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ABSTRACT

Epidermal growth factor receptor (EGFR) is an oncogenic receptor tyrosine 
kinase. Canonically, the tyrosine kinase activity of EGFR is regulated by its 
extracellular ligands. However, ligand-independent activation of EGFR exists in 
certain cancer cells, and the underlying mechanism remains to be defined. In this 
study, using PC3 and A549 cells as a model, we have found that, in the absence 
of extracellular ligands, a subpopulation of EGFR is constitutively active, which is 
needed for maintaining cell proliferation. Furthermore, we have found that fatty acid 
synthase (FASN)-dependent palmitoylation of EGFR is required for EGFR dimerization 
and kinase activation. Inhibition of FASN or palmitoyl acyltransferases reduced the 
activity and down-regulated the levels of EGFR, and sensitized cancer cells to EGFR 
tyrosine kinase inhibitors. It is concluded that EGFR can be activated intracellularly 
by FASN-dependent palmitoylation. This mechanism may serve as a new target for 
improving EGFR-based cancer therapy.

INTRODUCTION

Epidermal growth factor receptor (EGFR) is a member 
of the epidermal growth factor receptor tyrosine kinase 
family (ErbB family) that includes four members, EGFR 
(HER1), HER2/Neu, HER3 and HER4. EGFR is frequently 
overexpressed in many human cancers and correlates with 
cancer progression, metastasis, and poor prognosis [1]. 
Structurally, EGFR is compartmentalized into three major 
domains; an extra cellular domain (ECD), a trans-membrane 
domain (TMD) and an intra-cellular domain (ICD). 
The ECD has a ligand binding domain (LBD); the TMD 
consists of 23 amino acids and anchors EGFR to the plasma 
membrane; and the ICD consists of the tyrosine kinase 
domain and a tyrosine rich domain that transduces signals 
to its downstream pathways such as the PI3K/Akt. Upon 
binding to its ligand, EGFR undergoes homo- or  hetero-
dimerization with another ErbB member. Dimerization of 
the receptor induces intermolecular auto-phosphorylation of 
EGFR which in turn initiates the activation of downstream 
signaling cascades. EGFR-targeted therapies have been 

developed based on the understanding of ligand-dependent 
and kinase-dependent functions of EGFR. Available anti-
EGFR agents include EGFR monoclonal antibodies that 
prevent EGFR from binding to its extracellular ligands and 
small molecule tyrosine kinase inhibitors (TKIs) that block 
the tyrosine kinase domain in EGFR by competing with ATP 
[2]. However, interfering with EGFR signaling by these anti-
EGFR reagents has produced limited effects at the clinic [3]. 
For example, inhibition of the tyrosine kinase of EGFR by 
TKIs has produced responding rates range between 10–20%  
in lung cancer patients; however, all patients acquired 
resistance within few months after treatment,[4, 5] and 
prostate cancer, a type of cancer where EGFR is commonly 
overexpressed, is innately resistant to EGFR TKIs [6, 7].

In cancer cells, EGFR and its downstream pathways 
can be constitutively activated independent of external 
signals [8, 9]. Overexpression of EGFR instantly leads 
to constitutive activation of EGFR in the absence of 
ligands [8]. The EGFR vIII, which lacks the ability 
of ligand binding, is overexpressed and constitutively 
active in cancer cells of glioblastoma multiforme [10]. 
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Similarly, enhanced EGFR constitutive activation was 
observed in EGFR mutants with amino acid substitutions 
in the tyrosine kinase domain [11, 12]. The ligand-
independent activation of EGFR suggests that EGFR can 
be activated intracellularly. In support of this possibility, 
studies have shown that EGFR can be dimerized 
independent of ligands, [13] and EGFR can be activated 
by fatty acid synthase (FASN) [14]. However, the 
intracellular mechanism by which EGFR is dimerized and 
activated independent of extracellular ligand remains to be 
defined. FASN-dependent protein palmitoylation regulates 
protein functions [15–19]. Previously, we have reported 
that EGFR physically interacts with FASN,[15] which led 
us to hypothesize that de novo synthesized palmitate by 
FASN may affect the activity of EGFR by palmitoylation.

In this study, using PC3 (prostate cancer) and A549 
(lung cancer) cells, we explored the mechanism underlying 
EGFR’s ligand-independent activation. We’ve found that 
FASN-dependent palmitoylation of EGFR is critical for 
both EGFR’s ligand-independent and ligand-dependent 
dimerization and activation, and targeting this pathway 
potentiated the growth inhibitory effect of EGFR TKIs.

RESULTS

Ligand-independent constitutive activation of 
EGFR sustains the growth of cancer cells

Constitutive activation of EGFR in cancer cells 
in the absence of extracellular ligands (under serum 
free conditions) is well known; however, it is not clear 
regarding whether this activation of EGFR is sustained by 
extracellular or intrinsic signals. To address this question, 
we first examined the constitutive activity of EGFR in 
several cancer cell lines (PC3, DU145, A549, and HT29) 
cultured in serum free medium for 24 hrs. Constitutively 
active EGFR was detected in all of these cells (Figure 1a). 
We then chose two cell lines, PC3 and A549, for further 
investigations. Cross linking experiments revealed that 
EGFR constitutive activity was specifically associated 
with the dimerized form of EGFR (Figure 1b) in the 
absence of external ligands. To determine whether the 
EGFR constitutive activity is sustained by ligands present 
in the serum free medium, we added Cetuximab (C225), 
an antibody that blocks EGFR from binding to its ligand, 
into the serum free medium. As shown in Figure 1c, C225 
effectively blocked EGF-induced EGFR activation but 
failed to inhibit the constitutive activation of EGFR. In 
contrast to C225, AEE788, a small molecule of EGFR 
tyrosine kinase inhibitor (TKI), completely blocked both 
the EGF-induced and the constitutive activation of EGFR 
(Figure 1d), suggesting that EGFR constitutive activity 
in the absence of serum is not mediated by extracellular 
ligands and might be sustained by intracellular signaling. 
Ligand-independent activation is well characterized 
for EGFR vIII, an EGFR mutant that does not bind to 

ligands due to the lack of part of the LBD. To further 
determine the role of intracellular signaling in activating 
EGFR, we created an EGFR mutant that lacks the entire 
extracellular domain (∆ECD-EGFR) and transfected it 
into HEK293 cells in the absence of serum. As shown 
in Figure 1e and 1f, both the full length EGFR and the 
∆ECD-EGFR could be phosphorylated, further supporting 
that EGFR can be activated independent of external 
ligands. To test the significance of this ligand-independent 
constitutive activity of EGFR on Akt and ERK signaling, 
we treated A549 with C225 or AEE788 in the absence 
of serum. As shown in Figure 1g, C225 blocked EGF-
induced Akt and ERK phosphorylation but failed to 
block their basal activities, whereas AEE788 completely 
blocked both EGF-induced and basal activities of Akt and 
ERK. These results suggest that the ligand-independent 
constitutive activity of EGFR is required to sustain its 
downstream signaling pathways such as Akt and ERK. To 
further determine whether the ligand-independent EGFR 
activation is involved in sustaining cell proliferation in the 
absence of serum, we treated A549 cells with increasing 
concentration of AEE788 or C225 and measured their 
effects on cell growth. As shown in Figure 1h, AEE788 
treatment significantly inhibited cell proliferation in a 
dose dependent manner, whereas C225 failed to repress 
cell proliferation. Consistent with the cell proliferation 
data, AEE788 reduced colony formation of A549 and PC3 
cells in a dose dependent manner and C225 failed to show 
any effect on colony formation of these cells (Figure 1i 
and Suppl Figure 1). Together, these results suggest 
that ligand-independent intracellular signal dependent 
constitutive activation of EGFR sustains cell proliferation 
in the absence of external ligands.

Constitutive activation and ligand-induced 
activation of EGFR are mediated by de novo 
fatty acid synthesis dependent palmitoylation

It has been shown that de novo fatty acid synthesis 
is involved in the activation of EGFR and HER2 [14, 
15]. To determine whether de novo fatty acid synthesis 
is involved in the constitutive activation of EGFR, we 
inhibited FASN using an FASN inhibitor, cerulenin. 
As shown in Figure 2a, 2b, and Suppl Figure 2a, 2c, 
cerulenin significantly reduced the constitutive EGFR 
phosphorylation by reducing EGFR dimerization in the 
absence of serum. Furthermore, cerulenin also inhibited 
constitutive activation of ∆ECD-EGFR expressed in 
HEK293 cells (Figure 2c). To further determine the 
role of FASN in the intrinsic activation of EGFR, we 
overexpressed FASN in MCF10A cells (an EGFR positive 
noncancerous cell line) under serum free conditions, 
and found that phosphorylation of EGFR was increased 
with the increasing levels of FASN protein (Figure 2d). 
Consistent with this data, over expression of FASN in PC3 
(Figure 2e) and A549 cells (Suppl Figure 3) also increased 
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Figure 1: Constitutive activation of EGFR sustains cell proliferation in the absence of ligands. a. Serum starved PC3, 
DU145, A549 and HT-29 cells were tested for EGFR phosphorylation. b. PC3 and A549 cells grown in the absence of serum/ligands were 
tested for EGFR dimerization (crosslinked by DMP) and phosphorylation. Serum starved A549 and PC3 were treated with EGF +/− C225 
at 2.5 ug/ml c. or AEE788 at 2.5 uM d. for 15 minutes and measured for EGFR phosphorylation, EGFR and Actin using Western blot. 
e. Schematic diagram of WT and extra cellular domain deleted EGFR (∆ECD-EGFR). f. Western blot analysis of protein samples for 
pEGFR and EGFR (Flag) isolated from HEK 293 cells transfected with vector alone, WT EGFR or ∆ECD EGFR for 24 hours. g. Western 
blot analysis of protein samples for pAkt, Akt, pErk1/2, Erk1/2 and EGFR isolated from PC3 cells treated with EGF +/− AEE788 or EGF 
+/− C225 for 15 minutes similarly as cells used in c and d. h. A549 cells were treated with AEE788 or C225 for 5 days at the indicated 
concentrations and measured cell number. i. Colony formation assay on PC3 and A549 cells were treated with increasing concentrations 
of AEE788 or C225 as indicated in 6-well plate and colony formation was counted when the cells reached 80–90% confluence. Data are 
means of +/− SD of triplicates (Suppl Figure 1a and 1b). Asterisk indicates the statistical significance between treated group and DMSO 
(P-value ≤ 0.0001).
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Figure 2: Activation of EGFR by de novo fatty acid synthesis dependent palmitoylation. a. Western blot analysis of protein 
samples for pEGFR and EGFR isolated from PC3 cells treated with FASN inhibitor, cerulenin, at 5ug/ml for 8 hours. b. PC3 cells were 
treated with cerulenin for 8 hours and isolated protein samples were cross linked with BS3 as described in the materials and methods 
section. The cross linked samples were analyzed using Western blot for EGFR dimers. For control group, protein samples were left 
untreated. c. HEK 293 cells were transfected with ∆ECD EGFR for 24 hours followed by treatment with cerulenin in serum free medium 
for overnight before protein isolation and Western blot analysis. d. Western blot analysis of protein samples for pEGFR, EGFR and Actin 
isolated from MCF10A cells transfected with increasing FASN (Flag tagged) concentration for 24 hours followed by serum starvation for 
12 hours. e. Western blot analysis of protein samples (for indicated proteins) isolated from PC3 cells transfected with vector alone or FASN 
flag for 24 hours followed by serum starvation for 12 hours. f. Acyl-Biotin Exchange assay (ABE) for EGFR palmitoylation. PC3 cells were 
transfected with vector alone or FASN (panel 2e) and isolated samples were subjected to ABE assay for EGFR palmitoylation. HAM stands 
for hydroxyl amine. ABE assay was performed as described in the methods. g. Western blotting analysis of protein samples for pEGFR, 
EGFR and actin isolated from PC3 cells treated with a palmitoylation inhibitor, 2-bromopalmitate (2-BP), at 8uM for 6–8 hours. h. PC3 
cells were treated with or without 2-BP for 8 hours and EGFR dimers were detected using cross linking agent, BS3, followed western 
blot analysis i. Western blotting of ABE assay samples for EGFR palmitoylation prepared from PC3 cells treated with DMSO or EGF 
(10 ng/ ml) for 20 minutes in the presence or absence of cerulenin (pretreated at 5 ug/ml for 8 hours) (left panel) or 2-BP (pretreated at 6uM 
for 8 hours) (right panel). j. EGF induced EGFR dimerization was tested in the presence of cerulenin or 2-BP (pretreated for overnight). 
Protein samples were prepared in the presence or absence of cross linking agent (BS3 at 3 mM) for Western blot analysis of EGFR. 
k.  Western blot analysis of protein samples for pEGFR, EGFR and Actin isolated from A549 cells treated with 5ng of EGF +/− Cerulenin 
(5 ug/ml) or 2-BP (8 uM) for 15 minutes.
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the activation of EGFR and its downstream pathways 
(Akt and ERK) in the absence of serum. These results 
indicate that FASN mediated de novo fatty acid synthesis 
participates in the ligand-independent constitutive 
activation of EGFR.

FASN-dependent protein palmitoylation is critically 
involved in regulating activity, stability and cellular 
distribution of membranous proteins [17, 20]. The 
functional interrelationship between EGFR and FASN 
led us to speculate that palmitoylation of EGFR might 
be involved in EGFR activation. To test whether EGFR 
is palmitoylated in the absence of serum, we utilized the 
in vitro Acyl-Biotin exchange (ABE) assay to determine 
the palmitoylation level of EGFR immunoprecipitated 
from PC3 cells. As shown in Figure 2f, we found that 
EGFR is indeed palmitoylated, which was significantly 
increased by overexpression of FASN. Protein 
palmitoylation is catalyzed by a class or enzymes of 
palmitoyl acyltransferase (PAT), which can be inhibited 
by an inhibitor, 2-bromopalmitate (2-BP) [21]. Treatment 
of PC3 and A549 cells with 2-BP resulted in inhibition 
of constitutive activation (Figure 2g and Suppl Figure 2b) 
and dimerization (Figure 2h and Suppl Figure 2d) of 
EGFR. In the presence and absence of EGF, inhibition of 
FASN or PAT significantly reduced the levels of EGFR 
palmitoylation (Figure 2i), dimerization (Figure 2j), and 
phosphorylation (Figure 2k, Suppl Figure 4). Together, 
these data suggest that FASN mediated palmitoylation 
of EGFR plays a critical role in ligand-independent and 
ligand-dependent activation of EGFR.

Plamitoyl acyltransferases (PATs) interact 
with EGFR and activate EGFR by increasing 
palmitoylation

Protein palmitoylation is catalyzed by a class of 
enzymes known as PATs, which transfer the palmitoyl 
group of palmitoyl-CoA to the SH group of cysteine 
residue of a target protein. There are 23 known PATs in 
human and rodents, and human and mouse PATs are highly 
homologous [22]. To further investigate the role of PATs 
in activating EGFR, we transiently overexpressed a panel 
of 23 known mouse PATs individually into A549 cells and 
determined their effects on EGFR activation under serum 
free conditions. As shown in Figure 3a, over-expression 
of PATs 1, 2 (>95% homologous with human PAT2), and 
21 (>95% homologous with human PAT21) significantly 
activated EGFR, and each of these PATs also activated 
ERK and Akt in the absence of serum (Figure 3b). 
Furthermore, we also performed co-immunoprecipitation 
assay to test whether these PATs can physically interact 
with EGFR. Co-immunoprecipitation from HEK 293 cells 
co-transfected with flag-tagged EGFR and the HA-tagged 
PATs showed that PATs 1, 2 and 21 could physically 
interact with EGFR (Figure 3c). We also tested whether 
these EGFR-interacting PATs would increase EGFR 
palmitoylation. As shown in Figure 3d, over-expression of 

these PATs in A549 cells increased EGFR palmitoylation. 
Together, these data suggest that PATs can activate EGFR 
in the absence of external ligands.

Cysteine 797 is conserved in kinase active 
ErbB members and is important for EGFR’s 
palmitoylation and constitutive activation

Palmitoylation of proteins is catalyzed by PATs 
to form thioester bond between the sulfhydryl group of 
cysteine residues and the carboxyl group of palmitate 
[23]. Program assisted prediction found that several 
cysteine residues in the intracellular region of EGFR 
could be palmitoylated (data not shown). We focused 
on Cysteine 797 in this study because it is conserved in 
all the kinase active members of EGFR family [EGFR, 
HER2 (Cysteine 805), and Her4 (Cysteine 803)], but not 
in the kinase inactive HER3 (Figure 4a). In HER3, the 
corresponding cysteine residue is substituted with serine. 
To study the role of C797 in EGFR palmitoylation and 
constitutive activity, we expressed wild type or C797G 
(Cysteine is substituted with Glycine) mutant of EGFR 
in HEK 293 cells. As shown in Figure 4b and 4c, C797G 
mutation significantly reduced palmitoylation and 
constitutive activity of the full length EGFR. Supportively, 
C797G mutation also blocked palmitoylation and 
activation of the ∆ECD-EGFR (Figure 4d and 4e). 
Because dimerization is a key step for EGFR activation, 
we determined whether the reduced activity of C797G 
mutant could be due to defect in dimerization. As shown 
in Figure 4f, under serum free conditions, WT EGFR 
transfected into HEK293 cells formed dimers; however, 
the C797G EGFR mutant failed to form dimers regardless 
of EGF (Figure 4f). Consistently, EGF failed to activate 
the C797G mutant (Figure 4g). Furthermore, mutating 
the conserved cysteine sites in the other EGFR kinase-
active members, HER2 and HER4, blocked their effects 
on activating ERK signaling in HEK293 cells (Figure 4h). 
These results suggest the C797 is crucial for EGFR’s 
palmitoylation, dimerization, and activation.

Inhibition of FASN or PATs regulates localization 
and protein levels of EGFR

Protein palmitoylation often leads to tethering 
proteins to the plasma membrane. To test the role 
of de novo fatty acid synthesis dependent EGFR 
palmitoylation in EGFR cellular localization, we treated 
PC3 cells with cerulenin or 2-BP, co-stained for EGFR 
and lysosomes, and determined EGFR localization using 
confocal microscope imaging. As shown in Figure 5a, 
EGFR is predominantly localized at the plasma membrane 
of the control cells, and both cerulenin and 2-BP treatment 
decreased EGFR levels at the plasma membrane and 
increased EGFR levels at lysosomes, suggesting that 
inhibition of this mechanism reduces plasma membranous 
EGFR and promotes its lysosomal translocation. 
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Supportively, cerulenin and 2-BP also reduced EGFR 
protein levels (Figure 5b). These results suggest that 
de novo fatty acid synthesis dependent palmitoylation 
plays a critical role in maintaining the protein levels and 
plasma membrane localization of EGFR.

Inhibition of FASN or PATs sensitized cancer 
cells to EGFR TKIs

Knowing that EGFR’s palmitoylation plays a critical 
role in its function, we sought to test whether inhibition 
of FASN or PATs activity can increase the sensitivity of 
cancer cells to EGFR tyrosine kinase inhibitors (EGFR 
TKI). We treated A549 and PC3 cells with increasing 
concentrations of EGFR TKI, Iressa, (1 uM to 10 uM) 
for 30 minutes in the presence or absence of cerulenin or 
2-BP (pretreated for 3 hours). In the presence of cerulenin 
or 2-BP, Iressa showed an increased efficacy in inhibiting 
EGFR phosphorylation at every concentration compared 
with that of control (Figure 6a–6d). Consistently, inhibition 

of FASN or PATs significantly increased the sensitivity 
of PC3 and A549 cells to the growth inhibitory effects of 
EGFR kinase inhibitors (Figure 6e and 6f). In addition to 
the growth inhibitory effects, cerulenin and 2-BP treatment 
increased the pro-apoptotic effects of AEE788 as evidenced 
by increased levels of cleaved PARP and caspase 3 
(Figure 6g). These results indicate that the de novo fatty 
acid synthesis dependent palmitoylation plays a critical role 
in maintenance of cancer cell survival under EGFR TKI 
treatment.

DISCUSSION

EGFR is overexpressed or overactive in most 
cancers of epithelial origin. Based on the understanding 
of the canonical EGFR activation pathways, ligand 
induced dimerization of the receptor and activation of 
the tyrosine kinase activity of the receptor, anti-EGFR 
therapeutics have been developed for cancer therapy: 
monoclonal antibodies that block EGFR from binding to 

Figure 3: PAT 1, 2 and 21 increases EGFR activation and palmitoylation. a. Screening of PAT enzymes for EGFR activation. 
A549 cells were transfected with individual PAT (HA-tagged) constructs for 24 hours followed by 12 hours of serum starvation. Isolated 
protein samples were tested for EGFR activation using pEGFR antibody. b. Western blot analysis of protein samples for pEGFR, EGFR, 
pAkt, Akt, pErk 1/2, Erk 1/2 and Actin isolated from A549 cells transfected with PAT plasmids 1, 2, 21 or vector alone for 24 hours 
followed by serum starvation for 12 hours. c. Western blot analysis of immunoprecipitated samples for HA and EGFR antibodies. HEK 293 
cells were transfected with EGFR-flag alone or in combination with indicated PATs as shown in the Figure 3c and PAT enzymes were 
immunoprecipitated with HA antibody. d. Western blotting analysis of palmitoylated EGFR from PC3 cells transfected with vector alone 
or PATs.
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its activating ligands and ATP mimicking small molecule 
inhibitors that compete with ATP for the binding of 
tyrosine kinase domain of EGFR. In the clinic, the current 
approaches of anti-EGFR therapies have been facing 
critical challenges of innate resistance [5–7, 24] and 
inevitable acquired resistance in EGFR-positive cancers 
[3, 25, 26]. A better understanding on the mechanism by 
which EGFR executes its oncogenic functions is needed 
to improve the therapeutic efficacy of EGFR targeted 
therapies. Our understanding of EGFR functions in 

cancer cells has expanded in recent years, e.g. from its 
function at the plasma membrane to the nucleus [27] and 
to the mitochondrion; [15, 28, 29] from its tyrosine kinase 
dependent functions to its tyrosine kinase independent 
functions; [30, 31] from its ligand-dependent functions to 
its ligand-independent function [8, 9].

In this study, we have identified that ligand-
independent constitutive activation of EGFR maintains 
the proliferative ability of cancer cells in the absence 
of external ligands, and de novo fatty acid synthesis 

Figure 4: C797 site is conserved in kinase active ErbB members and is important for constitutive activation and 
palmitoylation of EGFR. a. Comparison of palmitoylation site (C797) of EGFR with HER2, HER3 and HER4. b. Western blotting 
analysis for palmitoylated EGFR prepared from HEK293 cells transfected with EGFR WT or C797G mutant (Flag-tagged). c. C797G 
mutation blocks EGFR constitutive phosphorylation when expressed in HEK 293 cells. d. C797G mutation blocks palmitoylation of 
∆ECD EGFR in HEK 293 cells. e. C797G mutation blocks ∆ECD EGFR constitutive phosphorylation in HEK 293 cells. f. HEK 293 cells 
were transfected with WT or C797G EGFR for 24 hours and treated with DMSO or EGF at 10 ng/ml for 20 minutes and protein samples 
were analyzed for EGFR dimers using Western blotting under reducing or non-reducing conditions. g. The same samples from panel f were 
subjected to Western blot analysis. h. Western blot analysis for Flag, pErk 1/2, Erk 1/2 and GAPDH. Protein samples were prepared from 
HEK 293 cells transfected with WT or cysteine mutants of ErbB members.
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dependent palmitoylation of EGFR is required for both 
the ligand-independent constitutive activation and ligand-
dependent activation of EGFR. The novelty of this finding 
resides at the intracellular and ligand-independent nature 
of this EGFR activation pathway. This pathway may 
have potentially contributed to the resistance to anti-
EGFR therapeutics in the clinic. Palmitoylation induced 
dimerization of EGFR may offset the effect of anti-EGFR 
antibody, and enhanced de novo fatty acid synthesis that is 
common in cancers and associated with chemoresistance 
[14, 32, 33] may counteract the growth inhibitory effect 
of small molecule TKIs during the intervals of TKI 
administration. This possibility is supported by our data 
that inhibition of FASN or PATs significantly potentiated 
TKIs’ growth inhibitory and pro-apoptotic effect.

Protein palmitoylation, the thioester linkage of 
palmitate moieties to cysteine residues, plays important 
role in regulating protein translocation, stability, 
and function. A wide range of proteins undergoes 
palmitoylation modification catalyzed by palmitoyl 
acyltransferases (PATs) [34]. Palmitate is, a 16-carbon 
saturated fatty acid, synthesized by FASN. Previously, we 
have found that, independent of its kinase activity, EGFR 
interacts with FASN at the plasma membrane in cancer 
cells [15]. It has been shown that expression of FASN 
alone is sufficient to activate EGFR and HER2 [14]. 
Given that plasma membrane-associated FASN plays a 
critical role in regulating the function of membranous 
proteins through protein palmitoylation, [35] the 
regulation of EGFR by palmitoylation was expected. 

Figure 5: Inhibition of de novo fatty acid synthesis or palmitoylation alters EGFR cellular distribution and reduces 
total EGFR levels. a. Representative immuno fluorescent images of PC3 cells. PC3 cells were treated with DMSO or cerulenin at 
5 ug/ml for 24 hours and stained for EGFR (green), lysosomes (red) and nucleus (DAPI, blue). Images were taken using Olympus confocal 
microscope using 60x objective. Scale bar is 30um. b. Western blot analysis of protein samples for EGFR and Actin isolated from PC3 cells 
and A549 cells treated with FASN inhibitor, cerulenin at 5ug/ml or 2-BP (6 uM) for 24 hours.
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Figure 6: FASN or PAT inhibitor sensitizes cancer cells to EGFR TKIs. Western blot analysis of protein samples for pEGFR, 
EGFR and Actin isolated from A549 cells treated (30 minutes) with increasing concentrations of EGFR tyrosine kinase inhibitor in the 
presence or absence of cerulenin at 5 ug/ml a. or 2-BP at 8 uM b. The cells were pretreated with either cerulenin or 2-BP for 5 hours 
before the treatment with Iressa. Western blot analysis of protein samples for pEGFR, EGFR and Actin isolated from PC3 cells treated 
(30 minutes) with increasing concentrations of EGFR tyrosine kinase inhibitor in the presence or absence of cerulenin at 5 ug/ml c. or 2-BP 
at 8 uM d, e. MTS assay in PC3 cells treated with EGFR TKI alone or in combination with cerulenin or 2-BP for 48 hours. f. MTS assay in 
A549 cells treated with EGFR TKI alone or in combination with cerulenin or 2-BP for 48 hours. Data are means of +/− SD of triplicates. 
Asterisk indicates the statistical significance between treated group and DMSO (P-value ≤ 0.001). g. Western blotting analysis of protein 
samples for PARP cleavage, cleaved caspase 3 and actin.
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Our observations that palmitoylation of EGFR is 
required for its dimerization and subsequent activation 
(Figures 2 and 4) are novel, which suggest that this 
mechanism plays a fundamental role in EGFR’s kinase-
dependent functions. The fundamentality of EGFR 
palmitoylation is further supported by the fact that 
the critical cysteine residue for EGFR palmitoylation, 
Cys797 of EGFR, is conserved among the kinase active 
members of EGFR family (EGFR, HER2, and HER4) 
and is substituted by a serine residue in HER3 that 
lacks kinase activity. The exact molecular mechanism 
by which de novo fatty acid synthesis enhances survival 
of cancer cells is not completely understood. Our data 
suggest that ligand-independent activation of EGFR by 
FASN-dependent protein palmitoylation might be a part 
of this mechanism.

Data from this study suggest that targeting EGFR’s 
palmitoylation might be a more effective approach for 
EGFR based therapies, however, to achieve more specific 
inhibition at EGFR’s palmitoylation, further studies are 
needed to define the molecular nature of the interplay 
among EGFR, FASN, and PATs.

MATERIALS AND METHODS

Reagents and cell lines

In this study we used two prostate cancer cell lines 
(PC3, DU145), lung cancer cell line (A549) colon cancer 
cell line (HT29), and non-cancer cell lines (MCF10A 
and HEK293T). All of the cancer cells were cultured 
in DMEM supplemented with 10% fetal bovine serum 
(FBS), 1% antibiotics, 5.5 mM glucose and non-cancer 
cells were grown in DMEM with 25 mM glucose. FASN 
inhibitor (Cerulenin, cat # C2389) and 2-Bromo palmitate 
(cat # 21604) were purchased from Sigma Aldrich. EGFR 
inhibitors AEE788 (Cat# S1486), Iressa (Cat #S1025), 
Erlotinib (Cat #S7786) and AG1478 (Cat  # S2728) 
were purchased from Selleck Bio. Antibodies for FASN 
(cat # sc-55580), EGFR (Cat # sc-03), beta actin (Cat #  
sc-1616) and Tubulin (Cat # sc-5286) were purchased 
from Santa Cruz Biotechnology. EGFR monoclonal 
antibody, C225 (Cat #MABF120), was from EMD 
Millipore for EGFR immuno precipitation studies. 
Anti-EGFR for immuno staining (Cat #4267), Akt, 
pAkt, Erk1/2 (cat #9102) and pErk1/2 (Cat #9101) were 
obtained from Cell Signaling. Anti-flag (M2) antibody 
(Cat # F3165) was from Sigma Aldrich. Anti-pEGFR 
(Y1137) (Cat # 44794G) antibody was from Invitrogen. 
Lysotracker Red (Cat #L-7528) was purchased from life 
technologies.

Cloning and mutagenesis

EGFR, HER2 and HER4 were PCR amplified 
from PCDNA3.1 constructs and sub cloned into 

pRK5F (flag-tag) vector. Specific cysteine mutations 
on EGFR constructs were created using Stratagene 
Quickchange Lightening site directed mutagenesis 
kit purchased from Agilent technologies (Santa 
Clara, CA). Primers for EGFR C797G mutation are 
“CGCAGCTCATGCCCTTCGGCGGCCTCCTGGAC 
TATGTCCGG (Forward) and 
CCGGACATAGTCCAGGAGGCCGCCGAAGGGCA 
TGAGCTGCG (reverse). Primers 
for HER2 C805G mutation are 
“GCTTATGCCCTATGGCAGCCTCTTAGACCATG 
TCCGG” (forward) and 
CCGGACATGGTCTAAGAGGCTGCCATAGGGCA 
TAAGC (reverse). Primers for HER4 C803G are 
CTTATGCCCCATGGCGGCCTGTTGGAGTATGTCC 
(forward) and 
GGACATACTCCAACAGGCCGCCATGGGGCATAAG 
(reverse). The HA-tagged PAT expression plasmids [36] 
were obtained from Dr. Masaki Fukata at the National 
Institutes of Natural Sciences, Okazaki, Japan, as a gift.

Transfection and western blotting

Plasmid transfections were performed using 
lipofectamine 2000 according to the manufacturer 
instructions. Protein samples were prepared by lysing 
the cells in RIPA buffer (Cat # R0278, Sigma Aldrich) 
supplemented with protease inhibitors and phosphatase 
inhibitors on ice for 30 minutes. Lysed cell lysates were 
collected and centrifuged at 14000 rpm for 15 minutes at 
4°C. Equal amount of proteins were subjected to the SDS 
PAGE and western blotting analysis for proteins of interest 
using antibodies at optimized concentrations.

Immunoprecipitation and immunostaining

Equal amount (500 ug) of protein samples were 
added to the eppendorf tube containing 25ul of protein 
A/G beads and 1ug of antibody and incubated at 4°C for 
overnight on a shaker. After overnight incubation, the 
beads were washed with 600ul of RIPA buffer for three 
times. Immunoprecipitated proteins were eluted directly 
into lamellae buffer and boiled for 5 minutes and subjected 
to western blotting. Immunocytochemistry (ICC) was 
performed as described by previously.

EGFR dimerization assay

EGFR dimers were detected through western 
blotting analysis using non-reducing conditions 
(Bollu et al 2014) and cross linking agents (BS3 and 
DMP). After treatments with drugs, cells were washed 
with PBS and incubated with 3 mM BS3 (Cat # 21580, 
Thermoscientific) or DMP (Cat # D8388, Sigma Aldrich) 
at 12 mg/ml for one hour on shaker at 4C. Reaction was 
quenched by adding 250 mM glycine (for BS3 method) 
or 50 mM ethanolamine (for DMP method) for 5 minutes 
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at 4C. Cells were washed with ice cold PBS and lysed 
with RIPA buffer.

In vitro palmitoylation assay

The Acyl-Biotin exchange palmitoylation assay 
was carried out according the protocol used by others. 
EGFR was immuno precipitated from protein samples 
using 1 ug of EGFR monoclonal antibody, C225. To block 
non-palmitoylated cysteine residues, immuno precipitated 
EGFR was treated with 50 mM NEM in RIPA buffer at 
4°C for 2 hours on a shaker followed by three washes with 
RIPA buffer. EGFR was then treated with hydroxylamine 
(HAM) buffer to remove palmitate from Cysteine residues 
(1 M Hydroxylamine, 50 mM tris, 150 mM Nacl, 5 mM 
EDTA, 0.2% TX100, pH 7.4) at room temperature for 
2 hrs on a shaker. For mock, EGFR was treated with same 
buffer without hydroxyl amine. EGFR was then treated 
with 4 uM of BMCC-Biotin in 50 mM tris, 150 mM Nacl, 
5 mM EDTA, 0.2% TX100, pH 6.2 for 1–2 hours followed 
by three washes to remove excess biotin. 60 ul of reducing 
protein sample buffer was added and samples were boiled 
for two minutes to elute EGFR from beads. 20% of sample 
was loaded on to SDS PAGE gel. Membrane was blocked 
with 5% BSA for overnight followed by incubation 
with streptavidin conjugated with HRP at 1:30000 for 
60 minutes and Biotin-streptavidin HRP complexes were 
visualized by exposing the membrane to ECL and then to 
X-ray film.

Cell proliferation assay

Seven day cell proliferation assays were carried out 
in 96-well plates by measuring the cellular DNA content 
using a FluoReporter Blue fluorometric double-stranded 
DNA Quantitation kit (Life Technologies cat#: f-2962) 
following the manufacturer’s protocol. Florescence was 
measured at 360 nm excitation and 460 nm emission.

Colony formation assay

1000–2000 cells were plated in each well of 
6-well plates and grown in DMEM supplemented with 
5% charcoal stripped serum for 24 hours followed 
by treatment with indicated concentrations of drugs. 
Medium was changed every 72 hours until the control 
cells reached 80–90% confluence. At the end of the 
experiment, the cells were fixed with 4% PFA and stained 
with 2.5% crystal violet for 10 minutes. Images were 
taken using a scanner.

MTS assay

Cell viability assay was performed using a MTS 
assay kit (Cat # G3582, Promega) following manufacturer 
instructions in 96 well plates.

Statistics

Student two-tailed t-test was used to compare the 
values (mean ± SD) of triplicate control and experimental 
groups of three independent experiments. P < 0.05 is 
considered as significant difference.

ACKNOWLEDGMENTS

Z. W. has been supported by grants from the 
American Cancer Society (RSG-09-206-01), the 
Department of Defense Prostate Cancer Research Program 
(W91ZSQ8334N607), and the National Institute of Health 
(1R21AG045382 - 01A1). We thank Dr. Masaki Fukata 
at the National Institutes of Natural Sciences, Okazaki, 
Japan, for sharing the HA-DHHC (PAT) plasmids.

CONFLICTS OF INTEREST

All authors declare no actual, potential, or perceived 
conflict of interest that would prejudice the impartiality of 
this article.

REFERENCES

1. Hynes NE, Lane HA. ERBB receptors and cancer: the com-
plexity of targeted inhibitors. Nature reviews. Cancer. 2005; 
5:341–354, doi: 10.1038/nrc1609.

2. Seshacharyulu P, et al. Targeting the EGFR signaling path-
way in cancer therapy. Expert opinion on therapeutic  targets. 
2012; 16:15–31, doi: 10.1517/14728222.2011.648617.

3. Chong CR, Janne PA. The quest to overcome resistance to 
EGFR-targeted therapies in cancer. Nature medicine. 2013; 
19:1389–1400, doi: 10.1038/nm.3388.

4. Dancey JE, Freidlin B. Targeting epidermal growth fac-
tor receptor—are we missing the mark? Lancet. 2003; 
362:62–64, doi: 10.1016/S0140-6736(03)13810-X.

5. Weiss J. First line erlotinib for NSCLC patients not selected 
by EGFR mutation: keep carrying the TORCH or time to let 
the flame die? Transl Lung Cancer Res. 2012; 1:219–223, 
doi: 10.3978/j.issn.2218-6751.2012.08.03.

6. Canil CM, et al. Randomized phase II study of two doses 
of gefitinib in hormone-refractory prostate cancer: a trial 
of the National Cancer Institute of Canada-Clinical Trials 
Group. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology. 2005; 23:455–460, 
doi:  10.1200/JCO.2005.02.129.

7. Gross M, et al. A phase II trial of docetaxel and erlotinib 
as first-line therapy for elderly patients with androgen-
independent prostate cancer. BMC cancer. 2007; 7:142, 
doi: 10.1186/1471-2407-7-142.

8. Chakraborty S, et al. Constitutive and ligand-induced EGFR 
signalling triggers distinct and mutually exclusive down-
stream signalling networks. Nature communications. 2014; 
5:5811, doi: 10.1038/ncomms6811.



Oncotarget35003www.impactjournals.com/oncotarget

9. Stommel JM, et al. Coactivation of receptor tyrosine 
kinases affects the response of tumor cells to targeted 
therapies. Science. 2007; 318:287–290, doi: 10.1126/
science.1142946.

10. Nishikawa R, et al. A mutant epidermal growth factor 
 receptor common in human glioma confers enhanced tumor-
igenicity. Proceedings of the National Academy of Sciences 
of the United States of America. 1994; 91:7727–7731.

11. Lynch TJ, et al. Activating mutations in the epidermal growth 
factor receptor underlying responsiveness of non-small-cell 
lung cancer to gefitinib. The New England journal of medi-
cine. 2004; 350:2129–2139, doi: 10.1056/NEJMoa040938.

12. Politi K, et al. Lung adenocarcinomas induced in mice by 
mutant EGF receptors found in human lung cancers respond 
to a tyrosine kinase inhibitor or to down-regulation of the 
receptors. Genes & development. 2006; 20:1496–1510, 
doi: 10.1101/gad.1417406.

13. Yu X, Sharma KD, Takahashi T, Iwamoto R, Mekada E. 
Ligand-independent dimer formation of epidermal growth 
factor receptor (EGFR) is a step separable from ligand-
induced EGFR signaling. Molecular biology of the cell. 
2002; 13:2547–2557, doi: 10.1091/mbc.01-08-0411.

14. Vazquez-Martin A, Colomer R, Brunet J, Lupu R, 
Menendez JA. Overexpression of fatty acid synthase gene 
activates HER1/HER2 tyrosine kinase receptors in human 
breast epithelial cells. Cell proliferation. 2008; 41:59–85, 
doi: 10.1111/j.1365-2184.2007.00498.x.

15. Bollu LR, Ren J, Blessing AM, Katreddy RR, Gao G, Xu L, 
Wang J, Su F, Weihua Z. Involvement of de novo synthe-
sized palmitate and mitochondrial EGFR in EGF induced 
mitochondrial fusion of cancer cells. Cell cycle. 2014; 
13:2415–30. doi: 10.4161/cc.29338.

16. Fiorentino M, et al. Overexpression of fatty acid synthase 
is associated with palmitoylation of Wnt1 and cytoplasmic 
stabilization of beta-catenin in prostate cancer. Laboratory 
investigation; a journal of technical methods and pathology. 
2008; 88:1340–1348, doi: 10.1038/labinvest.2008.97.

17. Linder ME, Deschenes RJ. Palmitoylation: policing protein 
stability and traffic. Nature reviews. Molecular cell biology. 
2007; 8:74–84, doi: 10.1038/nrm2084.

18. Wei X, et al. De novo lipogenesis maintains vascular 
homeostasis through endothelial nitric-oxide synthase 
(eNOS) palmitoylation. The Journal of biological  chemistry. 
2011; 286:2933–2945, doi: 10.1074/jbc.M110.193037.

19. Wei X, et al. Fatty acid synthase modulates intes-
tinal barrier function through palmitoylation 
of mucin 2. Cell host & microbe. 2012; 11:140–152, doi: 
10.1016/j.chom.2011.12.006.

20. Salaun C, Greaves J, Chamberlain LH. The intracellular 
dynamic of protein palmitoylation. The Journal of cell biol-
ogy. 2010; 191:1229–1238, doi: 10.1083/jcb.201008160.

21. Wiedmer T, Zhao J, Nanjundan M, Sims PJ. Palmitoylation 
of phospholipid scramblase 1 controls its distribution 
between nucleus and plasma membrane. Biochemistry. 
2003; 42:1227–1233, doi: 10.1021/bi026679w.

22. Greaves J, Chamberlain LH. DHHC palmitoyl  transferases: 
substrate interactions and (patho)physiology. Trends in 
biochemical sciences. 2011; 36:245–253, doi 10.1016/j.
tibs.2011.01.003.

23. Planey SL, Zacharias DA. Palmitoyl acyltransfer-
ases, their substrates, and novel assays to connect them 
(Review). Molecular membrane biology. 2009; 26:14–31, 
doi: 10.1080/09687680802646703.

24. Troiani T, et al. Targeting EGFR in pancreatic cancer 
 treatment. Current drug targets. 2012; 13:802–810.

25. Niederst MJ, Engelman JA. Bypass mechanisms of 
resistance to receptor tyrosine kinase inhibition in lung 
cancer. Science signaling. 2013; 6:re6, doi: 10.1126/
scisignal.2004652.

26. Tebbutt N, Pedersen MW, Johns TG. Targeting the ERBB 
family in cancer: couples therapy. Nature reviews. Cancer. 
2013; 13:663–673, doi: 10.1038/nrc3559.

27. Brand TM, Iida M, Li C, Wheeler DL. The nuclear epider-
mal growth factor receptor signaling network and its role in 
cancer. Discovery medicine. 2011; 12:419–432.

28. Demory ML, et al. Epidermal growth factor receptor trans-
location to the mitochondria: regulation and effect. The 
Journal of biological chemistry. 2009; 284:36592–36604 
doi: 10.1074/jbc.M109.000760.

29. Yue X, et al. Mitochondrially localized EGFR is subjected 
to autophagic regulation and implicated in cell survival. 
Autophagy. 2008; 4:641–649.

30. Tan X, Thapa N, Sun Y, Anderson RA. A kinase-independent 
role for EGF receptor in autophagy initiation. Cell. 2015; 
160:145–160, doi: 10.1016/j.cell.2014.12.006.

31. Weihua Z, et al. Survival of cancer cells is maintained by 
EGFR independent of its kinase activity. Cancer cell. 2008; 
13:385–393, doi: 10.1016/j.ccr.2008.03.015.

32. Liu H, Liu Y, Zhang JT. A new mechanism of drug  resistance 
in breast cancer cells: fatty acid synthase overexpression-
mediated palmitate overproduction. Molecular cancer 
therapeutics. 2008; 7:263–270, doi: 10.1158/1535-7163.
MCT-07-0445.

33. Vazquez-Martin A, Colomer R, Brunet J, Menendez JA. 
Pharmacological blockade of fatty acid synthase (FASN) 
reverses acquired autoresistance to trastuzumab (Herceptin 
by transcriptionally inhibiting ‘HER2 super-expression’ 
occurring in high-dose trastuzumab-conditioned SKBR3/
Tzb100 breast cancer cells. International journal of oncology. 
2007; 31:769–776.

34. Tsutsumi R, Fukata Y, Fukata M. Discovery of protein-
palmitoylating enzymes. Pflugers Archiv: European 
 journal of physiology. 2008; 456:1199–1206, doi: 10.1007/
s00424-008-0465-x.

35. Staubach S, Hanisch FG. Lipid rafts: signaling and sorting 
platforms of cells and their roles in cancer. Expert review of 
proteomics. 2011; 8:263–277, doi: 10.1586/epr.11.2.

36. Fukata M, Fukata Y, Adesnik H, Nicoll RA, Bredt DS. 
Identification of PSD-95 palmitoylating enzymes. Neuron. 
2004; 44:987–996, doi:  10.1016/j.neuron.2004.12.005.


