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Introduction

The overexpression of the G-protein coupled neurotensin recep-
tor, NTSR-1, and its endogenous ligand, NTS, plays a key role 
in the development and progression of several types of tumors 
including breast,1 pancreas,2 prostate,3 colon4 and lung5 cancers. 
In invasive ductal breast carcinomas, NTS expression is regu-
lated by estrogen.1 Moreover, NTSR-1 expression level in breast 
cancer is correlated with the Scarff-Bloom-Richardson (SBR) 
grade, tumor size and tendency to metastasize to lymph nodes.1 

Neurotensin receptor-1 (NTSR-1) is a G-protein coupled receptor (GPCR) that has been recently identified as a mediator of 
cancer progression. NTSR-1 and its endogenous ligand, neurotensin (NTS), are co-expressed in several breast cancer cell 
lines and breast cancer tumor samples. Based on our previously published study demonstrating that intact structured 
membrane microdomains (SMDs) are required for NTSR-1 mitogenic signaling, we hypothesized that regulated receptor 
palmitoylation is responsible for NTSR-1 localization and signaling within SMDs upon NTS stimulation. Site-directed 
mutagenesis and pharmacological strategies were utilized to assess NTRS-1 post-translational modifications in an 
overexpression cell model (HEK293T) as well as a native breast cancer cell model (MDA-MB-231). NTSR-1 palmitoylation 
was confirmed by multiple chemical and fluororadiographic methodologies. NTSR-1 glycosylation was confirmed by 
pharmacological (tunicamycin) and chemical (PGNaseF and O-type glycosidase) approaches. Physiological correlates 
including cell viability (MTS assay), apoptosis (caspase-3/7 assay) and ERK phosphorylation were utilized to assess the 
consequences of NTRS-1 palmitoylation. The interaction between palmitoylated NTRS-1 and Gαq/11 within SMDS was 
confirmed with immunopreciptation analysis of detergent-free isolated fractions of caveolin-rich microdomains. 
We identified dual-palmitoylation at Cys381 and Cys383 of endogenously-expressed NTSR-1 in MDA-MB-231 breast 
adeno-carcinomas as well as exogenously-expressed NTSR-1 in HEK293T cells (which do not normally express NTSR-1). 
Pharmacological inhibition of NTSR-1 palmitoylation in MDA-MB-231 cells as well as NTSR-1-expressing HEK293T cells 
diminished NTS-mediated ERK 1/2 phosphorylation. Additionally, NTSR-1 mutated at Cys381 and Cys383 showed 
diminished ERK1/2 stimulation and reduced ability to protect HEK293T cells against apoptosis induced by serum 
starvation. Mechanistically, mutated C381,383S-NTSR-1 showed reduced ability to interact with Gαq/11 and diminished 
localization to structured membrane microdomains (SMDs), where Gαq/11 preferentially resides. We also demonstrated 
that only glycosylated isoforms of NTRS-1 localize within SMDs by palmitotylation. Collectively, our data establish 
palmitoylation as a novel pharmacological target to inhibit NTSR-1 mitogenic signaling in breast cancer cells.
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Additionally, patients with low NTSR-1 expression had better 
prognosis relative to those with high expression levels.1 Therefore, 
identification of novel pharmacological approaches to inhibit 
NTSR-1 mitogenic signaling is needed in breast cancers.

Palmitoylation is the post-translational addition of a 16-carbon  
fatty acid, palmitate, to a cysteine residue of a protein via a thioes-
ter or amide bond.6 Unlike myristoylation and isoprenylation, 
palmitoylation is a dynamic, reversible process, which allows for 
regulation of protein lipophilicity during signal transmission.6 
Rhodopsin receptor was the first G-protein coupled receptor 



428	 Cancer Biology & Therapy	 Volume 12 Issue 5

SMDs. In this study, we identify NTSR-1 as a 
target for PAT and we investigate the functional 
and mechanistic roles of NTSR-1 palmitoylation 
in receptor-mediated pro-survival signaling. We 
validate the potential of utilizing PAT inhibitors 
to selectively disrupt NTSR-1 mitogenic signaling 
in breast cancer.

Results

NTSR-1 is palmitoylated in MDA-MB-231 
breast cancer cells. We initially identified Cys 
381 and Cys 383 as putative palmitoylation sites 
based on published sequences. To test the hypoth-
esis that the endogenously expressed NTSR-1 in 
MDA-MB-231 breast cancer cells is palmitoylated, 
we utilized a non-radioactive fatty acyl exchange 
labeling assay. This assay assesses palmitoylation 
via cleavage of palmitoyl moieties with hydroxyl 
amine (NH

2
OH) after blocking all exposed 

free cysteine residues with N-ethylmaleimide 
(NEM). To confirm palmitoylation of endoge-
nous NTRS-1, we identified basal-palmitoylation 

by visualizing NH
2
OH exposed cysteine(s) conjugation with 

biotin (Btn-BMCC) (Fig. 1A, top). As an internal negative con-
trol, minimal signal was observed for the immunoprecipitated 
NTSR-1 in the absence of NH

2
OH. Figure 1A (bottom) demon-

strated equal immunoprecipiation of the 54 kD NTSR-1 protein 
in the presence or absence of NH

2
OH To further validate the 

results of this non-radioactive fatty acyl exchange labeling assay 
that characterized basal palmitoylation of immunoprecipitated 
proteins, we tested if 2-bromopalmitate (2-BP) pre-treatment 
would inhibit NTSR-1 palmitoylation. 2-BP is a putative inhibi-
tor of palmitoyl acyl transferases.20 Treatment of MDA-MB-231 
cells with 2-BP for 10 min resulted in the disappearance of the 
band visualized by conjugation with biotin (Fig. 1B, top). Equal 
protein loading was again confirmed using anti-NTSR-1 anti-
body (Fig. 1B, bottom). Collectively, these data clearly demon-
strate that endogenous NTSR-1 protein is palmitoylated under 
basal conditions in a breast cancer cell line.

Generation and expression of wild type and C381, 
383S-mutated NTSR-1 in HEK293T cells. In order to fur-
ther confirm that NTSR-1 is palmitoylated, we conducted 
site-directed mutagenesis studies. Cys 381 and Cys 383 were 
mutated to serine, generating double mutant NTSR-1 con-
structs. HEK293T cells, which do not normally express the 
receptor, were transfected with the constructs and grown for 48 h 
before protein gel blot analysis was performed to measure protein 
expression. The expression levels of the different constructs were 
comparable as shown in Figure 2A. No expression was observed 
with untransfected control lysates. Consistent with our previ-
ously published studies in reference 19, fully mature glycosylated 
receptor isoforms were detected at molecular weight greater than 
51 kDa, while non-mature isoforms were detected at molecular 
weight equal or greater than 39 kDa. To confirm and validate the 
specificity of glycosylated NTSR-1 species, we assessed N- and 

(GPCR) to be identified as a target for palmitoylation.7 GPCR 
palmitoylation alters receptor conformation and thereby, regulates 
the interactions of the receptor with specific downstream effec-
tors.8 A palmitoylation/depalmitoylation cycle upon stimulation 
was observed for several GPCRs, such as the D1 dopamine,9-11 
β2-adrenergic12 and α2A-adrenergic receptors.13 Palmitoylation 
of chemokine (C-C motif) receptor 5 CCR5 14 and A1 adenos-
ine receptors15 was found to be necessary for receptor delivery to 
the plasma membrane, while non-palmitoylated receptors were 
degraded. In addition to receptor palmitoylation, downstream 
effectors such as heterotrimeric G protein subunits are also sub-
ject to several posttranslational modifications through lipidation. 
For example, Gα

q/11
 and Gα

s
 palmitoylation is required for mem-

brane anchorage and interaction with GPCRs.16

To date, over 20 putative mammalian palmitoyl acyl transfer-
ases (PAT) characterized by the presence of DHHC-cysteine-rich 
domain have been identified. Recent studies suggest that target-
ing PATs could lead to the development of novel anti-neoplastic 
chemotherapeutic agents.17 Although, characterization of the spe-
cific PATs that are responsible for GPCR palmitoylation are still 
not well defined, there are currently several lipid-based and small 
molecule based-experimental PAT inhibitors that can serve as 
lead compounds for the development of more specific inhibitors.18

We previously published that intact structured membrane 
micordomains (SMDs) are required for NTSR-1 signaling and 
interaction with Gα

q/11
.19 Specifically, methyl-β-cyclodexrtrin-

mediated cholesterol depletion abolished NTSR-1-dependent 
MAPK activation and the effect was rescued through subse-
quent cholesterol repletion. These studies provided the rationale 
to now explore the biophysical and biochemical mechanisms by 
which SMDs regulate NTSR-1 mitogenic signaling.19 We now 
report that NTSR-1 is palmitoylated and this post-translational 
modification is required for optimal receptor signaling within 

Figure 1. Endogenously expressed NTSR-1 in breast cancer cells is palmitoylated.  
(A) MDA-MB-231 cells were seeded in 10 cm plates followed by NTSR-1 immunoprecipita-
tion. After receptor immunoprecipitation, free cysteine residues were protected using N-
ethylmaleimide (NEM) followed by NH2OH-mediated cleavage of palmitate groups. The 
free cysteine residues were then labeled with biotin using biotin-conjugated 1-biotin-
amido-4-[4-(maleimidomethyl)cyclohexanecarboxamido]butane (BMCC) and  
immunoprecipitates were analyzed using SDS electrophoresis using an avidin antibody 
to detect the biotinylated labeled palmitoylated residues. Representative blots from 
three independent experiments. (B) MDA-MB-231 cells were seeded in 10 cm plates. After 
24 h, cells were treated with 10 μM 2-BP followed by analysis using fatty acyl exchange 
labeling assay as described above. Representative blots from two independent experi-
ments. As described previously in reference 19, under these immunoprecipitation condi-
tions, the high molecular weight NTSR-1 isoform (~54 kDa) is preferentially precipitated.
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these two palmitoylation sites, C381 and C383, play a critical 
role in receptor pro-survival signaling.

NTS treatment protects HEK293T cells expressing 
WT-NTSR-1 but not C381,383S-NTSR-1 from apoptosis 
induced by serum starvation. To further confirm the impor-
tance of NTSR-1 palmitoylation for NTS-mediated pro-survival 
function, we analyzed caspase-3/7 activity after 48 h serum star-
vation (Fig. 4B). HEK293T cells transfected with WT-NTSR-1 
and treated with 200 nM NTS showed less apoptosis rela-
tive to untreated cells as well as cells transfected with C381, 
383S-NTSR-1. As a negative control, 10% FBS treated cells had 
minimal caspase-3/7 activity. Collectively, these data suggest 
that palmitoylation of NTSR-1 at C381 and C383 are necessary 
to protect against stress-triggered (serum starvation) apoptosis.

WT-NTSR-1, but not C381,383S-NTSR-1 mutant, efficiently 
mediates NTS-induced ERK 1/2 phosphorylation. As NTS-
induced MAP kinase activity is associated with proliferation and/or 
survival of breast cancer cells, we next decided to study the impor-
tance of palmitoylation for NTSR-1 stimulation of the MAP kinase 
pathway. After transfecting HEK293T cell with WT-NTSR-1 and 
C381,383S-NTSR-1, we stimulated the cells using 1 μM NTS for 
15 min. As shown in Figure 5A, only WT-NTSR-1 efficiently stim-
ulated ERK phosphorylation compared with an approximate 50% 
reduction for mutant receptor transfection. These results further 
support the biochemical importance of NTSR-1 palmitoylation  
for efficient pro-mitogenic/prosurvival receptor signaling.

O-type glycosylation via PNGaseF enzyme and O-glycosidase, 
respectively (Fig. 2B). We observed a shift in the high molecular 
weight isoforms of NTSR-1 for PNGaseF but not O-glycosidase 
treatment. Taken together, these data suggest that wild type as 
well as putative palmitoylation-deficient mutant NTSR-1 con-
structs can be expressed and N-glycosylated in HEK293T cells.

NTS treatment induces palmitoylation of WT-NTSR-1, 
but not C381,383S-NTSR-1 expressed in HEK293T cells. To 
further confirm if NTSR-1 is palmitoylated at specific cysteine 
residues, we utilized a metabolic radiolabeling technique using 
(3H) palmitate. As shown in Figure 3, WT-NTSR-1, but not 
C381,383S-NTSR-1, is palmitoylated under basal conditions. 
Additionally, stimulation of the receptor with 1 μM NTS for  
15 min resulted in an approximate 50% increase in WT-NTSR-1, 
but not C381,383S-NTSR-1 receptor palmitoylation, suggesting 
that this post-translational modification may serve as a regulatory 
mechanism for NTSR-1.

NTS treatment promotes viability of HEK293T cells 
expressing WT-NTSR-1 but not C381,383S-NTSR-1. The 
physiological significance of NTSR-1 mutation at putative pal-
mitoylation sites was evaluated using a MTS cell survival assay. 
Serum starved HEK293T expressing WT-NTSR-1 that were 
treated with 200 nM NTS exhibited improved cell viability rela-
tive to untransfected HEK293T cells and HEK293T expressing 
C381,383S-NTSR-1 (Fig. 4A). 10% FBS treatment was used as 
a positive control in these experiments. These data suggest that 

Figure 2. NTSR-1 proteins can be overexpressed and glycosylated in HEK293T cells. (A) HEK293T cells were seeded in 10 cm plates and allowed to 
attach before transfection with NTSR-1 constructs using lipofectamine 2000. After 48 h, the cells were lysed using RIPA buffer and samples contain-
ing equal total protein were analyzed using SDS gel electrophoresis. The blots were probed with anti-NTSR-1 antibody and quantified using Image-J 
software Representative plots from three separate experiments. (B) Transfected HEK293T cells were lysed using RIPA lysis buffer and NTSR-1 was 
immunoprecipitated using anti-NTSR-1 antibody. The protein was subjected to PGNaseF or O-type glycosidase and samples were analyzed using SDS-
gel electrophoresis. Similar results were obtained when the immunoprecipitation experiment was performed on endogenously expressed NTSR-1 in 
MDA-MB-231 cells (data not shown); representative blots from three separate experiments.
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reduced NTS-mediated ERK 1/2 phosphorylation (Fig. 5B). In 
order to ensure the specificity of this effect, we tested 2-BP upon 
PMA-mediated ERK phosphorylation. 2-BP did not inhibit 
PMA-induced ERK phosphorylation, suggesting that the 2-BP 
effect is at the receptor level and not due to non-specific disrup-
tion of downstream signaling pathways.

Pharmacological inhibition of NTSR-1 palmitoylation in 
MDA-MB-231 cells disrupts receptor-mediated mitogenic 

2-Bbromopalmitate inhibits WT-NTSR-1-mediated, but 
not PMA-mediated, activation of the MAPK kinase pathway. 
To confirm the previous site-directed mutagenesis experimental 
strategies; we next utilized a pharmacological approach to target 
palmitoylation-dependent NTSR-1 mitogenic signaling. We uti-
lized 2-BP, which has been shown to be an inhibitor of palmitoyl 
acyl transferases.20-22 Pretreatment of HEK293T cells transfected 
with WT-NTSR-1 with 10 μM 2-BP for 30 min significantly 

Figure 3. Cysteine 381,383 in NTSR-1 are required for optimal palmitoylation. HEK293T cells transfected with HA tagged WT-NTSR-1 and C381,383S 
NTSR-1 were serum-starved for 24 h before 4 h (3H) palmitate labeling. Cell lysates were subjected to immunoprecipitation using anti-HA antibody. 
One portion of the samples was analyzed using SDS-gel electrophoresis to determine equal expression level of NTSR-1 constructs. The other portion 
was analyzed using fluororadiography. The blots were sprayed with ENHANCE and exposed to X-ray film at -80°C for 4–6 weeks. Representative plots 
from three separate experiments. In this particular experiment, we used a HA tagged construct to increase the efficiency of receptor immunoprecipi-
tation relative to using anti-NTSR-1. Mean ± SE, *p < 0.05.

Figure 4. NTSR-1 palmitoylation is required for NTS-mediated pro-survival activity. (A) Transfected HEK 293T cells were seeded in 96 well plates at a 
density of 4,000 cells/well. Cells were serum-starved for 24 h before stimulation with 5% FBS, or 200 nM NTS every 24 h for 2 d. Cell viability was deter-
mined using MTS assay, where absorbance was measured using a plate reader at 495 nm. Results were obtained from n = three separate experiments. 
Mean ± SE, *p < 0.05. (B) Transfected HEK 293T cells were seeded in 96 well plates at density of 400 cells/well. Cells were serum-starved for 24 h before 
stimulation with 5% FBS, or 200 nM NTS. We used a concentration of 200 nM in these longer term experiments to avoid rapid receptor desensitization. 
Caspase-3/7 activity was measured using a fluorescence plate reader (560Ex/590Em). Results were obtained from n = three separate experiments. Mean 
± SE, *p < 0.05.
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Figure 5. Palmitoylation of glycosylated NTRS-1 isoforms is required for NTS-mediated MAPK mitogenic signaling. (A) HEK293T cells were seeded in  
6 well plates and were then transfected with NTSR-1 constructs the next day. After 24 h, the cells were then serum-starved for another 24 h before  
1 μM NTS stimulation for 15 min. The cell lysates were then analyzed using SDS-gel electrophoresis and blots were probed using P-ERK1/2 antibody. 
All blots were generated from the same gel and cropped in order to eliminate lanes irrelevant to this study. Representative blots from three separate 
experiments. Mean ± SE, *p < 0.05. (B) HEK293T cells were seeded in 6 well plates and were transfected with NTSR-1 constructs the next day. After 24 h, 
the cells were then serum-starved for another 24 h before 10 μM 2-BP treatment followed by 1 μM NTS stimulation for 15 min. The cell lysates were 
then analyzed using SDS-gel electrophoresis and blots were probed using a P-ERK1/2 antibody. Representative blots from three separate experi-
ments. Mean ± SE, *p < 0.05. (C) MDA-MB-231 breast cancer cells were seeded in 6 well plates and serum starved for 48 h before 1 μM NTS stimulation 
for 15 min. The cells were lysed using RIPA buffer and equal total protein samples were analyzed using SDS gel electrophoresis. The blots were probed 
with P-ERK1/2 antibody and quantified using Image-J software. Representative blots from three separate experiments. Mean ± SE, *p < 0.05.
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that palmitoylation is essential for efficient NTSR-1/Gα
q/11

 
coupling. In the next series of experiments, we investigated the 
biophysical mechanism by which non-palmitoylated NTSR-1 
mutants may have impaired ability to co-localize within SMDs, 
where Gα

q/11
 mainly resides.19

Palmitoylation of NTSR-1 is required for efficient receptor 
localization to SMDs. To test the hypothesis that the reduced 
NTSR-1/Gα

q/11
 interaction is due to the diminished ability of the 

receptor to reside within SMDs for extended intervals, we stud-
ied NTSR-1-membrane localization using detergent-free sucrose 
gradient fractionation. Data in Figure 6B demonstrate that 
palmitoylation-deficient NTSR-1 localization within caveolin-
enriched SMDs is diminished upon NTS stimulation, relative 
to WT-NTSR-1. In particular, we showed reduction in mutated 
but not wild type NTSR-1 localization within SMDs utilizing 
HA-tagged (Fig. 6B) constructs. This reduction of glycosyl-
ated, but palmitoylation-deficient NTSR-1 within the caveolin 
enriched domains (fractions 4 and 5) was quantified in n = three 
separate experiments and localization was reduced from 25 ± 4 
to 4 ± 4%. To confirm these experiments, we utilized a non-
HA-tagged construct (Fig. 6C) and again visualized decreased 
localization within caveolin-enriched domains with the double 
cysteine mutant using an anti-NTSR-1 antibody. Equal loading 
of the gels for both experiments was confirmed by comparable 

signaling. To further define the role of NTSR-1-palmitoylation 
in a non-overexpression cell system, we examined the pharma-
cological effect of 2-BP on NTSR-1-mediated-enhancement 
of the constitutively active MAP kinase signaling pathway in 
MDA-MB-231 breast cancer cells that endogenously express 
NTSR-1. Data in Figure 5C demonstrate that 2-BP-pretreatment 
abrogated both basal and NTS-strengthened P-ERK activity. 
These results further confirm that the endogenously expressed 
receptor is indeed palmitoylated and also demonstrate the poten-
tial of exploiting PATs inhibitors as a novel pharmacological 
approach to ameliorate NTSR-1-mediated mitogenic signaling in 
breast cancer. These 2-BP-treatment conditions were not toxic as 
observed by data in Figure 5B, where PMA-mediated stimula-
tion of ERK is not inhibited by 2-BP as well as by microscopic 
examination of cell viability (data not shown).

Palmitoylation of NTSR-1 is required for receptor interac-
tion with Gα

q/11
. To further identify the biochemical mechanism 

responsible for regulated NTSR-1 palmitoylation to stimulate 
the MAP kinase pathway, we next investigated NTSR-1/Gα

q/11
 

protein-protein interaction, which we have shown previously to 
be essential for efficient induction of ERK phosphorylation by 
NTS.19 Figure 6A reveals that the palmitoylation-deficient C381, 
383S-NTSR-1 mutant failed to interact with Gα

q/11
 following  

15 min stimulation with 1 μM NTS. These co-IP data suggest 

Figure 6. NTSR-1 palmitoylation is required for optimal interaction with Gαq/11A within SMDs. (A) HEK293T cells transfected with WT-NTSR-1 and 
C381,383S NTSR-1 were serum-starved for 24 h before 15 min stimulation with 1 μM NTS. The cells were then lysed using TritonX-100 buffer and im-
munoprecipitated using anti-Gαq/11 antibody. The immunoprecipitates were immunoblotted with anti-NTSR-1. Representative blots from n = three 
separate experiments. (B and C) HEK293T cells transfected with HA-tagged (B) or non-HA-tagged (C) WT-NTSR-1 or C381,383S NTSR-1 were serum-
starved for 24 h before 15 min stimulation with 1 μM NTS. The lysates were then subjected to detergent free-sucrose gradient fractionation and the 
fractions were immunoblotted with either anti-HA (B) or anti-NTSR-1 (C). All blots were re-probed with anti-caveolin-1 to assess equal loading as well 
as to identify caveolin-enriched SMDs. (D) HEK293T cells transfected with WT-NTSR-1 were pretreated with 1 μg/ml tunicamycin for 24 h before stimu-
lation with 1 μM NTS for an additional 15 min. Representative blots from n = three separate experiments.



www.landesbioscience.com	 Cancer Biology & Therapy	 433

we showed that PMA-mediated MAP kinase signaling remains 
intact, suggesting a direct effect of PAT on NTSR-1 All of our 
mutants were equally expressed and glycosylated in HEK293T 
model system. Documentation of physiological dysfunction by 
both molecular and pharmacological strategies strongly suggests 
that NTSR-1 palmitoylation is a critical event for efficient NTS-
mediated mitogenesis and survival.

Our data suggest that there is potential cross talk between pal-
mitoylation and glycosylation post-translational modifications 
of NTSR-1. Specifically, we demonstrate that only glycosylated 
isoforms of NTSR-1 localize within SMDs by palmitoylation. 
Moreover, inhibition of glycosylation with tunicamycin, as well 
as, palmitoylation with 2-BP reduced NTS-induced ERK sig-
naling. Our studies further suggest that palmitoylation of gly-
cosylated NTSR-1 can affect downstream G protein signaling 
via stability and/or membrane micro-localization of the recep-
tor. Although our data suggest that NTSR-1 localization within 
SMDs is reduced when receptor palmitoylation is impaired, other 
mechanisms cannot be excluded. For example, palmitoylation-
deficient A1 adenosine and CCR5 receptors as well as the pal-
mitoylation-deficient Rous sarcoma virus glycoprotein are more 
susceptible for proteolysis.24,25 Thus, the diminished NTSR-1 
protein level within caveolin-enriched SMD fractions 4 and 5 
could also be attributed to enhanced protein degradation.

Enhanced protein palmitoylation is involved in the patho-
genesis of many disease conditions such as cancer, Huntington 
disease, immune diseases and various cardiovascular diseases.26 
Therefore, identification of functional roles of protein palmi-
toylation at the molecular level can further validate palmitoyl 
acyltransferases as strategic targets for the development of novel 
pharmacological approaches for disease treatment. Accumulating 
evidence in the literature suggest that PATs may have substrate 
specificity.27 For example, Singaraja et al. recently identified 
DHHC8 as the PAT which regulates ATP-binding cassette trans-
porter (ABC-A1) through palmitoylation.28 They proposed that 
an increased DHHC8 protein levels could lead to an increase 
in ABCA-1 mediated lipid efflux. Similarly, our findings could 
enable selective targeting of the specific PAT(s) which regulate 
NTSR-1 functions using siRNA approach resulting in the desired 
selective pharmacological effects. In conclusion, we suggest that 
NTSR-1 palmitoylation is required for receptor localization and 
efficient signaling within SMDs. We also provide for the first 
time a novel pharmacological approach to inhibit NTSR-1 mito-
genic signaling in cancer through inhibition of receptor palmi-
toylation. Our studies demonstrate that NTSR-1 plamitoylation 
is required for NTSR-1-mediated MAPK signaling and cellular 
proliferation in breast cancer cells. Mechanistically, we found 
that palmitoylation is critical for receptor interaction with Gα

q/11
 

within structured membrane microdomains. Pharmacological 
targeting of PAT could be a viable approach to control breast 
cancer tumors which overexpress NTSR-1.

Materials and Methods

Materials. Polyacrylamide gel electrophoresis gradient gels 
were purchased from Invitrogen (Carlsbad, CA), and enhanced 

caveolin levels. Moreover, the data clearly show that only the gly-
cosylated NTSR-1 isoforms localize within SMD fractions 4 and 
5. The non-mature, non-glycosylated NSTR-1 isoforms prefer-
entially reside within the non-SMDs fractions 8–12. To further 
establish that NTSR-1 glycosylation is critical for NTS-mediated 
signaling (ERK phosphorylation), we pretreated wild type 
HA-tagged NTSR-1 expressing HEK293T cells with tunicamy-
cin, a well known glycosylation inhibitor. As shown in Figure 
6D, 1 μg/ml tunicamycin treatment for 24 h resulted in reduc-
tion of the ~54 kDa band corresponding to glycosylated NTSR-1 
isoform accompanied by an increase in the 43 kDa band which 
represent the non-mature NTSR-1. Additionally, the reduction 
in NTSR-1 glycosylation was accompanied by significant reduc-
tion in NTS-mediated ERK phosphorylation. Taken together, 
these results suggest that both palmitoylation and glycosylation 
of NTSR-1 could be necessary for efficient SMDs localization, 
interaction with Gα

q/11
 and subsequent mitogenic signaling.

Discussion

The need to identify novel pharmacological approaches to 
inhibit NTSR-1 mitogenic signaling in cancer is justified by 
recent studies demonstrating NTSR-1 overexpression correlating 
with tumor metastatic potential and resistance to anti-neoplastic 
chemotherapeutic agents.1-5 Our previous findings19 revealed a 
unique biophysical mechanism that has the potential to yield a 
more selective targeting approach for NTSR-1 mediated onco-
genesis. We specifically demonstrated that NTS-stimulated 
NTSR-1 preferentially localizes within SMDs, to interact with 
Gα

q/11
 subunits. Thus, we hypothesized that agonist-enhanced 

receptor palmitoylation is the primary signal that targets the 
receptor to these domains, increasing residence time and facili-
tating interaction with Gα

q/11
. Our data suggest that NTS 

augments basal NTSR-1 palmitoylation which increases the effi-
ciency and potency of MAP kinase signaling through NTSR-1. 
Palmitoyltation is required for efficient receptor-mediated mito-
genic-signaling within SMDs possibly by enhancing the inter-
action with Gα

q/11
, which mainly resides within SMDs. Thus, 

our studies potentially argue for the use of PAT inhibitors as a 
new therapeutic modality for NTSR-1 expressing cancers. The 
mechanism(s) by which NTS induces NTSR-1 palmitoylation 
are not known, however, it is possible that NTS/NTSR-1 binding 
may fully expose C-terminal palmitoylation sites to interact with 
PAT(s).6 NTSR-1-palmitoylation could further lead to formation 
of an additional fourth intra-cellular loop that result in a confor-
mational change, which may serve as a docking site for critical 
downstream protein/protein interaction.23

We have combined both site-directed mutagenesis and phar-
macological approaches to study NTSR-1 palmitoylation. Using 
a pharmacological approach (2-BP) and a molecular approach 
(C381,383S mutations), we demonstrated similar effects on ERK 
phosphorylation in two different cell lines, MDA-MB-231 and 
HEK-293T cells. We chose 2-BP, a lipid based inhibitor, due to its 
ability to irreversibly inhibit palmitoyl acytransferase activity of 
all PATs.20 In order to exclude the possibility of off-target effects 
that would disrupt signal transduction at downstream levels, 
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were visualized using enhanced chemiluminescence and quanti-
fied using Image-J software.

Metabolic radiolabeling. HEK293T cells transiently trans-
fected with HA-tagged WT-NTSR-1 and C381,383S-NTSR-1 
constructs were grown in 10 cm plates till they reached 80% con-
fluence then starved over night. 50 μCi/ml [3H] Plamitate was 
added to the cells for 4 h before stimulation with 1 μM NTS 
for 15 min. Following stimulation, cells were lysed using radio-
immunoprecipitation (RIPA) buffer and NTSR-1 was immu-
noprecipitated using anti-HA antibody. Immunoprecipitated 
samples were then split into two parts. One part was analyzed 
by SDS-gel electrophoreses and the blots were probed with anti-
HA antibody to ensure equal loading, while the remaining por-
tions were analyzed using auto-radiography where the blots were 
sprayed with ENHANCE (PerkinElmer, Waltham MA) and the 
film was exposed for 6–8 weeks at -81°C.

MTS cell viability assay. HEK293T cells transfected with 
WT-NTSR-1 or C381,383S-NTSR-1 were seeded in 96 well 
plates at a density of 4,000 cell/well. After 48 h, the cells were 
starved for 24 h and then treated with 200 nM NTS or 5% FBS 
for additional 24 h. Two hundred nanomolar NTS was added 
again for another 24 h before the addition of MTS reagent, in 
the presence of phenazine methosulfate (PMS). Cell viability was 
quantified according to the manufacturer protocol where absor-
bance was measured at 495 nm using a plate reader.

Caspase-3/7 assay apoptosis assay. HEK293T cells trans-
fected with WT-NTSR-1 or C381,383S-NTSR-1 were seeded in 
96 well plates at a density of 4,000 cell/well. After 48 h, the cells 
were starved in the presence or absence of 200 nM NTS for addi-
tional 48 h. ApoOne caspase-3/7 assay (Promega, WI) was used 
to measure caspase-3/7 activity according to the manufacturer 
instructions.

Acyl exchange palmitoylation assay.29 MDA-MB-231 cells 
were grown in 10 cm plates till they reached 70–80% confluence 
then lysed using modified lysis buffer (50 mM TRIS-HCl, pH 7.5; 
150 mM NaCl; 1 mM EGTA; 10 mM MgCl

2
; 0.5% Triton X-100; 

protease inhibitor cocktail). After measuring protein concentra-
tion, cell lysates were solubilized overnight at 4°C. Cell lysates 
were then centrifuged at 4°C at 15,000 g for 10 min to remove the 
insoluble material. NTSR-1 was immunoprecipitated over night 
using anti-NTSR-1 antibody. Gamma bind beads (GE, NJ) were 
added to the immunoprecipitate mixture and rotated over night at 
4°C. The immunoprecipitates were washed with PBS for 15 min, 
lysis buffer for 1 h then two times with PBS for 15 min. 50 μl 
N-ethylmaleimide (NEM) (30 mg/ml) added to 700 ul PBS and 
the samples were rotated at 4°C overnight. The beads were then 
washed 4–5 times using PBS at a required pH of 7–7.5. After split-
ting each sample into 2,800 μl 1 M NH

2
OH (~pH 7) was added to 

one sample of each pair while the other served as an internal nega-
tive control. The samples were then incubated rotating at 37°C for 
3–5 h. The beads were then washed with PBS two to three times. 
1-biotinamido-4-[4 (maleimidomethyl)cyclohexanecarboxamido]
butane (BMCC) was added to each sample followed by incuba-
tion on a rotator overnight at room temperature. The beads were 
then washed twice with PBS and 1x loading dye was added. After 
heating at 37°C for 30 min, the samples were analyzed by SDS gel 

chemiluminescence reagent was purchased from Thermo Fisher 
Scientific Inc. Human MDA-MB-231 breast adenocarcinoma 
cells and HEK293T were obtained from American Type Culture 
Collection (Manassas, VA) and grown at 37°C in RPMI 1640 
medium and DMEM, respectively, supplemented with 10% 
fetal bovine serum (FBS). The MDA-MB-231 cell line is a 
highly aggressive metastatic, estrogen receptor-negative, epi-
dermal growth factor receptor (EGFR) positive and NTSR-1 
positive model of human breast cancer. NTS was purchased 
from Sigma-Aldrich and was dissolved in 0.05% acetic acid just 
before use in experiments. All antibodies were purchased from 
Santa Cruz Corp., CA. Peptide-N-glycosidase F (PNGaseF) 
and O-glycosidase were obtained from Sigma, St. Louis, MO. 
Phorbol ester (PMA) was obtained from Promega Inc. (Madison, 
WI). Human NTSR1 and HA-tagged cDNA was purchased 
from Missouri S&T cDNA Resource Center, Rolla, MO 
(Catalogue Number: NTSR100000). MTS [3-(4,5-dimeth-
ylthiazol-2-yl) -5- (3-carboxymethoxyphenyl) -2- (4-su l-
fophenyl)-2H-tetrazolium] cytotoxicity assay and caspase-3/7 
apoptosis assay reagents were purchased from Promega. [9,10-3H]
palmitate was purchased from American Radiolabeled Chemicals  
St. Louis, MO.

Site directed mutagenesis. The coding region for human 
NTSR-1 was sub cloned into the EcoRI and XbaI restriction sites 
of the CMV promoter expression plasmids pCDNA3.1(+) and 
N-terminal HA-tagged pCDNA3.1(+). Cysteine residues 381 and 
383 of NTSR-1 were mutated to serine residues by site directed 
PCR mutagenesis to generate C381,383S-NTSR-1 mutant. All 
sequences were verified by DNA sequencing (Molecular Genetics 
Core Facility, Pennsylvania State University, Hershey, PA).

PNGase F and O-glycosidase deglycosylation. HEK293T 
cells were seeded in 10-cm plates and allowed to grow until 70% 
confluency and then transfected with 1 μg DNA using lipo-
fectamine 2000 according to manufacturer recommendation. 
After 48 h, cells were lysed using modified lysis buffer [50 mmol/L 
TRIS-HCl [pH 7.5], 150 mmol/L NaCl, 1 mmol/L EGTA,  
10 mmol/L MgCl

2
, 0.5% Triton X-100, protease inhibitor  

cocktail]. NTSR-1 was immunoprecipitated as previously 
described in reference 16. Immunoprecipitated protein was 
subjected to deglycosylation using PNGase F or O-glycosidase 
according to the manufacturer’s recommended protocol. The 
samples were then analyzed using SDS-PAGE electrophoresis.

Protein gel blot analysis. Transfected HEK293T cells were 
seeded at 4.0 x 105 cells/well in 6 well plates and grown over-
night prior to 24 h serum starvation. Cells were then stimulated 
with 1 μM NTS or phorbol 12-myristate 13-acetate (PMA) for 
15 min in the presence or absence of 2-bromopalmitate (2-BP0). 
Cells were washed once with cold PBS followed by the addition 
of 60 μl of cold lysis buffer (1% Triton X-100, 20 mM Tris,  
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM Na

4
P

2
O

7
,  

1 mM glycerolphosphate, 1 mM Na
3
VO

4
 and 1 μg/ml leupeptin 

in ddH
2
O, pH 7.5) on ice. Cells were lysed for 15 min on ice, and 

cell lysate was harvested and centrifuged at 15,000 g for 15 min. 
35 μg of protein were loaded in 4 to 12% precasted SDS-PAGE 
gradient gels and probed for P-ERK 1/2. Blots were stripped and 
re-probed for ERK 2 to demonstrate equal loading. Protein bands 
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domains offer the advantage of less artifactual, more reliable, 
preparations.31

Statistical analysis. Differences among treatment groups were 
statistically analyzed using a two-tailed Student’s t-test for statis-
tical analyses. Where appropriate, one-way analysis of variance 
with Bonferroni multiple comparison post-hoc test and t-test 
analysis were performed using GraphPad Prism 4.0 software. A 
statistically significant difference was reported if p < 0.05 or less. 
Data are reported as mean ± SE from at least n = three separate 
experiments.
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electrophoreses. The blots were probed with avidin antibody and 
visualized using enhanced chemiluminescence.

Detergent-free fractionation of caveolin-rich domains.17,30 In 
brief, transfected HEK293T cells were seeded at 4.0 x 105 cells/
well in 100-mm plates and allowed to grow till they reached 80% 
confluency. Cells were then treated with 1 μM NTS (15 min) 
and then washed with ice-cold PBS twice. Sucrose gradient frac-
tionation was performed according to Song et al. where the cells 
where lysed using sodium carbonate buffer, pH 10 and lysates 
were homogenized using a dounce homogenizer (10 strokes), fol-
lowed by brief sonication. After 20 h centrifugation at 39,000 g,  
the fractionated samples were collected and analyzed using SDS-
PAGE electrophoreses as described in Protein gel blot analy-
sis. Detergent free fractionation strategies of caveolin-enriched 
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