Int J Clin Exp Pathol 2014;7(12):8777-8783
www.ijcep.com /ISSN:1936-2625/1JCEPO003054

Original Article

Interaction between fatty acid synthase and human
epidermal growth receptor 2 (HER2) in
osteosarcoma cells

Xin Hua Long"", Kai Zhao'", Guo Mei Zhang?", Yang Zhou*, Rong Ping Zhou?, Zhi Li Liu?, Zhi Hong Zhang*

1Department of Orthopedics, The First Affiliated Hospital of Nanchang University, Jiangxi, P.R. China; ?Department
of Orthopedics, The Second Affiliated Hospital of Nanchang University, Jiangxi, P. R. China. "Equal contributors.

Received October 9, 2014; Accepted December 1, 2014; Epub December 1, 2014; Published December 15, 2014

Abstract: Elevated expression of fatty acid synthase (FASN) and human epidermal growth factor receptor-2 (HER2)
are observed in human osteosarcoma (OS). The aim in this study is to investigate a possible connection between
FASN expression and the activity of HER2. The immunohistochemistry staining was conducted on 24 OS specimens
from patients, which revealed a significant positive correlation between FASN and HER2 as well as p-HER2 protein
expression. Furthermore, the human OS cell lines MG-63 and U2-0S were treated with FASN-specific RNAi Plasmid
or Lapatinib (an inhibitor of HER2). The mRNA of HER2 and FASN was measured using RT-PCR. Western blot was
performed to detect the protein expression of HER2, p-HER2 and FASN. The results demonstrated that HER2 modu-
lates FASN expression, inhibition of FASN resulted in down-regulation of HER2 and p-HER2 protein in OS cells. Our
findings suggested that there was positive feedback regulation between FASN and HER2 expression and phosphory-

lation in OS cells.
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Introduction

Fatty acid synthase (FASN) is an enzyme crucial
for endogenous lipogenesis in mammals,
responsible for catalyzes the synthesis of long-
chain fatty acids. As a large protein with a com-
plex structure and multiple catalytic domains,
FASN is considered as an important metabolic
enzyme and a potential target in human can-
cers. FASN is elevated expression in a variety of
tumors and involved in cell proliferation, apop-
tosis, migration and invasion [1-4]. Our previ-
ous studies demonstrated that FASN may be
contributed to osteosarcoma cells prolifera-
tion, apoptosis and metastasis [5-7]. However,
its potential molecular mechanism of increased
expression of FASN in OS cell is still unclear.
Substantial evidences revealed that the tran-
scriptional regulation of FASN expression has
been considered to be the main cause for the
elevated FASN expression in malignant tumor
cells [8]. Furthermore, study showed that ligand
stimulation induces dimerization of the HER2

receptor (homodimer or heterodimer), which
leads to self-phosphorylation on tyrosine resi-
dues localized to the C-terminal domain of
HER2 receptors [9]. The phosphorylated HER2
receptors activated a variety of downstream
signaling pathways, such as the phosphati-
dylinositol3-kinase (PI3K)/Akt [10], which plays
an essential role in regulation FASN expression
[11].

HER2 is a 185-kDa transmembrane receptor
tyrosine kinase (RTK), belonging to the epider-
mal growth factor receptor (EGFR) family.
Increased expression of HER2 is found in vari-
ous types of tumor, including breast cancer
[12], ovarian cancer [13] and OS [14]. High lev-
els of HER2 expression are associated with
recurrence and death in malignant tumor
patients [15]. Various studies have revealed
that targeting HER2 is an important therapeutic
strategy for treating OS [16, 17]. Recently, Nan
Li et al reported that inhibition of FASN effec-
tively inhibits the activity of “HER2-PI3K/Akt
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Table 1. Primer information

Primer Sequences 5’ to 3’
FASN-262bp-F GTCGGAGAACTTGCAGGAGT
FASN-262bp-R TCCTCGGAGTGAATCTGGGT
HER2-108bp-F CCCTGACCTGCTGGAAAAG
HER2-108bp-R GGCCGACATTCAGAGTCAAT

GAPDH-199bp-F ~ CAGGGCTGCTTTTAACTCTGGT
GAPDH-199bp-R  GATTTTGGAGGGATCTCGCT

axis” and alters the malignant phenotype in
colorectal cancer cells [18]. But, how FASN
interacted with HER2 in OS was remained
unknown.

In this study, we analyzed the potential link
between FASN and HER2 expression in OS
cells.

Materials and methods
Patient specimens

A total of 24 samples of OS tissues were
obtained from patients with pulmonary meta-
static disease who underwent surgery in our
hospital (First Affiliated Hospital of Nanchang
University, China). The pulmonary metastasis
survey was performed with plain films and
chest CT scans at first diagnosis. All the patients
have no history of prior therapies with antican-
cer drugs or radiotherapy. The samples were
fixed with 10% formalin and embedded in par-
affin, and then, were cut into 4 um sections. In
all cases, informed consent was obtained from
the relative departments and persons, and the
study had the approval of the Ethics Committee
of Nanchang University.

Immunohistochemistry

Immunoperoxidase procedure (S-P procedure)
and hematoxylin and eosin (H&E) staining were
performed on paraffin-embedded sections.
Antigen retrieval was performed with heating
the sections in 10 mmol/L citrate buffer (pH
6.0) for 20 min. Rabbit anti-FASN (1:500,
Abcam), mouse anti-HER2 (1:200, Abcam) and
p-HER2 (Y1248) monoclonal antibodies were
used as the primary antibody. Then the sec-
tions were chemiluminescence stained and
counterstained using hematoxylin. Stained sec-
tions were evaluated and scored by two patho-
logic doctors in a blind manner without prior
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knowledge of the clinical pathological features
of patients. According to the staining intensity
by examining at least 500 cells in five represen-
tative areas, the expression level of FASN was
judged and the intensity scores were recorded
as follows: none, O; weak, 1; moderate, 2; and
intense, 3. According to the percentage of
tumor cells with positive expression of FASN,
the percentage scores were recorded: 0%
(score 0); less than 10% (score 1), 10-49%
(score 2), 50-79% (score 3), and 80-100%
(score 4). The final score was averaged with the
scores from the two pathologic doctors; these
scores were calculated by multiplying the inten-
sity score to the percentage score. For exam-
ple, when a specimen contained 50% of the
tumor cells with moderate intensity, the final
score is 4 (2 x 2 = 4). The section with a final
score less than 4 were considered as (-), score
4 were considered as (+), score 6 score as (++),
and much 6 were considered as (+++). For
HER2 and p-HER2, only specimens with more
than 25% highly (+++) or moderately (++) posi-
tive cells were classified as positive.

Construction of the recombinant plasmid tar-
geting FASN gene

The human cDNA sequence encoding FASN
protein (NM_004104.4) was obtained from
GenBank. miRNA and control single strain DNA
oligos were designed and synthesized using the
following primer sequences: forward 5-TGCT-
GAACTCCTGCAAGTTCTCCGACGTTTTGGCCA-
CTGACTGACGTCGGAGATTGCAGGAGTT-3" and
reverse 5-CCTGAACTCCTGCAATCT CCGACGT-
CAGTCAGTGGCCAAAACGTCGGAGAACTT
GCAGGAGTTC-3'. Products were cloned into the
express vector pcDNAG.2-GW/EmGFP-miR
using the BLOCK-iT™ Pol Il miR RNAi Expression
Vector kit with EmGFP (K4936-00; Invitrogen
Life Technologies, Carlsbad, CA, USA). The DNA
sequence of the plasmid was confirmed using
the PureLink HiPure Plasmid DNA kit (K2100-
03; Invitrogen Life Technologies).

Cell culture

The human OS cell lines MG-63 and U2-0S
cells well purchased from American Type
Culture Collection (Manassas, VA), and routine-
ly cultured in RPMI-1640 (HyClone) supple-
mented with 10% fetal bovine serum (Sigma) in
a humidified 37°C incubator containing 5%
CO
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Figure 1. H&E staining (D, x400) and immunohistochemical staining (A-C, x400) assays. FASN (A) protein was ex-
pressed in the cytoplasm. HER2 (B) and p-HER2 (C) protein were both expressed in cytoplasm and nucleus.

Cell treated with FASN-specific RNAI plasmid
or Lapatinib

MG-63 and U2-0S cells were seeded in 6-well
plates at 40% confluence on the day prior to
deal with FASN specific RNAi plasmid (RNAi-
FASN) and the negative control plasmid (Neg)
using Lipofectamine 2000 according to the
Invitrogen technical bulletin. In additional, We
previous study showed that The IC50 values for
lapatinib in U2-0S and MG-63 cells at 24 h
were 22.150 and 11.646 umol/I, respectively
[19]. Therefore, in this study, the U2-0S and
MG-63 cells were treated with 20 umol/I and
10 pmol/I Lapatinib, respectively.

Real-time PCR

Semi-quantitive PCR was used to detect FASN
and HER2 mRNA levels. Total RNA was extract-
ed from cells using TRIzol reagent (Invitrogen
Life Technologies). Total RNA concentration
was determined by spectrophotometry at 260
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nm and the purity was determined by calculat-
ing the 260/280 ratio with a BioPhotometer
(Eppendorf, Hamburg, Germany). The Two-Step
kit (Promega Corporation, Madison, WI, USA)
was used to obtain cDNA according to the man-
ufacturer's instructions, which was then used
as the template for amplification. Glycera-
Idehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal standard. The primer
sequences were listed in Table 1. All experi-
ments were repeated by six times over multiple
days.

Western blot analysis

Total protein from the cells was extracted using
RIPA lysis buffer containing 60 ug/ml PMSF.
Cell lysates were then subjected to sodium
dodecyl sulfate polyacrylamide gel electropho-
resis followed by western blot analysis accord-
ing to manufacturer’s instructions. The deter-
mination of gray scale value was processed by
Image J software. All experiments were repeat-
ed by six times over multiple days.
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Figure 2. The FASN specific RNAi plasmid was performed to inhibit the FASN expression in U2-0S and MG-63 cells.
The mRNAs of FASN (A) and HER2 (B) were significantly down-regulated (Columns, mean (n = 6); bars, S.D; *P <
0.05, #P < 0.05 VS negative). FASN, HER2 and P-HER2 proteins expression in U2-0S cells (C) and MG-63 cells (D)
were also inhibited. Results suggested that inhibiting FASN could down-regulate the expression and phosphoryla-
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tion of HER2 in OS cells.

Statistical analyses

Statistical comparisons were performed using
SPSS Version 13.0 (SPSS Inc, Chicago, IL, USA).
The correlation of FASN with p-HER2 and HER2
protein in OS tissues was evaluated using the
Wilcoxon rank Sum Test. All Measurement data
were presented as X = SD. The Independent-
samples T-test was performed for statistical
analysis. P < 0.05 was considered to indicate a

statistically significant difference.

Results

Positive correlation between FASN and p-HER2
(Y1248), HER2 protein in tissues of OS with
pulmonary metastasis

To explore a possible relationship of FASN with
HER2 and p-HER2 in OS with pulmonary meta-
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static disease, the FASN, HER2 and p-HER2
protein in 24 samples from patients with pul-
monary metastatic disease was detected by
immunohistochemistry. FASN protein was exp-
ressed in the cytoplasm (Figure 1A), which was
consistent with previous reports [5]. HER2 and
p-HER2 were both in cytoplasm and nucleus
(Figure 1B and 1C). The relationship was signifi-
cant between FASN and HER2 as well as
p-HER2 protein expression level (Spearman’s
rho, rs = 0.502, rs = 0.444). It suggested that a
possible connection between FASN expression
and HER2 expression and phosphorylation may
exist in OS cells.

Inhibition of FASN down-regulate phosphoryla-
tion and expression of HER2

To investigate the effect of silencing FASN on
the phosphorylation and expression of HER2 in
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Figure 3. The tyrosine kinase inhibitor Lapatinib was
used to inhibit HER2 phosphorylation. The mRNAs of
FASN (A) in OS cells treated with Lapatinib was signif-
icantly down-regulated (Columns, mean (n = 6); bars,
S.D; "P < 0.05, P < 0.05 VS untreated OS cells). The
expression of FASN protein (B) was also inhibited in
OS cells treated with Lapatinib. Results suggested
that inhibiting HER2 phosphorylation could down-
regulate the expression of FASN in OS cells.

OS cells. The FASN specific RNAi plasmid was
performed to inhibit the FASN expression in
U2-0S and MG-63 cells. The mRNA of FASN
and HER2 was detected by RT-PCR, and west-
ern was used to measure the protein expres-
sion of FASN, HER2 and P-HER2. As show in
Figure 2, knockdown of FASN result in down-
regulation the expression and phosphorylation
of HER2 in OS cells.

Inhibition of HER2 phosphorylation down-regu-
late FASN expression in OS cells

To investigate whether down-regulation phos-
phorylation of HER2 could decrease the expres-
sion of FASN in OS cells, the U2-0S and MG-63
cells were treated with Lapatinib (tyrosine
kinase inhibitor). The mRNA and protein of
FASN were measured using RT-PR and western
blot. The results showed that both of mRNA
and protein of FASN were significant lower in
cells treated with Lapatinib than those in
untreated cells. It indicated that decreased
HER2 phosphorylation could inhibits FASN
expression in OS cells (Figure 3).
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Discussion

Increasing evidences indicated that FASN and
HER2 elevated expression play an important
role in cancer cell proliferation, survival and
metastasis [1-4, 12-15]. Our previous study
showed that inhibition of FASN or HER2 could
suppress OS cells proliferation, migration and
invasion [5-7, 11, 19]. Thomas W et al reported
that there was an interaction between fatty
acid synthase and ErbB-systems in ovarian
cancer cells [20]. In this study, we firstly investi-
gate the interaction between FASN and HER2
in OS cells. To evaluate the potential relation-
ship between FASN expression and HER2 activ-
ity, the expression of FASN, HER2 and P-HER2
protein in 24 OS tissues was detected by IHC
and the correlation of FASN with HER2 and
p-HER2 protein was analyzed. The results
revealed that there was positive relationship
between FASN and HER2 as well as p-HER2
protein expression. It indicated that a possible
connection between FASN expression and
HER2 activity may exist in OS cells.

Accumulated evidences revealed that the onco-
genic effects of HER2 mainly depend on the
preservation of the “lipogenic phenotype”.
HER2 activates downstream PISK/AKT, MAPK
and mTOR signaling pathways with subsequent
transcriptional activation of FASN expression
[21, 22]. To investigated whether inhibition of
HER2 phosphorylation could decreases FASN
expression in OS Cells, the lapatinib, an inhibi-
tor of HER2 phosphorylation, was used to
down-regulate the phosphorylation of HER2 in
U2-0S and MG-63 cells. The mRNA and protein
of FASN were measured by RT-PCR and Western
blot. The results show that both of FASN mRNA
and protein was significant inhibited in cells
treated with lapatinib, which suggest that phos-
phorylated HER2 may regulate FASN by affect-
ing transcription and translation in OS cells.

Interesting, various studies show that inhibiting
FASN caused a marked decrease in the active
forms of HER2 protein [23]. To explore the
effect of inhibition of FASN on the phosphoryla-
tion and expression of HER2 in OS cells, the
FASN specific RNAi plasmid was performed to
inhibit the FASN expression in U2-OS and
MG-63 cells. We found that the expression of
both p-HER2 and HER2 protein were decrease
in FASN-silenced OS cells, and the expression
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of HER2 mRNA was also suppressed in cells
transfected with FASN specific RNAi plasmid
when compared with those treated with
Negative plasmid. The results suggest FASN
may regulate HER2 at the translational and
transcriptional level.

In summary, we confirmed that there was a
positive feedback loop between HER2 and
FASN in OS cells. However, the detailed mecha-
nism on bidirectional connection between
FASN expression and HER2 activity in OS cell is
currently unknown which requires and deserves
further investigation.

Acknowledgements

The present study was supported by grants
from the National Natural Science Foundation
of China (No. 81260400) and the Natural
Science Foundation of Jiangxi Province (No.
20114BAB205093).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Zhi Hong Zhang or
Zhi Li Liu, Department of Orthopedics, First Affiliated
Hospital of Nanchang University, 17 Yong Wai Zheng
Street, Nanchang 330006, P. R. China. E-mail:
13803505665@163.com; zgm7977@163.com

References

[1] Miyai K, Iwaya K, Asano T, Tamai S, Matsubara
0, Tsuda H. Fatty acid synthase overexpression
in adult testicular germ cell tumors: potential
role in the progression of non-seminomatous
germ cell tumors. Virchows Arch 2014; 464:
221-8.

[2]  Yoshii Y, Furukawa T, Oyama N, Hasegawa Y,
Kiyono Y, Nishii R, Waki A, Tsuji AB, Sogawa C,
Wakizaka H, Fukumura T, Yoshii H, Fujibayashi
Y, Lewis JS, Saga T. Fatty acid synthase is a key
target in multiple essential tumor functions of
prostate cancer: uptake of radiolabeled ace-
tate as a predictor of the targeted therapy out-
come. PLoS One 2013; 8: e64570.

[3] Grube S, Dunisch P, Freitag D, Klausnitzer M,
Sakr Y, Walter J, Kalff R, Ewald C. Overexp-
ression of fatty acid synthase in human glio-
mas correlates with the WHO tumor grade and
inhibition with Orlistat reduces cell viability
and triggers apoptosis. J Neurooncol 2014;
118: 277-87.

[4] Ogino S, Kawasaki T, Ogawa A, Kirkner GJ,
Loda M, Fuchs CS. Fatty acid synthase overex-

8782

pression in colorectal cancer is associated
with microsatellite instability, independent of
CpG island methylator phenotype. Hum Pathol
2007; 38: 842-9.

[5] LiuZL, WangG, PengAF, Luo QF, Zhou Y, Huang
SH. Fatty acid synthase expression in osteosar-
coma and its correlation with pulmonary me-
tastasis. Oncol Lett 2012; 4: 878-82.

[6] LiuZL, Mao JH, Peng AF, Yin QS, Zhou Y, Long
XH, Huang SH. Inhibition of fatty acid synthase
suppresses osteosarcoma cell invasion and
migration via downregulation of the PI3K/Akt
signaling pathway in vitro. Mol Med Rep 2013;
7: 608-12.

[7] Liu ZL, Zhou Y, Luo QF, Hu M, Wang G, Huang
SH, Shu Y. Inhibition of fatty acid synthase su-
presses osteosarcoma cell invasion and migra-
tion. Indian J Pathol Microbiol 2012; 55: 163-
9.

[8] Bhatia H, Verma G, Datta M. miR-107 orches-
trates ER stress induction and lipid accumula-
tion by post-transcriptional regulation of fatty
acid synthase in hepatocytes. Biochim Biophys
Acta 2014; 1839: 334-43.

[9] Garrett JT, Sutton CR, Kurupi R, Bialucha CU,
Ettenberg SA, Collins SD, Sheng Q, Wallweber
J, Defazio-Eli L, Arteaga CL. Combination of an-
tibody that inhibits ligand-independent HER3
dimerization and a p110alpha inhibitor potent-
ly blocks PI3K signaling and growth of HER2+
breast cancers. Cancer Res 2013; 73: 6013-
23.

[10] Wu X, ChenYY, Li G, Xia L, Gu R, Wen X, Ming X,
Chen H. Her3 is associated with poor survival
of gastric adenocarcinoma: Her3 promotes
proliferation, survival and migration of human
gastric cancer mediated by PI3K/AKT signal-
ing pathway. Med Oncol 2014; 31: 903.

[11] Wang TF, Wang H, Peng AF, Luo QF, Liu ZL,
Zhou RP, Gao S, Zhou Y, Chen WZ. Inhibition of
fatty acid synthase suppresses U-2 OS cell in-
vasion and migration via downregulating the
activity of HER2/PI3K/AKT signaling pathway
in vitro. Biochem Biophys Res Commun 2013;
440: 229-34.

[12] Gradishar WJ. Emerging approaches for treat-
ing HER2-positive metastatic breast cancer
beyond trastuzumab. Ann Oncol 2013; 24:
2492-500.

[13] Shanmughapriya S, Senthilkumar G, Arun S,
Vinodhini K, Sudhakar S, Natarajaseenivasan
K. Polymorphism and overexpression of HER2/
neu among ovarian carcinoma women from
Tiruchirapalli, Tamil Nadu, India. Arch Gynecol
Obstet 2013; 288: 1385-90.

[14] Lee WI, Bacchni P, Bertoni F, Maeng YH, Park
YK. Quantitative assessment of HER2/neu ex-
pression by real-time PCR and fluorescent in
situ hybridization analysis in low-grade osteo-
sarcoma. Oncol Rep 2004; 12: 125-8.

Int J Clin Exp Pathol 2014;7(12):8777-8783



[15]

[16]

[17]

(18]

[19]

8783

Interaction between FASN and HER2 in OS cells

Rouanet P, Roger P, Rousseau E, Thibault S,
Romieu G, Mathieu A, Cretin J, Barneon G,
Granier M, Maran-Gonzalez A, Daures JP,
Boissiere F, Bibeau F. HER2 overexpression a
major risk factor for recurrence in pTla-
bNOMO breast cancer: results from a French
regional cohort. Cancer Med 2014; 3: 134-42.
Morris CD, Gorlick R, Huvos G, Heller G, Meyers
PA, Healey JH. Human epidermal growth factor
receptor 2 as a prognostic indicator in osteo-
genic sarcoma. Clin Orthop Relat Res 2001;
382: 59-65.

Shan LQ, Ma S, Qiu XC, Wang T, Yu SB, Ma BA,
Zhou Y, Fan QY, Yang AG. A novel recombinant
immuno-tBid with a furin site effectively sup-
presses the growth of HER2-positive osteosar-
coma cells in vitro. Oncol Rep 2011; 25: 325-
31.

Li N, Lu H, Chen C, Bu X, Huang P. Loss of fatty
acid synthase inhibits the “HER2-PI3K/Akt
axis” activity and malignant phenotype of
Caco-2 cells. Lipids Health Dis 2013; 12: 83.
Long XH, Zhang GM, Peng AF, Luo QF, Zhang L,
Wen HC, Zhou RP, Gao S, Zhou Y, Liu ZL.
Lapatinib alters the malignant phenotype of
osteosarcoma cells via downregulation of the
activity of the HER2-PI3K/AKT-FASN axis in vi-
tro. Oncol Rep 2014; 31: 328-34.

[20] Grunt TW, Wagner R, Grusch M, Berger W,

[22]

(23]

Singer CF, Marian B, Zielinski CC, Lupu R.
Interaction between fatty acid synthase- and
ErbB-systems in ovarian cancer cells. Biochem
Biophys Res Commun 2009; 385: 454-9.

Lin VC, Chou CH, Lin YC, Lin JN, Yu CC, Tang
CH, Lin HY, Way TD. Osthole suppresses fatty
acid synthase expression in HER2-overexp-
ressing breast cancer cells through modulat-
ing Akt/mTOR pathway. J Agric Food Chem
2010; 58: 4786-93.

Lee JS, Yoon IS, Lee MS, Cha EY, Thuong PT,
Diep TT, Kim JR. Anticancer activity of pris-
timerin in epidermal growth factor receptor
2-positive SKBR3 human breast cancer cells.
Biol Pharm Bull 2013; 36: 316-25.

Puig T, Turrado C, Benhamu B, Aguilar H, Relat
J, Ortega-Gutierrez S, Casals G, Marrero PF,
Urruticoechea A, Haro D, Lépez-Rodriguez ML,
Colomer R. Novel Inhibitors of Fatty Acid
Synthase with Anticancer Activity. Clin Cancer
Res 2009; 15: 7608-15.

Int J Clin Exp Pathol 2014;7(12):8777-8783



