
Molecular Medicine REPORTS  20:  2667-2674,  2019

Abstract. The newly identified Src homology and collagen 
(Shc) family member ShcD was observed to be upregulated 
in 50% of vertical growth phase and metastatic melanomas. 
The aim of the present study was to investigate the mecha-
nism by which ShcD mediates cell motility. 293 cell lines 
were altered to stably express GFP (GF) or GFP‑ShcD (G5). 
Treatment of the cells with transforming growth factor 
(TGF)β2 promoted extracellular signal‑regulated kinase 
(ERK) phosphorylation and, to a lesser extent, Smad2 
phosphorylation in GFP‑ShcD‑expressing cells but not in 
GFP‑overexpressing cells. GFP‑ShcD‑expressing cells exhib-
ited upregulated expression of certain epithelial‑mesenchymal 
transition‑related genes, such as snail family transcrip-
tional repressor 1 and SLUG, than GFP‑expressing cells. 
Higher levels of ERK were found in the nuclear fraction of 
GFP‑ShcD‑expressing cells than that of GFP‑expressing cells. 
Overall, GFP‑ShcD‑expressing cells demonstrated enhanced 
migration compared with GFP‑expressing cells. A slight 
increase in cell migration was observed in both cell lines 
(GF and G5) when the cells were allowed to migrate towards 
conditioned medium derived from TGFβ2‑treated GFP‑ShcD 
expressing cells. Collectively, ShcD upregulation was proposed 
to induce cell migration by affecting the expression of certain 
epithelial‑mesenchymal transition‑related genes. Thus, our 
findings may improve understanding of the role of ShcD in 
cell migration.

Introduction

The Src homology and collagen (Shc) family of adaptor 
proteins assists in propagating extracellular signals to the 
internal cellular environment by acting as a substrate for 
different receptors (1‑3). In addition, Shc proteins are known 
for their role in establishing crosstalk between different signal-
ling pathways (4,5). Shc proteins are capable of performing 
this transduction function as they possess a unique structural 
homologue [collagen homology (CH)2‑phosphotyrosine 
binding domain (PTB)‑CH1‑Src homology‑2 (SH2)]  (4,5). 
The family comprises four members: ShcA, ShcB, ShcC and 
the most recently identified member ShcD (4,6,7). Expression 
analysis has revealed high levels of ShcD in the vertical 
growth phase, as well as in metastatic melanoma (6). ShcD 
has been proposed to mediate cell motility by activating both 
Ras‑dependent and Ras‑independent migratory pathways 
in melanoma (6). In the same study, when the Ras/MAPK 
signalling pathway was inhibited, ShcD‑overexpressing cells 
maintained their ability to mediate cell migration  (6); the 
mechanisms underlying ShcD‑induced cell migration have 
require further investigation.

For cells to acquire a motile phenotype, they initially 
transition to a mesenchymal phenotype, and this results in 
the ability to invade the extracellular matrix (8). Additionally, 
cancer cells require new blood vessel formation to assist in 
metastasis (9,10). Epithelial‑mesenchymal transition (EMT) 
is required for normal cells to migrate to aid in embryonic 
development and wound healing, but it is also employed by 
cancer cells (9). Transforming growth factor (TGF)β signal-
ling plays a major role in epithelial cell morphology changes 
and alterations in gene expression patterns to acquire a motile 
phenotype (11‑13).

Various studies have reported that TGFβ signalling is 
transduced via Smad and non‑Smad signalling. TGFβ binds to 
TGFβ receptor type II, which then transphosphorylates TGFβ 
receptor type I. Two of the proteins recruited by TGFβ receptor 
type  I activation are Smad2 and Smad3, and the complex 
they form is responsible for Smad4 translocation to the 
nucleus (14,15). Smad4 promotes the transcription of different 
genes responsible for acquiring the EMT phenotype (16). TGFβ 
signalling is involved in promoting the expression of stemness 
genes, such as snail family transcriptional repressor 2 (SLUG) 
and snail family transcriptional repressor 1 (SNAIL), which 
help initiate the EMT process (12,17). It has been reported that 
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TGFβ triggers cell invasion and metastasis by inducing the 
expression of vascular endothelial growth factor (VEGF) and 
matrix metalloproteinase 2 (MMP2) (18).

In the present study, we proposed that ShcD may have a role 
in inducing EMT and thus mediate cell migration. Investigating 
the expression of EMT genes in ShcD‑overexpressing cells 
could aid in determining the function of ShcD and improve 
our knowledge of the mechanisms by which ShcD induces 
melanoma cell migration.

Materials and methods

Antibodies and reagents. The cells were lysed using 1% 
Triton lysis buffer supplemented with 1mM Na3VO4, 50 mM 
NaF, 1 mM PMSF and protease inhibitors cocktail. All the 
lysis buffer reagents were obtained from Sigma Aldrich 
(Merck KGaA). The extracted proteins were quantified by 
Pierce BCA protein assay from Invitrogen (23225; Thermo 
Fisher Scientific, Inc.). The proteins were then resolved in 
a 10% SDS‑PAGE gel. Immunoblotting was performed by 
probing proteins transferred onto PVDF membranes with 
the following antibodies: Anti‑Smad2 (ab40855; Abcam), 
anti‑phosphorylated‑Smad2 (ab184557; Abcam), anti‑histone 
H3 (ab1791; Abcam), anti‑extracellular signal‑regulated 
kinase (ERK; cat. no. 9102; Cell Signaling Technology, Inc. 
(CST)], anti‑phosphorylated‑ERK (pERK; cat. no.  9101; 
CST), Anti‑TGFβ receptor I antibody (ab31013; Abcam), 
anti‑β actin (A5441; Sigma Aldrich; Merck KGaA) and 
anti‑green fluorescent protein (GFP; sc‑9996; Santa Cruz 
Biotechnology, Inc.). To enable detection of the primary anti-
body, a rabbit or a mouse secondary antibody coupled to HRP 
was used according to the primary antibody species (ab7628 
and ab191866, respectively; Abcam). All the primary anti-
bodies were incubated over night at 4˚C, while the secondary 
antibodies were incubated for 1 h at RT. The membranes 
were developed employing ECL Western Blotting substrate 
kit from Promega, USA (W1015). The images were acquired 
by Bio‑Rad ChemiDoc touch imaging system. Human TGFβ 
(T2815; Sigma‑Aldrich; Merck KGaA) was used for cell 
treatment at 5 ng/ml at 37˚C.

Cell culture. 293 and G5 cells were a kind gift from Dr Prigent 
(University of Leicester, Leicester, UK). The G5 cell line was 
generated by Samrein Ahmed, 2013, (University of Leicester). 
The GF cell line was generated by Samrein Ahmed at the 
University of Sharjah (UAE). The method of how stable cell 
lines were generated is described by Ahmed et al (19). FM‑55p 
(13012417) and MM138 (10092321) melanoma cell lines were 
supplied from Sigma Aldrich (Merck KGaA) from the ECACC 
collection. The two cell lines were maintained as indicated by 
ECACC instructions.

The 293, G5, and GF cell lines were cultured in Dulbecco's 
Modified Eagle's medium (D6429; Sigma Aldrich; Merck 
KGaA) supplemented with 10% FBS (F9665; Sigma Aldrich; 
Merck KGaA) and 1% penicillin/streptomycin. G5 and GF 
cells were cultured with 200 µg/ml neomycin or hygromycin, 
respectively for selection. The cells were incubated at 37˚C 
and 5% CO2. Before and during the experiments, the cells 
were maintained without selection pressure to eliminate any 
effect of the selection treatment.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from cells using a total 
RNA Purification Kit 1700 (Norgen Biotek Corp.). mRNA 
was then converted into cDNA using a TruScript Reverse 
Transcriptase kit following the manufacturer's protocol (cat. 
no. 54440; Norgen Biotek Corp.). qPCR was performed using 
a SYBR Green PCR kit (204145; Qiagen GmbH) and the 
following primers:

Homo sapiens VEGF forward, 5'‑CTA​CCT​CCA​CCA​TGC​
CAA​GT‑3', and reverse, 5'‑GCA​GTA​GCT​GCG​CTG​ATA​
GA‑3'; homo sapiens MMP‑2 forward, 5'‑TCT​CCT​GAC​ATT​
GAC​CTT​GGC‑3', and reverse, 5'‑CAA​GGT​GCT​GGC​TGA​
GTA​GATC‑3'; Homo sapiens SNAIL forward, 5'‑ACC​ACT​
ATG​CCG​CGC​TCT​T‑3', and reverse, 5'‑GGT​CGT​AGG​GCT​
GCT​GGA​A‑3'; homo sapiens SLUG forward, 5'‑TGT​TGC​
AGT​GAG​GGC​AAG​AA‑3', and reverse, 5'‑GAC​CCT​GGT​
TGC​TTC​AAG​GA‑3'; and homo GAPDH forward, 5'‑AGG​
GCT​GCT​TTT​AAC​TCT​GGT‑3', and reverse, 5'‑CCC​CAC​
TTG​ATT​TTG​GAG​GGA‑3'. The RT‑qPCR parameters for 
each of the genes are demonstrated in Table I. Fluorescence 
signals were detected using a Qiagen Rotor Gene Q PCR fluo-
rescence analyser (Qiagne GmbH). The obtained quantification 
cycle (Cq) values were analysed using the 2‑ΔΔCq method (20).

Transwell assay. Briefly, 1.25x105 cells were resuspended 
in DMEM containing 0.1% serum and then added to upper 
Boyden chambers. Conditioned medium was made by adding 
fresh DMEM with 10% FBS to TGFβ‑treated or untreated 
GF, or G5 cell‑derived medium at a ratio of 1:1. The lower 
chambers contained the conditioned medium, and the cells 
were allowed to migrate for 16 h at 37˚C. After the incubation 
time, the Boyden chamber membranes were stained with 0.2% 
crystal violet in 10% ethanol for 30 min at room temperature, 
and absorbance readings were obtained at 570  nm using 
Thermo Scientific Varioskan Flash‑Elisa microplate reader 
(Thermo Fisher Scientific, Inc.).

Subcellular fractionation. The steps conducted to sepa-
rate the nuclear fraction from the cytoplasmic fraction are 
described by Ahmed and Prigent  (21). Briefly, cells were 
pelleted at 4˚C at 122 x g for 5 min and the pellets were 
treated with hypotonic buffer (10  mM HEPES pH  7.8, 
25 mM β‑glycerophosphate, 25 mM MgCl2, 0.1 mM Na3VO4, 
0.5 mM EDTA and 0.1% protease inhibitors). Next, 10% 
NP‑40 was added and accompanied with vigorous vortexing 
for 15 sec at room temperature. This was followed by 30 sec 
centrifugation at 13,000 x g at 4˚C. Nuclear protein extrac-
tion was performed by adding a high salt buffer (50 mM 
HEPES pH 7.8, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 
1 mM DTT, 10% glycerol, 0.2 mM NaF, 0.2 mM Na3VO4, 
and 0.1% protease inhibitor cocktail). Nuclear fractions were 
then analyzed by western blotting.

Statistical analysis. Each experiment was performed at least 
twice. Western blotting band analysis was performed using 
ImageJ‑Version 1.50b (National Institutes of Health) (22) and 
Excel version 365. In the present study, the error bars repre-
sent the standard error of the mean. One‑tailed student tests 
were used to calculate statistical differences. For the analysis 
of SLUG expression, one‑way ANOVA was used as well as 
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Dunnett's multiple comparison test for differences between 
multiple groups, using GraphPad Prism 7.04 (GraphPad 
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

TGFβ receptor I expression in the generated stable cell lines. 
To determine the effects of ShcD on downstream TGFβ 
signalling, stable cell lines expressing GFP‑ShcD or GFP 
were generated (G5 and GF, respectively), and the expression 
of GFP‑ShcD or GFP was confirmed by immunoblotting with 
an anti‑GFP antibody (Fig. 1). Next‑generation sequencing 
showed that the ShcD expression level was 296 times higher in 
G5 cells than in GF cells (data not shown).

The 293, GF, G5, and two melanoma cell lines (FM‑55p 
and MM138) were analysed to determine their TGFβ receptor 
type I expression profile to ensure cell responsiveness to TGFβ 
treatment (Fig. 1).

TGFβ treatment promotes ERK phosphorylation in 
GFP‑ShcD‑expressing cells. To examine whether ShcD 
contributes to TGFβ signalling transduction, 293, GF and 
G5 cells were treated with or without TGFβ. pERK was 
shown to be notably upregulated in GFP‑ShcD‑expressing 
cells than in GFP‑expressing cells. Similar to pERK, but to 
a lesser extent (23), the levels of pSmad2 were increased in 
GFP‑ShcD‑expressing cells (Fig. 2). TGFβ treatment caused 
elevation of pERK by 1.8 fold in GFP‑ShcD‑expressing cells, 
while it resulted in increased pERK by 1‑fold in GFP‑expressing 
cells. The TGFβ‑mediated Smad2 phosphorylation was less 
evident in GFP‑ShcD‑expressing cells than that of ERK 
phosphorylation. It was accordingly hypothesized that TGFβ 
treatment causes an increase in pERK and, to a lesser extent, 
in Smad2 phosphorylation in GFP‑ShcD‑expressing cells.

Expression of cell motility‑related genes in GF and G5 
cells. The role of TGFβ in establishing and maintaining 
EMT was reported to be partially achieved by inducing the 
transcription of various genes, such as the stemness genes 
SLUG and SNAIL (17). Therefore, SNAIL and SLUG expres-
sion was assessed via RT‑qPCR. Upon TGFβ treatment, 
GFP‑ShcD‑expressing cells exhibited significantly upregu-
lated expression of the stemness genes with or without the 
addition of 10% serum (Fig. 3A and B).

After cancer cells detach from neighbouring cells, resis-
tance from the extracellular cellular matrix hinders cell 
motility; the secretion of extracellular proteinases, such as 
MMPs (23), is thus crucial for overcoming this resistance. 

Table I. RT‑qPCR parameters for the tested genes.

Gene Name	 RT‑qPCR parameters

SLUG	 ‑Denaturation at 95C for 15 min 
	 ‑45 Cycles of:
	   ‑94C for 15 sec
	   ‑64C for 30 sec
	   ‑72C for 30 sec
	 ‑Dissociation at 60‑95C
SNAIL	 ‑Denaturation at 95C for 15 min 
	 ‑45 Cycles of:
	   ‑94C for 15 sec
	   ‑65.7C for 30 sec
	   ‑72C for 30 sec
	 ‑Dissociation at 60‑95C
VEGF 	 ‑Denaturation at 95C for 15 min 
	 ‑45 Cycles of:
	   ‑94C for 15 sec
	   ‑60C for 30 sec
	   ‑72C for 30 sec
	   ‑Dissociation at 60‑95C
MMP2	 ‑Denaturation at 95C for 15 min 
	 ‑45 Cycles of:
	   ‑94C for 15 sec
	   ‑61C for 30 sec
	   ‑72C for 60 sec
	 ‑Dissociation at 60‑95C
GAPDH	 ‑Denaturation at 95C for 15 min 
	 ‑45 Cycles of:
	   ‑94C for 15 sec
	   ‑58C for 30 sec
	   ‑72C for 30 sec
	 ‑Dissociation at 60‑95C

RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 1. TGFβRI expression in the generated stable cell lines. (A) 293 stably 
expressing GFP (GF) or GFP‑ShcD (G5) were generated. Immunoblotting 
with an anti‑GFP antibody confirmed the expression of GFP and GFP‑ShcD. 
(B) Lysates were obtained from different melanoma cell lines (MM138 
and FM‑55p), and 293, GF, and G5 cells. The lysates were resolved in an 
SDS‑PAGE gel and the immunoblotting was performed by the indicated anti-
bodies. Β‑actin was used as loading control. GFP, green fluorescent protein; 
Shc, Src homology and collagen; TGFβRI, transforming growth factor β 
receptor I.
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MMP2 was found to be secreted and upregulated by various 
types of cancer cells to facilitate invasion (24). Furthermore, 
MMP2 expression was shown to be significantly increased in 
GFP‑ShcD‑expressing cells compared with corresponding GF 
cells when incubated with TGFβ and 10% serum but not with 
TGFβ alone (Fig. 3C).

Cancer metastasis is facilitated by new blood vessel 
formation (25). A previous report revealed that TGFβ induces 
angiogenesis via VEGF upregulation  (26). Our findings 

failed to demonstrate any significant increase in VEGF gene 
expression in TGFβ‑treated G5 cells, with or without complete 
medium addition, but interestingly, VEGF expression was 
upregulated in serum‑deprived GFP‑ShcD‑expressing cells 
than in corresponding GFP‑expressing cells (Fig. 3D).

In summary, SNAIL and SLUG expression was upregu-
lated in GFP‑ShcD‑expressing cells in response to TGFβ 
treatment, unlike VEGF expression, which demonstrated 
higher levels when the cells were deprived of serum. MMP2 

Figure 3. Expression of cell motility‑related genes in GF and G5 cells. (A‑D) GF and G5 cells were incubated with 0.1% serum, 0.1% serum plus 5 ng/ml TGFβ2, 
or complete medium plus TGFβ2 for 24 h. Total RNA was extracted, and the mRNA was then converted to cDNA. Reverse transcription‑quantitative‑PCR 
was then performed for VEGF, MMP‑2, SLUG and SNAIL using Qiagen Rotor Gene Q PCR. Ns, no significance, **P<0.05. (E) Parallel sets of GF and G5 
cells were treated similarly for 1 h as aforementioned. The cell lysates obtained were resolved on an SDS‑PAGE gel, and immunoblotting was performed using 
an anti‑pERK, anti‑TERK or anti‑β‑actin antibody. TERK, total extracellular signal‑regulated kinase; p, phosphorylated; SLUG, snail family transcriptional 
repressor 2; SNAIL, snail family transcriptional repressor 1; TGFβ, transforming growth factor β.

Figure 2. TGFβ treatment promotes ERK phosphorylation in GFP-ShcD-expressing cells. GF and G5 cells were incubated with medium containing 0.1% FBS 
for 4 h. The cells were either left untreated or were treated with 5 ng/ml TGFβ2 for 1 h. The cells were then lysed and subjected to immunoblotting with the 
indicated antibodies. Band density analysis was performed using ImageJ software. ERK, extracellular signal‑regulated kinase; p, phosphorylated; T, total; 
TGFβ, transforming growth factor β; GFP, green fluorescent protein..
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upregulation in GFP‑ShcD‑expressing cells was induced by 
the combination of 10% serum and TGFβ, but not by TGFβ 
alone (Table II).

A parallel set of cells was obtained for western blotting 
to assess ERK phosphorylation. pERK levels were notably 
upregulated in GFP‑ShcD‑expressing cells than in control 
cells upon TGFβ treatment regardless to complete addition 
(Fig. 3E).

GFP‑ShcD‑expressing cells have higher nuclear levels of 
pERK than GF cells. GFP‑ShcD‑expressing cells were found 
to have higher expression levels of SNAIL, SLUG and MMP2 
than control cells; thus, we investigated the nuclear levels of 
pERK upon TGFβ treatment. GF and G5 cells were either 

starved or treated with TGFβ with or without 10% serum. 
The nuclear fraction of GFP‑ShcD‑expressing cells exhibited 
higher nuclear pERK levels than that of GFP‑expressing 
cells in starvation, TGFβ, or TGFβ treatment with complete 
medium conditions (P>0.05; 0.2, 0.18 and 0.09, respectively; 
Fig. 4A and B).

GFP‑ShcD‑expressing cells exhibit greater migration 
than GFP‑expressing cells. To determine the migration 
ability of ShcD‑overexpressing cells, Transwell assays were 
employed. The cells were allowed to migrate against a 
gradient created by adding conditioned medium derived from 
TGFβ‑treated or untreated cells expressing GFP‑ShcD or GFP. 
GFP‑ShcD‑expressing cells exhibited increased migration than 

Figure 4. GFP-ShcD-expressing cells have higher nuclear pERK levels. (A) GF and G5 cells were starved with 0.1% serum for 16 h. The cells were incubated 
under conditions of starvation or treated with 5 ng/ml TGFβ2 with or without 10% serum for 1 h. Subcellular fractionation was then performed to separate 
the nuclear fraction. Nuclear proteins were resolved on via SDS‑PAGE. Immunoblotting with an anti‑total ERK, anti‑pERK or anti‑histone antibody was 
performed. (B) Bar chart showing pooled data from 2 independent experiments. ERK, extracellular signal‑regulated kinase; p, phosphorylated; TGFβ, trans-
forming growth factor β; GFP, green fluorescent protein.

Table II. Alterations in gene expression under different conditions.

	 Cell culture conditions
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ -------------------------------------------------------------------------------------‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene	 (‑) TGFβ	 (+) TGFβ	 TGFβ + serum

SNAIL	  ‑a	   +b	 +/‑c

SLUG	 ‑	 +	 +
MMP2	‑	‑	   +
VEGF	 +	 ‑	 ‑

aDownregulation, bUpregulation, cUpregulation without statistical significance.



AMER et al:  ROLE OF TGFβ IN THE MOTILITY OF SHCD‑OVEREXPRESSING 293 CELLS2672

their control counterparts, while a slight increase in cell migra-
tion towards conditioned medium derived from TGFβ‑treated 
G5 cells was observed (Fig. 5). Despite GFP‑ShcD‑expressing 
cells showed higher migratory abilities, the data was not statis-
tically significant.

Discussion

The role of ShcD in inducing melanoma cell migration was 
determined to be partially related to MAPK pathway activa-
tion (6). At present, few studies have investigated the role of 
ShcD in melanoma cell migration. Therefore, we aimed to 
determine the mechanisms underlying ShcD‑mediated cell 
invasion and metastasis.

Stable protein expression is advantageous as the entire 
cell population expresses the exogenous protein, which 
makes it a more reliable protein expression system than 
others. Additionally, by analyzing stable protein expression, 
we generated a cellular system of ShcD upregulation, which 
is the mechanism by which 50% of melanomas acquire their 
invasive phenotype (6).

As TGFβ is a key factor in the acquisition of cell mobility, 
it was proposed that ShcD may exert its role in migration 
downstream of TGFβ signalling. This assumption regarding 
the Shc family is not novel as ShcA has been reported to play 
an essential role in non‑Smad TGFβ signalling by inducing 
ERK phosphorylation (27‑29). ERK regulates gene transcrip-
tion through its downstream transcription network to mediate 
EMT (30‑32). In the present study, SNAIL and SLUG expres-
sion levels were higher in TGFβ‑treated GFP‑ShcD‑expressing 
cells than in their control counterparts. Furthermore, our 
findings revealed that upon TGFβ stimulation, ShcD over-
expression enhanced ERK phosphorylation, subsequently 
inducing SLUG and SNAIL upregulation.

SLUG and SNAIL belong to the zinc finger‑like family of 
transcription factors that are responsible for transcribing genes 
associated with cell migration (33,34). Previous studies have 
shown that the overexpression of SLUG and SNAIL is related 
to the invasive and metastatic phenotypes of various types of 
cancer, which are associated with the expression of different 
genes, particularly MMPs (17,35‑37).

MMPs are extracellular proteases that contribute to tissue 
remodelling and angiogenesis, and assist in cancer cell migra-
tion (38). MMP2 upregulation is one of the molecular changes 
required to acquire invasion capacity in cells (39). Notably, 
ERK activation was reported to mediate MMP2 promoter 
stimulation (40). However, ERK phosphorylation was deter-
mined to lead to MMP2 upregulation, and SLUG and SNAIL 
were also shown to promote MMP2 upregulation (41,42). These 
findings could support our observation, in which we demon-
strated that GFP‑ShcD‑expressing cells exhibited upregulated 
MMP2 expression upon TGFβ stimulation. In contrast to the 
role of TGFβ in stimulating VEGF expression (12,26), our data 
indicated that VEGF expression was significantly increased 
(P=0.04) without TGFβ treatment. This finding is supported 
by a previous study, which demonstrated VEGF upregulation 

Figure 6. Schematic diagram of the TGFβ‑ShcD‑ERK axis underlying cell 
migration. EMT, epithelial‑mesenchymal transition; ERK, extracellular 
signal‑regulated kinase; Shc, Src homology and collagen; SLUG, snail family 
transcriptional repressor 2; SNAIL, snail family transcriptional repressor 1; 
TGFβ, transforming growth factor β.

Figure 5. G5 cells exhibit enhanced migration than GF cells. Cells (2.5x105) were added to the upper wells of a Boyden chamber. CM with or without 5 ng/ml 
TGFβ2 obtained from GF or G5 cells was added to the lower chambers. The Transwell assay cultures were incubated for 16 h followed by staining with crystal 
violet. Absorbance readings were collected at 570 nm. CM, conditioned medium; TGFβ, transforming growth factor β.
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under conditions of serum starvation in HT29 colon cancer 
cells via the ERK pathway (43). Notably, in this study, ERK 
phosphorylation was detected in the nuclei of starved G5 cells, 
which could explain the significant increase in VEGF expres-
sion in the serum‑starved ShcD‑expressing cells. These cells 
also demonstrated enhanced migration ability in the presence 
or absence of TGFβ treatment. A slight, yet not statistically 
significant, increase was observed with TGFβ treatment. This 
observation is likely due to the higher levels of phosphorylated 
ERK in ShcD‑expressing cells regardless of TGFβ treatment. 
Conclusively, ShcD promoted ERK phosphorylation, which 
positively affected cell migration‑related genes, such as 
SLUG, SNAIL, MMP2 and VEGF; however, only the first two 
genes were significantly affected by TGFβ treatment. Thus, it 
was proposed that ShcD acts downstream TGFβ, leading to 
the phosphorylation of ERK, and the subsequent induction of 
SNAIL and SLUG expression, promoting EMT (Fig. 6).

In the present study, ShcD was found to be associated 
with the migration of melanoma cells, which was achieved 
via MAPK activation; nevertheless, a MAPK‑independent 
mechanism was proposed. We demonstrated that ShcD over-
expression induces the expression of certain EMT‑related 
genes by favouring crosstalk between ERK and TGFβ signal-
ling. Furthermore, ShcD overexpression was determined to 
promote MMP2 upregulation. These findings suggest a novel 
mechanism underlying the potential of ShcD to promote cell 
migration and invasion.
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