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Abstract

Metastasis is the leading cause for mortality in melanoma patients. Here, an unbiased mass 

spectrometry-based quantitative proteomic method is utilized to assess differential protein 

expression in a matched pair of primary/metastatic melanoma cell lines (i.e., WM-115/WM-266–

4) derived from the same patient. It is found that TBC1D7 is overexpressed in metastatic 

over primary melanoma cells, and elevated expression of TBC1D7 promotes the invasion of 

these melanoma cells in vitro, partly through modulating the activities of secreted matrix 

metalloproteinases 2 and 9. Additionally, interrogation of publicly available data show that higher 

mRNA expression of TBC1D7 predicts poorer survival in melanoma patients. Together, the results 

suggest TBC1D7 as a driver for melanoma cell invasion, which is an important element in 
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melanoma metastasis. The proteomic data generated from this study may also be useful for 

exploring the roles of other proteins in melanoma metastasis.

Keywords

mass spectrometry; melanoma metastasis; quantitative proteomics; SILAC; TBC domain-
containing proteins; TBC1D7

Melanoma is the deadliest type of skin cancer because its strong tendency to metastasize. We 

set out to identify new protein players that may drive or suppress melanoma metastasis. To 

this end, we utilized an unbiased quantitative proteomic approach to examine the differential 

protein expression in WM-115 and WM-266–4 cells, which are paired primary/metastatic 

melanoma cells derived from the same patient.[1]

By employing stable isotope labeling by amino acids in cell culture (SILAC) together with 

off-line 2D LC-MS/MS analysis, we were able to quantify over 7300 proteins (Figure 1A 

and Table S1, Supporting Information). Among them, 5955 (81%) were quantified in at least 

two replicates of SILAC-labeling experiments, and 1551 proteins (21%) displayed at least 

1.5-fold differences between these two cell lines (Table S2, Supporting Information).

We next conducted pathway analyses for those proteins exhibiting at least 1.5-fold changes 

using the database for annotation, visualization, and integrated discovery,[2] which revealed 

enrichments of pathways with known functions in signal transduction, oxidation-reduction 

process, and positive regulation of GTPases activity (Figure S1, Supporting Information). 

Our laboratory recently examined the roles of aberrant expression of small GTPase proteins 

in melanoma metastasis.[3] We are also interested in how regulatory proteins of small 

GTPases, especially GTPase-activating proteins (GAPs), modulate melanoma metastasis. In 

this vein, many TBC domain-containing proteins are GAP proteins for small GTPases, and 

one of the them, TBC1D16, is a driver for melanoma metastasis.[4] Therefore, we placed 

the emphasis of this study on understanding whether differential expression of other TBC 

proteins affects melanoma metastasis.

Our proteomic data led to the quantification of 24 TBC domain-containing proteins, 

which accounts for 55% of this protein family, in WM-115 and WM-266–4 cells 

(Figure 1B, Tables S3 and S4, Supporting Information). On the grounds that the average 

relative standard deviation for the quantification results of TBC proteins was 12% (Table 

S3, Supporting Information), we chose 1.5-fold as a cutoff for identifying up- and 

downregulated proteins. With this criterion, TBC1D4, TBC1D14, TBC1D16, TBC1D7, 

and TBC1D10A were upregulated, whereas TBC1D24 was downregulated, in WM-266–4 

relative to WM-115 cells. In particular, TBC1D7 was upregulated by 2.5-fold in WM-266–

4 over WM-115 cells (Figure S2, Supporting Information shows the MS and MS/MS of 

a representative tryptic peptide derived from TBC1D7). We also verified the differential 

expression of TBC1D7 protein by Western blot analysis (Figure 1C).

We next assessed if differential expression of these TBC family proteins is associated with 

patient survival. Kaplan–Meier survival analyses, based on the gene expression data of TBC 
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family proteins for the skin cutaneous melanoma (SKCM) patients in the Cancer Genome 

Atlas (TCGA) database, showed that patients with higher expression levels of TBC1D16 
or TBC1D7 exhibit poorer overall survival rates (Figure 2A), which is in line with our 

proteomic results. However, the same survival analyses of TBC1D4, TBC1D14, TBC1D25, 

TBC1D10A, and TBC1D24 did not reveal correlations between the differential expressions 

of these genes at mRNA levels, if consistent with differential protein expression as revealed 

from our proteomic data, and overall survival of melanoma patients. This might be attributed 

to patient heterogeneity, where WM-115 and WM-266–4 cells were derived from a single 

patient, or discrepancy between mRNA and protein expression. Notably, TBC1D16 is 

known to promote melanoma progression.[4] We also carried out distant metastasis-free 

survival (DMFS) analysis based on data from a cohort of 150 melanoma patients in the 

GSE65904 dataset. We found that higher levels of expression of TBC1D7 are significantly 

correlated with lower DMFS of melanoma patients (Figure 2B).

Interrogation of the TCGA data also unveiled significantly higher levels of mRNA 

expression of TBC1D7 gene in SKCM and uveal melanoma (UVM) patients compared 

to other types of cancer (Figure 2C). Likewise, analyses of the publicly available gene 

expression data for The Cancer Cell Line Encyclopedia (CCLE) and NCI-60 human tumor 

cell lines showed that the TBC1D7 mRNA expression levels in melanoma cell lines were 

upregulated relative to other types of cancer (Figure 2D,E). Together, the above results 

suggest TBC1D7 as a potential driver for melanoma metastasis.

We next asked if elevated TBC1D7 expression promotes melanoma cell invasion in vitro. 

Using transwell assays, we observed that siRNA-mediated knockdown of TBC1D7 led to 

significantly decreased migration and invasion of WM-266–4 cells (Figure 3A and Figure 

S3A, Supporting Information). Reciprocally, overexpression of TBC1D7 in WM-115 cells 

results in elevated invasion of these cells, though no increase in migratory capacity was 

observed (Figure 3B and Figure S4, Supporting Information).

Matrix metalloproteinases 2 (MMP2) and 9 (MMP9) are secreted by cells, and their 

degradation of basement membranes is crucial for cancer metastasis.[5] Therefore, we next 

explored if MMP2 and MMP9 play a role in the invasive phenotype of melanoma cells 

modulated by TBC1D7. Gelatin zymography assay results revealed substantially diminished 

activities of MMP2 and MMP9 in the conditioned media after siRNA-mediated knockdown 

of TBC1D7 in WM-266–4 cells compared to treatment with non-targeting control siRNA 

(Figure 3C). The enzymatic activities of MMP2 and MMP9 were, however, not modulated 

by ectopic overexpression of TBC1D7 in WM-115 primary melanoma cells (Figure 3D).

We next asked whether the finding can be extended to another pair of melanoma cell 

lines, that is, the IGR39 and IGR37 cells initiated from a separate patient.[6] Western blot 

analyses revealed that TBC1D7 was upregulated by 2.5-fold in metastatic (IGR37) relative 

to primary (IGR39) melanoma cells (Figure 1C). In addition, we observed slight increases 

in migratory and invasive capabilities upon overexpression of TBC1D7 in IGR39 cells, 

which is accompanied with elevated activities of secreted MMP2, but not MMP9 (Figure 

S5A,C, Supporting Information). Intriguingly, knockdown of TBC1D7 in IGR37 cells led 

to significantly elevated migration and invasion of IGR37 cells, which is associated with 
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augmented activities of secreted MMP9 after genetic depletion of TBC1D7 in IGR37 cells 

(Figures S3B and S5B,D, Supporting Information). Hence, both decreased expression of 

TBC1D7 in IGR37 cells and increased expression of TBC1D7 in IGR39 cells promote 

melanoma cell invasion. One plausible explanation for the seemingly discrepant findings 

is that TBC1D7, which forms a complex with tuberous sclerosis complex 1 (TSC1) and 

TSC2,[7] is a downstream target of protein kinase B (AKT)[8] and AKT pathway is known 

to be subject to sophisticated feedback regulation.[9] Hence, we speculate that, similar 

to the findings made for SRPK1,[10] upregulation of TBC1D7 in IGR39 cells and its 

downregulation in IGR37 cells can both activate AKT, and AKT activation was shown 

to promote melanoma metastasis in a mouse model.[11] Future studies are needed to test this 

speculation.

We also performed gel zymography assays using cell lysates, and our results showed that 

genetic depletion of TBC1D7 in WM-266–4 cells did not alter the enzymatic activity of 

MMP2 in the cell lysate (Figure S6A, Supporting Information), and similar findings were 

made for WM-115 cells upon ectopic overexpression of TBC1D7 (Figure S6B, Supporting 

Information). Additionally, no MMP9 activity was detectable in the lysate of WM-115 or 

WM-266–4 cells. Because knockdown of TBC1D7 did not alter the MMP2 activity in lysate 

of WM-266–4 cells, but diminished the MMP2 activity in the secreted proteome, our results 

suggest that TBC1D7 may promote the transport of MMP2 secretory vesicles.

We further preformed the MTT assay and found that genetic depletion of TBC1D7 
led to drastically diminished proliferation of WM-266–4 cells (Figure S7A, Supporting 

Information). Along this line, it is worth noting that lung cancer cell growth was shown to 

be suppressed by siRNA-mediated knockdown of TBC1D7.[12] Overexpression of TBC1D7 
in WM-115 cells attenuated proliferation prior to day 4, though no significant change was 

found at day 6 (Figure S7B, Supporting Information).

In conclusion, our SILAC-based quantitative proteomic experiment led to the quantification 

of 7387 proteins, including 55% of known TBC proteins, in WM-115 and WM-266–4 cells. 

We also discovered that TBC1D7 promotes invasion of this pair of cultured melanoma cells 

partly through modulating MMP2 and MMP9 activities. However, diminished expression 

of TBC1D7 in IGR37 cells did not attenuate their invasive capacity or the activity 

of secreted MMPs, which might be attributed to patient heterogeneity and alternative 

pathway(s) modulated by AKT. Nevertheless, bioinformatic analyses of clinical data of 

melanoma patients support that elevated expression of TBC1D7 is significantly associated 

with poorer overall patient survival and distant metastasis-free survival, suggesting TBC1D7 

as a potential driver for melanoma metastasis, at least for a large majority of melanoma 

patients. In addition, the differentially expressed proteins in primary/metastatic melanoma 

cells revealed from this study may allow for uncovering other potential modulators of 

melanoma metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Qi et al. Page 4

Proteomics. Author manuscript; available in PMC 2022 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

The authors would like to thank Dr. Peter H. Duesberg and Dr. Alexandre Reymond for sharing research materials. 
This work was supported by the National Institutes of Health (R01 CA210072), and M.H. was supported by an 
institutional training grant (T32 ES018827). All the LC-MS/MS raw files and MaxQuant searching files of the 
paired melanoma cells were deposited to the ProteomeXchange Consortium via the PRIDE[13] partner repository 
with the dataset identifier PXD014368.

References

[1]. Balaban G, Herlyn M, Guerry D, Bartolo R, Koprowski H, Clark WH, Nowell PC, Cancer Genet. 
Cytogenet 1984, 11, 429. [PubMed: 6584203] 

[2]. Huang DW, Sherman BT, Lempicki RA, Nucleic Acids Res. 2009, 37, 1. [PubMed: 19033363] 

[3]. a)Huang M, Qi TYF, Li L, Zhang G, Wang YS, Cancer Res. 2018, 78, 5431; [PubMed: 30072397] 
b)Huang M, Wang YS, Anal. Chem 2019, 91, 6233; [PubMed: 30943010] c)Cai R, Huang M, 
Wang YS, Anal. Chem 2018, 90, 14339. [PubMed: 30433760] 

[4]. Vizoso M, Ferreira HJ, Lopez-Serra P, Carmona FJ, Martinez-Cardus A, Girotti MR, Villanueva A, 
Guil S, Moutinho C, Liz J, Portela A, Heyn H, Moran S, Vidal A, Martinez-Iniesta M, Manzano 
JL, Fernandez-Figueras MT, Elez E, Munoz-Couselo E, Botella-Estrada R, Berrocal A, Ponten F, 
van den Oord J, Gallagher WM, Frederick DT, Flaherty KT, McDermott U, Lorigan P, Marais R, 
Esteller M, Nat. Med 2015, 21, 741. [PubMed: 26030178] 

[5]. a)Liotta LA, Stetlerstevenson WG, Cancer Res. 1991, 51, 5054;b)Yee C, Shiu RPC, Cancer Res. 
1986, 46, 1835. [PubMed: 3948167] 

[6]. Aubert C, Rouge F, Galindo JR, Natl J. Cancer Inst. 1980, 64, 1029.

[7]. Dibble CC, Elis W, Menon S, Qin W, Klekota J, Asara JM, Finan PM, Kwiatkowski DJ, Murphy 
LO, Manning BD, Mol. Cell 2012, 47, 535. [PubMed: 22795129] 

[8]. Madigan JP, Hou F, Ye L, Hu J, Dong A, Tempel W, Yohe ME, Randazzo PA, Jenkins LMM, 
Gottesman MM, Tong Y, J. Biol. Chem 2018, 293, 16142. [PubMed: 30143532] 

[9]. Manning BD, Toker A, Cell 2017, 169, 381. [PubMed: 28431241] 

[10]. Wang PP, Zhou ZH, Hu AC, de Albuquerque CP, Zhou Y, Hong LX, Sierecki E, Ajiro M, 
Kruhlak M, Harris C, Guan KL, Zheng ZM, Newton AC, Sun PQ, Zhou HL, Fu XD, Mol. Cell 
2014, 54, 378. [PubMed: 24703948] 

[11]. Cho JH, Robinson JP, Arave RA, Burnett WJ, Kircher DA, Chen G, Davies MA, Grossmann AH, 
VanBrocklin MW, McMahon M, Holmen SL, Cell Rep. 2015, 13, 898. [PubMed: 26565903] 

[12]. Sato N, Koinuma J, Ito T, Tsuchiya E, Kondo S, Nakamura Y, Daigo Y, Genes Chromosomes 
Cancer 2010, 49, 353. [PubMed: 20095038] 

[13]. Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S, Kundu DJ, Inuganti 
A, Griss J, Mayer G, Eisenacher M, Perez E, Uszkoreit J, Pfeuffer J, Sachsenberg T, Yilmaz S, 
Tiwary S, Cox J, Audain E, Walzer M, Jarnuczak AF, Ternent T, Brazma A, Vizcaino JA, Nucleic 
Acids Res. 2019, 47, D442. [PubMed: 30395289] 

Qi et al. Page 5

Proteomics. Author manuscript; available in PMC 2022 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
SILAC-based quantitative proteomic experiment revealed differential expression of TBC 

domain-containing proteins in WM-115/WM-266–4 paired primary/metastatic melanoma 

cells. A) A flowchart showing the SILAC-based quantification of the global proteome of 

WM-115 (primary melanoma) and WM-266–4 (metastatic melanoma) cells. B) A bar graph 

showing the differential expression of TBC domain-containing proteins in WM-115 and 

WM-266–4 cells. C) Western blot for monitoring the expression of TBC1D7 protein in the 

two pairs of primary/metastatic melanoma cell lines. The data represent the mean ± S.D. (n 
= 3 or 4).
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Figure 2. 
Bioinformatic analysis suggests that TBC1D7 plays a role in melanoma progression. A) 

Kaplan–Meier plot for overall survival of skin cutaneous melanoma (SKCM) patients 

in the TCGA database. High and low expression levels refer to those patients with 

TBC1D7 expression being among the top and bottom quartiles of the TCGA-SKCM dataset, 

respectively (n = 404). B) Kaplan–Meier plot for the distant metastasis-free survival of 

melanoma patients in the GSE65904 cohort (n = 150). Patients were stratified by the median 

mRNA expression level of TBC1D7. C–E) Box–Whisker plot showed TBC1D7 mRNA 

expression in SKCM and UVM patients in the TCGA database (C), in 60 melanoma cell 

lines in CCLE database (D), and in ten melanoma cell lines from the NCI-60 human tumor 

cell lines database (E). The horizontal edges of the box and line inside the box represent the 

top/bottom quartiles and median, respectively. The ends of the whisker denote the highest 

and lowest values. The survival analyses and p values in (A) and (B) were obtained using 

MedCalc, and all p values of (C–E) were calculated using the unpaired, two-tailed t-test.
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Figure 3. 
TBC1D7 enhances melanoma cell invasion in vitro, and it involves the alterations of 

enzymatic activities of MMP2 and MMP9. A,B) Images and quantification results about 

the alterations in migration and invasion rates of WM-266–4 cells upon treatment with 

siTBC1D7 and non-targeting siRNA control (NTsiCtrl) (A), and WM-115 cells with ectopic 

overexpression of FLAG-TBC1D7 or empty vector control (B). C,D) Gelatin zymography 

assays and quantification results for the enzymatic activities of MMP2 and MMP9 in 

WM-115 and WM-266–4 cells upon modulation of TBC1D7 expression levels. The data 

represent the mean ± S.D. (n = 3). All p values were calculated using the unpaired, two-

tailed t-test. “NS,” p > 0.05; “**,” 0.001 ≤ p < 0.01; “***,” p < 0.001.
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