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ABSTRACT
Background: Although recent studies have revealed TAR (trans-activating response region) DNA binding protein
(TDP-43) as a potential therapeutic target for cancers, its role and clinical association with melanoma have not
been explored. Objective: To identify the role and function of TDP-43 during melanoma pathogenesis. Methods:
Firstly, the relationship between TDP-43 expression and patient survival was explored. Then TDP-43 expression
level in melanoma tissue and different melanoma cell lines was measured. After silencing TDP-43 expression in
melanoma cells, the impacts of TDP-43 on cellular proliferation, metastasis, glucose uptake, and glucose
transporters levels were studied. In the end, effect of TDP-43 depletion on tumorigenicity of melanoma cells was
tested in vivo. Results: Our results showed that TDP-43 was overexpressed in melanoma paraffin samples
compared with that in nevi tissues. The high expression level of TDP-43 was associated with poor patient
survival. By silencing TDP-43, we saw significant inhibition of cell proliferation and metastasis in A375 and
WM451 cells. TDP-43 knockdown could suppress glucose transporter type-4 (GLUT4) expression and reduce
glucose uptake. And downregulation of GLUT4 in melanoma cells induced inhibition of cell proliferation and
metastasis. TDP-43 knockdown significantly slowed down tumor growth and decreased GLUT4 expression
in vivo. Conclusion: TDP-43 is a novel oncogene in melanoma and regulates melanoma proliferation and
metastasis potentially throughmodulation of glucosemetabolism.

Abbreviations: TDP-43, TAR DNA binding protein; GLUT, glucose transporter; GLUT4, glucose transporter type-4;
HM, human melanocytes
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Introduction

Melanoma is the most malignant superficial tumor, and is
responsible for 80% of skin cancer related deaths. 1,2 Advanced
melanoma gives a poor prognosis of a 5-year survival rate less
than 15%.3,4 So, it is of great significance to explore its tumori-
genicity mechanism, and to find out new bio-markers for early
diagnosis, surveillance, and therapeutic targets.

TDP-43 is a RNA binding protein expressed in many tissues
and encoded by TARDBP gene. 5 TDP-43 plays important roles
in RNA maturation process. It also takes part in regulations of
cell cycle and glucose/lipid metabolism. 6,7 Previous studies
mostly focused on relations between abnormal TDP-43 expres-
sion and neurodegenerative diseases. 8 Meanwhile, recent stud-
ies showed a significant relation between TDP-43 and human
cancer. TARDBP gene mutation contributes to Ewing sarcoma
susceptibility. 9 In hepatocellular carcinoma, high TDP-43

expression regulates glycolysis level through TDP-43/miR-520/
PFKP axis. 6 While in non-small-cell lung cancer (NSCLC)
cells, TDP-43 downregulation suppresses proliferation, migra-
tion and invasion. 10 However the functional role of TDP-43 in
melanoma progression and its association with clinical out-
come is still unclear.

Glucose is the chief energy source of tumor cells. Increased
glucose uptake plays an important role in tumor cells survival
and proliferation. Glucose transporters (GLUTs), the key rate-
limiting factors in glucose metabolism, were reported increased
in various kinds of tumor cells and were strongly associated
with proliferation and metastasis abilities of tumors, including
melanoma. 11,12 A decreased expression of GLUT1 was found
in TDP-43-depleted hepatocellular carcinoma cells, 6 indicating
TDP-43 may be involved in the glucose uptake.
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Here, we firstly reported that higher TDP-43 level was associ-
ated with poorer overall 5-year survival of melanoma patients.
TDP-43 was significantly upreglulated in melanoma tissue and dif-
ferent melanoma cell lines. Functional analysis presented that
TDP-43 silencing reduced proliferation and metastasis of mela-
noma cells. TDP-43 knockdown also downregulated GLUT4

expression with consequent decrease in glucose uptake. GLUT4
knockdown inhibited the proliferation andmetastasis ofmelanoma
cells. The in vivo study confirmed that TDP-43 knockdown inhib-
ited tumorigenicity and GLUT4 expression. In conclusion, our
results showed that TDP-43 is aberrantly expressed during the
development of melanoma andmay regulate melanoma cell prolif-
eration andmetastasis bymodulation of glucosemetabolism.

Results

Increased expression of TDP-43 was correlated with the
poor survival of melanoma patients

To identify the role of TDP-43 in melanoma, immunohis-
tochemistry analysis was performed for paraffin samples (128
cases of melanoma tissues and 66 cases of melanocytic nevi

Table 1. General characteristics of malignant melanoma and nevus group.

Malignant melanoma Nevus

Total number of patients 128 66
Female/male� 56/72 27/39
Mean age�� 55.63 § 13.43 27.73 § 17.72
Positivity/negative��� 89/39 15/51

�x2 D 0.144, P D 0.705; ��T D 8.407, P D 0.000; ���x2 D 38.357, P D 0.000

Figure 1. Increased expression of TDP-43 was correlated with the poor survival of melanoma patients. (A) Immunohistochemistry analysis showed that TDP-43 had a positive staining
rate of 69.5% inmelanoma tissue, 22.7% inmelanocytic nevi tissue (PD 0.001). (B) Grade positivity by number of positive cells and staining intensity as follow: weak positive (C,<25
% positive in all cells), positive (CC, 2550%– positive cells), and strong positive (CCC,>50 % positive cells). Out of 128 cases of melanoma tissues, 30.47% were negative staining
(¡), 29.69% (C), 33.59% (CC), and 6.25% (CCC). (C) Representative immunohistochemical analysis of TDP-43 expression in melanoma tissue. On the left is negative control, and
on the right shows anti-TDP-43 immunostaining strong positive (CCC) mainly in cytoplasm. (D) Kaplan-Meier survival curves for groups based on TDP-43. Higher overall 5 year-sur-
vival rate was seen in low TDP-43 expression patients than in high TDP-43 expression patients. A positive staining rate<25% was considered to be low expression, and positive stain-
ing rate325% was considered to be high expression. (E) Western Blot showed higher TDP-43 expression in melanoma tissue than that in matching adjacent tissue. (F) Western Blot
showed higher TDP-43 expression inmelanoma cell lines than that in HM cells. AD adjacent normal tissue, TD tumor tissue.
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tissues, patient basic profiles were showed in Table 1) to evalu-
ate the clinical value of TDP-43. Results showed that TDP-43
was expressed in 69.5% of melanoma tissue, which is signifi-
cantly higher than 22.7% in melanocytic nevi tissue (Fig. 1A).
Among the 128 cases of melanoma tissues, 30.47% were

negative staining (¡), 29.69% weak positive staining (C),
33.59% positive staining (CC), and 6.25% strong positive stain-
ing (CCC) (Fig. 1B). Representative immunohistochemical
analysis of TDP-43 expression in melanoma tissues could been
seen in Fig. 1C. To discern whether the TDP-43 expression was
connected with the clinicopathological features, melanoma
patients were seperated by age, gender, tumor location, stage
and lymphatic metastasis. As showed in Table 2, melanoma tis-
sues from stage III/IV and with lymph node metastasis had a
higher TDP-43 expression, while TDP-43 expression showed
no significant relation with age, gender, and tumor location. To
further explore whether TDP-43 could be a prognostic factor
for melanoma patient survival, Kaplan-Meier survival curves
were drawn. The results showed that the overall 5 year-survival
rate was significantly higher in low TDP-43 expression patients
than that in high TDP-43 expression patients (Fig. 1D). Taken
together, those results revealed an important role of TDP-43 in
development of melanoma.

Next we compared TDP-43 expression levels in melanoma
tissues and corresponding adjacent normal tissues. We found
that TDP-43 protein and mRNA levels were both significantly
higher in melanoma tissues than that in adjacent normal tissues
(Fig. 1E and Fig. S1A). Furthermore we explored TDP-43

Table 2. Characteristics of malignant melanoma patients

Characteristics N No. of positivity (%)

Gendera

Male 72 51 (70.8%)
Female 56 38 (67.9%)

Age b(year)
>65 37 25(67.6%)
�65 91 64 (70.3%)

Tumor locationc

Superficial tumor 96 68(70.8%)
Non-superficial tumor 32 21 (65.6%)

TNM staged

I/II 55 33 (60.0%)
III/IV 26 22 (84.6%)

Metastasis with lymph nodee

Yes 25 21(84.0%)
No 56 34 (60.7%)

ax2 D 0.132, P D 0.717, bx2 D 0.095, P D 0.758, cx2 D 0.307, P D 0.579,
dx2 D 4.908, P D 0.027, and ex2 D 4.300, P D 0.038. 81 patients with TNM stage
information were included.

Figure 2. Involvement of TDP-43 in regulation of melanoma cell proliferation and metastasis (A-B) A375 and WM451 cells were transfected with shRNAs (shRNA-1 and
shRNA-2) or negative control shRNA (NC) against TDP-43. Western Blot confirmed that both shRNA-1 and shRNA-2 could significantly reduce the TDP-43 expression. MTT
assay showed decreased proliferative ability in TDP-43 shRNAs-transfected A375 and TDP-43 shRNAs-transfected WM451cells than that in NC cells. The colony formation
efficiency was significantly lower in TDP-43 shRNAs-transfected A375 and TDP-43 shRNAs-transfected WM451cells than that in NC cells. (C-D) Scratch and Transwell inva-
sion experiments showed inhibited migration and invasion ability in A375 and WM451 cells after down regulation of TDP-43. ����P < 0.0001, ���P < 0.001, ��P < 0.01,
�P < 0.05.
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expression in primary human melanocytes (HM), melanoma
cell lines of WM35, WM451, SK-MEL-28, and A375. Results
showed a higher expression in all 4 melanoma cell lines com-
pared with HM cells (Fig. 1F and Fig. S1B).

Downregulation of TDP-43 inhibited proliferation and
metastasis of melanoma cells

To further explore the biological functions of TDP-43 in mela-
noma cells, we examined whether downregulation of TDP-43
could affect the proliferation and metastasis ability of mela-
noma cells. Because of a higher TDP-43 expression in A375
and WM451 cells, we chose these 2 cell lines for further experi-
ments. In this study, TDP-43 shRNA-1 and TDP-43 shRNA-2
both down-regulated TDP-43 expression (Fig. 2A, and Fig. S2).
Our results showed that decreased proliferation and colony for-
mation was observed in TDP-43 silencing A375 and WM451
cells compared with the NC groups (Fig. 2A, B). Scratch and
Transwell invasion assay showed that TDP-43 shRNA-1
and TDP-43 shRNA-2 could significantly inhibit migration

and invasion of A375 and WM451 cells (Fig. 2C, D). These
results suggest that TDP-43 participates in proliferation and
metastasis regulation in melanoma cells.

TDP-43 knockdown reduced glucose uptake and
suppressed GLUT4 expression in melanoma cells

Considering that TDP-43 takes part in regulations of hepato-
cellular carcinoma glucose metabolism, 6 we wondered whether
TDP-43 was involved in the regulation of glucose uptake in
melanoma. The results showed that glucose uptake decreased
in TDP-43 silencing A375 and WM451 cells compared with
the NC cells (Fig. 3A). GLUT1, GLUT3, and GLUT4 are the
most frequently studied glucose transporters to transfer glucose
into cancer cells. Therefore we explored their mRNA expres-
sions and found that TDP-43 shRNA-1 and TDP-43 shRNA-2
significantly suppressed GLUT4 mRNA expression, while no
significant effect on GLUT1 and GLUT3 (Fig. 3B). Downregu-
lation of GLUT4 protein was further confirmed in TDP-43
silencing A375 and WM451 cells by Western Blot (Fig. 3C).

Figure 3. Knockdown of TDP-43 reduced glucose uptake and GLUT4 expression of melanoma cells. (A) Compared with NC cells, TDP-43 shRNAs (shRNA-1 and shRNA-2)-
transfected A375 and TDP-43 shRNAs (shRNA-1 and shRNA-2)-transfected WM451 cells had decreased glucose uptake. (B) QRT-PCR showed that TDP-43 silencing A375
and WM451 cells had decreased GLUT4 mRNA expression, while GLUT1 and GLUT3 changes were not significant. (C) Western Blot confirmed the downregulation of
GLUT4 in TDP-43 silencing A375 and WM451 cells. ���P<0.001, ��P<0.01, �P <0.05.
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These data together indicate that decreased TDP-43 expression
could suppress GLUT4 expression and reduce glucose uptake.

Downregulation of GLUT4 inhibited proliferation and
metastasis of melanoma cells

GLUT4 has been proved to participate in the development of
cancers, such as breast cancer 13 and pancreatic cancer. 14 How-
ever, its role in melanoma is not well understood. To address
this question, GLUT4 siRNAs were used to knockdown the
expression of GLUT4 (Fig. 4A) and subsequently proliferation
and metastasis abilities of melanoma cells were tested. The
results showed that proliferation and metastasis abilities were
dramatically reduced in GLUT4 knockdown A375 and WM451
cells (Fig. 4A, B, C, D). It is no coincidence that GLUT4 disrup-
tion impaired glucose uptake in A375 and WM451 cells
(Fig. S3).

Effect of TDP-43 depletion on tumorigenicity of melanoma
cell lines

Finally, xenograft mouse model was used to validate the role of
TDP-43 in vivo. The tumorigenicity experiment of melanoma cells
was performed in A375 cell line because TDP-43 had the highest

expression in A375 cells. TDP-43 shRNA-2 inhibited proliferation
and metastasis of A375 more than TDP-43 shRNA-1 significantly.
Therefore, TDP-43 shRNA-2-transfected A375 cells were used to
implant into the subcutaneous tissue of nude mice. Nude mice
tumorigenicity experiments showed that TDP-43 shRNA-2 signifi-
cantly slowed down tumor growth (Fig. 5A, B, C, D). Western Blot
of the tumor tissues showed decreased GLUT4 expression in TDP-
43-knockdown melanoma tumors (Fig. 5E), indicating that TDP-
43 depletion affects GLUT4 expression in vivo. TDP-43 expression
in tumor tissues also showed decreased TDP-43 expression in
TDP-43-knockdown melanoma tumors, compared with the NC
group (Fig. S4). In addition, the in vitro effect of shRNA-1 targeting
TDP-43 also significantly inhibited tumorigenicity (Fig. S5).

Discussion

In this study, we firstly found that compared with 22.7% in
melanocytic nevi sections, TDP-43 was expressed in 69.5%
melanoma tissue sections, and an even higher expression rate
in melanoma of stage III / IV or with lymph node metastasis.
This result suggests that TDP-43 takes part in development of
melanoma. In addition, higher TDP-43 expression associated
with poorer melanoma patient survival indicates that TDP-43
is a potential molecular prognostic marker for melanoma.

Figure 4. Knockdown of GLUT4 reduces proliferation and metastasis of melanoma cells. (A) Western Blot confirmed that GLUT4 siRNA can significantly knockdown the
expression of GLUT4. (B) MTT assay showed decreased proliferative ability in GLUT4 siRNA-transfected A375 and GLUT4 siRNA-transfected WM451 cells than that in NC
cells. (C-D) Scratch and Transwell invasion experiments showed inhibited migration and invasion ability in A375 and WM451 cells after down regulation of GLUT4. ���P <
0.001, ��P < 0.01, �P < 0.05.
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Increased TDP-43 expression in melanoma tissues and mel-
anoma cells was observed, suggesting its potential role as an
oncogenic factor that faciliates the process of melanoma patho-
genesis. In support of the hypothesis, we demonstrated that
decreased expression of TDP-43 markedly led to decrease of
melanoma cells proliferation and metastasis. In vivo, TDP-43
knockdown reduced the tumorigenicity of melanoma cells
when orthotopically implanted into nude mice, which clearly
demonstrates that TDP-43 plays a critical role in promoting
melanoma process. These results are consistent with the onco-
genic role of TDP-43 in hepatocellular carcinoma and in
NSCLC. 6,10 Noteworthily, only mutant V600E BRAF cell lines
were used in this study. TDP-43 expression in BRAF wild-type
cell lines was not measured. Further studies are necessary to
confirm if TDP-43 expression and V600E BRAF mutant are
related.

Furthermore, after silencing TDP-43 expression in melanoma
cells, we saw decreased GLUT4 expression and subsequently
decreased glucose uptake. Glucose is the primary source of energy
for cells. Abundant glucose uptake is important to tumor cells sur-
vival and growth. GLUT4 is one of the rate-limiting transporters
for cells glucose uptake, and is found over-expressed in many can-
cers including myeloma, breast cancer, and melanoma.13,15,16

Hence GLUT4 was assumed to be invovled in the melanoma cells
malignant behaviors. Decreased proliferation and metastasis abili-
ties in GLUT4-deleted melanoma cells in our study confirmed the

hypothesis. TDP-43 knockdown reduced the GLUT4 expression in
vitro and in vivo, indicating that TDP-43maymodulate melanoma
cells proliferation and metastasis by down-regulating GLUT4
expression with consequent decrease in glucose uptake. TDP-43
modulates translation of mRNA by binding an UG-rich sequence.
17 However GLUT4 mRNA sequences did not contain the UG
repeats, suggesting that TDP-43 may regulate the expression of
GLUT4 in an indirect way. However the exact regulation mecha-
nism needs to be further explored.

Conclusion

In summary, we uncovered that TDP-43 is highly overex-
pressed in melanoma and increased expression of TDP-43 is
correlated with the poor survival of melanoma patients. TDP-
43 regulates melanoma proliferation and metastasis potentially
through modulation of GLUT4 expression. Together, our study
reveals that TDP-43 is a novel oncogene in melanoma.

Materials and methods

Tissue samples and cell lines

This study was approved by the Ethics Committee of Third
Xiangya Hospital, Central South University (S 093) and was
carried out in accordance with the approved guidelines. All

Figure 5. TDP-43 depletion affects tumorigenicity of A375 cell line and GLUT4 expression in vivo. Nonsilencing shRNA-transfected A375 cells and TDP-43 shRNA-2-trans-
fected A375 cells with transfection efficiency greater than 80% were inoculated to right axillary fossa of each nude mice. (A-B) Tumor tissues isolated from indicated mice
at day 35 post-transplant. (C-D) TDP-43 shRNA-2 significantly decreased the tumor weights and volumes. (E) Western Blot showed decreased GLUT4 expression in TDP-
43-knockdown melanoma tumors. �P < 0.05.
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patients provided written informed consent. All melanoma
tumor tissue samples and adjacent tissues were collected in the
Third Xiangya Hospital of Central South University. For pri-
mary human melanocytes (HM), melanoma cell lines WM35,
WM451, SK-MEL-28, and A375 information, refer to our pre-
vious publication.18

QRT-PCR and western blot

Total RNA was extracted from tissue or cells and reversely
transcribed to cDNA. QRT-PCR was used to amplify mRNAs
of TDP-43, GLUT1, GLUT3, and GLUT4 genes. Threshold
cycle (CT) values were used to calculate the fold change of the
respective mRNAs. The fold change was determined relative to
a control after normalizing to a housekeeping gene using 2¡
44Ct. Primer sequences of above genes can be found in Supple-
mentary Material Table 1. Tissue or cells were processed for
protein extraction. Twenty mg total proteins were loaded per
well and were separated by 10 % sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. Then proteins in the gel were
transferred to nitrocellulose membranes. Membranes were
blocked for 1.5 h. Anti-TDP-43 (Abnova, clone 2E2-D3, Tai-
wan) or anti-GLUT4 (Abcam, Cambridge, UK) was applied as
first antibodies to incubate overnight. After PBST wash, goat
anti-mouse IgG-HRP (Proteintech, Chicago, USA) was used as
secondary antibodies to incubate for 40–60 mins. Protein level
was evaluated after exposure. Anti-GAPDH (Proteintech, Chi-
cago, USA) was used as internal control.

TDP-43 and GLUT4 gene silencing

Two different shRNAs (shRNA-1 and shRNA-2; purchased
from GeneChem, Shanghai, China) were used to target the
TDP-43 gene. A nonsilencing shRNA (NC) was used as control
(GeneChem). GLUT4-siRNA and negative control sequence
were from GenePharma Biotechnology Company (Shanghai,
China). Cells were transfected with shRNAs or siRNAs when
cells reached 30-50% confluence. After 8 hours of transfection,
cells were returned to normal medium in the incubator. When
cells reached 85% confluence, cell supernatant, protein, and
RNA were collected for later experiments.

Cell proliferation and metastasis measurement

MTT assay was used to evaluate the cell proliferation ability at
0h, 24h, 48h, 72h, and 96h after transfection (3000 cells per
well). Successfully transfected cells were seeded to 6-well plate
at a density of 800 cells per well. After 2 weeks, cells were fixed
with paraformaldehyde and were stained with crystal violet.
The number of clones with more than 50 cells was recorded
and calculated. Scratch and Transwell invasion assay were used
to measure cell migration and invasion. Details can be found in
previous publication.18

Xenograft mouse model

Nonsilencing shRNA-transfected A375 cells, TDP-43 shRNA-
2-transfected A375 cells, or TDP-43 shRNA-1-transfected
A375 cells were inoculated (4 £ 106/0.2ml) to right axillary

fossa of each nude mice (4 in each group). Cells with transfec-
tion efficiency greater than 80% in each group were used. The
size of the transplanted tumors was measured every 3 d by
tumor length (L) and width (W). Tumor volume (V) was calcu-
lated by the formula VD1/2(L�W2). The mice were sacrificed
35 d after inoculation and tumor growth curve was drawn. All
animal work had been proved by ethics committee.

Glucose uptake assay

For glucose uptake measurement, glucose level in cell superna-
tant was detected following glucose detection kit instruction
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
at 0 h and 72 h after transfection. The glucose uptake was deter-
mined by the differentials of glucose level between the 2 time
points.

Immunohistochemistry

Immunohistochemistry was used to measure TDP-43 expres-
sion in paraffined samples. First antibody was anti-TDP-43
(Abnova, clone 2E2-D3, Taiwan). The methods have been
described by our previous publication.19 The steps were briefly
as follows: The slides were dewaxed in turpentine oil and
graded alcohols, hydrated, and washed in phosphate-buffered
saline. Three percent H2O2 was used to inhibit the endogenous
peroxidase for 10 minutes. The slides were immersed in sodium
citrate buffer and then pretreated in a microwave oven for
3 minutes. Then the slides were incubated with 10% normal
goat serum for 30 minutes. Samples were incubated at 4�C
overnight with anti-TDP-43 antibody (Abnova, clone 2E2-D3,
Taiwan). After three washes with PBS, the sections were incu-
bated with a biotinylated goat anti-rabbit antibody (Protein-
tech) for 30 mins. After horseradish peroxidase-streptavidin
(Beyotime) was added to the slides, the samples were stained
for 5 mins with a 0.05% 3, 30-diaminobenzidine substrate and
then counterstained for 4 mins with hematoxylin. Slides were
sealed with coverslips and analyzed. Negative controls were
treated identically but with the primary antibodies omitted.

Statistical analysis

Experiments were repeated 3 times, and data shown in Mean §
SD. T-test or chi-square tests were used to compare data
between groups. Kaplan-Meier analysis was used to determine
the survival. Data was analyzed with SPSS 19.0. P < 0.05 was
considered statistically significant.
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