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Introduction

Post-translational modification is the premise and basis for the 
biological activity and function of proteins.1,2 Palmitoylation 
is an important lipid modification after protein translation 
and, also, is the only reversible lipid modification in organ-
ism. It is of great significance in the aggregation, structure 
stability, interconnection, transport, and localization of pro-
teins.3–6 In the past decade, with the discovery and research 

of PAT, the biological function of protein palmitoylation has 
gradually been studied in detail.

It has been found that there are 23 kinds of PAT in mam-
mals, and these PAT proteins are called the DHHC protein 
family because they contain the zinc finger-like cysteine-rich 
domains, which are related to their acyltransferase activity.7 
At first, the studies found that the protein palmitoylation 
mediated by DHHC proteins played a role in virus inva-
sion and parasite activity.8,9 Subsequently, the deeper study 
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transduction of the FGF/ERK signaling pathway. The palmitoylation level of Ras 
protein decreased after 2BP treatment, and its distribution in the cell membrane 
structure was reduced significantly. The findings of this work reveal that protein 
palmitoylation mediated by DHHC9 and DHHC15 may play important roles in the 

occurrence and development of HPSCC. 2BP is able to inhibit the malignant biological behaviors of HPSCC cells, possibly via 
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For the first time, we found that DHHC9 and 
DHHC15, two PATs that mediate the palmitoylation 
of proteins, are more highly expressed in HPSCC 
tissues than in normal hypopharyngeal mucosae. 
Our further study demonstrated that at appropriate 
concentration, 2BP, a small-molecular inhibitor of 
protein palmitoylation, was able to inhibit the malig-
nant biological behaviors of HPSCC cells without 
increasing cell apoptosis, possibly via hindering the 
palmitoylation and membrane location of Ras pro-
tein and interfering with FGF/ERK signaling trans-
duction. From a new perspective of mechanism, 
2BP is expected to be developed as a low-toxicity 
anti-HPSCC drug targeting Ras palmitoylation and 
membrane localization.
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revealed that the function of DHHC proteins was signifi-
cantly related to animal embryonic development. In previ-
ous studies, it has been found that palmitoylation mediated 
by DHHC proteins is involved in stem cell proliferation, 
differentiation, self-renewal, and other aspects. For example, 
DHHC13 regulates the proliferation of embryonic stem cells, 
as well as the differentiation of ectoderm and mesoderm,10 
DHHC16 promotes the self-renewal of telencephalic neural 
stem cells,11 DHHC5 regulates the differentiation of retinal 
cells,12 and DHHC15 affects the differentiation of neural 
stem cells.13

Stem cells and tumor cells are highly consistent in bio-
logical activities such as proliferation, differentiation, 
migration, gene expression, and activation of regulatory 
molecules. The concept of cancer stem cells (CSC) has been 
proposed and generally accepted by the academic com-
munity.14,15 With the continuous revelation of the roles of 
DHHC proteins in the field of stem cells, their function on 
tumor occurrence and progression has gradually attracted 
attention in recent years. Researchers began to study the role 
and mechanism of some members of DHHC proteins in the 
proliferation, metastasis, and apoptosis of tumor cells.16–18 
However, the role of these proteins in different tumors is 
different, and the role of some members has not reached 
consensus. At present, the tumor-related research on protein 
palmitoylation is mainly limited to the mechanism research 
on single DHHC member. The research on tumor treatment 
methods, which are related to protein palmitoylation has 
not yet started, and there is still no systematic report on 
related drug development in this field.

Small-molecular compounds have the advantages of 
high permeability, strong reversibility and easy synthesis, 
which are currently the best choice for cell intervention and 
drug screening. 2BP, a small-molecular inhibitor of protein 
palmitoylation, possesses a structure highly similar to that 
of saturated palmitic acid. It can competitively bind with 
DHHC-CRD of DHHC protein, thereby inhibiting the activ-
ity of PAT enzyme and reducing the palmitoylation level of 
protein.19 Considering the roles of DHHC proteins in tumor 
stem cells, we speculated that 2BP might affect the occur-
rence and progression of tumor cells.

HPSCC is a common pathological type of head and neck 
tumor, whose prognosis is very poor. At present, surgery is 
still the main treatment method for HPSCC, which can be 
combined with adjuvant radiotherapy and chemotherapy. 
However, there is no particularly ideal chemotherapy drug 
at present, resulting in a 5-year survival rate of only 30% to 
54% for HPSCC patients in stage III–IV.20,21 To date, despite 
the roles of DHHC proteins that have been elucidated in 
different types of tumors, their status and effect in HPSCC 
tissues have been studied sparingly. Therefore, the present 
study was initially designed to analyze the difference in the 
expression levels of 23 kinds of DHHC proteins between 
human normal hypopharyngeal mucosal tissues and this 
kind of tumor, so as to search for potential tumor markers 
relevant to protein palmitoylation in HPSCC. Then, the effect 
of 2BP on the proliferation, apoptosis, migration, and inva-
sion of HPSCC in vivo and in nude mouse xenograft models 
was studied, with special attention given to the molecular 
mechanism underlying such actions of 2BP.

Materials and methods

Patients and tissue samples

The tissue samples were resected from patients with 
hypopharyngeal carcinoma, who were treated by surgery 
in Shandong Provincial Hospital. After resection, the tumor 
tissue was confirmed as HPSCC by pathological analysis. At 
the same time, the tissues at the cutting edge were separated 
from the specimen and taken for pathological examination to 
confirm that there were no tumor cells in them. The normal 
mucosa of the cutting edge and the tumor-bearing tissue 
were taken for assays.

Cell culture

The human HPSCC cell line (Fadu) was obtained from the 
Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China) and stored in liquid nitrogen. Cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum (FBS; Gibco, USA) and grown in a 
humidified incubator at 37°C with 5% carbon dioxide. Before 
each experiment, cells were seeded in new culture plates and 
incubated to appropriate density. Then, cells were treated 
with 2BP (Sigma-Aldrich Co. LLC) at appropriate concentra-
tions or blank culture solution. At the corresponding time 
points, the cells were collected for assays.

Xenograft studies in BALB/c nude mice

Male BALB/c nude mice were obtained from Vital River 
Laboratories (Beijing, China) and maintained in accordance 
with Chinese animal welfare requirements. They were ran-
domly divided into control group and 2BP-treated group 
when they were 7-week-old (weighing 25–30 g). 0.1 mL 
Fadu cells (1 × 105 mL) were subcutaneously injected into 
the right flank of each mouse. When the maximum diameter 
of the established tumor reached 3–5 mm, the 2BP-treated 
group received intraperitoneal injection of 2BP (50 μmol/
kg), and the control group received the same amount of vehi-
cle (0.5% DMSO) every 24 h. The treatment continued for 
21 days. Body weight and tumor volume were measured 
every three days. Tumor volumes were calculated with the 
formula: V = (min diameter)2 × (max diameter)/2.22 After 
21 days, mice were euthanized under anesthesia, and the 
tumor specimens were harvested, weighed, and then pro-
cessed for protein analysis. The animal experiments were 
conducted in compliance with the ARRIVE guidelines.

RNA isolation and quantitative real-time 
polymerase chain reaction (qRT-PCR)

Total RNA was extracted from tissue samples or harvested 
Fadu cells with Trizol reagent (Invitrogen). RevertAid™ First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc.) 
was used for reverse transcription according to the manufac-
turer’s instructions. qRT-PCR with iQSybr Green Supermix 
(Bio-Rad Laboratories, Inc.) was performed with qTOWER 
2.0 (Analytik Jena AG, Germany). Delta-delta CT method 
was used for calculation of transcription levels, and β-actin 
served as the normalization control. Each assay was done in 
triplicate. Primers for PCR are listed in Table 1.
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MTT (3-(4,5-dimethylthiazol2-yl)-2,5-
diphenyltetrazolium bromide) assay

Cell viability was assessed by adding MTT (Sartorius 
Corporation) to the cell cultures (0.5 mg/mL). Cells were 
incubated at 37 °C for 1 h, and the medium was removed. 
Then, we added dimethyl sulfoxide (Sartorius Corporation) 
to each well. The absorbance value at 490 nm of each well 
was quantified with a multi-well spectrophotometer (Bio-
Rad Laboratories, Inc.) immediately. Three independent 
experiments were done.

Protein extraction and western blotting

Total protein extraction was performed as previously 
described.23 Briefly, cells or tissues were lysed in radio-
immunoprecipitation assay buffer with protease-inhibitor 
cocktail, phosphatase inhibitors, and phenyl-methyl-sulfo-
nyl fluoride for 30 min and then centrifuged (12,000 rpm) at 
4 °C for 15 min. Supernatants were then collected. Cell mem-
brane protein was extracted with a membrane and cytosol 
protein extraction kit (Beyotime Biotechnology) accord-
ing to the instruction manual. Bicinchoninic acid assay 
(Beyotime Biotechnology) was used for protein concentra-
tion detection. Equal amounts of protein samples were sepa-
rated by 10% SDS-polyacrylamide gel electrophoresis and 
then transferred to a polyvinylidene fluoride membrane. In 
Tris-buffered saline with Tween-20 (TBST), the membranes 
were blocked with 5% milk and incubated with primary and 
secondary antibodies sequentially. The membranes were 
washed with TBST and then developed with ECL detection 
system. The intensity of bands was measured with Image 
J Software. Primary antibodies used in the study were 
anti-DHHC9 antibody (1:500; Abcam plc), Anti-DHHC15 
antibody (1:200; Abcam plc), anti-β-actin antibody (1:1000; 
Sigma-Aldrich Co. LLC), anti-PCNA antibody (1:1000; 
Abcam plc), Anti-Ki-67 antibody (1:1000; Abcam plc), anti-
caspase3 antibody (1:1000; Cell Signaling Technology, Inc.), 
anti-cleaved-caspase3 antibody (1:1000; Cell Signaling 
Technology, Inc.), anti-MMP2 antibody (1:1000; Abcam plc), 
anti-MMP9 antibody (1:1000; Abcam plc), anti-Ras antibody 
(1:1000; Abcam plc), anti-t-ERK1/2 antibody (1:1000; Cell 
Signaling Technology), anti-p-ERK1/2 antibody (1:1000; 
Cell Signaling Technology), and anti-NaK ATPase α1 anti-
body (1:1000; Abcam plc).

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling (TUNEL) assay

As described in the manufacturer’s instructions, an in situ 
cell death detection kit (Promega, Madison, WI, USA) was 
used for TUNEL assay. Then, the calculation of the percent-
ages of TUNEL-positive cells was conducted with a fluores-
cence microscope (Olympus IX71).

5-Bromo-2-deoxyuridine (Brdu) labeling assay

Fadu cells were plated on poly-l-lysine-coated glass coverslips 
and Brdu (10 μM, Sigma-Aldrich) was added to the medium 
and incubated for 2 h. After fixation, cells were immu-
nostained with anti-Brdu antibody (1:1000; Sigma-Aldrich) 

and observed with a fluorescence microscope (Olympus 
IX71). Percentages of Brdu positive cells were calculated.

Flow cytometry analysis

Fadu cells were trypsinized and then collected by centrifu-
gation. After resuspension, they were washed with PBS and 
fixed with 75% ethanol at room temperature for 1 h. Then, 
the fixed cells were incubated in 20 μg/mL propidium iodide 
and 10 mg/mL RNase A for 30 min. The cell cycle distri-
bution analysis was conducted with FC500 flow cytometer 
(Beckman Coulter).

Acyl-biotinyl exchange (ABE) assay

As previously described, the palmitoylation level of protein 
was determined by ABE assay.23 Briefly, the protein samples 
were incubated with N-ethylmaleimide (50 mM, Thermo 
Fisher Scientific Inc.) to block the free sulfhydryl groups and 
immunoprecipitated with anti-Ras antibody (2 μg). Then 
purified samples were treated with or without hydroxy-
lamine (1M, room temperature, Thermo Fisher Scientific Inc.) 
and biotin-BMCC (0.5 μM, 4°C, Thermo Fisher Scientific Inc.) 
for 1 h, respectively, to label the palmitoylated sites. After 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 
the amount of biotin on Ras proteins was determined with 
horseradish peroxidase-conjugated streptavidin (SA-HRP, 
Beyotime Biotechnology).

Wound-healing assay

Briefly, Fadu cells were seeded in a six-well plate and incu-
bated to 90% confluency. In the monolayer cells, a scratch 
was created with a 10-μL pipette. Then, cells were incubated 
in the culture medium with or without 50 μM 2BP. After 0 
and 48 h, Photographs at the same site were taken and the 
migration areas were measured and analyzed with ImageJ 
software.

Transwell assay

As previously described, transwell invasion and migra-
tion assay were conducted with a transwell culture cham-
ber system.24 Briefly, 1×104 Fadu cells were seeded in the 
upper chamber containing serum-free culture medium with 
or without 50 μM 2BP. In the lower chamber, 600 μL FBS-
containing DMEM (10%) was added. Filter membrane with 
8 μm pores was between the upper and lower chamber. For 
invasion assay, the filter membrane was precoated with 
matrigel (BD Biosciences, USA), while for the migration test, 
it was not. After incubation for 48 h, the cells attached to the 
upper side of the fibrous membrane were gently removed, 
while the cells under the fibrous membrane were fixed and 
then stained with 0.1% crystal violet for 8 min. The stained 
cells were photographed and counted with an IX71 micro-
scope (Olympus).

Data analyses

Quantitative data were presented as mean ± standard error 
of the mean (SEM). At least three independent experiments 
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were done for each assay. Statistical analysis of data was 
carried out by Student’s t-tests to compare the differences 
between groups. When the P-values < 0.05, the difference 
was considered statistically significant (ns: P > 0.05; *: P < 
0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001).

Results

DHHC9 and DHHC15 were highly expressed in 
HPSCC tissues

Before studying the pharmacological effects of 2BP, we first 
detected and compared the transcription levels of all 23 
PATs in tumor tissue and normal mucosa of 8 patients with 
HPSCC using qRT-PCR. Among them, the mRNA expres-
sion levels of DHHC1, DHHC7, DHHC11, DHHC19, and 
DHHC22 could not be detected in both groups of tissues 
(CT value > 35). The mRNA expression levels of DHHC2, 
DHHC3, DHHC4, DHHC5, DHHC6, DHHC8, DHHC12, 
DHHC13, DHHC14, DHHC16, DHHC17, DHHC18, 
DHHC20, DHHC21, DHHC23, and DHHC24 were not sig-
nificantly different between the two groups, whereas the 
transcription levels of DHHC9 and DHHC15 in tumor tis-
sue were significantly higher than those in normal mucosa 
(Figure 1(A)). Besides, the increased protein levels of DHHC9 
and DHHC15 in HPSCC tissues were also confirmed by 
western blotting (Figure 1(B)).

2BP inhibited the proliferation of HPSCC cells

We used the MTT method to preliminarily determine the 
effect of 2BP with different concentration gradients (1-100 
μM) on the viability of Fadu cells. When the drug concentra-
tion of 2BP was below 50 μM, the cell viability continued 
to increase within 72 h after drug treatment. During this 
process, as the concentration of 2BP increased, the growth 
rate of cell viability decreased. When the drug concentration 
was above 62.5 μM, the cell viability began to show negative 
growth over time, and the higher the drug concentration, the 
faster the negative growth (Figure 2(A)). After careful con-
sideration, we selected 50 μM as our subsequent experimen-
tal concentration because it inhibited the growth of HPSCC 
cells, but its low cytotoxicity could still ensure enough cell 
viability for future research.

Subsequently, we used the Brdu labeling assay to detect 
the effect of 2BP on the proliferation of Fadu cells. The results 

Table 1.  Primers for qRT-PCR.

Gene Primer sequence (5’–3’)  

dhhc1 Sense primer GGCTTTGGGATCCTTGTTCC
Anti-sense primer TCACATCCACGTTGCACAAG

dhhc2 Sense primer CTCGGCTGGTCCTACTACG
Anti-sense primer GGCTTCTCCTCTTGGCTCT

dhhc3 Sense primer TGTTCCTCTCTTTGGCCCAT
Anti-sense primer CTGCACCTCCAAACACTGAC

dhhc4 Sense primer CACCTTCATTGTCCTGCACC
Anti-sense primer TTGGTTCCACAAGTCAGGGT

dhhc5 Sense primer CGAGCTGAGGAGGATGAGG
Anti-sense primer TCCGGCGACCAATACAGTT

dhhc6 Sense primer GTCCCATCATAGCCCTTGGT
Anti-sense primer GGACCGACAAACATGGCATT

dhhc7 Sense primer CTGTGCTGTCATGACGTGG
Anti-sense primer TTTCAGGGTCGGTGAGCAT

dhhc8 Sense primer GGATGAGAAGCCACTGGACT
Anti-sense primer CTTGTACATGGCAGGTGTCG

dhhc9 Sense primer TTTACACTCTGGTCCGTCGT
Anti-sense primer CACAGCACTTCACAGCAGTT

dhhc11 Sense primer CTCCCTGCTGATTCACAAGC
Anti-sense primer CATCTGCTTCCTGTGCCATC

dhhc12 Sense primer TTCATCTCCTCACACCGCAT
Anti-sense primer TGGTTTTCAGGCACAAGACG

dhhc13 Sense primer TGTGTCGCTTCTTCATTGGG
Anti-sense primer CAGGTGGATGCTGCTGAATC

dhhc14 Sense primer CAAGTGTCTGTGCTGTGTCC
Anti-sense primer TTTCTGTCAGGAGCCTCTCG

dhhc15 Sense primer CCAGTGTTTACAAGTGGCCC
Anti-sense primer ATCCTCGTTGTCTTCCCAGG

dhhc16 Sense primer TTGGAGTGGTGTTCGTGGT
Anti-sense primer GTGGTGATGGCCTGGTAGT

dhhc17 Sense primer CATTGGGCAGTGCTAGCAG
Anti-sense primer TTGCTTGCCTTGCCTCTTG

dhhc18 Sense primer CTTCTTCGTCATGAGCTGCC
Anti-sense primer CTTCAGCTTCACCATCTGCC

dhhc19 Sense primer GCTGGTCACCTGTCTCATCT
Anti-sense primer TGGTCGAAGGGGTTGTATCC

dhhc20 Sense primer TTTTCCAACTCGCCTTGTGG
Anti-sense primer GACGATGCCTTCTTCAGCTC

dhhc21 Sense primer TGCAAGCTAATTTGGCCACAT
Anti-sense primer GATCTTCACTTGGCTCTGCTG

dhhc22 Sense primer CCATGAGGGTTGTTTGGGTTT
Anti-sense primer GAGATGCACAAGAAGTAGGCG

dhhc23 Sense primer GTCGGGCAGTCTCAACAATC
Anti-sense primer TCCTCACACAGATGCCACAT

dhhc24 Sense primer CAATCCATGTCCTGCCACAG
Anti-sense primer TGCCTGCAAATCACTGTTCC

cxxc5 Sense primer CTGGGCAAAGAATGGACAAT
Anti-sense primer TGGTCGGAAAGAATCAAAGG

gata2 Sense primer CCCCACCTACCCCTCCTAT
Anti-sense primer CTGCCCATTCATCTTGTGG

myc Sense primer CATGCCTTGGTTCATCTGG
Anti-sense primer TTTGTGTGCCTCAGCTTCC

ccnd1 Sense primer TTGAGGGACGCTTTGTCTG
Anti-sense primer GGTGCAACCAGAAATGCAC

ptch1 Sense primer TCAGCAATGTCACAGCCTTC
Anti-sense primer GTCGTGTGTGTCGGTGTAGG

nkx2-2 Sense primer GTGGCTTGTTTGGGTTTGTT
Anti-sense primer CCGAATAGCTGAGCTCCAAG

etv4 Sense primer TCATTGGGAAGGAAAAGTGG
Anti-sense primer GAGATCTGGGGAGCTCAGTG

Gene Primer sequence (5’–3’)  

etv5 Sense primer TTGTGCTTTCTGCACCAGAC
Anti-sense primer TGACCAGGTTTCCAAAGGAC

fgf1 Sense primer CTGCAGTAGCCTGGAGGTTC
Anti-sense primer GGCTGTGAAGGTGGTGATTT

fgf2 Sense primer TGGTGAAACCCCGTCTCTAC
Anti-sense primer TCTGTTGCCTAGGCTGGACT

fgf3 Sense primer GGATAACCTGGAGCCCTCTC
Anti-sense primer GCTGGCTCTGGAAATAGCTG

fgf8 Sense primer TCATCCGGACCTACCAACTC
Anti-sense primer CTCCTCGGACTCGAACTCTG

Table 1.  (Continued)

(Continued)
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Figure 1.  Expression levels of PATs in HPSCC tumor tissues and normal mucosa tissues. (A) qRT-PCR was performed to detect and compare the mRNA expression 
levels of PATs (DHHC protein family) in tumor tissues and normal mucosal tissues of 8 HPSCC patients. β-actin acted as an internal control. Data were shown as 
mean ± SEM. (B) The protein expression levels of DHHC9 and DHHC15 in tumor tissues and normal mucosal tissues of 8 HPSCC patients were determined with 
western blotting. The gray value of each strip was detected by Image J software. β-actin acted as an internal control. Standardized data were shown as mean ± SEM.
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showed that after 48 h of drug treatment, the percentage of 
Brdu-positive cells in 2BP-treated group was significantly 
lower than that in the control group (t = 5.095, P = 0.007), 
indicating that 2BP could inhibit the proliferation of Fadu 
cells (Figure 2(B)). We further used flow cytometry to study 
the difference in the cell cycle distribution of Fadu cells 
between the 2BP-treated group and the control group, find-
ing that after 48 h of 2BP treatment, the number of Fadu 
cells in G0/G1 phase significantly increased (2BP-treated 
group:75.58 ± 2.57%, control group: 48.48 ± 1.88%; t = 8.527, 
P = 0.001), while the proportion of cells in S phase (2BP-treated 
group:14.98± 1.83%, control group: 31.37 ± 2.56%; t = 5.241, 
P = 0.007) and G2/M phase (2BP-treated group: 9.44 ± 0.75%, 
control group: 20.14 ± 1.46%; t = 6.525, P = 0.003) significantly 
decreased (Figure 2(C)). These results demonstrated that 2BP 
could arrest the proliferation cycle of Fadu cells in the G0/
G1 phase.

To validate our experimental results at the molecular 
level, we used western blotting to detect the expression lev-
els of two important cell proliferation markers in Fadu cells. 
The experimental results showed that the expression levels 
of Ki-67 and PCNA in 2BP-treated Fadu cells were signifi-
cantly lower than those in the control group at 24 and 48 
h after drug treatment, confirming that 50 μM 2BP could 
significantly inhibit the proliferation of HPSCC cells in vitro 
(Figure 2(D)).

50 μM 2BP treatment did not significantly affect the 
apoptosis of HPSCC cells

The growth rate of tumors not only depended on the pro-
liferation of tumor cells, but also on the cell apoptosis. We 
performed TUNEL assay to investigate the effect of 50 μM 
2BP treatment on Fadu cell apoptosis. The results showed 
that after 48 h of drug treatment, there was no significant 
difference in the percentage of TUNEL positive Fadu cells 
between 2BP-treated group and control group (t = 0.453, 
P = 0.674; Figure 3(A)). At the molecular level, we used west-
ern blotting to detect the activation level of caspase3, which 
was the executing protein of cell apoptosis. The experimental 
results showed that there was no significant difference in the 
expression level of cleaved-caspase3 in Fadu cells between 
2BP-treated group and control group at both 24 and 48 h 
after drug treatment (Figure 3(B)). These results indicated 
that 50 μM 2BP treatment did not significantly increase the 
apoptosis of HPSCC cells.

50 μM 2BP treatment inhibited the migration and 
invasion of HPSCC cells

We used wound-healing experiment to determine the effect 
of 50 μM 2BP treatment on Fadu cell migration. After drug 
treatment for 48 h, the migration area of Fadu cells in the 
2BP-treated group was significantly smaller than that in the 
control group (t = 4.102, P = 0.015; Figure 4(A)). The tran-
swell experiment also showed that after drug treatment, 
fewer cells in the 2BP-treated group could migrate through 
the fibrous membrane that was not coated with matrigel 
(t = 6.065, P = 0.004; Figure 4(B)), proving that 50 μM 2BP 
treatment could significantly inhibit the migration of Fadu 
cells. Besides, we also found that after drug treatment, the 

number of Fadu cells invading through the matrix-coated 
fibrous membrane in the 2BP-treated group was significantly 
lower than that in the control group (t = 3.810, P = 0.019; 
Figure 4(C)), indicating that 50 μM 2BP treatment could also 
reduce the invasive ability of HPSCC cells.

MMP2 and MMP9 were important markers that could 
reflect the tumor migrational and invasive ability at molecu-
lar level. After 50 μM 2BP treatment for 24 and 48 h, the 
expression levels of these two proteins in Fadu cells were 
detected using western blotting, and significantly reduced 
expression levels of MMP2 and MMP9 were found in 
2BP-treated group (Figure 4(D)).

2BP suppressed the HPSCC growth and 
progression in nude mouse xenografts

In order to further validate the anti-cancer effect of 2BP in 
vivo, we constructed HPSCC nude mouse xenograft model. 
Fadu cells were implanted in the nude mice and subcutane-
ous tumors formed. Then, the mice were treated with 2BP (50 
μmol/kg). During the drug treatment period, there was no 
significant difference in body weight between the 2BP-treated 
mice and the control mice (Figure 5(Ab)), but the growth 
rate of tumor volume in 2BP-treated group was slower than 
that in control group (Figure 5(Ac)). After 21 days, the mice 
were euthanized and the tumor tissues were resected (Figure 
5(Aa)). The volume and weight of tumors isolated from 
2BP-treated mice were significantly lower than those of the 
control group (Figure 5(Ad) and (Ae)).

Afterward, we extracted total proteins from the isolated 
tumor tissues of 2BP-treated group and control group. Using 
western blotting analysis, we detected the expression levels 
of marker proteins related to proliferation, apoptosis, inva-
sion, and migration of tumor cells in two groups. Consistent 
with the results of experiments in vitro, the protein expression 
levels of Ki-67, PCNA, MMP2, and MMP9 in the 2BP-treated 
group were significantly higher than those in the control 
group, while the activation level of caspase3 was not signifi-
cantly different compared to the control group (Figure 5(B)), 
demonstrating that 2BP could suppress the proliferation, 
migration and invasion of HPSCC cells, but not promote cell 
apoptosis in vivo.

2BP inhibited palmitoylation of Ras protein, 
hindered its membrane localization and interfered 
with FGF/ERK signaling transduction

In order to further investigate the underlying molecular 
mechanism, we determined the mRNA expression levels 
of several downstream target genes of important signaling 
transduction pathways involved in tumor cell proliferation, 
invasion and migration using qRT-PCR. No significant differ-
ence in the transcription levels of target genes of BMP signal-
ing pathway (cxxc5 and gata2), Wnt signaling pathway (myc 
and ccnd1), and Shh signaling pathway (ptch1 and nkx2-2) 
between 2BP-treated Fadu cells and control cells was found. 
However, significantly reduced mRNA expression levels of 
etv4 and etv5, which were directly regulated by FGF signaling 
pathway, were detected in 2BP-treated group (Figure 6(A)). 
Further experiments found that in the 2BP-treated group, 
the expression levels of fgf1, fgf2, fgf3, and fgf8, which were 
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Figure 2.  2BP inhibited the proliferation of HPSCC cells. (A) MTT method was used to detect the cell viability of Fadu cells treated with different concentrations 
of 2BP in 72 h. Cell viability-time curves were drawn, and their slopes represented the cell growth rates. (B) Brdu labeling assay was performed to compare the 
proliferation of Fadu cells between the 2BP-treated group (50 μM) and the control group at 48 h after drug treatment. Scale bar represented 30 μm. Brdu positive cells 
(red)/total cells (blue) were calculated and shown as mean ± SEM. (C) The cell cycle distribution of Fadu cells at 48 h after drug treatment was determined with flow 
cytometry. Percentages of cells in G0/G1, S, and G2/M phase were shown as mean ± SEM. (D) The protein expression levels of Ki-67 and PCNA were determined 
with western blotting assay at 24 and 48 h after drug treatment. The gray value of each strip was detected by Image J software. β-Actin acted as an internal control. 
Standardized data were shown as mean ± SEM.
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important activators of the FGF signaling pathway, did not 
significantly change (Figure 6(B)). However, the phosphoryl-
ation level of ERK1/2, which was the key protein in the FGF 
signal transduction process, decreased significantly (Figure 

6(C)), indicating that 2BP interfered with the transduction of 
FGF/ERK signaling pathway.

Subsequently, we studied the molecular structure of the 
key proteins upstream of ERK in the FGF/ERK signaling 

Figure 3.  50 μM 2BP did not increase the apoptosis of Fadu cells. (A) TUNEL assay was performed to compare the apoptosis of Fadu cells between the 2BP-treated 
group (50 μM) and the control group at 48 h after drug treatment. TUNEL positive cells (green)/total cells (blue) were calculated and shown as mean ± SEM. Scale 
bar represents 30 μm. (B) The protein expression level of cleaved-caspase3 was determined with western blotting assay at 24 and 48 h after drug treatment. The gray 
value of each strip was detected by Image J software. Capases3 and β-actin acted as internal control, respectively. Standardized data were shown as mean ± SEM.
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Figure 4.  50 μM 2BP inhibited the migration and invasion of HPSCC cells. Effect of 2BP on the migration of Fadu cells was tested by wound-healing experiment. (a) Fadu 
cells were scraped with a pipette tip and then incubated with or without 50 μM 2BP for 48 h. The area of the scratch was measured with the Image J software. Scale bar 
represents 100 μm. (b) Relative migration was quantified as (Initial scratch area—scratch area after 48 h)/Initial scratch area. Data were shown as mean ± SEM. (B) Effect 
of 2BP on migration of Fadu cells was tested by transwell system in which the fibrous membrane was not coated with matrigel. (a) Migrational cells on the bottom side of 
the membrane were photographed and counted after 50 μM 2BP treatment for 48 h. Scale bar represented 30 μm. (b) Quantification of migrational cells. The migrational 
cells were counted in 10 different fields, and the average was calculated. Data were presented as mean ± SEM. (C) Effect of 2BP on invasion of Fadu cells was tested 
by matrigel-coated transwell system. (a) Invasive cells on the bottom side of the membrane were photographed and counted after 50 μM 2BP treatment for 48 h. Scale 
bar represents 60 μm. (b) Quantification of invasive cells. The invasive cells were counted in 10 different fields, and the average was calculated. Data were presented as 
mean ± SEM. (D) The protein expression levels of MMP2 and MMP9 were determined with western blotting assay at 24 and 48 h after drug treatment. The gray value of 
each strip was detected by Image J software. β-Actin acted as an internal control. Standardized data were shown as mean ± SEM.
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Figure 5.  Effect of 2BP on HPSCC cells in nude mouse xenograft model. HPSCC nude mouse xenograft model was established, and the effect of 2BP on tumor 
growth was monitored (n = 6 for each group). (A) (a) After 21-day drug treatment period, tumors were resected and photographed. (b) The body weight of the nude 
mice was measured every 3 days, and the weight-time curves were shown. Within 21-day drug treatment period, there was no significant difference in body weight 
between the 2BP-treated group and the control group. Data were shown as mean ± SEM. (c) The tumor volume of the nude mice was measured every 3 days and 
the tumor volume-time curves were shown. Data were shown as mean ± SEM. (d) and (e) After 21-day drug treatment period, nude mice were executed and tumors 
were resected. The volume and weight of tumors were measured. Data were shown as mean ± SEM. (B) The protein expression levels of Ki-67, PCNA, MMP2, MMP9, 
and cleaved-caspase3 in the resected tumors of 2BP-treated group and control group were determined with western blotting assay. The gray value of each strip 
was detected by Image J software. For Ki-67, PCNA, MMP2, and MMP9, β-actin acted as an internal control. For cleaved-caspase3, capases3, and β-actin acted as 
internal control, respectively. Standardized data were shown as mean ± SEM.
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Figure 6.  2BP interfered with FGF/ERK signaling transduction by suppressing the palmitoylation of Ras protein and hindering its membrane localization. HPSCC cells 
were treated with or without 50 μM 2BP for 24 and 48 h. (A) Transcription levels of cxxc5, gata2, myc, ccnd1, ptch1, nkx2-2, etv4, and etv5 were detected with qRT-
PCR. β-Actin acted as an internal control. Data were shown as mean ± SEM. (B) Transcription levels of fgf1, fgf2, fgf3, and fgf8 were detected with qRT-PCR. β-Actin 
acted as an internal control. Data were shown as mean ± SEM. (C) Protein level of p-ERK1/2 were determined with western blotting assay. The gray value of each strip 
was detected by Image J software. t-ERK1/2 acted as an internal control. Standardized data were shown as mean ± SEM. (D) The palmitoylation level of Ras protein 
was detected using the ABE method. Palmitoylated Ras protein was labeled with biotin and then determined. Total Ras protein served as internal control. Standardized 
data were shown as mean ± SEM. (E) 2BP hindered the membrane localization of Ras protein. (a) Membrane proteins of HPSCC cells were extracted and the protein 
level of Ras was determined with western blotting assay. The gray value of each strip was detected by Image J software. NaK ATPase α1 served as an internal control. 
Standardized data were shown as mean ± SEM. (b) Total proteins of HPSCC cells were extracted and the protein level of Ras was determined with western blotting 
assay. The gray value of each strip was detected by Image J software. β-Actin served as an internal control. Standardized data were shown as mean ± SEM.
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transduction process, and found that there were impor-
tant sites of protein palmitoylation in Ras protein.25 So, 
we detected the palmitoylation level of Ras protein in 50 
μM 2BP-treated Fadu cells using ABE method. The results 
showed that after 2BP treatment for 24 and 48 h, the palmi-
toylation level of Ras protein in Fadu cells was significantly 
lower than that of the control group (Figure 6(D)). Protein 
palmitoylation mainly affects the lipophilicity of proteins, 
which in turn can affect their binding to cell membrane struc-
ture. Considering that Ras protein was an important mem-
brane binding protein, we extracted the total protein and 
membrane protein of Fadu cells separately, and measured 
the content of Ras protein using western blotting method. 
Compared with the control group, the content of Ras protein 
in the total protein of 2BP-treated group was not significantly 
different, while the content of Ras protein in the membrane 
protein was significantly reduced (Figure 6(E)).

Discussion

Modification of protein is a pivotal step before it exerts 
biological function, among which lipid modification is a 
very important form. Currently, palmitoylation is the only 
reversible lipid modification in cells, which can regulate the 
structure, transport, and localization of proteins, thereby 
regulating their physiological roles in the body. So far, 23 
DHHC proteins have been found in mammals, which can 
mediate protein palmitoylation. In the past decade, it has 
been proved that several members of the DHHC protein 
family are closely related to the specific behavior of stem 
cells, such as proliferation and differentiation. Considering 
the high consistency in molecular expression and biological 
performance between stem cells and tumor cells, the role 
of these members in tumor occurrence and development is 
gradually receiving attention. Available data have shown 
that several DHHC proteins are highly expressed in certain 
kinds of cancers, which are related to the prognosis, sur-
vival rate and treatment outcome of patients.17,26–28 In this 
study, we detected the expression of all 23 DHHC protein 
members in tumor tissues of HPSCC patients, and found 
that the mRNA and protein levels of DHHC9 and DHHC15 
were higher than those in normal hypopharyngeal mucosa. 
Previous researches have reported that high transcription 
levels of DHHC9 are an unfavorable prognostic marker in 
leukemia,27 and DHHC15 is related to the progression of 
glioblastoma.17 For the first time, our study found that these 
two PAT enzymes were highly expressed in HPSCC, indicat-
ing that the protein palmitoylation mediated by them might 
play an important role in the occurrence and development 
of hypopharyngeal cancer. They are also expected to become 
specific molecular markers related to palmitoylation for 
diagnosis of HPSCC.

Although multiple members of the DHHC protein fam-
ily were involved in different types of tumor tissues, there 
were still few reports on the therapeutic modality for tumor 
based on protein palmitoylation. At present, there is also no 
ideal chemotherapy drug for HPSCC, with high mortality 
and poor prognosis. Currently, 2BP is almost the only drug 
tool to inhibit palmitoylation of proteins. As the molecu-
lar weight of 2BP is only 335.3, which is conducive to its 

absorption and diffusion in organisms, it is widely used in 
basic medical and biochemical experiments.29 As yet, a few 
studies have attempted to apply 2BP to the treatment of dis-
ease, such as glucose metabolic disorders and toxoplasma 
dondii infection.9,30 In this work, we demonstrated from in 
vitro study that 2BP could arrest the cell cycle of Fadu cells 
in the G0/G1 phase at a concentration of 50 μM, inhibit cell 
proliferation, but does not increase cell apoptosis, indicating 
that it has a significant anti-cancer effect with low cytotoxic-
ity. Besides, we also found that 2BP significantly inhibited 
invasive and migrational ability of Fadu cells at the same 
concentration. Consistent with the in vitro experiment, our 
experiments with the HPSCC nude mouse xenograft model 
also found that administration of 2BP at the concentration of 
50 μM/kg significantly decreased the expression of markers 
for proliferation, invasion and migration in the subcutane-
ous tumors, while, did not significantly change the activa-
tion level of caspase-3, revealing that 2BP could significantly 
inhibit the growth and progression of HPSCC in vivo. Taken 
together, both in vitro and in vivo experiments show that 2BP 
can inhibit the malignant biological behaviors of HPSCC cells 
without increasing apoptosis, which is expected to be devel-
oped as an anti-HPSCC drug with low toxicity and low side 
effects.

It has been confirmed that tumor proliferation, migration, 
and invasion are comprehensively regulated by the com-
plex signal transduction network, whose classic components 
include BMP signaling pathway,31 Wnt signaling pathway,32 
Shh signaling pathway,33 FGF signaling pathway,34 etc. In the 
present study, we found that 2BP had no significant effect 
on the transcription levels of the target genes of BMP signal-
ing pathway (cxxc5 and gata2),35,36 Wnt signaling pathway 
(myc and ccnd1)37 and Shh pathway (ptch1 and nkx2-2).38 
However, it significantly inhibited the transcription of etv4 
and etv5, which were the direct target genes of FGF signaling 
pathway.39 At the same time, the expression levels of several 
activators of FGF signaling pathway (fgf1, fgf2, fgf3, and fgf8) 
that promote growth and metastasis of head and neck squa-
mous cell carcinoma 40–42 were not affected in response to 2BP 
treatment, thereby implying that 2BP might interfere with 
the transduction process of FGF signaling pathway. What’s 
more, the activation level of ERK1/2 in Fadu cells was sig-
nificantly reduced after 2BP treatment, which locked the 
drug target of 2BP to the upstream proteins of ERK1/2 in the 
FGF/ERK signaling pathway.43 Generally, the main physi-
ological function of palmitoylation is to regulate the lipophi-
licity of proteins, which is also the prerequisite for the tight 
binding of proteins to cell membranes. Compared with other 
upstream proteins, Ras protein is an important membrane 
binding protein, and its molecular structure also contains 
important palmitoylation sites,25 so it is the most likely target 
protein for 2BP action. Our molecular chemistry experiments 
showed that 2BP treatment inhibited palmitoylation of Ras 
protein in Fadu cells and reduced its ability to bind to cell 
membranes. Once the membrane localization of Ras protein 
was obstructed, the transduction process of signaling path-
ways involved by Ras was inevitably disrupted, hindering 
its pro-cancer effect (Figure 7). What’s more, previous stud-
ies have shown that Ras protein is the substrate of DHHC9,44 
which is proved to be highly expressed in HPSCC tissues in 
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this study. So, 2BP is most likely to inhibit DHHC9-mediated 
palmitoylation to produce anti-tumor effects. In fact, Ras is 
an important oncogene. Currently, a variety of Ras inhibi-
tors have been used for tumor prevention and treatment.45 
However, our study proved that 2BP exerted anti-cancer 
effects from the perspective of Ras protein modification and 
membrane localization, which is a new direction for anti-
cancer therapy targeting Ras proteins.

In summary, our experiment shows, for the first time, that 
protein acyltransferase DHHC9 and DHHC15 are highly 
expressed in HPSCC tissues. At appropriate concentration, 
2BP is able to inhibit the malignant biological behaviors of 
HPSCC cells, possibly via hindering the palmitoylation and 
membrane location of Ras protein. From a new perspective 
of mechanism, 2BP is expected to be developed as a low-
toxicity anti-HPSCC drug targeting Ras palmitoylation and 
membrane localization.
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