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A B S T R A C T

YC-1 has recently been demonstrated to have potent anti-invasion and anti-metastatic activity in several

cancer models, in addition to its anti-proliferation activity. However, the mechanism underlying its anti-

invasion/anti-metastatic activity is largely unknown. Nasopharyngeal carcinoma (NPC) is a highly

metastatic head and neck cancer in Southeast Asia. Here, we demonstrated that YC-1 inhibited

invasiveness and proliferation of NPC cells, with the latter being accompanied by PARP cleavage, S-phase

arrest and activation of Chk1/Chk2. We aimed at identifying novel anti-invasion mechanisms of YC-1 in

NPC by a functional proteomic platform, the reverse phase protein array (RPPA). Our study revealed for

the first time that multiple invasion-related signaling proteins (b-catenin, caveolin, Src and EGFR), as

well as several growth-related proteins (AMPKa, phospho-acetyl-CoA carboxylase (p-ACC), HER-2 and

mTOR), which were previously un-described signaling proteins altered by YC-1, were found to be down-

modulated by YC-1 in NPC cells. We hypothesized that YC-1-mediated downregulation of these invasion

proteins contributed to its anti-invasion activity in NPC cells. Overexpression of EGFR, activated Src or

caveolin, but not b-catenin reversed the inhibitory effects of YC-1 on NPC cell invasion, with EGFR and

activated Src having additional effects on rescuing NPC cells from YC-1-mediated growth inhibition. In

summary, we have identified several novel anti-invasion mechanisms of YC-1 that could impact NPC,

and possibly other cancers as well.
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1. Introduction

Nasopharyngeal carcinoma (NPC) is a highly invasive and
metastatic head and neck cancer prevalent in Southeast Asia with
a high incidence rate of 15–50/100,000 persons/year (comparable to
that of pancreatic cancer in the US) [1–3]. Over 50–70% of NPC
patients present with advanced disease (stages IIb–IV) with lymph
node invasion or metastasis at the time of diagnosis [4]. Recurrent
NPC patients also have a high rate of distant metastasis up to 37% [5].
Although the underlying mechanism for its high metastatic
Abbreviations: NPC, nasopharyngeal carcinoma; EBV, Epstein-Barr virus; RPPA,

reverse phase protein array; EGF, epidermal growth factor; EGFR, epidermal growth

factor receptor; MMP-2/-9, Matrix Metalloproteinases 2 and 9; ACC, acetyl-CoA

carboxylase; AMPKa, AMP-activated protein kinase a; LMP1, latent membrane

protein 1.
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characteristics is not fully understood, the search for anti-invasion
or anti-metastatic drugs for advanced NPC is actively being pursued.

YC-1 [3-(50-hydroxymethyl-20-furyl)-1-benzylindazole] is a
synthetic benzylindazole compound originally developed as an
activator of guanylyl cyclase to inhibit platelet aggregation and
vascular contraction [6]. Recent studies revealed that YC-1 has
potent activity against tumor growth, angiogenesis, invasion and
metastasis [7–9]. In multiple cancer models, YC-1 induced
prominent suppression of tumor growth and prolongation of
survival in tumor-bearing mice with established tumors [8–12].
The growth-inhibitory activity of YC-1 has been proposed to be
mediated by: HIF-1a [9,12], STAT3 [13], MAPK [14], JNK [15], NF-
kB [11], cell cycle-dependent pathway [14,16] and mitochondrial-
dependent apoptosis pathway [10]. The recently described
inhibitory activity of YC-1 on cellular invasion/metastasis in
several in vitro and in vivo models of hepatoma, neuroblastoma
and gastric and lung cancers [7,14] suggest the clinical potential
of this agent for anti-invasion/anti-metastatic therapy. Studies
are underway to identify the largely unknown anti-invasion or
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anti-metastatic mechanism(s) of YC-1, in addition to the potential
involvement of HIF-1a and Matrix Metalloproteinases 2 and 9
(MMP-2/-9) [7,14]. A more detailed mechanistic understanding of
its anti-invasion/anti-metastatic activity may facilitate its clinical
application for aggressive cancers.

A quantitative functional proteomic platform, named reverse
phase protein array (RPPA), has been recently employed for
quantitative profiling of signaling protein expression in cancer
[17]. With the capability to detect total, phospho-proteins, and
translationally modified proteins in a highly quantitative manner
with high sensitivity at femtogram level [18], this high-throughput
multiplex functional proteomic approach can be used for signaling
profiling, detection of disease marker expression, as well as for
mechanistic studies of drug action [19–21]. Recently, we have
employed RPPA for the identification of novel signaling changes
induced by combined anti-EGFR and anti-GRPR therapies in head
and neck cancer, which provide valuable insights for the
mechanism of action of combination therapy [22].

In this study, we reported the anti-invasive, as well as anti-
proliferative activities of YC-1 in NPC cell lines. We aimed at
identifying novel anti-invasion mechanisms of YC-1 by RPPA
scanning of signaling changes induced by YC-1 in NPC cells. Our
study revealed for the first time that multiple invasion-related
signaling proteins (b-catenin, caveolin, Src and EGFR), which were
previously un-described signaling proteins altered by YC-1, were
found to be down-modulated by YC-1 in NPC cells. We
hypothesized that these invasion-related proteins (as identified
to be downregulated by YC-1), may contribute to the anti-invasion
mechanism of YC-1 in NPC cells. Rescue experiments demon-
strated that overexpression of EGFR, activated Src or caveolin in
NPC cells all resulted in reversal of YC-1-induced inhibition of
cellular invasion, with EGFR and activated Src having additional
effects on rescuing NPC cells from YC-1-induced growth inhibition.
Using the NPC model, we have identified several novel anti-
invasion mechanisms of YC-1.

2. Materials and methods

2.1. Reagents

YC-1 was purchased from AG Scientific, Inc., San Diego, CA, USA
and dissolved in DMSO (Sigma–Aldrich, Saint Louis, MO, USA) at a
stock concentration of 100 mM. Epidermal growth factor (EGF)
was from Invitrogen (BioSource), Camarillo, CA, USA. Fetal bovine
serum (FBS) was from Hyclone, Logan, UT, USA. Antibodies against
phospho-p42/44 MAPK, phospho-STAT3(Y705), STAT3, cleaved
PARP, mTOR, Src, phospho-ACC, caveolin, b-catenin, AMPKa,
phospho-Chk1, phospho-Chk2, Chk1 and Chk2 were from Cell
Signaling Technology, Danvers, MA, USA. Phospho-Src(Y418)
antibody was from Invitrogen, Camarillo, CA, USA. Phospho-
EGFR(Y1086) antibody was from Invitrogen (Zymed), Camarillo,
CA, USA. EGFR monoclonal antibody was from BD Transduction
Laboratories, San Jose, CA, USA. Actin antibody (JLA20) was from
Calbiochem, EMD Biosciences, San Diego, CA, USA. Expression
plasmids for b-catenin (pCl-neo b-catenin WT), activated Src
(pLNCX chick srcY527F) and caveolin (Cav1-GFP) were from
Addgene Inc., Cambridge, MA, USA. EGFR expression plasmid
(pcDNA-HA-EGFR) was provided by Dr. Lan Ma (Fudan University,
Shanghai, China).

2.2. Cell culture

Human nasopharyngeal carcinoma cell lines, HONE-1, HONE-1-
LMP1, HK1, CNE-2 and C666-1 were cultured in complete RPMI
(Hyclone, Logan, UT, USA) in a humidified incubator at 37 8C in 5%
CO2 as previously described [23]. HONE-1 and CNE-2 were of
poorly differentiated NPC origin, while HK1 and C666-1 were
derived from well-differentiated and undifferentiated NPC. HONE-
1-LMP1 stably expresses the Epstein-Barr virus (EBV)-encoded
latent membrane protein 1 (LMP1) (B95.8 variant) and was
maintained in puromycin selection medium (400 ng/ml; Merck,
Whitehouse Station, NJ, USA).

2.3. Cell viability assay

Cells (1.3 � 104 per well) were treated with various concentra-
tions of YC-1 or vehicle control (DMSO) for 48 h. Cell viability was
determined by MTT assay (MTT from Sigma–Aldrich, Saint Louis,
MO, USA) as previously described [24]. Percentage of cell growth
inhibition was calculated as (ODvehicle � ODdrug)/ODvehicle � 100%.
The IC50 value was the drug concentration at which 50% of maximal
growth inhibition was observed.

2.4. Cell cycle analysis

After treatment with DMSO or YC-1 (700 nM) for 12 h, cells
were fixed with ice-cold ethanol (70%) and subjected to cell cycle
analysis as previously described [25].

2.5. Matrigel invasion assay

Invasiveness of NPC cells was evaluated using Matrigel-coated
modified Boyden inserts (Becton Dickinson/Biocoat, BD Bios-
ciences, Bedford, MA, USA) as previously described [23]. Briefly,
HONE-1 (7 � 104) or CNE-2 cells (3.5 � 104) were seeded onto the
upper chamber in serum-free medium. FBS (10%) or EGF (20 ng/ml)
in serum-free medium was added to the bottom chamber in
presence of DMSO or YC-1. Cells were incubated for 24 h at 37 8C.
The invaded cells were fixed, stained, photographed (100�
magnification) and counted (200� magnification) under the
microscope. The average number of invaded cells/field of 6–10
fields was presented.

2.6. Transfection

HONE-1 cells (1.5 � 104 or 1.2 � 105) were seeded onto 24- or
6-well plates and incubated for 24 h. Cells were then transfected
with 0.5 mg (24-well plate) or 4 mg (6-well plate) plasmids using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). For Matrigel
invasion assay, two days after transfection, 7 � 104 transfectants
were replated onto the upper chamber in serum-free medium.
DMSO or YC-1 (700 nM) in complete medium was added to the
bottom chamber. Cells were incubated for 24 h at 37 8C. For MTT
assay, day 2 transfectants were treated with DMSO or YC-1 (1 and
5 mM) for 24 h, followed by MTT assay.

2.7. Western blotting

After drug treatment, protein lysates were collected for
Western blot analysis as previously described [26]. Twenty-five
micrograms of protein was used for SDS-PAGE. After primary and
secondary antibody incubations, the signal was detected by
Supersignal West Pico Chemiluminescent detection kit (Thermo
Fisher Scientific, Waltham, MA, USA), followed by autoradiogra-
phy.

2.8. RPPA sample preparation and slide printing

HONE-1 cells (1 � 106) were plated on 10 cm plates. After
treatment, cells were collected by washing with ice-cold PBS,
scrapping and centrifugation at 1500 rpm at 4 8C for 10 min. Cell
pellets were resuspended in RPPA lysis buffer (1% Triton X-100,
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50 mM HEPES (pH 7.4), 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA,
100 mM NaF, 10 mM NaPPi, 10% glycerol, 1 mM Na3VO4, and
protease inhibitor (Roche Applied Science, Indianapolis, IN, USA))
and incubated on ice with occasional shaking for 20 min. The
supernatant was collected by centrifugation at 14,000 rpm, 4 8C for
10 min and quantified by Bio-Rad protein assay (Bio-Rad
laboratories, Hercules, CA, USA). Lysates were mixed with 4�
SDS sample buffer (35% glycerol, 8% SDS, 0.25 mM Tris–HCl, pH
6.8) in final concentration of 1 mg/ml and denatured by boiling for
5 min. The samples were serially diluted with lysis buffer (1:2, 1:4,
1:8 and 1:16) and transferred to 384-well plates for array spotting.
Lysates were arrayed onto nitrocellulose-coated FAST slides
(Schleicher & Schuell BioScience Inc., Keene, NH, USA) using an
Fig. 1. YC-1 inhibited NPC cell growth associated with PARP cleavage, S-phase arrest and a

The effect of YC-1 on NPC cell growth was assessed by MTT assay at 48 h (statistical signifi

1-induced growth inhibition was associated with PARP cleavage in YC-1-sensitive NPC c

(10 mM) treatment for 24 h. (C) YC-1 induced S-phase cell cycle arrest. Cell cycle distribut

percentage of cell population in different phases of the cell cycle was shown as mean � S

of YC-1 treatment vs. DMSO control was indicated as p < 0.01** and p < 0.05*. (D) YC-1 induc

phosphorylation of Chk1 and Chk2 in both HONE-1 and CNE-2 cells. Actin was used as a lo

experiments.
Aushon Biosystems (Burlington, MA, USA) 2470 arrayer, which can
create 1056 samples arrays per slide. Array spots of 1 nanoliter (nl)
cell lysate were printed. For each slide, positive and negative
control samples were included as well as multiple loading controls.

2.9. RPPA staining and data analysis

The RPPA procedures for antibody staining and signal detection
were performed essentially as previously described [17]. Slides
were probed with validated primary antibodies and the signal was
amplified using the DakoCytomation-catalyzed system (Dako,
Carpinteria, CA, USA). After staining, slides were scanned, analyzed
and quantified using Microvigene software (VigeneTech Inc.,
ctivation of Chk1/Chk2. (A) Dose-dependent growth inhibition of NPC cells by YC-1.

cance of drug treatment vs. DMSO control: p < 0.05*, p < 0.01**, p < 0.001***). (B) YC-

ell lines. Western blot showing cleaved PARP expression in NPC cell lines upon YC-1

ion of HONE-1 and CNE-2 cells treated with 700 nM YC-1 or DMSO for 12 h. Average

EM (n = 3, cumulative results from 3 independent experiments). Statistical significance

ed dose-dependent activation of Chk1 and Chk2. At 24 h, YC-1 induced dose-dependent

ading control. For all experiments, similar results were obtained in three independent
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Carlisle, MA, USA) to generate serial dilution–signal intensity
curves for each sample.

The RPPA spot signal intensity data were processed by the R
package SuperCurve (version 1.01), available at ‘‘http://bioinforma-
tics.mdanderson.org/OOMPA’’. A fitted curve (called ‘‘supercurve’’)
was plotted with the signal intensities on the Y-axis and the relative
log2 concentration of each protein on the X-axis using the non-
parametric, monotone increasing B-spline model. The protein
concentrations were derived from the supercurve for each sample
lysate by curve-fitting and then normalized by median polish. Data
were presented after normalization as normalized linear value.

2.10. Statistical analysis

All data were analyzed using PRISM4 Software (GraphPad
Software, Inc., San Diego, CA, USA). Statistical analysis was
performed using unpaired t-test with Welch’s correction. Results
were considered as statistically significant when p < 0.05.

3. Results

3.1. YC-1 inhibited NPC cell growth associated with PARP cleavage,

S-phase arrest and activation of Chk1/Chk2

First, we examined the anti-tumor activity of YC-1 in a panel of
5 NPC cell lines (HONE-1, CNE-2, C666-1, HONE-1-LMP1 and HK1).
As shown in Fig. 1A, all NPC cell lines exhibited a dose-dependent
growth inhibition upon YC-1 treatment, except for HK1, which was
rather insensitive to YC-1 even at 10 mM. At 10 mM, YC-1 induced a
Fig. 2. YC-1 inhibited NPC cell invasion through the Matrigel. (A) EGF enhanced the cellul

to invade through the Matrigel chamber, with either serum (10% FBS) or EGF (20 ng/ml

mean � SEM (n = 6 fields, p < 0.001***). (B) YC-1 inhibited FBS- and EGF-induced invasion of N

1 (or DMSO) in serum-free medium containing 10% FBS or EGF (20 ng/ml). Percentage of YC

control (statistical significance of YC-1 treatment vs. DMSO control: p < 0.001***). Similar
maximal growth inhibition of 74.1% in HONE-1, followed by 69.7%
in CNE-2, 63.8% in C666-1, and 35.8% in HONE-1-LMP1 at 48 h,
when compared with DMSO control. The relative sensitivity of NPC
cell lines towards YC-1 was consistent with the observed induction
of PARP cleavage (a hallmark for apoptosis) (Fig. 1B). YC-1-induced
PARP cleavage was the strongest in HONE-1, CNE-2 and C666-1,
followed by very moderate induction in HONE-1-LMP1 and no
induction in HK1. The mechanism underlying the relative
resistance of HK1 to YC-1 is unclear.

We then examined the effects of YC-1 on cell cycle progression
of the two most sensitive NPC cell lines, HONE-1 and CNE-2. Both
of these cell lines were originally derived from poorly differ-
entiated NPC [27,28]. In both HONE-1 and CNE-2, YC-1 treatment
(700 nM, the determined IC50 value of YC-1 at 48 h in HONE-1,
Supplementary Fig. 1) resulted in S-phase arrest with concomitant
reduction in G1 population at 12 h, when compared to DMSO
control (Fig. 1C). Our data showed that YC-1 induced an average
increase of S-phase population by 16.68% (from 33.84 � 1.44% to
50.52 � 2.30%, cumulative results from 3 independent experiments,
n = 3, p = 0.0086), and 13.73% (from 31.23 � 1.33% to 44.96 � 0.51%,
cumulative results from 3 independent experiments, n = 3,
p = 0.0105) in HONE-1 and CNE-2, respectively. The representative
original cell cycle results by flow cytometry for both HONE-1 and
CNE-2 cells are shown in Supplementary Fig. 2.

Since Chk1 and Chk2 are key regulators of S-phase checkpoint
and their phosphorylation is known to prevent S-phase progres-
sion [29,30], we detected if the YC-1-induced S-phase arrest
was associated Chk1 and Chk2 phosphorylation. As shown in
Fig. 1D, YC-1-induced S-phase arrest was found to be associated
ar invasion activity of HONE-1 and CNE-2 cells. HONE-1 or CNE-2 cells were allowed

) as chemoattractants. The average number of invaded cells/field was presented as

PC cells. Invasion ability of HONE-1 and CNE-2 cells was assayed in the presence of YC-

-1 induced-invasion inhibition was presented with reference to the respective DMSO

results were obtained in three independent experiments.



Fig. 3. RPPA results showing induction of phospho-p42/44 MAPK and downregulation of phospho-STAT3(Y705) and total STAT3 by YC-1 in HONE-1 cells. (A) Original RPPA

spot intensities with quantitative graphical presentation for p-p42/44 MAPK, p-STAT3(Y705) and total STAT3 expression. Serial dilution (U: undiluted sample; 1/2, 1/4, 1/8, 1/

16 dilution) of each sample was illustrated. HONE-1 cells were treated with 700 nM YC-1 or DMSO for 48 h. Protein lysates with serial dilution are arrayed onto nitrocellulose

slides, and stained for p-p42/44 MAPK, p-STAT3(Y705) and total STAT3 (upper panel). The protein levels were quantified by Microvigene software and the normalized linear

values were shown (lower panel). (B) Validation of RPPA results by Western blotting, showing a dose-dependent change in p-p42/44 MAPK, p-STAT3(Y705) and total STAT3

expression. HONE-1 cells were treated with the indicated concentrations of YC-1 or DMSO for 48 h. Cellular proteins were collected for Western Blotting. Actin was used as a

loading control.

Table 1
Quantitative results of RPPA profiling showing invasion- or proliferation-related

signaling proteins downregulated by YC-1. Invasion-related signaling proteins (A)

and proliferation-related signaling proteins (B) downregulated by YC-1 (700 nM) in

HONE-1 cells at 48 h were indicated. Percentage change versus DMSO control was

shown.

Proteins % Change vs. DMSO

A: Invasion-related signaling proteins downregulated by YC-1

b-catenin 50.3%

Caveolin 49.3%

Src 37.2%

EGFR 20.6%

B: Proliferation-related signaling proteins downregulated by YC-1

STAT3 44.8%

AMPKa 27.5%

ACC (S79) 26.6%

HER-2 26.0%

mTOR 22.5%

p-STAT3 (Y705) 19.8%
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with dose-dependent phosphorylation of Chk1 and Chk2, which
was consistent with previous findings in HEK293 cells [16].

3.2. YC-1 inhibited serum- and EGF-induced invasion of NPC cells

NPC cells are known to be intrinsically invasive. Therefore, in
addition to evaluating its anti-proliferation activity, we also
examined the potential anti-invasion activity of YC-1 on NPC
cells. Both HONE-1 and CNE-2 cells were invasive (Fig. 2A). EGF
further increased the invasiveness of HONE-1 and CNE-2 cells by
4.4-fold and 3.3-fold, respectively (from 16 � 2 to 71 � 5 cells/field
for HONE-1; from 26 � 1 to 89 � 4 cells/field for CNE-2, n = 6,
p < 0.0001) (Fig. 2A). YC-1, at nanomolar concentrations, was able
to effectively reduce both serum-induced and EGF-induced cellular
invasion through the Matrigel in a dose-dependent manner at 24 h. At
700 nM, YC-1 almost completely abrogated the serum-induced
invasion of HONE-1 and CNE-2 (with 96.9% and 98.1% inhibition,
respectively) (Fig. 2B). Even in the presence of the strong invasion-
inducer, EGF, YC-1 at 700 nM was able to inhibit EGF-induced
invasion by 47.4% and 58.7% in HONE-1 and CNE-2, respectively
(Fig. 2B).

3.3. Reverse phase protein array identifies novel signaling

changes by YC-1 treatment

The potent anti-invasion activity of YC-1, together with its anti-
proliferative effect in NPC cell lines, indicates its potential use as an
anti-invasion agent for NPC. The mechanisms underlying YC-1’s
anti-invasion activity in NPC is largely unknown. Although
multiple signaling pathways have been proposed to contribute
to YC-1’s anti-proliferative activity in several human cancers (e.g.
HIF-1a [9,12], STAT3 [13], MAPK [14], JNK [15], NF-kB [11], cell
cycle-dependent pathway [14,16] and mitochondrial-dependent
apoptosis pathway [10]), little is known about the mechanisms



Fig. 4. RPPA revealed downregulation of several invasion-related proteins by YC-1 in HONE-1 cells. (A) Original RPPA spot intensities (upper panel) with quantitative

graphical presentation (lower panel) for b-catenin, caveolin, Src and EGFR. HONE-1 cells were treated with 700 nM YC-1 or DMSO for 48 h and normalized linear values were

shown. (B) Validation of RPPA results by Western blotting, showing a dose-dependent change in the expression levels of b-catenin, caveolin, Src and EGFR in HONE-1 cells at

48 h (left panel). Western blot analysis indicated that the phospho-forms of Src and EGFR were also downregulated by YC-1 at 48 h (right panel). Actin was used as a loading

control. (C) Downregulation of invasion-related signaling proteins by YC-1 in HONE-1 as early as 24 h. Western blot analysis indicated that dose-dependent inhibition of Src,

phospho-Src(Y418), b-catenin, EGFR, phospho-EGFR(Y1086) and caveolin expression by YC-1.

B. Hong et al. / Biochemical Pharmacology 79 (2010) 842–852 847



Fig. 5. RPPA revealed downregulation of several proliferation-related proteins by YC-1 in HONE-1 cells. (A) RPPA revealed several previously un-described proliferation-

related proteins (AMPKa, p-ACC, HER-2 and mTOR) were downregulated by YC-1 in HONE-1 cells at 48 h. The original RPPA spot intensities (left panel), graphical

presentation of the quantitative data (middle panel) and Western blot validation (right panel) were shown. (B) Downregulation of proliferation-related signaling proteins by

YC-1 in HONE-1 as early as 24 h. Western blot analysis indicated that dose-dependent inhibition of AMPKa, p-ACC, HER-2 and mTOR expression by YC-1. Actin was used as a

loading control.
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underlying its anti-invasion activity besides the potential involve-
ment of HIF-1a and MMP2/9 [7,14]. Therefore, we employed a
quantitative proteomic approach, the reverse phase protein array,
to elucidate the potential anti-invasion mechanisms of YC-1 in NPC
cells.

Using specific antibodies recognizing the phosphorylated and
total form of various signaling proteins, RPPA can multiplex and
quantify a large array of signaling proteins with high reproduci-
bility [18]. A quantitative comparison of expression profiles of 70
signaling proteins was performed for HONE-1 cells (the most YC-1-
sensitive cell line) treated with DMSO or YC-1 (700 nM) for 48 h
with 70 optimized antibodies as previously described [21]. For
quantification purpose, cell lysates with serial dilution were
analyzed by RPPA [31] and the amount of each signaling protein
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was determined using the Microvigene software as previously
described [19,22].

The RPPA analysis demonstrated that 14 out of 70 signaling
proteins were upregulated and 23/70 were downregulated by YC-1
at 48 h (with changes �20% vs. DMSO control; Supplementary
Table 1). Among the list, several signaling proteins previously
known to be involved in the anti-tumor activity of YC-1 were also
found to be altered in NPC cells and were validated by Western
blotting with a dose-dependent trend (Fig. 3) [13,32]. These
include: YC-1-induced upregulation of phospho-p42/44 MAPK (by
238%) and downregulation of phospho-STAT3(Y705) (by 20%),
when compared to DMSO control. Our RPPA result showed that
down-modulation of phospho-STAT3(Y705) was actually accom-
panied by reduction of total STAT3 protein as well (by 45%), which
has not been observed in previous study [13] (Fig. 3).

In order to analyze which signaling pathways were concor-
dantly altered by YC-1 treatment, the identified signaling changes
were grouped according to the respective known pathways or
biological functions. This pathway analysis of the RPPA results
showed that YC-1 exerted major effects on several important
signaling pathways, including the MAPK pathway, cell cycle-
related pathways, PI3K pathway, tyrosine kinase pathway, STAT3
pathway and metabolism-related pathways (Supplementary Table
1). Interestingly, quantitative analysis of invasion-related proteins
revealed specific downregulation of b-catenin (by 50%), caveolin
(by 49%), total Src (by 37%) and EGFR (by 21%) by YC-1 (700 nM) in
HONE-1 cells at 48 h, when compared to DMSO control (Table 1A,
Fig. 4A). These YC-1-induced changes in invasion-related proteins
have not been previously reported. A dose-dependent reduction of
all these identified invasion-related proteins by YC-1 at 48 h was
confirmed and validated by Western blotting (Fig. 4B, left panel).
As both Src and EGFR are activated by phosphorylation, we
anticipated the observed down-modulation of total Src and EGFR
to be accompanied by reduction of their phosphorylated forms,
which was confirmed by Western blotting (Fig. 4B, right panel).
Indeed, these changes were consistently observed by Western blot
analysis even at 24 h upon YC-1 treatment (Fig. 4C). In addition,
several other proliferation-related proteins were also down-
regulated by YC-1, which included AMPKa, p-ACC, HER-2 and
mTOR (Table 1B). Similarly, these RPPA findings were all
confirmed and validated by Western blotting (Fig. 5A and B).

3.4. Inhibitory effects of YC-1 on NPC cell invasion were reversed by

overexpression of EGFR, activated Src or caveolin

EGFR, b-catenin, Src and caveolin are known to be important
players in cell invasion and metastasis [33–36]. RPPA analyses
revealed for the first time that expression of these invasion-related
proteins were downregulated by YC-1, implicating their potential
involvement in the anti-invasion activity of YC-1 in NPC cells. This
was further examined by rescue experiments to determine if
overexpression of these proteins could reverse the inhibitory
effects of YC-1 on NPC cell invasion. As shown in Fig. 6A, YC-1
(700 nM) significantly inhibited cellular invasion of vector-
transfected HONE-1 cells at 24 h. However, this YC-1-induced
inhibition of NPC cell invasion was rescued by overexpression of
EGFR, activated Src (Src Y527F) or caveolin (p < 0.0001***) (Fig. 6A),
whereas overexpression of b-catenin did not exert any significant
effect on the anti-invasion activity of YC-1 (Fig. 6A). We also
examined if these invasion-related proteins also mediated YC-1-
induced growth inhibition of NPC cells. As shown in Fig. 6B,
overexpression of either EGFR or activated Src (Src Y527F) was able
to reduce YC-1-mediated growth inhibition of NPC cells. Our
results demonstrated that only EGFR and activated Src had
additional effects on rescuing NPC cells from YC-1-induced growth
inhibition (Fig. 6B), but not b-catenin and caveolin (data not
shown). Thus, while EGFR and Src participate in both the anti-
proliferative and anti-invasive activity of YC-1, caveolin is only
involved in its anti-invasive activity.

In summary, using RPPA, we demonstrated for the first time
that multiple invasion-related signaling proteins were down-
regulated by YC-1 (including b-catenin, caveolin, Src, and EGFR), in
addition to several proliferation-related proteins. More impor-
tantly, we identified novel anti-invasion mechanisms of YC-1 in
NPC cells via down-modulation of EGFR, Src and caveolin.

4. Discussion

In the present study, we showed that YC-1 effectively inhibited
NPC cell invasion and cell proliferation at nM range. Growth
inhibition of NPC cells was associated with PARP cleavage and cell
cycle arrest at S-phase. Functional proteomic analysis by reverse
phase protein array identified for the first time that multiple
invasion-related signaling proteins, including b-catenin, caveolin,
Src and EGFR, were downregulated by YC-1 in cancer cells,
indicating that this high throughput functional proteomics
approach has the ability to help define the mechanism of action
of active drugs. Finally, overexpression of EGFR, activated Src or
caveolin, but not b-catenin reversed YC-1-induced inhibition of
NPC cell invasion, demonstrating these newly identified signaling
proteins altered by YC-1 treatment to be novel mediators of YC-1’s
anti-invasion activity in NPC. Thus, RPPA profiling of signaling
proteins allowed us to identify several novel anti-invasion
mechanisms of YC-1 that could impact NPC, and possibly other
cancers as well.

In preclinical models, YC-1 exhibits anti-invasion or anti-
metastatic activities in various human cancer cell lines, including
hepatoma, neuroblastoma and gastric carcinoma. Using in vivo

models of liver and lung cancers, Shin et al. showed that YC-1 was
able to significantly reduce cancer cell metastasis or invasion to
liver and lung, respectively [7]. Compared to the reported anti-
proliferation mechanisms of YC-1 [9–16], the anti-invasion/anti-
metastasis mechanisms of YC-1 remain largely unknown, excepted
for the involvement of HIF-1a and MMP-2/-9 in hepatoma and
non-small cell lung cancer cells [7,14]. As reported by Shin et al.,
YC-1 inhibited cell invasive migration more effectively than HIF-
1a siRNA, suggesting the existence of addition mechanisms of
anti-invasion of YC-1 in addition to HIF-1a inhibition [7]. In this
study, we demonstrated that a functional proteomic platform,
RPPA, could provide quantitative analysis of an array of important
signaling proteins altered by this promising anti-cancer agent. The
proteomic profile was useful in identifying novel signaling proteins
altered by YC-1, providing information on the mechanism of action
of this drug.

Using RPPA, several previously unidentified invasion-related
proteins were found to be downregulated (>20%) by YC-1 in NPC
cells (e.g. b-catenin, caveolin, Src and EGFR). Some of these newly
identified signaling proteins altered by YC-1 are well-known key
regulators of cancer cell invasion and metastasis, such as EGFR, Src
and b-catenin [33–35]. Of these, EGFR and b-catenin are known to
be overexpressed in NPC. Overexpression of EGFR correlates with
shorter overall survival and time to progression in NPC patients,
while b-catenin expression was not correlated with clinical
outcome [37,38]. Recently, caveolin has been implicated in cancer
metastasis and is found to be up-regulated in a various metastatic
cancers including hepatocellular carcinoma [39], esophageal
squamous cell carcinoma [40], renal cell carcinoma [41] and
prostate cancer [42]. Studies revealed that it plays an important
role in regulating cell migration, motility and cell–cell (matrix)
adhesion [36]. A recent study by Du et al. demonstrated that
caveolin was overexpressed in NPC biopsies, which correlated
significantly with metastasis, poor survival and local recurrence



Fig. 6. (A) Inhibitory effects of YC-1 on NPC invasion were reversed by overexpression of EGFR, activated Src or caveolin. HONE-1 cells were transfected with 4 mg of

pcDNA3.1(+) vector control, pcDNA-HA-EGFR, pLNCX chick src (Y527F), caveolin-GFP or pCl-neo b-catenin WT plasmid. For Matrigel invasion assay, two days after

transfection, cells were replated into Matrigel invasion chamber and incubated for 24 h in the presence of DMSO or YC-1 (700 nM), respectively. Results were photographed at

100� (left panel). Percentage of inhibition of invasion induced by YC-1 was shown with reference to the respective DMSO control in each group as mean � SEM (n = 10 fields)

(right panel). (B) Overexpression of EGFR or activated Src also reversed the NPC growth inhibitory effect of YC-1. Day 2 transfectants were treated with 1 mM or 5 mM of YC-1 for
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[43]. Caveolin was also found to be up-regulated in NPC cell lines
(CNE1, CNE2 and C666-1) when compared with normal nasophar-
yngeal epithelial cells. Du et al. indicated that caveolin promoted
NPC cell invasion and metastasis, which was consistent with our
finding [43].

In this study, we found that EGFR, activated Src and caveolin are
mediators of YC-1’s anti-invasion activity in NPC cells. Since these
signaling proteins are widely overexpressed and responsible for
invasion or metastasis in many other human cancers, it may
implicate the potential of YC-1 in inhibiting cancer cell invasion or
metastasis of other cancers via targeted inhibition of EGFR, Src and
caveolin. This may warrant further investigation in other cancers.

Our study demonstrated that YC-1-inhibited NPC cell growth
was associated with apoptosis, as well as S-phase arrest with Chk1/
2 phosphorylation. Chk1 and Chk2 are two important sensors of
DNA damage. They are known to be phosphorylated upon DNA
damage, which then inhibit the initiation of DNA replication and
lead to a halt in S-phase of the cell cycle [30]. It is possible that the
observed YC-1-mediated S-phase arrest in NPC cells is due to Chk1/
2 phosphorylation and subsequent inhibition of DNA replication.
YC-1 has been demonstrated to inhibit DNA synthesis in human
vascular endothelial cells [44] and rat mesangial cells [45]. This is
further supported by Yeo et al.’s finding that specific down-
regulation of Chk1/2 by siRNA rescued YC-1-induced S-phase
arrest in HEK293 cells [16].

Besides the involvement of Chk1/2, multiple anti-proliferation
mechanisms of YC-1 have been previously described in various
cancer systems including: downregulation of HIF-1a [9,12],
activation of p44/42 MAPK [14] and JNK [15], inhibition of NF-
kB activation [11] and phospho-STAT3 [13], induction of
mitochondrial-dependent apoptosis pathway [14], as well as
alteration of several cell cycle regulators, such as p21, p27, p16,
cyclin D1, CDK2, cdc25A [14]. In this study using RPPA, we
identified several previously un-described proliferation and
metabolism-related signaling proteins altered by YC-1 in NPC
(Table 1B). These include: AMPKa, p-ACC, HER-2, and mTOR. We
also demonstrated activation of p44/42 MAPK and downregulation
of phospho-STAT3 by YC-1 (Fig. 3B), which was consistent with
previous findings [13,16,32]. Whether these new targets of YC-1
(AMPKa, p-ACC, HER-2 and mTOR) are responsible for YC-1’s
antitumor activity remain to be further investigated.

Of note was the finding that in the YC-1-insensitive cell line,
HK1, addition of YC-1 (up to 10 mM for 48 h) did not induce any
significant changes in the levels of EGFR, p-EGFR, Src, p-Src,
caveolin, b-catenin (the invasion-related proteins), nor p-p44/42
MAPK, STAT3, p-STAT3, AMPKa, p-ACC, HER-2, and mTOR (the
proliferation-related proteins) (Supplementary Fig. 3). These
results agreed with our RPPA finding on the mechanistic
involvement of these signaling cascades in the antitumor action
of YC-1 in YC-1-sensitive cells, but not in YC-1-insensitive NPC
cells. Our results showed that overexpression of EGFR or activated
Src partially reduced YC-1-mediated growth inhibition, indicating
their potential involvement in the anti-proliferative mechanism of
YC-1. This may also explain why the HK1 cell line, which harbors
EGFR gene amplification [46,47] together with elevated expression
of EGFR, as well as Src (when compared with HONE-1) was
relatively insensitive to YC-1 (Supplementary Fig. 4A). Moreover,
in HONE-1-LMP1 cells (which showed moderate sensitivity to YC-
1), the protein expression of EGFR and Src were also moderately
upregulated when compared to HONE-1 (Supplementary Fig. 4B),
which may partially explain the moderate sensitivity of this cell
line to YC-1. In fact, LMP1 has been previously shown to induce
EGFR expression [48]. Interestingly, although caveolin was found
24 h. MTT assay was performed. Percentage of growth inhibition was shown with referen

pcDNA3.1(+) and the EGFR or activated Src (SrcY527F) transfected groups was indicated.
to be downregulated by YC-1 in HONE-1 cells (by RPPA) but not
involved in the anti-proliferation action of YC-1, both HK1 and
HONE-1-LMP1 expressed higher basal levels of this protein (vs.
HONE-1) (Supplementary Fig. 4A and B).

Using RPPA, we have successfully identified several novel anti-
invasion mechanisms of YC-1 in NPC. Although RPPA has been
shown to be useful to detect quantitative changes in key signaling
molecules, there are still practical limitations to be overcome in
the future. Due to the stringent requirement of specific and high
quality antibodies for RPPA (including antibodies for the total and/
or phosphorylated protein or other modifications), the current
pre-validated antibody set only allows the detection of limited
number of very common and important signaling molecules. In
the current study, only 70 well-validated signaling proteins were
covered in the RPPA analysis. It is likely that some other signaling
molecules, which may also contribute to anti-tumor action of YC-
1, have not been evaluated by our RPPA platform at the moment.
Hopefully, this practical limitation of RPPA can be resolved in the
near future with concerted efforts for RPPA antibody validation to
expand the potential number of specific and high quality
antibodies that can be used for this highly quantitative proteomic
platform.

In conclusion, YC-1 exhibits potent anti-invasion and anti-
proliferation activities in NPC cell lines. Using RPPA, we identified
novel YC-1-induced molecular changes and also identified novel
anti-invasion mechanisms of YC-1, namely downregulation of
EGFR, activated Src and caveolin in NPC. These identified
mechanisms may also underlie the anti-invasive/anti-metastatic
activity of YC-1 in other cancers. Results from our study may have
important implications for the use of this promising anti-cancer
agent for the treatment of NPC invasion or metastasis, which will
warrant further investigation in metastatic models of NPC.
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