasive cells in the indicated groups. The representative results of three independent

experiments are shown; (F) The silencing effects of LNMAT1 shRNA in B16/F10 cells; (G,H) Bioluminescence images at day 0 and day 10 (G) and statistical analysis

(H) of bioluminescence at day 10 (lung colonization) in C57/B6 mice (n = 5) that were intravenously injected with LNMAT1 stably silencing B16/F10 cells or NC cells;

(I,J) Bright field imaging (I) and number of metastatic nodules (J) at day 10 in the lungs of C57/B6 mice (n = 5) that were intravenously injected with LNMAT1 stably

silencing B16/F10 cells or NC cells. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant.

LNMAT1 Epigenetically Suppresses
CADM1 Expression by Recruiting EZH2 to
Its Promoter
It has been reported that LNMAT1 could epigenetically suppress
KLF2 expression by interacting with EZH2, an RNA-binding
protein and crucial regulator for the trimethylation of histone
H3 at lysine 27 (H3K27me3) (14). Thus, we hypothesized that
LNMAT1 might suppress CADM1 expression by recruiting
EZH2 to its promoter. RIP assays determined that LNMAT1
could directly bind with EZH2 in MM cells (Figure 3E, P
< 0.05). Chip-qPCR assays further revealed that LNMAT1
depletion decreased EZH2 binding and H3K27me3 modification
in the CADM1 promoter (Figures 3F,G; P < 0.05). These results
indicated that LNMAT1 suppressed CADM1 expression by
recruiting EZH2 to its promoter and inducing the modification
of histone methylation to mediate epigenetic silencing.

CADM1 Mediates the Function of LNMAT1
in MM Cells
Lastly, we performed rescue experiments to further identify
whether LNMAT1 promoted the invasion-metastasis cascade by

inhibiting CADM1 expression. Overall, qRT-PCR (Figures 4A,B;
all P<0.05), wound healing (Figures 4C,D; all P < 0.05),
and transwell assays (Migration: Figures 4E,F, invasion:
Figures 4G,H; all P < 0.05) demonstrated that silencing CADM1
expression could partly rescue the inhibitory effects on cell
migration and invasion induced by LNMAT1 depletion in MM
cells. These results indicated that CADM1 mediates the function
of LNMAT1 in MM.

DISCUSSION

LncRNAs have been identified as crucial regulators and
biomarkers in multiple cancers, including MM, and LNMAT1
has been confirmed as an oncogenic lncRNA in various
cancers. In non-small-cell lung cancer and cholangiocarcinoma,
LNMAT1 could function as a competitive endogenous RNA
(ceRNA) and promote cell proliferation and migration by
sponging miR-5095 (21, 22). In colorectal cancer, LNMAT1
promoted liver metastasis and tumorigenesis and activated
the PI3K/AKT cascade by competitively binding with miR-
26a (23). In esophageal squamous cell carcinoma, LNMAT1
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FIGURE 3 | LNMAT1 epigenetically suppresses CADM1 expression by recruiting EZH2 to its promoter. (A,B) The mRNA (A) and protein (B) levels of CADM1 in

response to LNMAT1 silencing were detected in MM cells by qRT-PCR and WB; (C) The relative expression of CADM1 was detected in BN and MM tissues of by

qRT-PCR; (D) Correlations between CADM1 and LNMAT1 expression in MM tissues; (E) RIP with anti-EZH2 and IgG from extracts of MM cells infected with LNMAT1

NC or shRNA and qRT-PCR were performed to confirm the interactions between LNMAT1 and EZH2/IgG; (F) Schematic diagram showing mechanism of LNMAT1 at

the EZH2 binding site on LNMAT1 gene promoters. (G) ChiP-qPCR assays of MM cells infected with LNMAT1 NC or shRNA were performed to reveal the effects of

LNMAT1 on EZH2 and H3K27me3 occupancy in the CADM1 promoter. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant. The representative results

of three independent experiments are shown.

promoted cell proliferation and invasion by epigenetically
suppressing KLF2 (14). In bladder cancer, LNMAT1 was found
to be upregulated in patients with lymph node metastasis and
was a potential lymphatic metastasis promoter. Mechanistic
experiments confirmed that LNMAT1 upregulated CCL2
expression by interacting with hnRNPL and enhancing
H3K4me3 modification (11). Consistent with these previous
studies, we also identified that LNMAT1 plays a role in
promoting metastasis in MM. We found that LNMAT1 was
upregulated in MM tissues and cells compared to those
of BN and melanocytes. Moreover, we also found that
LNMAT1 expression was further upregulated in patients
with lymph node metastasis and cells with highly metastatic
potential. Lastly, we determined that silencing LNMAT1
inhibited cell migration and invasion in MM in vitro and
in vivo. Combined with previous studies concerning the
functions of LNMAT1, our study further confirmed that
LNMAT1 plays an oncogenic role in carcinogenesis and
cancer progression.

CADM1 expression is relatively lower in metastatic
breast cancer (24) and lung adenocarcinoma (25) patients
than in patients with non-invasive cancer. In MM, it
was reported that CADM1 expression was significantly
downregulated in melanoma tissues (19). Furthermore,
CADM1 upregulation inhibited MM cell motility and
invasiveness (18). It was also found that the expression
levels of matrix metalloproteinase-2 (MMP-2) and matrix
metalloproteinase-9 (MMP-9) were downregulated by

CADM1 over-expression (18). As MMP-2 and MMP-9 are
key regulators of extracellular matrix (ECM) degradation
and tumor invasion (26), CADM1 is therefore a metastasis
susceptibility gene and is involved in the invasion-metastasis
cascade in MM. In the current study, we found that silencing
LNMAT1 resulted in the inhibition of MMP-2 and MMP-9
expression. An increase in E-cadherin and decrease in N-
cadherin were also found after silencing LNMAT1 in MM,
indicating that LNMAT1 potentially plays an important
role in EMT and the invasion-metastasis cascade in MM.
As both LNMAT1 and CADM1 are key regulators of MMP
expression and EMT and induced the invasion-metastasis
cascade, we further investigated the relationships between
CADM1 and LNMAT1 in MM. We found that LNMAT1
expression was inversely correlated with CADM1 in MM
tissues and cells. In addition, LNMAT1 could suppress CADM1
expression by recruiting EZH2 to its promoter and induce
modifications of histone methylation. Thus, we conclude that
the metastasis-promoting role of LNMAT1 in MM is mediated
by CADM1 suppression.

In conclusion, we revealed that LNAMT1 is a potential
oncogene in MM. LNAMT1 was upregulated in MM tissues
and cells with highly metastatic potential. Furthermore,
LNAMT1 could promote the invasion-metastasis cascade
of MM in vivo and in vitro. Studies on the underlying
mechanism showed that LNAMT1 epigenetically suppressed
CADM1 expression by recruiting EZH2 to its promoter,
and silencing CADM1 expression rescued the inhibitory
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FIGURE 4 | CADM1 mediates the function of LNMAT1 in MM cells. MM cells were transfected with siRNA NC, LNMAT1 siRNA + siRNA NC, or LNMAT1 siRNA +

CADM1 siRNA. (A,B) LNMAT1 and CADM1 mRNA expression levels in A375 (A) and A2058 (B) cells of the indicated groups; (C,D). Wound healing assays were

used to determine the migratory distances of A375 (C) and A2058 (D) cells in the indicated groups; (E,F) Transwell assays were used to determine the number of

migratory A375 (E) and A2058 (F) cells in the indicated groups; (G,H) Transwell assays were used to determine the number of invasive A375 (G) and A2058 (H) cells

in the indicated groups. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant. The representative results of three independent experiments are shown.

effects on MM cell migration and invasion induced
by LNAMT1 depletion. Our study helps to reveal the
regulatory mechanism of LNMAT1 and CADM1 in MM
and may provide a novel target for MM treatment in
the future.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the Supplementary Files.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of institutional guideline, Ethnical committee
of the First Affiliated Hospital of Xi’an Jiaotong University. The
protocol was approved by the Ethnical committee of the First
Affiliated Hospital of Xi’an Jiaotong University. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. The animal experiments were carried out in accordance
with the recommendations of institutional guideline, Animal
Care and Use Committee of Xi’an Jiaotong University. The

Frontiers in Oncology | www.frontiersin.org 7 July 2019 | Volume 9 | Article 569

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Mou et al. LNMAT1 Promotes Metastasis in Malignant Melanoma

protocol was approved by the Animal Care and Use Committee
of Xi’an Jiaotong University.

AUTHOR CONTRIBUTIONS

KM, XZ, RG, and XM performed the research. LW
designed the research study. YZ contributed essential
reagents or tools. DH analyzed the data. LW wrote
the paper. All authors have read and approved the
final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81802935) and Foundation of the

First Affiliated Hospital of Xi’an Jiaotong University (grant
number: 2018MS-04).

ACKNOWLEDGMENTS

We would like to express our gratitude to Dr. Shengjia Shi
(Department of Urology, Xijing Hospital, Airforce Military
Medical University, China) for the generous help in ChIP assays,
RIP assays and animal experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.00569/full#supplementary-material

REFERENCES

1. Siegel RL,Miller KD, Jemal A. Cancer statistics, 2019.CACancer J Clin. (2019)

69:7–34. doi: 10.3322/caac.21551

2. Zhou J, Jin B, Jin Y, Liu Y, Pan J. The antihelminthic drug niclosamide

effectively inhibits the malignant phenotypes of uveal melanoma in

vitro and in vivo. Theranostics. (2017) 7:1447–62. doi: 10.7150/thno.

17451

3. Rozeman EA, Dekker TJA, Haanen J, Blank CU. Advanced melanoma:

current treatment options, biomarkers, and future perspectives.

Am J Clin Dermatol. (2018) 19:303–17. doi: 10.1007/s40257-017-

0325-6

4. Maio M, Grob JJ, Aamdal S, Bondarenko I, Robert C, Thomas L, et al.

Five-year survival rates for treatment-naive patients with advanced

melanoma who received ipilimumab plus dacarbazine in a phase

III trial. J Clin Oncol. (2015) 33:1191–6. doi: 10.1200/JCO.2014.

56.6018

5. Richtig G, Ehall B, Richtig E, Aigelsreiter A, Gutschner T, Pichler

M. Function and clinical implications of long non-coding RNAs

in melanoma. Int J Mol Sci. (2017) 18:e715. doi: 10.3390/ijms180

40715

6. Yu X, Zheng H, Tse G, Chan MT, Wu WK. Long non-coding RNAs in

melanoma. Cell Prolif. (2018) 51:e12457. doi: 10.1111/cpr.12457

7. Weidle UH, Birzele F, Kollmorgen G, Ruger R. Long

non-coding RNAs and their role in metastasis. Cancer

Genomics Proteomics. (2017) 14:143–60. doi: 10.21873/cgp.

20027

8. Lu Q, Zhao N, Zha G, Wang H, Tong Q, Xin S. LncRNA HOXA11-

AS exerts oncogenic functions by repressing p21 and miR-124 in

uveal melanoma. DNA Cell Biol. (2017) 36:837–44. doi: 10.1089/dna.20

17.3808

9. Zhang H, Bai M, Zeng A, Si L, Yu N,Wang X. LncRNAHOXD-AS1 promotes

melanoma cell proliferation and invasion by suppressing RUNX3 expression.

Am J Cancer Res. (2017) 7:2526–35.

10. Yin Y, Zhao B, Li D, Yin G. Long non-coding RNA CASC15

promotes melanoma progression by epigenetically regulating

PDCD4. Cell Biosci. (2018) 8:42. doi: 10.1186/s13578-018-

0240-4

11. Chen C, He W, Huang J, Wang B, Li H, Cai Q, et al. LNMAT1 promotes

lymphatic metastasis of bladder cancer via CCL2 dependent macrophage

recruitment. Nat Commun. (2018) 9:3826. doi: 10.1038/s41467-018-06152-x

12. Wang X, Wang L, Gong Y, Liu Z, Qin Y, Chen J, et al.

Long noncoding RNA LINC01296 promotes cancer-cell

proliferation and metastasis in urothelial carcinoma of the

bladder. Onco Targets Ther. (2019) 12:75–85. doi: 10.2147/OTT.

S192809

13. Qin QH, Yin ZQ, Li Y, Wang BG, Zhang MF. Long intergenic noncoding

RNA 01296 aggravates gastric cancer cells progress through miR-122/MMP-

9. Biomed Pharmacother. (2018) 97:450–7. doi: 10.1016/j.biopha.2017.

10.066

14. Wang L, Meng D, Wang Y, Hu J. Long non-coding RNA LINC01296

promotes esophageal squamous cell carcinoma cell proliferation and

invasion by epigenetic suppression of KLF2. Am J Cancer Res. (2018)

8:2020–9.

15. Saito M, Goto A, Abe N, Saito K, Maeda D, Ohtake T, et al.

Decreased expression of CADM1 and CADM4 are associated with advanced

stage breast cancer. Oncol Lett. (2018) 15:2401–6. doi: 10.3892/ol.20

17.7536

16. Qian JB, Liu HB, Zhu Y, Lu F, Yang QC, Shen Y. CADM1 mRNA expression

and clinicopathological significance in esophageal squamous cell carcinoma

tissue. Genet Mol Res. (2017) 16:gmr16029178. doi: 10.4238/gmr160

29178

17. Zhang W, Xie HY, Ding SM, Xing CY, Chen A, Lai MC, et al.

CADM1 regulates the G1/S transition and represses tumorigenicity

through the Rb-E2F pathway in hepatocellular carcinoma.

HBPD INT. (2016) 15:289–96. doi: 10.1016/S1499-3872(16)

60099-1

18. You Y, Zhang J, Li Y, Li Y, Shi G, Ma L, et al. CADM1/TSLC1 inhibits

melanoma cell line A375 invasion through the suppression of matrix

metalloproteinases. Mol Med Rep. (2014) 10:2621–6. doi: 10.3892/mmr.20

14.2556

19. Munhoz de Paula Alves Coelho K, Stall J, Fronza Junior H, Blasius

R, de Franca PHC. Evaluation of expression of genes CADM1,

TWIST1 and CDH1 by immunohistochemestry in melanocytic

lesions. Pathol Res Pract. (2017) 213:1067–71. doi: 10.1016/j.prp.2017.

07.028

20. Mou K, Liu B, Ding M, Mu X, Han D, Zhou Y, et al. lncRNA-ATB functions

as a competing endogenous RNA to promote YAP1 by sponging miR-590-5p

in malignant melanoma. Int J Oncol. (2018) 53:1094–104. doi: 10.3892/ijo.20

18.4454

21. Zhang D, Li H, Xie J, Jiang D, Cao L, Yang X, et al. Long

noncoding RNA LINC01296 promotes tumor growth and

progression by sponging miR-5095 in human cholangiocarcinoma.

Int J Oncol. (2018) 52:1777–86. doi: 10.3892/ijo.20

18.4362

22. Hu X, Duan L, Liu H, Zhang L. Long noncoding RNA LINC01296 induces

non-small cell lung cancer growth and progression through sponging miR-

5095. Am J Transl Res. (2019) 11:895–903.

23. Liu B, Pan S, Xiao Y, Liu Q, Xu J, Jia L. LINC01296/miR-26a/GALNT3 axis

contributes to colorectal cancer progression by regulating O-glycosylated

MUC1 via PI3K/AKT pathway. J Exp Clin Cancer Res. (2018) 37:316.

doi: 10.1186/s13046-018-0994-x

Frontiers in Oncology | www.frontiersin.org 8 July 2019 | Volume 9 | Article 569

https://www.frontiersin.org/articles/10.3389/fonc.2019.00569/full#supplementary-material
https://doi.org/10.3322/caac.21551
https://doi.org/10.7150/thno.17451
https://doi.org/10.1007/s40257-017-0325-6
https://doi.org/10.1200/JCO.2014.56.6018
https://doi.org/10.3390/ijms18040715
https://doi.org/10.1111/cpr.12457
https://doi.org/10.21873/cgp.20027
https://doi.org/10.1089/dna.2017.3808
https://doi.org/10.1186/s13578-018-0240-4
https://doi.org/10.1038/s41467-018-06152-x
https://doi.org/10.2147/OTT.S192809
https://doi.org/10.1016/j.biopha.2017.10.066
https://doi.org/10.3892/ol.2017.7536
https://doi.org/10.4238/gmr16029178
https://doi.org/10.1016/S1499-3872(16)60099-1
https://doi.org/10.3892/mmr.2014.2556
https://doi.org/10.1016/j.prp.2017.07.028
https://doi.org/10.3892/ijo.2018.4454
https://doi.org/10.3892/ijo.2018.4362
https://doi.org/10.1186/s13046-018-0994-x
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Mou et al. LNMAT1 Promotes Metastasis in Malignant Melanoma

24. Wikman H,Westphal L, Schmid F, Pollari S, Kropidlowski J, Sielaff-Frimpong

B, et al. Loss of CADM1 expression is associated with poor prognosis and

brain metastasis in breast cancer patients. Oncotarget. (2014) 5:3076–87.

doi: 10.18632/oncotarget.1832

25. Goto A, Niki T, Chi-Pin L, Matsubara D, Murakami Y, Funata N, et al. Loss

of TSLC1 expression in lung adenocarcinoma: relationships with histological

subtypes, sex and prognostic significance. Cancer Sci. (2005) 96:480–6.

doi: 10.1111/j.1349-7006.2005.00075.x

26. Shay G, Lynch CC, Fingleton B. Moving targets: emerging roles for MMPs

in cancer progression and metastasis. Matrix Biol. (2015) 44–6:200–6.

doi: 10.1016/j.matbio.2015.01.019

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Mou, Zhang, Mu, Ge, Han, Zhou and Wang. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 9 July 2019 | Volume 9 | Article 569

https://doi.org/10.18632/oncotarget.1832
https://doi.org/10.1111/j.1349-7006.2005.00075.x
https://doi.org/10.1016/j.matbio.2015.01.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	LNMAT1 Promotes Invasion-Metastasis Cascade in Malignant Melanoma by Epigenetically Suppressing CADM1 Expression
	Introduction
	Materials and Methods
	Clinical Specimens
	Cell Culture
	shRNA Infection and siRNA Transfection
	Migration and Invasion Assays, Wound Healing Assays, and WB
	Chromatin Immunoprecipitation (ChIP)-qPCR Assay
	RNA Immunoprecipitation (RIP)
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
	Animal Experiment
	Statistical Analysis

	Results
	LNMAT1 Is Upregulated in MM Cells and Tissues With High Metastasis Potential
	LNMAT1 Promotes the Invasion-Metastasis Cascade in MM in vitro and in vivo
	CADM1 Is the Downstream Target of LNMAT1 in MM
	LNMAT1 Epigenetically Suppresses CADM1 Expression by Recruiting EZH2 to Its Promoter
	CADM1 Mediates the Function of LNMAT1 in MM Cells

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


