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Abstract 
 

GM3 is predominantly expressed and resided in the outer leaflet of the plasma 

membrane of melanoma B16 cells and assumed essential to involve in melanoma 

metastasis. During the course of our investigations, mTOR complexes seemed to involve 

in this process, however, the mechanism remains unknown. Here, we delineated the 

signaling pathway by which GM3 mediates metastasis via mTOR complexes in 

melanoma B16 cells. At the early stage of melanoma progression, GM3 exerts its effects 

on inducing Ly-GDI and Rho B expressions via PI3-K, Pdpk1, Akt and mTORC/Raptor 

(mTORC1) pathways. Relatively lower level of GM3 at the early stage of melanoma 

progression will constrain the expression of Ly-GDI and Rho B, which results in mouse 

melanoma cell invasive proliferation in soft agar or serum deprived medium. In contrast, 

higher level of GM3 at late stage of melanoma metastasis will highly induce Caveolin-1, 
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TNF- , MMP-9, Plau and Plaur expressions via mTOR/Rictor (mTORC2), which will 

enhance the ability of migration and invasion in melanoma. All these actions will 

ultimately result in melanoma metastasis. More importantly, our in vitro observations not 

only decipher the codes of GM3 in regulating melanoma metastasis in vivo, but also help 

finding new therapeutic strategies to treat melanoma disorders. 

 

 

Nomenclature 
 

GSLs, sialylated glycosphingolipids;  

GEMs, GM3 enriched microdomains;  

PI3-K, phosphatidylinositol-3-kinase;  

MMP-9, matrix metalloproteinase-9;  

TNF- , tumor necrosis factor- ;  

Plau, urokinase-type plasminogen activator;  

Plaur, urokinase-type plasminogen activator receptor;  

Ly-GDI, RhoGDP dissociation inhibitor ;  

GAP, GTPase-activating proteins;  

Pdpk1, 3-phosphoinositide dependent protein kinase-1;  

mTOR, mammalian target of rapamycin;  

mTORCs, mTOR complexes;  

mTORC1, mTOR complex 1;  

mTORC2, mTOR complex 2; 

Raptor, regulatory associated protein of mTOR;  

Rictor, rapamycin-insensitive companion of mTOR 

IFN , interferon ;  

Rheb, Ras homolog enriched in brain;  

TSC1, tuberous sclerosis complex 1;  

TSC2, tuberous sclerosis complex 2. 

 

 

1. Introduction 
 

Gangliosides, sialylated GSLs, are expressed and resided in the outer leaflet of the 

plasma membrane of animal cells and assumed essential to involve in a variety of functions, 

including serving as antigens, receptors for bacterial toxins, mediators of cell adhesion, and 

mediators and modulators of signal transduction.  

Moreover, the accumulated lines of evidence have shown that gangliosides play pivotal 

roles in cancer metastasis. However, it is difficult to understand the defined functional 

concepts of gangliosides in cancer metastasis because gangliosides indirectly exert their 

effects via regulating different signaling pathways.  

Since GM3 is predominantly expressed in melanoma, GEMs have been identified to 

involve in signal transduction in mouse melanoma B16 cells [19]. Along with this prior work 

[19], our recent data further demonstrated that GM3 is able to regulate the activity of PI3-

K/Akt/mTOR signaling pathways [36-38,41]. The increasing insight into the molecular 
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pathogenesis of melanoma has implied that PI3-K/Akt/mTOR signaling pathways are 

constitutively activated in malignant melanoma [25].  

 

Table 1. mTORCs mediated GM3 regulating melanoma  

metastasis via target genes 

 

Gene Name Raptor KD Rictor KD GM3 KD Biological Functions 

Ly-GDI 0.425 0.132 0.387 (d) [30] 

TNF-  0.195 0.432 0.292 (c) [21], (d) [21] 

Gelsolin A 1.538 0.864 0.502 (c) [13] 

Gelsolin B 1.482 1.024 0.632 (c) [13] 

Plau 1.332 2.115 0.750 (d) [22], (e) [22] 

Plaur 1.793 2.257 0.720 (b) [4] 

Caveolin-1 1.358 3.487 0.146 (a) [12], (c) [12], (d) [12] 

Rho B 0.490 0.648 0.318 (d) [20], (e) [20], (f) [20] 

(a) Invasive Proliferation; (b) Apoptosis; (c) Motility; (d) Invasion; (e) Metastasis; (f) Transformation. 

 

Activation of PI3-K/Akt/mTOR signaling pathways play a key role in the initiation of 

melanocyte tumors, modulating the extracellular signals that control cell abnormal growth 

and invasive proliferation [9], which is the characteristics of malignant transformation in 

melanoma progression. However, it is noteworthy that PI3-K/Akt/mTOR pathways do not 

direct regulate cancer progression, but mediating target genes expression, which in turn 

changes the phenotype of melanoma B16 cells. The present chapter was aimed to give 

insights into the mechanisms that mTORCs mediate melanoma metastasis, which is the 

leading cause of death from skin cancer in industrialized country. Our data revealed that GM3 

alteration not only changes the phenotype of mouse melanoma B16 cells metastasis but also 

modify the expression of Raptor and Rictor, which are the key components of mTORCs. 

Specifically, GM3 knockdown concurrently upregulates Rictor and downregulates Raptor 

expression [38]. In addition, Raptor or Rictor knockdown is able to regulate melanoma 

metastasis via target genes (Table 1). To keep the discussion focused, we would further 

elucidate the mechanism that mTORCs mediate GM3 signals to regulate melanoma 

metastasis via target genes, such as Ly-GDI, TNF- , etc. The biological functions of these 

mTOR complexes related genes on the behaviors of melanoma metastasis, such as invasive 

proliferation, migration and invasion would be addressed in detail based on our and others’ 

publications. However, the scientific controversies are still going on until now. Therefore, it 

still remains not thoroughly known as to how GM3 regulate the metastasis of melanoma. 

 

 

2. mTOR Signaling Complexes 
 

In mammalian cells, mTOR binds with Raptor or Rictor to form at least two physically 

and functionally distinct signaling complexes: rapamycin-sensitive mTOR complex 1 

(mTORC1) and rapamycin-insensitive mTOR complex 2 (mTORC2) (Figure 1). The broad 

biological functions of mTOR complexes and their individual subunits naturally attracted 

several laboratories to undertake genetic targeting experiments in understanding their 

molecular mechanism. The results of these experiments that involve various mTORCs are just 
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beginning to emerge. Respectively, mTORC1 phosphorylates S6K and 4E-BP1, which in turn 

regulates translation, autophagy, growth, lipid biosynthesis, mitochondria biogenesis and 

ribosome biogenesis. 

 

 

Figure 1. The biological functions of mTORC1 and mTORC2. In mammalian cells, mTOR forms two 

structurally and functionally distinct protein complexes, termed mTORC1 and mTORC2. mTORC1 is 

defined by the binding of the mTOR-interacting protein, Raptor and a third subunit, termed mLST8. 

mTORC1 phosphorylates S6K and 4E-BP1, which in turn regulates translation, autophagy, growth, 

lipid biosynthesis, mitochondria biogenesis and ribosome biogenesis. The mTORC2 contains three 

unique proteins: Rictor, mSIN1, and the shared mLST8. mTORC2 phosphorylates SGK1, Akt (Ser 

473), Rac1 and PKC which in turn regulates survival, metabolism, proliferation and cytoskeletal 

organization. It is noteworthy that mTORC2 phosphorylates the oncogenic kinase Akt at Ser 473 

residue. Activation of Akt drives several cancer-related cellular responses, including increased cell 

growth and proliferation, a shift to glycolytic metabolism, and increased cell migration. 

Nethertheless, mTORC2 phosphorylates SGK1, Rac1 and PKC which in turn regulates 

survival, metabolism, proliferation and cytoskeletal organization [24,44]. More important 

advance among these findings was that mTORC2 phosphorylates the oncogenic kinase Akt at 

Ser 473 residue. Activation of Akt drives several cancer-related cellular responses, including 

increased cell growth and proliferation, a shift to glycolytic metabolism, and increased cell 

migration [6,28]. In line with these investigations, the similar phenomenon was also found in 

primary human melanoma cells, however, the biological significance of these activities is not 

well understood [31].  

 

 

3. PI3-K/Akt/mTOR Signaling Pathways 
 

As has been described above, mTORC2 can phosphorylate oncogenic kinase Akt, which 

is the critical component in PI3-K/Akt pathway indicating the involvement of PI3-K/Akt 

pathway in mTOR signaling pathway. The first link between PI3-K/Akt and mTORCs is 

TSC1/TSC2 based on genetic epistasis analysis [14]. To make it more clear, an introductory 

overview of the PI3-K/Akt/mTOR pathway is presented in Figure 2. In 30-50% melanomas, 

PI3-K was activated by loosing PTEN, a negative regulator of PI3-K pathway, which 
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correlates with melanoma progression and shorter 5-year survival of patients [10,43]. As the 

conserved downstream target of PI3-K, Akt is overexpressed in 60% melanomas compared 

with common and dysplastic nevi, which almost do not express Akt by 

immunohistochemistry results [11].  

 

 

Figure 2. PI3K/Akt/mTOR signal transduction model. In the PI3K/Akt/mTOR pathway, Akt is flanked 

by TSC1/TSC2 heterodimer, which inhibits mTOR by inhibiting the activity of Rheb. Akt activates 

mTOR via direct phosphorylation of TSC1/2, thereby activating Rheb and mTOR/Raptor activity. 

Upon activation, mTOR/Raptor activates S6K and inhibits 4E-BP1 to accelerate mRNA translation and 

protein synthesis. On the other hand, the mTORC2 (mTOR, mLST8, Rictor and mSIN1) regulates Akt 

Ser473 phosphorylation through which mediates tumor cell proliferation, survival, polarity and 

migration via GSK3 and FoxO. 

Increased Akt expression in melanoma is associated with tumor progression and survival 

[9,25]. Interestingly, hyperactivated PI3-K/Akt pathway seems to induce mTOR activation in 

cutaneous melanoma, which result in melanoma progression [29]. In more detail, mTOR is 

activated by the Rheb [17,18,45], which is the target of the guanosine triphosphotase-

activating domain of the TSC2 proteins. In addition, TSC2 was phosphorylated by highly 

phosphorylated Akt, which results in TSC1/TSC2 inhibition [16]. More importantly, the 

biological functions of mTOR do not only constrain to the protein synthesis along with the 

discovery of mTORC2. For the important role of mTORC2 in regulating Akt phosphorylation 

at Ser 473, new biological functions of mTOR were gained into tumor progression. 

Accordingly, mTORC2 has the ability to regulate tumor cells proliferation, survival and 

migration, etc via Akt. Specifically, it will exert their effects on melanoma progression via 

different target genes, such as Ly-GDI, TNF- and plau, etc. The detailed mechanism will be 

further discussed as below. 
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4. Involvement of PI3-K/Akt/mTOR Signaling  
Pathways in Mediating GM3 Signals to Melanoma 

B16 Metastasis via Target Genes 
 

During the course of our investigations, we obtained cells (CSSH-1) that overexpressed 

B4galt6 cDNA and cells (CAH-3) that suppressed its expression, which in turn result in GM3 

modulation in order to screen GM3 target genes, [37,39]. In the CSSH-1 cells, GM3 contents 

were doubled, but in the CAH-3 cells, GM3 expression was halved compared with vector 

transfectant control, SM-1 and CM-1, respectively [37,39]. To further confirm the roles of 

GM3 in melanoma cells, St3gal5 silenced cells were established by transfecting B16 cells 

with St3gal5 siRNA and it was found that the introduction of St3gal5 siRNA to B16 cells 

resulted in GM3 depletion as compared with the scrambled siRNA transfectant control 

[37,39]. Moreover, we had previously reported the mechanism that GM3 regulate melanoma 

metastasis via the target genes, such as Ly-GDI, TNF- , MMP-9, MMP-2, Caveolin-1 and 

Plaur, etc. and the functions of these genes on the phenotypes of melanoma cells, such as 

invasive proliferation, adhesion, migration and invasion would be finally addressed based on 

our and others’ publications [34]. More interestingly, we found that GM3 rapidly stimulated 

PI3-K pathway and Akt phosphorylation [36-38]. In addition, phosphorylation of Akt was 

inhibited in association with GM3 knockdown [38]. These results clearly demonstrated that 

GM3 has ability to regulate activity of PI3-K/Akt pathway. As the downstream effectors of 

Akt, we further found that GM3 knockdown concurrently downregulates Raptor mRNA 

expression and upregulates Rictor mRNA expression [38]. We thereby deducted that GM3 

might exert its effect on target genes via mTOR signaling pathway, which in turn change the 

phenotype of melanoma B16 cells. Although we had previously made it clear that GM3 exerts 

its effects on target genes via PI3-K/Akt pathway, the mechanism that mTORCs involved in 

this process remains unknown. In order to make it clear, we further established Raptor or 

Rictor knockdown cell lines. Based on these genetic manipulation cell lines, the detailed 

mechanism will be further elucidated. 

 

 

4.1. Ly-GDI 
 

Ly-GDI, a Rho GTPase dissociation inhibitor , is also named as RhoGDI2, Arhgdib or 

D4-GDI. It belongs to a family of RhoGDIs including RhoGDI1 and RhoGDI3. The family is 

named for its ability to inhibit the dissociation of bound GDP from its partner Rho GTPase, 

which regulates interactions with regulatory guanine nucleotide exchange factors, GAP, and 

the effector targets [33]. Our recent data demonstrated that Ly-GDI expression was positively 

regulated by GM3, leading to suppress anchorage-independent growth in mouse melanoma 

B16 cells [39], which has been previously regarded as one of the most important oncogenic 

properties of tumor cells. In line with our data [39], Ota et al.[27] also reported that truncated 

Ly-GDI promotes metastasis of mouse colon cancer. In addition, Ly-GDI is also regarded as 

an invasive and metastatic suppressor gene in human bladder cancer cells [15,32], which 

distinguished Ly-GDI from other two GDIs. For the important role of Ly-GDI in mediating 

GM3 signals to regulate melanoma malignant transformation, it is important to describe the 

signal transduction pathway between GM3 and Ly-GDI. To keep the discussion focused, we 
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next aimed to characterize the signaling pathway of GM3 in regulating Ly-GDI expression. 

We had previously found that GM3 regulated Ly-GDI expression via PI3-K/Akt pathway 

based on pharmacological and genetic interventions of Akt [39]. As the downstream effectors 

of Akt, mTORCs are also involved in GM3 regulating Ly-GDI expression. Our data revealed 

that GM3 knock down concurrently reduces Raptor expression and induces Rictor expression. 

Taking the advantage of siRNA technique, we further found that Raptor, but not Rictor knock 

down abolished GM3 effects on Ly-GDI induction via blocking Akt phosphorylation at Thr 

308 [39]. From these observations, we demonstrate that GM3 induces Ly-GDI expression via 

PI3-K/Akt
Thr308

 and mTOR/Raptor pathways in melanoma B16 cells [39]. Although 

mTOR/Rictor does not paly pivotal roles in mediating GM3 signals to regulate Ly-GDI 

expression, mTORC2 has shown its ability to regulate Ly-GDI expression. As evidence, 

Rictor knockdown clearly inhibits the expression of Ly-GDI (Table 1) via inhibiting Akt 

phosphorylation at Ser473 site [41]. Although GM3 are not able to regulate Ly-GDI via 

mTORC2, both mTORC1 and mTORC2 has ability to reuglates Ly-GDI expression, which 

mediate melanoma B16 cells invasive proliferation at the early stage of melanoma 

progression [34]. 

 

 

4.2. Tnf-  
 

As a multifunctional cytokine, TNF-  is synthesized as a 26kDa (233 amino acids) 

membrane-bound propeptide (pro-TNF- ), which is secreted upon cleavage by TNF-  

converting enzyme [2]. TNF-  was usually regards as a tumor promoting factor based on 

experimental models of invasion and metastasis [1]. Along with these prior works [1], we 

further found that TNF-  loacated downstream of Ly-GDI [41]. Although we didn’t 

determine if exogenous TNF-  will increase or decrease melanoma B16 cells invasive 

proliferation, we had found that exogenous treatment with TNF-  induces MMP-9 mRNA 

expression and activation [36]. Highly activated MMP-9 enhances melanoma B16 cells 

migration [36]. However, mTORCs involved in mediating TNF-  expression and activation 

are not thoroughly as the same as Ly-GDI. In more detail, Rictor knockdown not only 

suppressed TNF-  expression but also blocking GM3 signaling cascade in regulating TNF-  

expression [41]. To further elucidate its mechanism, it is caused by inhibiting Akt 

phosphorylation at Ser 473 [41] in Rictor knockdown cells [37]. Different from mTORC2, 

disruption of mTORC1 by Raptor siRNA is not capable to block GM3 signals though it 

already showed its inhibitory effects on the expression of TNF-  [41]. Therefore, the question 

is easily raised why mTORC1 and mTORC2 played different roles in mediating GM3 signals 

to modulate Ly-GDI and TNF-  expression though they have upstream and downstream 

relationship. The different roles might be explained via the mechanism (1) the complicated 

components of mTORCs; (2) other signaling pathways that involve in mediating GM3 signals 

to regulate these two genes expression. In order to resolve this problem, experiments are 

carried out and still going on in our lab. 
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4.3. Plau and Plaur 
 

During the course of TNF-  and MMP-9 investigations, experimental evidence had led to 

the recognition of Plau and Plaur[7,23]. For example, Bianchini et al. [7] proposed that 

costimulation with TNF-  and IFN  enhancing murine melanoma B16 cells metastasis via 

inducing Plaur mRNA and protein expression. Along with this prior work [7], our recent 

results demonstrated that endogenous GM3 is able to positively regulate Plau and Plaur 

mRNA expression in mouse melanoma B16 cells [34]. In addition, PI3-K/Akt pathway has 

been verified to involve in GM3 regulating Plau and Plaur expression [34]. In this chapter, we 

further extended our previous investigation to mTORCs. The results demonstrated that both 

mTORC1 and mTORC2 inhibited Plau and Plaur mRNA expression by the experiments of 

Raptor or Rictor knockdown in melanoma B16 cells (Table 1). Given the reason that GM3 

positively regulates Plau and Plaur expression and GM3 knockdown concurrently upregulates 

Rictor and downregulates Raptor, we are reasonably deduct that the mTORC2, but not 

mTORC1 played key roles in mediating GM3 signals to regulate Plau and Plaur expression. 

To the best of our knowledge, there is still no related report until now. Although similar 

reports are not found, Bessard et al. [ 5] has suggested that S6K is required for Plaur 

expression in human hepatocarcinoma cells. Unfortunately, they didn’t extend their research 

to mTORCs. Since the mechanism that GM3 regulates Plau and Plaur mRNA expression is 

still going on in our lab, we still could not provide the whole “map” that mTORCs regulate 

Plau and Plaur expression though we already found that PI3-K/Akt/mTOR pathway played 

key roles in regulating Plau and Plaur mRNA expression in melanoma B16 cells. 

 

 

4.4. Caveolin-1 
 

For Caveolin-1, little is known regarding the roles of Caveolin-1 in melanoma 

progression. Early studies demonstrate that increased Caveolin-1 expression was associated 

with enhanced malignancy in a non-cutaneous, retinal melanoma [3]. An even more recent 

study revealed that Caveolin-1 expression increased cell proliferation, anchorage-independent 

growth, migration and invasion in WM983A melanoma cell line [12]. Along with these prior 

works [3,12], we further found that GM3 can positively regulate Caveolin-1 expression, 

which enhances melanoma migration via inducing TNF- /MMP-9 expression [34]. In the 

current study, we further found that Raptor depletion by siRNA mildly upregulated Caveolin-

1 expression, whereas Rictor silencing significantly upregulated Caveolin-1 expression (Table 

1). Given the result that GM3 knockdown reduces Caveolin-1 expression, we speculate that 

mTORC2 might play pivotal roles in regulating Caveolin-1 expression. In line with our data, 

Campbell et al. [8] suggested that Caveolin-1 acts synergistically with the Akt/mTOR 

pathway leading to disease progression in renal cell carcinoma, whereas they could not 

further discuss their regulating mechanism. Therefore, our results along with previous studies 

added the biological functions of mTORCs in modulating melanoma metastasis. 
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4.5. Rho B 
 

Rho B has been found to locate downstream of Ly-GDI in our previous study [34]. In this 

study, we further found that Raptor or Rictor knockdown decreases the expression of Rho B 

(Table 1). According to the data of GM3 knockdown [34], we could conclude that mTORC1 

plays key roles in GM3 regulating Rho B expression. These results might further confirm that 

Rho B is the downstream target of Ly-GDI to regulate melanoma B16 cells invasive 

proliferation. 

 

 

Conclusion 
 

It is populously defined that the metastatic process consists of multiple steps: a) invasive 

proliferation as benign tumor at the primary site; b) migration; c) Invasion; d) growth in a 

“foreign” or ectopic organ environment [26,42]. In view of these prior theories, our data 

summarized here reinforce the notion that GM3 potentially plays a dual role in melanoma 

development, as has been described in our previously published works [35-37,39,40] and this 

kind of dual role is exerted via mTORCs. At early stage of melanoma metastasis, lower level 

of GM3 induces melanoma invasive proliferation via mTORC1. 

 

Figure 3. Proposed cascade of GM3 signaling events via mTORCs in murine melanoma B16 cells 

metastasis. In melanoma B16 cells, GM3 is gradually increased during the progression of melanoma 

malignancy and facilitates melanoma cells to metastasize. We here found that GM3 signals are 

transduced via PI3-K, Pdpk1, Akt and the mTORC/Raptor pathways, leading to the expression of Ly-

GDI and RhoB, which in turn suppresses mouse melanoma cell invasive proliferation in soft agar or 

serum deprived medium. Noteworthy, the above mechanisms will result in cell invasive proliferation 

because of relatively lower level of GM3 at early stage of melanoma progression. In contrast, higher 

level of GM3 at late stage of melanoma metastasis will trigger cell migration and invasion via 

Caveolin-1, TNF- , MMP-9, Plau and Plaur and the signaling transduction pathway is mainly mediated 

by mTOR/Rictor complex. These in vitro observations not only decipher the codes of GM3 in 

regulating melanoma metastasis in vivo, but also help find new therapeutic strategies to treat melanoma 

disorders. 



Peipei Guan, Zhanyou Wang, Xueshi Huang et al. 208 

Alternatively, higher levels of GM3 at the late stage of melanoma metastasis triggers cell 

migration and invasion via mTORC2. Moreover, mTORCs are not directly exerting their 

effects, they usually mediate melanoma metastasis via their target genes as the above 

discussion (Figure 3). These in vitro observations not only decipher the codes of GM3 in 

regulating melanoma metastasis in vivo, but also help find new therapeutic strategies to treat 

melanoma disorders. 
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