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Abstract

Purpose—Filamin A (FLNa) cross-links actin filaments into dynamic orthogonal networks and 

interacts with binding proteins of diverse cellular functions that are implicated in cell growth and 

motility regulation. Here, we tested the hypothesis that FLNa plays a role in cancer proliferation 

and metastasis via the regulation of epidermal growth factor receptor (EGFR) function.

Methods—Ectopic expression and knockdown of FLNa in human melanoma cell lines was 

performed to investigate changes in cellular proliferation, migration and invasion in vitro and 

tumor growth in a xenograft model in the mouse. The role of FLNa in EGFR expression and 

signaling was evaluated by Western blot. Immunohistochemistry was performed on histological 

sections of human melanoma tumors to determine whether an association existed between FLNa 

and overall survival.

Results—The depletion of FLNa significantly reduced the proliferation, migration and invasion 

of two melanoma cell lines in vitro and was associated with smaller tumors in a xenograft model 

in vivo. EGF-induced phosphorylation of EGFR and activation of the Raf-MEK-ERK cascade was 

negatively affected by the silencing of FLNa both in vitro and in vivo. Cancer patients with low 

melanoma tumor FLNa expression have improved survival benefit.

Conclusion—These data indicate that enhanced tumorigenesis occurs through increase in EGF

induced EGFR activation in FLNa-expressing melanoma cells and that high FLNa levels are 

predictors of negative outcome for patients with melanoma tumors.
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Introduction

Melanoma is an aggressive cutaneous malignancy that can spread to other organs of 

the body, with more than 160,000 new cases and 48,000 deaths per year in the world 

(Eggermont et al. 2014). The initiation and progression of melanoma is a complex cellular 

process mediated by genetic mutations or epigenetic factors affecting key molecules (Hodis 

et al. 2012; Kunz 2014), result in the transformation of normal melanocyte stem cells into 

populations of cancer cells with inherited properties of self-renewal and differentiation.

Filamin A (FLNa) belongs to the filamin family, which consists of three homologous 

proteins (FLNa, FLNb and FLNc), and FLNa is the first actin filament cross-linking protein 

identified in non-muscle cells (Savoy and Ghosh 2013). It forms a homo-dimer and cross

links cortical actin filaments into a dynamic three-dimensional structure (Djinovic-Carugo 

and Carugo 2010). FLNa is known to scaffold over 90 binding partners, including plasma 

membrane receptors to regulate cellular functions (Nakamura et al. 2011) and processes 

such as cell shape, cellular motion, division and intracellular transport (Wickstead and 

Gull 2011; Razinia et al. 2012). Abnormal expression of FLNa has been found in cancer 

progression and a wide range of other diseases (Wang et al. 2007; Kyndt et al. 2007), which 

are caused by impaired interactions between FLNa and binding partners (Nakamura et al. 

2009; Zhou et al. 2010).
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Epidermal growth factor receptor (EGFR) is the first receptor identified in a family 

of receptors known as the type I receptor tyrosine kinases or ErbB receptors (Hynes 

and MacDonald 2009). EGFR is the major contributor of a complex signaling cascade 

that modulates growth, signaling, differentiation, adhesion, migration and survival of 

cells, and its deregulation is implicated in oncogenesis (Yewale et al. 2013). Homo- 

or hetero-dimerization of ligand-activated EGFR results in receptor tyrosine kinase 

autophosphorylation and channeling of mitogenic signals predominantly via the Ras

extracellular signal-regulated kinase (ERK), Akt and c-Jun NH2-terminal kinase (JNK) 

pathways (Hynes and MacDonald 2009; Baselga and Albanell 2002). Regulation of the 

pleiotropic responses of EGFR involves activation of EGFR and endocytosis of the ligand

activated receptors (Grovdal et al. 2004; Barriere et al. 2007). Oncogenesis is not only 

associated with persistent activation and impaired endocytic down-regulation of EGFR 

(Roepstorff et al. 2008; Grandal and Madshus 2008), but it also involves a complex 

network of signaling molecules that interact with FLNa (Nallapalli et al. 2012; Ravid et 

al. 2008). Despite these advances, the mechanistic link between FLNa and the signaling 

events associated with malignancy remains elusive.

In this study, we measured the changes in proliferation, migration and invasion of two 

human melanoma cell lines of distinct origins after alteration in FLNa expression. The 

proliferative properties of FLNa were then explored in a xenotransplantation melanoma 

tumor model in the mouse. In a second series of experiments, the contribution of FLNa in 

ligand-mediated activation of EGFR and its downstream signaling pathway was investigated 

both in vitro and in vivo. Finally, immunohistochemical analysis was performed on sections 

of malignant melanoma tumors to determine whether an association existed between FLNa 

expression and overall survival of these cancer patients.

Materials and methods

Cell culture

The use of human melanoma cell lines M2 (spontaneously lost FLNa expression), M2A7 

(derivative of M2 cells with stable FLNa expression) and UACC647 (high expression of 

FLNa) was reported earlier (Zhu et al. 2007). M2 cells were grown in minimal essential 

medium (MEM) (Life Technologies Gibco, Grand Island, NY, USA) with 10 % (v/v) fetal 

bovine serum (FBS) (Thermo Scientific HyClone, Waltham, MA, USA) and penicillin (100 

units/ml), streptomycin (100 μg/ml) (North China Pharmaceutical Co., Shijiazhuang, Hebei, 

China) at 37 °C in 5 % CO2. M2A7 cells were maintained in the same medium as M2 cells 

except for the additional supplementation of 500 μg/ml G418 (Amersco, Inc., Solon, OH, 

USA). UACC647 cells were grown in RPMI 1640 medium (Life Technologies Gibco) with 

10 % (v/v) FBS and antibiotics.

FLNa knockdown experiments

UACC647 melanoma cells were stably transfected either with a plasmid expressing shRNA 

against FLNa (pSIF1-FLNa shRNA) or control shRNA using FuGENE HD transfection 

reagent (Promega, Madison, WI, USA) and selected with puromycin (3 μg/mL), resulting 
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in UACC647(KD) and UACC647(ctrl) cell lines. The knockdown efficiency of FLNa was 

measured by Western blot assay.

Cell proliferation assay and Clonogenic assay

MTT assay was used to measure the role of FLNa in cell growth and viability in vitro. 

Cells were seeded in 96-well plates (5 × 103/well), starved for 4 h and then were left 

untreated or treated with various concentrations of EGF (4, 20, 100 nM) for 44 h. MTT 

(Sigma-Aldrich, Saint Louis, MO, USA) in PBS (5 mg/mL) was added (20 μL/well) and 

plates were incubated at 37 °C for 4 h, after which culture media was removed, DMSO was 

added and the absorbance was measured at 570 nm. In each MTT assay, cells were kept 

under the same culture conditions, plated at the same cell density and treated with EGF for 

the same periods of time.

For colony assay, M2 and M2A7 cells or UACC647(ctrl) and UACC647(KD) cells, were 

trypsinized, counted and seeded at density 300 or 200 cells/35 mm dish, and incubated in 

medium containing 1 % FBS in the presence of EGF or left untreated. Two weeks later, cell 

colonies were stained with hematoxylin and counted.

To evaluate the anchorage-independent cell growth, cells were mixed with medium 

containing 0.7 % agar to result in a final agar concentration of 0.35 %. Then 1 ml samples 

of this cell suspension (300 cells/well) were immediately plated in six-well plates coated 

with 0.6 % agar in regular medium (2 ml per well) and cultured in medium containing 1 % 

FBS in the presence of EGF or left untreated. After 2 weeks, the numbers of colonies were 

counted.

In vitro scratch motility assay

Scratch assay was carried out as described (Fiori et al. 2009). In brief, melanoma cells 

were seeded in 24-well plates at a concentration of 2 × 105 per well and allowed to form a 

confluent monolayer for 24 h. Cells were serum-starved for 4 h, and the monolayer was then 

scratched with a pipette tip and washed with serum-free medium (SFM) to remove floating 

cells. Following addition of vehicle or 20 nM epidermal growth factor (EGF; Miltenyi 

Biotec, Auburn, CA, USA), cells were photographed at the same field every 2 h until closure 

of the scratch.

In vitro invasion assay

This invasion assay was performed according to a published protocol (Jiang et al. 2013) with 

some modifications. Serum-starved cells (1 × 105 cells in 200 μL of serum-free MEM) were 

placed in the top chamber of transwell invasion chambers (8.0 μm polycarbonate membrane 

inserts; Corning, Lowell, MA, USA). The lower chamber was filled with 600 μL MEM 

supplemented with 10 % FBS. After a 24-h incubation period in a humidified atmosphere of 

5 % CO2 at 37 °C, noninvasive cells were removed from the upper surface of the transwell 

membrane with a cotton swab, and invasive cells on the lower membrane surface were fixed 

with methanol, stained with H&E, photographed and counted under a microscope at 200× 

magnification in five fields. These experiments were repeated twice.
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Immunoprecipitation

Cells were lysed in immune precipitation buffer as described previously (He et al. 2006). 

The clarified lysates (500 μg) were incubated with 2 μg of mouse anti-EGFR antibodies 

and non-immune IgG (Santa Cruz, Dallas, Texas, USA) overnight at 4 °C followed by the 

addition of 20 μl of protein G-agarose (Millipore, Temecula, CA, USA) for 2 h at 4 °C. Total 

cell extracts and immunoprecipitated complexes were subjected to Western blotting.

Western blotting

Serum-starved cells were left untreated or treated with EGF (20 nM) for 5, 10 and 30 

min, after which cells were placed immediately on ice, washed twice in cold PBS and 

lysed with cold lysis buffer as described previously (Zhu et al. 2007). After determining the 

protein concentration using the BCA Protein Assay Kit (Pierce, Rockford, IL, USA), equal 

amount of proteins were separated on 8 % SDS-PAGE and transferred onto polyvinylidene 

difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked in 5 

% nonfat milk or 3 % bovine serum albumin, incubated with various primary antibodies, 

followed by incubation with HRP-conjugated secondary antibodies and visualization 

with enhanced chemiluminescence (ECL) detection reagents (Beyotime, Haimen, Jiangsu, 

China). Signals were quantitated by densitometry using the ImageJ software (National 

Institutes of Health, Bethesda, MD, USA). Primary antibody against phosphotyrosine (clone 

4G10) was obtained from Millipore (Temecula, CA, USA); antibody against phospho

ERK1/2 was from Cell Signaling Technology (Danvers, MA, USA); antibodies against 

ERK1/2 and β-actin were from Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA); 

antibodies against FLNa were purchased from Millipore (Cat. number: MAB1680) and 

Santa Cruz (Cat. number: sc-17749), while anti-EGFR antibodies were from Cell Signaling 

Technology (Cat. number: D38B1) and Millipore (Cat. number: 05–101).

In vivo xenograft model for tumor growth

Five-week-old female BALB/c nude mice were purchased from Vital River Laboratory 

Animal Technology (Beijing, China) and used in accordance with institutional guidelines 

under approved protocols. UACC647(ctrl) and UACC647(KD) cells were inoculated 

subcutaneously within the right thigh region (2 × 106 cells per mouse) to generate tumors (n 
= 6 mice for each cell line). Tumor size was measured with calipers twice weekly, and tumor 

volume estimated according to the formula: Volume = 1/2 × length × width2.

Mice were killed 4 weeks after tumor inoculation. Tumor tissue was weighted and then 

cut into two fragments: one-half was snap-frozen in liquid nitrogen for protein analysis, 

the other half was fixed in 10 % formalin and subsequently dehydrated and blocked 

in paraffin. Lysates from frozen tissues were separated on SDS-PAGE, and immunoblot 

analyses were carried out. Immunostaining was performed on 5-μm formalin-fixed, paraffin

embedded tissue sections using an immunoperoxidase method with mouse anti-FLNa 

monoclonal antibody (1:200; Santa Cruz) and rabbit anti-Ki-67 monoclonal antibody 

(Sunbiote, Shanghai, China). Antigen retrieval were performed with EDTA (pH 9, Autoclave 

at 120 °C for 2 min) and 10 mM citrate buffer (pH 6.0, Autoclave at 120 °C for 2 min), 

respectively.
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Two pathologists blinded to the experiments assessed the extent and intensity of 

immunostaining. Semi-quantitative scoring for FLNa was performed using the H-score 

method (Flanagan et al. 2008). For H-score assessment, the staining intensity was scored as 

0–3 (0 = none, 1 = weak, 2 = moderate, and 3 = strong), and the proportion of the tumor 

staining for that intensity was recorded from 0 to 100. A final H-score was given as the sum 

of the percent staining multiplied by an ordinal value corresponding to the intensity level: 

H-score = (% of cells stained at intensity category 1 × 1) + (% of cells stained at intensity 

category 2 × 2) + (% of cells stained at intensity category 3 × 3). With four intensity levels, 

the final resulting score ranges from 0 (no staining in the tumor) to 300 (diffuse intense 

staining of the tumor). For better interpretation, categories “low” and “high” expression 

levels were used based on the median value of H-score algorithm. The percentage of nuclear 

Ki-67 immunoreactivity was calculated by determining the average expression of positive 

Ki-67 signal in 500 nuclei.

Immunohistochemical (IHC) staining of tissue

Thirty cases of malignant melanoma tissues were obtained from the surgical pathology files 

at Bethune International Peace Hospital with the approval from the Institutional Review 

Board. FLNa (1:200; Santa Cruz) and Ki-67 (Sunbiote) immunostaining was performed 

using a procedure similar to that indicated in the experiments in nude mice.

Statistical analysis

For all experiments, raw data were analyzed and graphed using GraphPad Prism 5 

(GraphPad Software, La Jolla, CA, USA), and appropriate statistical tests were chosen 

according to the data analyzed using GraphPad Prism 5 or SPSS version 13.0 (SPSS 

Software, Armonk, NY, USA). Unless otherwise stated, all data are reported as mean ± 

SEM; * and ** indicate P < 0.05 and P < 0.01, respectively.

Results

FLNa promotes the proliferation, migration and invasion in human melanoma cell lines

Previous studies have illustrated that FLNa interacts with many proteins related to cancer 

progression (Kim et al. 2010; Leung et al. 2010), a condition that involves acquisition of 

growth, motility and invasive properties. The effects of FLNa on proliferation, migration 

and invasion were evaluated in two human melanoma cell lines of distinct origins: (a) the 

FLNa-deficient M2 melanoma cells and M2A7 cells, a subclone with stable reintroduction 

of human FLNa to levels that approximate endogenous FLNa concentration (Fiori et al. 

2009), and (b) UACC647 melanoma cells. Stable knockdown of FLNa gene was carried out 

in UACC647 cells to create the UACC647(KD) cells. These cells were found to have a 70 

% reduction in FLNa protein levels as compared either with UACC647 cells transfected with 

control shRNA (ctrl) or mock-transfected cells (Fig. 1a, b).

The role of FLNa in basal and EGF-induced cell growth and viability was then evaluated 

using the MTT assay. M2A7 cells exhibited a higher rate of viability than M2 cells 

when stimulated with 4–100 nM EGF, but not in basal conditions (Fig. 1i). Depletion 

of FLNa in UACC647(KD) cells was accompanied by significant reduction in basal and 
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EGF-stimulated growth as compared with UACC647(ctrl) cells (Fig. 1j). Subsequently, to 

investigate whether alteration of FLNa affects the growth potential of malignant melanoma 

cells, we performed the colony formation assay at low cell density (Fig. 1c). Interestingly, 

our results indicated that reduction of FLNa expression inhibited the ability of melanoma 

cells to form colonies in medium containing 1 % FBS in the presence of EGF. The colony 

formation ratios in FLNa-deficient M2 cells (43.39 ± 1.33 %) and UACC647(KD) cells 

(35.08 ± 1.66 %) were significantly lower than that in FLNa-sufficient M2A7 cells (57.22 

± 1.44 %) and UACC647(ctrl) cells (49.67 ± 0.72 %) (P < 0.05, respectively) (Fig. 1e, 

f). Finally, the soft agar assay was used as a measure of anchorage-independent growth, a 

defining characteristic of transformed cells (Fig. 1d). We found that the capacity for clone 

formation of FLNa-sufficient M2A7 cells and UACC647(ctrl) cells in soft agar were higher 

than that in FLNa-deficient M2 cells and UACC647(KD) cells (P < 0.05, respectively) (Fig. 

1g, h).

Using wound-healing assays, it was determined that addition of EGF to FLNa-expressing 

M2A7 melanoma cells stimulated wound closure within 12 h. Ectopic expression of FLNa 

was associated with efficient closure of the wound, which closed faster in the presence of 

EGF (Fig. 1a, b). Consistent with these results, the rate of basal and EGF-induced wound 

closure were markedly higher in UACC647(ctrl) cells as compared to the FLNa-depleted 

UACC647(KD) cells, with 50 % closure of the wound at 9 and 15 h, respectively (Fig. 

1c, d). Thus, reduction in FLNa expression was correlated with impaired motility and 

EGF-induced migration in melanoma cells.

Another critical step in cancer metastasis is the detachment of tumor cells from the primary 

sites and invasion of the surrounding tissues (Kim et al. 2011). M2A7 cells had a 1.9-fold 

higher invasive potential in Matrigel invasion assays than M2 cells (P < 0.01) (Fig. 2i). 

Similarly, there was a 1.8-fold increase in invasive potential of UACC647(ctrl) cells as 

compared to UACC647(KD) cells (P < 0.01) (Fig. 2j). Taken together, these results indicate 

that FLNa has essential roles in cellular migration and proliferation potential of melanoma 

cells, especially in the presence of EGF.

Role of FLNa in ligand-induced EGFR phosphorylation in human melanoma cells

Activation of EGFR results in recruitment and phosphorylation of several intracellular 

substrates, which leads to uncontrolled cell proliferation, migration, invasion, adhesion, 

survival and cellular repair (Mendelsohn and Baselga 2003). We hypothesized that 

the ability of FLNa to enhance motility and growth of human melanoma cells stems 

from the regulation of EGFR phosphorylation and activation of downstream proteins 

in the Raf-MEK–ERK cascade. Immunoblot analysis using antibodies raised against 

phosphotyrosine (clone 4G10) [to detect active, phosphorylated form of EGFR (pY-EGFR)] 

and phosphorylated ERK (pERK1/2) illustrated a rapid increase in pY-EGFR and pERK1/2 

levels in response to EGF stimulation in both M2 and M2A7 cells, reaching a maximum 

at 5 min and declining thereafter (Fig. 3a). As anticipated, the lack of FLNa rendered 

M2 cells somewhat unresponsive to EGF-induced phosphorylation of EGFR, even though 

these cells expressed noticeably higher levels of total EGFR as compared with M2A7 

cells (Fig. 3a, top and second panels). As a result, the pY-EGFR to total EGFR ratio was 
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significantly higher in EGF-stimulated M2A7 cells (Fig. 3b). Similar results were observed 

when anti-EGFR immunoprecipitates were subjected to Western blot analysis using 4G10 

(Fig. 3d). As anticipated, pERK1/2 levels were found to be significantly higher in M2A7 

cells as compared to M2 cells upon EGF stimulation (Fig. 3c). These experiments were 

repeated using UACC647(ctrl) and UACC647(KD) cells, and the results indicated that 

knockdown of FLNa was accompanied by sharp reduction in EGF responsiveness when 

looking at pY-EGFR and pERK1/2 levels (Fig. 3e, top and third panels). The phosphorylated 

to total EGFR protein ratio was 70 % lower in UACC647(KD) cells as compared with 

UACC647(ctrl) cells after a 10-min stimulation with EGF (Fig. 3f). Immunoprecipitation 

experiments were carried out to further confirm the differential tyrosine phosphorylation of 

EGFR in UACC647(ctrl) cells vs. UACC647(KD) cells (Fig. 3h). The depletion of FLNa in 

UACC647(KD) cells was accompanied by a significant 1.4-fold reduction in EGF-dependent 

increase in pERK1/2 levels when compared to UACC647(ctrl) cells (Fig. 3g). It would 

appear therefore that FLNa enhances EGF-induced phosphorylation of EGFR and activation 

of the Raf-MEK-ERK cascade.

FLNa increases human melanoma cell proliferation in nude mice xenograft model

The in vivo proliferative properties of FLNa were tested after subcutaneous implantation 

of UACC647(ctrl) and UACC647(KD) cells in nude mice. These cells were used because 

of their ability to form solid tumors in nude mice and their high proliferative potential. 

The tumor size was measured over a 4-week period after which animals were killed, and 

tumor masses were weighted and processed for further analysis. A significant reduction in 

melanoma tumor growth was observed in FLNa-deficient UACC647(KD) cells as compared 

to UACC647(ctrl) cells (Fig. 4a, b). However, there were no visualized distant sites to 

evaluate the changes of metastasis in FLNa altered mice.

Immunohistochemical analysis illustrated that the diffuse and strong nuclear staining of 

Ki-67 (Fig. 4e) correlated with strong FLNa cytoplasmic signal in tumors from UACC647 

(ctrl) cells (Fig. 4d). In contrast, tumor tissues from UACC647(KD) cells exhibited weak 

staining of Ki-67 (Fig. 4h) and low levels of FLNa staining (Fig. 4g). The H-score for 

FLNa was 64.33 ± 10.59, and a significant positive correlation was detected between the 

immunoreactivity for FLNa and Ki-67 (r = 0.88; P < 0.01; Fig. 4i). Thus, knockdown of 

FLNa correlated with reduction in melanoma growth and the proportion of FLNa-positive 

cells in these tumor xenografts.

Western blot analysis revealed a significant attenuation in pY-EGFR and pERK1/2 levels in 

UACC647(KD) cells by 80 and 46 %, respectively (Fig. 4j). These data support the notion 

that knockdown of FLNa decreases proliferation and melanoma tumor growth both in vitro 

and in vivo.

Reduction of FLNa predicts better survival in malignant melanoma

Our results suggest that reduction in FLNa expression alters the motility and growth 

of melanoma cells. IHC staining of FLNa (Fig. 5b, e) and Ki-67 (Fig. 5c, f) on a 

panel of paraffin-embedded malignant melanoma tissues was performed and was found to 

validate these cellular and biochemical findings. Based on the scoring by two independent 
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pathologists, the H-score value (mean ± SEM) for FLNa in 30 cases was 69.77 ± 5.17. There 

were significant positive correlations between the immunoreactivity for FLNa and Ki-67 (r = 

0.60; P < 0.01; Fig. 5g).

The association between FLNa immunoreactivity and clinical characteristics is summarized 

in Table 1. There was an inverse correlation between FLNa immunoreactivity and over 

survival (r = −0.45; P = 0.013). Gather the cases based on the median value of H-score, 

patients with high FLNa expression in their tumors had a markedly lower survival (median 

survival was 594 days) than those with low FLNa content (median survival was 1,949 days; 

P = 0.0011; Fig. 5h). However, in this study, there was no significant relationship between 

FLNa immunoreactivity and patient age, sex and recurrence or metastases.

Discussion

FLNa binds to actin and participates in cytoskeletal rear-rangement. By virtue of its 

scaffolding function, FLNa also interacts with more than 90 functionally diverse cellular 

proteins, many of which participate in signaling complexes needed for oncogenesis and 

metastasis (Zhou et al. 2010; Razinia et al. 2012; Nakamura et al. 2011). The aims of 

this study were to determine the role of FLNa in proliferation, migration and invasion of 

melanoma cells in vitro and melanoma development in vivo.

The knockdown of FLNa was associated with a decrease in metastasis and proliferation 

of human melanoma cells in vitro. These studies also illustrated that EGF-induced EGFR 

activation up-regulates cell motility and growth, in agreement with an earlier report 

(Lemmon and Schlessinger 2010). Like FLNa, EGFR is an actin-binding protein. Upon 

EGF binding, EGFR undergoes dimerization and autophosphorylation, thereby triggering 

activation of downstream signaling cascades, including the Ras-Raf-MAP kinase pathway 

(Avraham and Yarden 2011), with the latter serving as a converging point in all known 

biological functions acquired during the multistep development of human tumors (Hanahan 

and Weinberg 2011). It is unclear whether varying levels of EGFR phosphorylation has any 

impact on expression and/or ability of FLNa to interact with binding partners.

EGF-induced activation of EGFR is a dynamic process, which includes autophosphorylation 

of the cell surface receptor on tyrosine residues and subsequent internalization, 

ubiquitination and degradation of the internalized EGFR (Citri and Yarden 2006; Yarden 

and Pines 2012; Grandal and Madshus 2008). Dysregulation of the endocytic and/or 

trafficking pathway can result in tumorigenesis. In the presence of FLNa, ligand-bound, 

tyrosine-phosphorylated EGFR is internalized and sorted into the degradation pathway (Fiori 

et al. 2009). Although we were unable to demonstrate direct interaction between FLNa 

and EGFR, our results support the notion that FLNa enhances proliferation, migration and 

invasion in melanoma cells in vitro through increase in EGFR activity and activation of 

downstream signaling.

The Ras/Raf/MEK/ERK signaling cascade which has been shown to contribute to melanoma 

tumorigenesis by increasing cell proliferation and tumor metastasis, and by inhibiting 

apoptosis is a hallmark of cutaneous malignant melanoma. Ras and B-Raf was found 
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to be mutated in approximately 15–20 and 40–60 % of human malignant melanoma, 

respectively (Fernandez-Flores 2012). And the activated ERK was found in almost all 

late-stage melanoma cell lines and in tumor tissues, which plays a pivotal role in melanoma 

cell proliferation by controlling the G1-phase to S-phase transition, increasing transcription 

and stability of c-Jun and inhibition differentiation (McCubrey et al. 2007; Neuzillet et al. 

2014). Activation of this pathway not only increase proliferation of melanoma cells but 

also promote their metastatic potential. A critical step of metastatic is degradation of the 

extracellular matrix to allow extravasation and migration of the metastatic cells. It has been 

demonstrated that the Ras/Raf/MEK/ERK signaling cascade is active in melanoma and is 

the dominant pathway to regulate the expression and activity of matrix metalloproteinases 

(MMPs) which are involved in matrix remodeling(Kim and Choi 2010). Thus, the possible 

molecular mechanism of FLNa promotes proliferation and metastasis in melanoma is 

through up-regulate the activity of Ras/Raf/MEK/ERK pathway during EGF stimulated.

And FLNa were also direct required for normal cell migration, although in some cases 

defects in migration were not evident following loss of a single FLN isoform. The 

FLNa-deficient cells fail to polarize and move because they have highly unstable surfaces 

that continuously expand and contract circumferential blebs (Flevaris et al. 2007). But 

overexpression of FLNa could prevent migration by sequestering signaling molecules from 

their normal position and altering F-actin and focal adhesion turnover to enhance adhesion.

Since FLNa interacts with many proteins related to cancer metastasis, it displays a dual role 

in cell migration, spreading and invasion. Appropriate FLNa levels are essential in tumor 

cells keep motility, invasive, resist mechanical stress and attachment to extracellular matrix 

(ECM) to form metastases. In another side, Baldassarre et al. showed that reduction of 

FLNa in fibrosarcoma increased matrix metalloprotease 2 (MMP-2) activity and enhanced 

the ability of cell to remodel ECM. And FLNa also act as a negative regulator of integrin 

activation that is essential in cell migrate (Kim and McCulloch 2011). The apparent 

discrepancies among the researches indicate that the role of FLNa in metastases dependent 

on the type of tumor cells, concurrent expression of other relevant genes in the tumor cells, 

their interactions with the extracellular environment and the proteolysis of FLNa.

Various mechanisms about the complexity of molecules in tumorigenesis have been 

described, some of them probably showing this phenomenon due to clonal heterogeneity 

of the tumors (Grunewald et al. 2011). It means a functional and/or phenol-typical 

differentiation in various subsets of tumor cells. Melanoma is not always a genetic-related 

malignancy but many times an epigenetic one. Because of the genetic heterogeneity, the 

regulators affected by variations of miRNAs or methylation were often specific to the cell 

types and may have different functions in the primary and distal tumors (Bullock et al. 

2012; Cock-Rada and Weitzman 2013). Evidence suggested that the Ras/Raf/MEK/ERK 

pathway is required for epithelial to mesenchymal transition (EMT) and contributes to the 

maintenance of an undifferentiated/mesenchymal state in tumor cells (Maurer et al. 2011). 

It cooperates with other pathways to up-regulate expression of EMT-related genes, including 

mesenchymal genes and transcription repressors of epithelial genes (Cano et al. 2010). 

Hence, the effects of FLNa performed on several compartments via the Ras/Raf/MEK/ERK 
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pathway perhaps resulted the promotion in melanoma proliferation and metastases in this 

study.

In vivo experiments in nude mice illustrated that the knockdown of FLNa in UACC647 cells 

led to lower tumor growth and that the volume and weight of tumors were correlated with 

the phosphorylation status of EGFR and ERK. But, there were no visualized metastases to 

be detected in both groups. Possibly, the reason is that 4 weeks is too short to generate 

metastases after subcutaneous inoculation of tumor cells. A recent study has reported the 

reduction of K-RAS-induced tumor growth in vivo and decrease in fibroblast proliferation in 

vitro through down-regulation of activated ERK and AKT after knockout of the FLNa gene 

(Nallapalli et al. 2012). One potential explanation for these results is that FLNa is required 

for efficient spatiotemporal activation of effectors in the RAS pathway; another possibility 

is that FLNa is involved in regulating the dynamics of the actin cytoskeleton and that the 

impact of FLNa deficiency on tumor growth reflects a more general role in cellular structure 

and function; and, lastly, perhaps a more intriguing possibility, is that cleavage of FLNa in 

the hinge region enables its translocation to the nucleus to regulate gene transcription (Loy 

et al. 2003).

A number of studies have identified the impact of FLNa status in cancer prognosis. For 

example, the levels of FLNa are correlated with the pathological grade in gliomas (Alper et 

al. 2009) and in prostate cancer, the cytoplasmic localization of full-length FLNa correlates 

with metastasis (Bedolla et al. 2009). Here, our data illustrated a poor survival index 

for patients with melanoma tumors that have high FLNa levels. The association between 

FLNa and Ki-67 staining provides clinical evidence for the need to investigate further the 

interaction of FLNa with EGFR at the molecular level.

In conclusion, this study provides new insight into the biology of FLNa in vitro and in 

vivo. The molecular mechanism(s) by which FLNa affects ligand-induced activation of 

EGFR remains unclear, but may involve the participation of, yet to be identified, interaction 

partner(s).
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FLNa Filamin A

EGFR Epidermal growth factor receptor

ERK Ras-extracellular signal-regulated kinase

JNK c-Jun NH2-terminal kinase

MEM Minimal essential medium
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FBS Fetal bovine serum

SFM Serum-free medium

EGF Epidermal growth factor

ECL Enhanced chemiluminescence

pY-EGFR Phosphorylated form of EGFR

pERK1/2 Phosphorylated ERK1/2

IHC Immunohistochemical

MMPs Matrix metalloproteinases

ECM Extracellular matrix
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Fig. 1. 
FLNa-deficient cells have impaired cell proliferation capacity. a Human melanoma 

UACC647 cells were mock-treated or stably transfected with control shRNA (ctrl) or 

FLNa shRNA (KD) plasmid and selected by puromycin. Cell lysates were prepared and 

immunoblotted for FLNa. Membrane was reprobed for β-actin, which was used as loading 

control. b Bars represent ratio of FLNa signal normalized to β-actin. c Colony assays were 

performed with M2 and M2A7 or UACC647(ctrl) and UACC647(KD) cells in the medium 

containing 1 % FBS in the absence or presence of EGF (20 nM). Images of representative 

colonies were showed. e, f The ratio of colony formation was measured. d Anchorage

independent growth assays were performed with M2 and M2A7 or UACC647(ctrl) and 

UACC647(KD) cells in the medium containing 1 % FBS in the absence or presence of 

EGF (20 nM). Images of representative colonies formed in soft agar were showed. g Fold 

changes in colony-forming capacity in soft agar in M2 and M2A7 cells. h Fold changes in 
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colony-forming capacity in soft agar in UACC647(ctrl) and UACC647(KD) cells. Cells were 

serum-starved for 4 h and then incubated with EGF (0, 4, 20, 100 nM) for 44 h followed 

by MTT assay. i M2 and M2A7 cells; j UACC647(ctrl) and UACC647(KD) cells. Bars 
represent mean ± SEM of three experiments, each assayed in quintuple. *P < 0.05
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Fig. 2. 
Depletion in FLNa reduces cell migration and invasion. Scratch assays were performed with 

human melanoma M2 and M2A7 cells (a) or UACC647(ctrl) and UACC647(KD) cells (c) 

in the absence or presence of EGF (20 nM) for the indicated times. (b) and (d) The relative 

scratch width was measured over time and plotted. Transwell migration chambers were used 

to determine invasive capacity of M2 and M2A7 cells (e, f) as well as UACC647(ctrl) and 

UACC647(KD) cells (g, h). After 24 h of invasion through matrigel, cells were stained 

with hematoxylin, images were taken (e–h) and cells were counted (i, j). The data are 

representative of three independent experiments and are shown as mean ± SEM. **P < 0.01
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Fig. 3. 
Role of FLNa in ligand-induced EGFR phosphorylation in human melanoma cell lines. a 
Human melanoma M2 and M2A7 cells were serum-starved for 4 h and then left alone or 

incubated with EGF (20 nM) for 5, 10, or 30 min. Western blot analysis was performed 

with a portion of cell lysates using antibodies against FLNa, phosphotyrosine (4G10 clone), 

EGFR, phosphorylated and total ERK1/2, or β-actin shown here as a loading control. 

Densitometric analysis of EGFR (second panel, lane 4) and ERK (fourth panel, lane 4) in 

unstimulated M2 cells was arbitrarily given the value of 1.0. Ratios of pY-EGFR to total 

EGFR (b) and pERK to total ERK (c) were calculated. d Lysates from M2 and M2A7 

cells were immunoprecipitated (IP) with anti-EGFR antibody and analyzed by Western blot 

with antibodies against phosphotyrosine (4G10 clone) and EGFR. NI, non-immune IgG. 

e Serum-starved UACC647 (ctrl) and UACC647 (KD) cells were left alone or incubated 

with EGF (20 nM) for 5, 10, or 30 min. Western blot analysis was performed as in (a). 
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Densitometric analysis of EGFR (second panel, lane 4) and ERK (fourth panel, lane 4) 

in unstimulated UACC647 (ctrl) cells was arbitrarily given the value of 1.0. Ratios of 

pY-EGFR to total EGFR (f) and pERK to total ERK (g) were calculated. h Lysates from 

UACC647(ctrl) and UACC647(KD) cells were immunoprecipitated (IP) with anti-EGFR 

antibody and analyzed by Western blot with antibodies against 4G10 and EGFR. NI, 

non-immune IgG. All data shown are representative of four independent experiments, each 

performed in duplicate dishes. *P < 0.05; **P < 0.01
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Fig. 4. 
Impaired tumor growth by FLNa knockdown in tumor-bearing mice. Tumor-bearing mice 

were generated by subcutaneous injection of UACC647(ctrl) and UACC647(KD) melanoma 

cells. Mice were killed 28 days after inoculation. a Representative photographs of tumors 

after surgical resection. Bar 1 cm. b Tumor growth in mice injected with UACC647(ctrl) 

and UACC647(KD) cells. Tumor volume in each group was expressed as mean ± SEM. (N 
= 6). IHC staining with FLNa, Ki-67 and H&E staining of tumor tissue sections from mice 

injected with UACC647(ctrl) (c–e) and UACC647(KD) (f–h) cells. Bar 50 μm. i Correlation 

between the H-score for FLNa and Ki-67 (r = 0.88; P < 0.01; y = 7.62 + 0.24x; r2 = 0.77). j 
Western blot analysis was performed with a portion of tumor lysates using antibodies against 

FLNa, phosphotyrosine (4G10 clone), EGFR, phosphorylated and total ERK1/2, or β-actin 

shown here as a loading control
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Fig. 5. 
Correlation of FLNa expression status with malignancy and patient survival. H&E and 

immunohistochemical staining for FLNa and Ki-67 was performed with paraffin-embedded 

malignant melanoma tissues from patients with high H-values of FLNa (a-c) and low 

H-values (d–f). Bar 50 μm. g Correlation between the H-score for FLNa and Ki-67 (r = 

0.60; P < 0.01; y = 2.65 + 0.38x; r2 = 0.36). h Kaplan–Meier survival analysis of patients 

with malignant melanoma tumors. A significant difference was found between the overall 

survival of patients with melanoma tumors that have low and high FLNa levels (Hazard 

Ratio 6.232, 95 % CI of ratio 2.073 to 18.73, P value by Log–rank 0.0011)

Zhang et al. Page 22

J Cancer Res Clin Oncol. Author manuscript; available in PMC 2021 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 23

Table 1

The relationship between FLNa expression and clinical characteristics of patients with melanoma tumors

n FLNa H-score p r

Number of patients 30 N/A N/A N/A

Age (years) N/A N/A 0.746 −0.06

Gender 0.532

 Male 15 66.47 ± 6.25

 Female 15 73.07 ± 8.36

Recurrence/metastases 0.071

 Yes 20 76.35 ± 4.89

 No 10 56.60 ± 11.33

Vital status 0.030

 Alive 14 58.00 ± 7.64

 Deceased 16 80.06 ± 6.11

 Over survival (days) N/A N/A 0.013 −0.45

 Ki-67 % positivity N/A N/A <0.01 0.6
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