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Abstract: Lung cancer is one of the leading causes for cancer mortality worldwide, and non-small cell lung cancer 
(NSCLC) accounts for the majority of all lung cancer cases. FRS2 is a member of the adaptor protein family that 
binds receptor tyrosine kinases, and is essential for the signaling cascades mediated by FGFR. In this study, we fo-
cused our research on the function of FRS2 in NSCLC, which has not been reported before. We found that FRS2 was 
upregulated in NSCLC tissues, and the expression levels of FRS2 in NSCLC were correlated with advanced stage, 
poor differentiation, and lymph node metastasis. Knockdown of FRS2 inhibited cell proliferation, migration and inva-
sion in NSCLC cells lines. Importantly, knockdown of FRS2 inhibited ERK1/2 signaling in NSCLC cells, suggesting 
that FRS2 could affect NSCLC progression through the ERK1/2 signaling pathway.

Keywords: NSCLC, FRS2, ERK1/2, cell proliferation, cell migration

Introduction

Lung cancer is responsible for over 1.5 million 
deaths annually worldwide, and has become 
one of the leading causes of cancer mortality in 
both males and females [1]. Lung cancer can 
be histologically categorized into two major 
types: small cell lung carcinoma (SCLC) and 
non-small cell lung carcinoma (NSCLC). The 
concept of NSCLC encompasses a series of 
subtypes of cancers with different cell origin 
and morphology, including squamous cell carci-
noma, adenocarcinoma, and large cell lung 
cancer. All subtypes of NSCLC combined 
account for 85% of all lung cancer cases. The 
clinical prognosis of NSCLC is poor despite 
recent scientific progress in cancer biology. 
This situation is primarily caused by the fact 
NSCLC cases are often diagnosed at advanced 
stages [2], leaving very limited options for the 
doctors to treat the disease. In addition, many 
patients with advanced NSCLC also suffer from 
relapse and ultimately develop chemotherapy 
resistance [3]. This situation prompts the 
urgent need for the research of pathophysiolo-
gy of NSCLC and the development of effective 
therapeutic approaches.

Fibroblast growth factor receptor (FGFR) sub-
strate 2 (FRS2) belongs to an adaptor protein 
family that contain phosphotyrosine-binding 
domain allowing for binding to receptor tyrosine 
kinases (RTK). FRS2 is essential for the signal-
ing cascades mediated by FGFR [4]. The FGFR 
family RTKs were demonstrated to participate 
in the regulation of a variety of cellular process-
es including cell differentiation, proliferation, 
migration, and apoptosis [5, 6]. Aberrant regu-
lation of FGFR signaling has been linked to can-
cer progression and was shown to affect cancer 
origination, angiogenesis, and metastasis of 
multiple cancer types, including breast cancer 
[7], renal cancer [8], myeloma [9], bladder can-
cer [10], myxoid liposarcoma [11] and gastric 
cancer [12]. Clinical studies have also indicated 
that dysfunction of FGFR signaling is correlated 
with poor cancer prognosis. Therefore, with 
these observations, FGFR signaling has become 
an attractive therapeutic target in human 
cancers. 

FRS2 is located at the 12q15 locus in human 
genome. The amplification of this locus has 
been implicated in cancers. Cancer cell lines 
that harbor 12q15 amplification are sensitive to 
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suppression of FRS2 [13]. In addition, 12q15 
amplification was also found in high-grade lipo-
sarcoma cell lines through whole-exome 
sequencing, and these cells are also sensitive 
to FRS2 suppression induced by shRNAs [14, 
15]. These studies supported an oncogenic 
role for FRS2. 

In this study, we focused on the regulatory role 
of FRS2 in NSCLC, which has not been reported 
before. We found that FRS2 was upregulated in 
NSCLC tissues, and the expression levels of 
FRS2 in NSCLC were correlated with advanced 
stage, poor differentiation, and lymph node 
metastasis. Knockdown of FRS2 inhibited cell 
proliferation, migration and invasion in NSCLC 
cells lines. Importantly, knockdown of FRS2 
inhibited ERK1/2 signaling in NSCLC cells, sug-
gesting that FRS2 could affect NSCLC progres-
sion through the ERK1/2 signaling pathway.

Materials and methods

Human sample

A total of 48 non-small cell lung cancer (NSCLC) 
tissue samples and adjacent normal lung tis-

primary antibody against FRS2 (1:100, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) over-
night at 4°C, biotin-labeled secondary antibody 
(Santa Cruz Biotechnology) at room tempera-
ture for 30 min, and freshly prepared 3,3’-diami-
nobenzidine (Boster, Wuhan, China) for color 
development for 5 min. Sections were then 
thoroughly rinsed with water, restained with 
hematoxylin, dehydrated, cleared in xylene and 
mounted with a coverslip. 

RT-PCR

Total RNA was extracted using miRNAeasy Kit 
(Qiagen, Valencia, CA, USA) according to the 
manufacturer’s instructions First-strand cDNA 
was synthesized from 1 µg of total RNA accord-
ing to the manufacturer’s instructions (In- 
vitrogen, Carlsbad, CA, USA). qPCR was per-
formed by SYBR green PCR Master Mix (Applied 
Biosystems, Foster City, CA) for the expression 
of FRS2. Expression of FRS2 gene was mea-
sured using the 2-ΔΔCt method. The primers are: 
FRS2 forward, 5’-CTGTCCAGATAAAGACACTGT- 
CC-3’, reverse, 5’-CACGTTTGCGGGTGTATAAAA- 
TC-3’; β-actin forward, 5’-TTCTACAATGAGCTGC- 

Table 1. Relationship between FRS2 expression and  
clinicopathologic features in NSCLC

Groups Case 
number

FRS2 expression
P value

Low High
Age (years) 0.383
    ≤55 21 9 12
    >55 27 15 12
Gender 0.525
    Male 34 16 18
    Female 14 8 6
Smoking 0.551
    Smokers 18 10 8
    Non-smokers 30 14 16
TNM 0.007
    I-II 31 20 11
    III-IV 17 4 13
Lymph node metastasis 0.029
    Yes 15 4 11
    No 33 20 13
Differentiation 0.039
    Well/moderate 29 18 11
    Poor 19 6 13
Histological type 0.146
    Adenocarcinoma 21 8 13
    Squamous carcinoma 27 16 11

sue samples (located >5 cm from the pri-
mary tumors) obtained by surgical resec-
tion at the Department of Thoracic 
Surgery, Hospital, were investigated in 
the present study. All patients hadn’t 
received radiation therapy or chemother-
apy prior to the surgery. Tumor and nor-
mal lung tissues were harvested using 
sterile surgical instruments. Fresh tissue 
samples were immediately stored in liq-
uid nitrogen for further using. This study 
protocol was approved by hospital ethical 
committee. All patients provided written 
informed consent for the use of their 
medical records and tissue specimens 
for research purposes. Clinicopathological 
information of the patients was obtained 
from patient records, which were summa-
rized in Table 1.

Immunohistochemistry

Paraffin-embedded tissues were cut into 
5 μm sections for dewaxing and rehydra-
tion. Immunohistochemistry was per-
formed after microwave heating-based 
antigen retrieval in 0.1 M citrate buffer 
followed by incubation with 3% H2O2 at 
room temperature for 30 min, 10% goat 
serum at room temperature for 30 min, 
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Figure 1. FRS2 was up-
regulated in NSCLC. A. 
Immunohistochemistry 
staining of FRS2 in nor-
mal adjacent lung tis-
sues and NSCLC tissues. 
B. Relative mRNA levels 
of FRS2 in 48 NSCLC 
tissues, compared with 
adjacent normal lung tis-
sues. ***P<0.001.

GTGTG-3’; reverse, 5’-GGGG- 
TGTTGAAGGTCTCAAA-3’.

Cell lines and cell culture

Human NSCLC cell lines 
(A549 and H1975) were ob- 
tained from American Type 
Culture Collection (ATCC, 
Manassas, VA, USA). All cells 
were maintained in RPMI-
1640 medium (Gibco Invi- 
trogen, Carlsbad, CA, USA), 
supplemented with 10% fetal 
bovine serum (FBS; Gibco 
Invitrogen), 100 U/mL penicil-
lin and 100 U/mL streptomy-
cin. The cells were incubated 
in a humidified atmosphere of 
5% CO2 at 37°C.

Cell transfection

NSCLC cells were seeded in a 
6-well plate at 5×105 cells per 
well overnight for attaching. 
Cells were followed by trans-
fection with Lipofectamine® 
RNAiMAX Reagent (Invitro- 
gen) with a final according to 
the manufacturer’s instruc-
tions. The final concentra-
tions of siRNA for the trans-
fection were 10 µM. Trans- 
fection efficiencies were de- 
termined by western blot 48 h 
post-transfection.

Western blot

NSCLC cells were transfected 
with FRS2 or control siRNA. 
48 hours later, cells washed 

Figure 2. Establishment of FRS2 
knockdown NSCLC cells. NSCLC 
A549 and H1975 cells were 
transfected with FRS2 siRNA or 
control siRNA for 48 hours. Cell 
lysates were subjected to West-
ern blot for FRS2. The intensity 
of FRS2 bands was quantified by 
densitometry. ***P<0.001 com-
pared with control siRNA trans-
fected NSCLC cells.
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with PBS and lysed with RIPA lysis buffer to 
extract the total protein. The protein concentra-

NSCLC cells with a number of 2.5×103/well 
were seeded into 96-well plates and incubated 

Figure 3. Knockdown of FRS2 inhibited NSCLC cell proliferation. FRS2 Knockdown A549 and H1975 cells were 
subjected to MTT cell proliferation assays. Absorbance at 570 nm was measured on day 1, 2, 3 and 4. *P<0.05, 
**P<0.01 compared with control siRNA transfected NSCLC cells.

Figure 4. Knockdown of FRS2 inhibited NSCLC cell migration. FRS2 Knock-
down A549 and H1975 cells were subjected to wound healing assays. Rela-
tive percentage of wound healing was quantified. *P<0.05 compared with 
control siRNA transfected NSCLC cells.

tion of cell lysates was deter-
mined by BCA Protein Assay 
Kit (Beyotime, Beijing, China). 
30 µg sample extract was 
resolved on 10% SDS-poly- 
acrylamide gels and tran- 
sferred onto polyvinylidene 
fluoride membrane (PVDF, 
Bio-Rad, Hercules, CA, USA). 
Membranes were blocked for 
1 h with 5% BSA in Tris-
buffered saline containing 
0.05% Tween (TBST). Mem- 
branes were incubated over-
night at 4°C with primary anti-
body (anti-FRS2, anti-β-actin, 
anti-p-ERK and anti-ERK) 
(Santa Cruz Biotechnology), 
and then washed and incu-
bated with secondary anti-
body, horse radish peroxidase 
(HRP) labeled goat anti-rabbit 
or anti-mouse immunoglobu-
lin G (IgG) (Santa Cruz 
Biotechnology). All antibodies 
were dissolved in Tris-buffer- 
ed saline with Tween (TBST) 
in a ratio of 1:1000, and final-
ly protein expression was 
visualized by Enhanced Ch- 
emiluminescence (ECL, Be- 
yotime). 

MTT assay
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overnight. Transfection was then performed. At 
48 h after transfection, each well was treated 
with 20 μL MTT solution and incubated sequen-
tially at 37°C. After the incubation for 4 h, 100 
μL of DMSO was added to dissolve the crystals. 
Then the absorbance of each well in culture 
plate was measured at 570 nm.

Cell migration assay

Wound healing assay was used to study the 
ability of NSCLC cell migration. Cells were seed-
ed in six-well tissue culture dishes overnight in 
complete medium and grew to 90% confluence. 
The cell layer was scratched with 200 µl sterile 
pipette tip. Afterwards, the plates were washed 
twice and incubated for 24 h. At the bottom 
side of each dish, two arbitrary places were 
marked where the width of the wound was 
measured with an inverted microscope 
(Olympus, Japan). Wound healing was followed 
by acquiring digital image.

ation (SD) from at least three independent 
experiments. The values for the capillary tube 
formation and luciferase activity assays were 
obtained from three independent experiments 
performed in duplicate. The differences 
between groups were analyzed using Student’s 
t test when only two groups were compared or 
using a one-way ANOVA when more than two 
groups were compared. All statistical tests 
were two-sided. The differences were consid-
ered statistically significant at P<0.05. All anal-
yses were performed using SPSS software for 
windows (version 19.0, SPSS Inc., Chicago, IL, 
USA).

Results

FRS2 was upregulated in NSCLC

In order to investigate the role of FRS2 in NSCLC 
development, we first compared the expression 
levels of FRS2 in NSCLC tissues versus adja-
cent normal lung tissues. We found that the 

Cell invasion assay

The NSCLC cellular invasive 
ability was tested using a 
Matrigel Invasion Chamber 
(8-µm pore size, Corning, 
Corning, NY, USA) according 
to the manufacturer’s proto-
col. Briefly, cells (1×105 cells 
in 0.2 mL media) were incu-
bated into the upper cham-
bers of the system, the bot-
tom wells in the system were 
filled with RPMI 1640 supple-
mented with 10% fetal bovine 
serum as a chemo-attractant 
and then incubated at 37°C 
for 24 h. Non-penetrating 
cells on the upper surface of 
the filter were removed using 
a cotton swab. The cells that 
had migrated through the 
Matrigel were fixed with meth-
anol, stained using 0.1% crys-
tal violet and counted under a 
microscope (Olympus). 

Statistical analysis

The data are expressed  
as the mean ± standard devi-

Figure 5. Knockdown of FRS2 inhibited NSCLC cell invasion. FRS2 Knock-
down A549 and H1975 cells were subjected to transwell cell invasion as-
says. Relative percentage of invaded cells was quantified. ***P<0.001 com-
pared with control siRNA transfected NSCLC cells.
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protein levels of FRS2 were significantly upreg-
ulated in NSCLC tissues, as demonstrated in 
the immunohistochemistry staining (Figure 
1A). Consistently, by qPCR assay, we deter-
mined that the mRNA levels of FRS2 were also 
elevated in NSCLC tissues (Figure 1B). In addi-
tion, clinical statistics also demonstrated that 
high FRS2 levels were significantly correlated 
with advanced stage, poor differentiation, and 
lymph node metastasis of NSCLC (Table 1).

Knockdown of FRS2 inhibited NSCLC cell 
proliferation

We next used two independent NSCLC cells 
lines (A549 and H1975) to examine the func-
tion of FRS2 on cellular processes. By siRNA 
transfection, we successfully knocked down 
the expression of FRS2 in these two cell lines 

Knockdown of FRS2 inhibited ERK1/2 signal-
ing in NSCLC

FRS2 has been reported to regulate ERK1/2 
signaling in other cancer types. Therefore we 
sought to determine whether FRS2 regulated 
ERK1/2 signaling in NSCLC. We performed 
Western blot analysis to detect the total and 
the phosphorylated levels of ERK1/2 in NSCLC 
cells, and we found that FRS2 knockdown led 
to inhibition of ERK1/2 phosphorylation in both 
A549 and H1975 cells, whereas the total pro-
tein levels of ERK1/2 did not change in both 
cell lines (Figure 6). These results indicated 
that FRS2 inhibited ERK1/2 signaling in NSCLC, 
and suggested that FRS2 could affect NSCLC 
cell proliferation and migration through the 
ERK1/2 signaling pathway.

Figure 6. Knockdown of FRS2 inhibited ERK1/2 pathway in NSCLC. Cell ly-
sates of A549 and H1975 cells transfected with FRS2 siRNA or control siRNA 
were subjected to Western blot analysis for both total and phosphorylated 
ERK1/2. The ratio of phosphorylated versus total ERK1/2 was quantified 
by densitometry. *P<0.05 compared with control siRNA transfected NSCLC 
cells.

(Figure 2). We found that in 
both cell lines, knockdown of 
FRS2 led to significantly 
decreased cell proliferation, 
as evidenced by MTT assay 
(Figure 3).

Knockdown of FRS2 inhibited 
NSCLC cell migration and 
invasion

We also sought to examine 
whether FRS2 could affect 
the migration and invasion of 
NSCLC cells. Therefore, we 
carried out wound healing cell 
migration and transwell cell 
invasion assays on FRS2 
knockdown A549 and H1975 
cells. We found that the 
wound healing rate in A549 
and H1975 cells with FRS2 
knockdown was significantly 
slower than that in cells trans-
fected with a control siRNA. 
FRS2 knockdown reduced cell 
migration ability by 43% and 
49% in A549 and H1975 cells, 
respectively (P<0.05) (Figure 
4). Furthermore, in transwell 
cell invasion assay, knock-
down of FRS2 decreas- 
ed cell invasion ability of A549 
and H1975 cells by 21% and 
26%, respectively (P<0.001) 
(Figure 5). 
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Discussion 

In this study, we investigated the functional 
association between FRS2 and the progression 
of NSCLC. We demonstrated that the expres-
sion levels of FRS2 were elevated in NSCLC and 
were correlated with pathological stage and 
metastasis of cancers. We also found that 
knockdown of FRS2 inhibited the proliferation, 
migration and invasion of NSCLC cells. 
Importantly, we found that the ERK1/2 signal-
ing pathways, which play essential roles in can-
cer development, were positively regulated by 
FRS2 in NSCLC cells.

FRS2 is essential for FGFR mediated signaling 
pathways. Dysfunction of FGFR signaling was 
associated with cancer progression and was 
shown to affect cancer origination, angiogene-
sis, and metastasis of multiple cancer types. 
Clinical studies have also indicated that dys-
function of FGFR signaling is correlated with 
poor cancer prognosis [7-12]. FRS2 itself was 
also shown to regulate the malignant progres-
sion of a variety of cancer types, but no research 
has been carried out regarding the roles of 
FRS2 in NSCLC [13-15]. Our study for the first 
time confirmed the relationship between FRS2 
expression and the progression of NSCLC. 

In our study, we found that the expression lev-
els of FRS2 were positively correlated with the 
activity of the ERK1/2 signaling pathway. 
Indeed, previous study has provided a model by 
which FRS2 regulate the activity of ERK1/2 sig-
naling. The activation of receptor tyrosine 
kinases including FGFR induces the phosphory-
lation of the FRS2 at tyrosine residues, thereby 
allowing binding to Grb2, an SH2 domain-con-
taining adaptor protein, and Shp2, a tyrosine 
phosphatase. Shp2 subsequently activates the 
ERK1/2 pathway, and Grb2 can also activate 
the ERK1/2 pathway through binding to SOS 
via its SH3 domain [16, 17]. 

The ERK1/2 signaling pathway play essential 
roles in many aspects of cancer development, 
including regulating cell survival and apoptosis, 
cell proliferation, cell cycle progression, and 
cell matrix interaction [18-20]. It has also been 
reported by previous studies that activation of 
the ERK1/2 signaling pathways was associated 
with drug resistance in lung cancer [21, 22]. 
Therefore, it is reasonable to hypothesize that 
the mechanism of FRS2 regulating NSCLC pro-

gression could be via modulating ERK1/2 sig-
naling. However, our study could not exclude 
the possibility that FRS2 regulated NSCLC 
development through other mediators besides 
ERK1/2.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Weiqiang Mo, 
Department of Respiratory Medicine, The Second  
Hospital of Jiaxing, 1518 North Huancheng Road, 
Jiaxing 314000, Zhejiang, China. Tel: 86-573-
82080930; Fax: 86-0573-82059702; E-mail: 
mm3964@163.com

References

[1] Cersosimo RJ. Lung cancer: a review. Am J 
Health Syst Pharm 2002; 59: 611-642.

[2] Sakashita S, Sakashita M, Sound Tsao M. 
Genes and pathology of non-small cell lung 
carcinoma. Semin Oncol 2014; 41: 28-39.

[3] Trédan O, Galmarini CM, Patel K, Tannock IF. 
Drug resistance and the solid tumor microenvi-
ronment. J Natl Cancer Inst 2007; 99: 1441-
1454.

[4] Kouhara H, Hadari YR, Spivak-Kroizman T, 
Schilling J, Bar-Sagi D, Lax I, Schlessinger J. A 
lipid-anchored Grb2-binding protein that links 
FGF-receptor activation to the Ras/MAPK sig-
naling pathway. Cell 1997; 89: 693-702.

[5] Turner N, Grose R. Fibroblast growth factor sig-
nalling: from development to cancer. Nat Rev 
Cancer 2010; 10: 116-129.

[6] Ames HM, Wang AA, Coughran A, Evaul K, 
Huang S, Graves CW, Soyombo AA, Ross TS. 
Huntingtin-interacting protein 1 phosphoryla-
tion by receptor tyrosine kinases. Mol Cell Biol 
2013; 33: 3580-3593.

[7] Elbauomy Elsheikh S, Green AR, Lambros MB, 
Turner NC, Grainge MJ, Powe D, Ellis IO, Reis-
Filho JS. FGFR1 amplification in breast carci-
nomas: a chromogenic in situ hybridisation 
analysis. Breast Cancer Res 2007; 9: R23.

[8] Emoto N, Isozaki O, Ohmura E, Ito F, Tsushima 
T, Shizume K, Demura H, Toma H. Basic fibro-
blast growth factor (FGF-2) in renal cell carci-
noma, which is indistinguishable from that in 
normal kidney, is involved in renal cell carci-
noma growth. J Urol 1994; 152: 1626-1631.

[9] Plowright EE, Li Z, Bergsagel PL, Chesi M, Bar-
ber DL, Branch DR, Hawley RG, Stewart AK. 
Ectopic expression of fibroblast growth factor 
receptor 3 promotes myeloma cell proliferation 
and prevents apoptosis. Blood 2000; 95; 992-
998.

mailto:mm3964@163.com


FRS2 promotes NSCLC progression

765 Int J Clin Exp Pathol 2016;9(2):758-765

[17] Hadari YR, Gotoh N, Kouhara H, Lax I, Schless-
inger J. Critical role for the docking-protein 
FRS2 alpha in FGF receptor-mediated signal 
transduction pathways. Proc Natl Acad Sci U S 
A 2001; 98: 8578-8583.

[18] Lee SM, Lee CT, Kim YW, Han SK, Shim YS, Yoo 
CG. Hypoxia confers protection against apopto-
sis via PI3K/Akt and ERK pathways in lung 
cancer cells. Cancer Lett 2006; 242: 231-238.

[19] Cheng CW, Chen PM, Hsieh YH, Weng CC, 
Chang CW, Yao CC, Hu LY, Wu PE, Shen CY. 
Foxo3a-mediated overexpression of microR-
NA-622 suppresses tumor metastasis by re-
pressing hypoxia-inducible factor-1alpha in 
erk-responsive of lung cancer. Oncotarget 
2015;  [Epub ahead of print].

[20] Fu L, Shi K, Wang J, Chen W, Shi D, Tian Y, Guo 
W, Yu W, Xiao X, Kang T, Wang S, Huang W, 
Deng W. TFAP2B overexpression contributes to 
tumor growth and a poor prognosis of human 
lung adenocarcinoma through modulation of 
ERK and VEGF/PEDF signaling. Mol Cancer 
2014; 13: 89.

[21] Wang M, Liu ZM, Li XC, Yao YT, Yin ZX. Activa-
tion of ERK1/2 and Akt is associated with cis-
platin resistance in human lung cancer cells. J 
Chemother 2013; 25: 162-169.

[22] Wang ZL, Fan ZQ, Jiang HD, Qu JM. Selective 
Cox-2 inhibitor celecoxib induces epithelial-
mesenchymal transition in human lung cancer 
cells via activating MEK-ERK signaling. Carci-
nogenesis 2013; 34: 638-646.

[10] Cappellen D, De Oliveira C, Ricol D, de Medina 
S, Bourdin J, Sastre-Garau X, Chopin D, Thiery 
JP, Radvanyi F. Frequent activating mutations 
of FGFR3 in human bladder and cervix carcino-
mas. Nat Genet 1999; 23: 18-20.

[11] Künstlinger H, Fassunke J, Schildhaus HU, 
Brors B, Heydt C, Ihle MA, Mechtersheimer G, 
Wardelmann E, Büttner R, Merkelbach-Bruse 
S. FGFR2 is overexpressed in myxoid liposar-
coma and inhibition of FGFR signaling impairs 
tumor growth in vitro. Oncotarget 2015; 6: 
20215-20230.

[12] Kunii K, Davis L, Gorenstein J, Hatch H, Yashiro 
M, Di Bacco A, Elbi C, Lutterbach B. FGFR2-
amplified gastric cancer cell lines require 
FGFR2 and Erbb3 signaling for growth and sur-
vival. Cancer Res 2008; 68; 2340-2348.

[13] Luo LY, Kim E, Cheung HW, Weir BA, Dunn GP, 
Shen RR, Hahn WC. The tyrosine kinase adap-
tor protein frs2 is oncogenic and amplified in 
high-grade serous ovarian cancer. Mol Cancer 
Res 2015; 13: 502-509.

[14] Wang X, Asmann YW, Erickson-Johnson MR, 
Oliveira JL, Zhang H, Moura RD, Lazar AJ, Lev 
D, Bill K, Lloyd RV, Yaszemski MJ, Maran A, 
Oliveira AM. High-resolution genomic mapping 
reveals consistent amplification of the fibro-
blast growth factor receptor substrate 2 gene 
in well-differentiated and dedifferentiated lipo-
sarcoma. Genes Chromosomes Cancer 2011; 
50: 849-858.

[15] Zhang K, Chu K, Wu X, Gao H, Wang J, Yuan YC, 
Loera S, Ho K, Wang Y, Chow W, Un F, Chu P, 
Yen Y. Amplification of FRS2 and activation of 
FGFR/FRS2 signaling pathway in high-grade li-
posarcoma. Cancer Res 2013; 73: 1298-1307.

[16] Gotoh N, Manova K, Tanaka S, Murohashi M, 
Hadari Y, Lee A, Hamada Y, Hiroe T, Ito M, Kuri-
hara T, Nakazato H, Shibuya M, Lax I, Lacy E, 
Schlessinger J. The docking protein FRS2alpha 
is an essential component of multiple fibro-
blast growth factor responses during early 
mouse development. Mol Cell Biol 2005; 25: 
4105-4116.


