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A B S T R A C T

Andrographolide is a diterpenoid compound isolated from Andrographis paniculata that exhibits

anticancer activity. We previously reported that andrographolide suppressed v-Src-mediated cellular

transformation by promoting the degradation of Src. In the present study, we demonstrated the

involvement of Hsp90 in the andrographolide-mediated inhibition of Src oncogenic activity. Using a

proteomics approach, a cleavage fragment of Hsp90a was identified in andrographolide-treated cells.

The concentration- and time-dependent induction of Hsp90 cleavage that accompanied the reduction in

Src was validated in RK3E cells transformed with either v-Src or a human truncated c-Src variant and

treated with andrographolide. In cancer cells, the induction of Hsp90 cleavage by andrographolide and

its structural derivatives correlated well with decreased Src levels, the suppression of transformation,

and the induction of apoptosis. Moreover, the andrographolide-induced Hsp90 cleavage, Src

degradation, inhibition of transformation, and induction of apoptosis were abolished by a ROS inhibitor,

N-acetyl-cysteine. Notably, Hsp90 cleavage, decreased levels of Bcr-Abl (another known Hsp90 client

protein), and the induction of apoptosis were also observed in human K562 leukemia cells treated with

andrographolide or its active derivatives. Together, we demonstrated a novel mechanism by which

andrographolide suppressed cancer malignancy that involved inhibiting Hsp90 function and reducing

the levels of Hsp90 client proteins. Our results broaden the molecular basis of andrographolide-

mediated anticancer activity.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Heat shock protein 90 (Hsp90) is an ATP-dependent molecular
chaperone that is required for the folding, activation, maturation
and stability of client proteins. Many Hsp90 client proteins
participate in essential cell physiology [1]. Previously, it was
reported that solid tumors and hematological cancers had a higher
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expression of Hsp90 and its co-chaperones than normal cells [2–4].
In addition, many proteins known to promote carcinogenesis,
including oncoproteins (such as v-Src and Bcr-Abl) and signal-
transducing proteins (such as Akt and HER2), are Hsp90 client
proteins. Furthermore, Hsp90-mediated stabilization/activation of
these client proteins contributes to the acquisition of cancer cell
hallmarks, including proliferation, survival, angiogenesis and
invasion [5,6].

Cancer cells are more susceptible to Hsp90 inhibition than
normal cells [7]. Upon Hsp90 inhibition, cancer-associated client
proteins cannot adopt their active conformations and therefore get
degraded, losing the ability to maintain pathways that are essential
for the malignant phenotypes of cancer cells. For example, the Akt
pathway is involved in the survival and metastasis of cancer cells
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[8], and inhibiting Hsp90 disrupts the association of Akt with the
Hsp90-Cdc37 complex, leading to proteasome-dependent Akt
degradation [9]. Bcr-Abl, the oncoprotein responsible for chronic
myelogenous leukemia (CML), is a molecular target for clinical CML
treatment [10]. Hsp90 inhibition promotes Bcr-Abl degradation
and suppresses the proliferation of Bcr-Abl-expressing CML
[11,12]. In addition, Hsp90 as well as its co-chaperones are
essential for the maturation and stability of the v-Src oncoprotein
and therefore for sustaining v-Src-mediated cellular transforma-
tion [13–15]. Because Hsp90 inhibition abolishes the client-
mediated pathways that are essential for cancer malignancy and
leads to cancer cell death, Hsp90 inhibitors are considered
promising agents for cancer chemotherapy [16].

In vertebrates, inducible Hsp90a and constitutively expressed
Hsp90b are the two major isoforms of Hsp90. The Hsp90 protein
contains three major domains with specific functions. The N-
terminal domain consists of an adenine nucleotide-binding pocket
that is involved in ATP binding and hydrolysis. The middle domain
is responsible for regulating ATP hydrolysis and the interactions
with client proteins and co-chaperones. The C-terminal domain
contains a conserved MEEVD motif that plays a role in the
recruitment of TPR-domain-containing co-chaperones. Hsp90 acts
as a homodimer of two Hsp90 molecules that associate via the C-
terminal domain [1,17]. Most Hsp90 inhibitors, such as geldana-
mycin, 17-AAG and radicicol, bind to the N-terminal ATP-binding
pocket to suppress Hsp90 activity [18]. Several coumarin
derivatives interact with the C-terminus of Hsp90, providing an
Fig. 1. Chemical structures of andro
alternative targeting strategy for Hsp90 inhibitors [16]. Recently, it
was reported that the chaperone activity of Hsp90 proteins could
be attenuated by oxidative stress-induced Hsp90 cleavages.
Various Hsp90a and Hsp90b cleavage products have been
identified in cancer cells under oxidative stress caused by
treatments such as ascorbate/menadione [19], H2O2 [20,21] and
arsenate [22]. Hsp90 cleavage is accompanied by the reduced
expression of client proteins and the induction of cancer cell
apoptosis [19,22]. Therefore, Hsp90 cleavage may represent
another mechanism to inhibit Hsp90 function.

Andrographolide (Fig. 1), a diterpenoid lactone isolated from
Andrographis paniculata, is the major constituent of A. paniculata.

Andrographolide has been reported to exhibit anti-inflammatory
activities in vitro and in vivo. Andrographolide suppresses the
secretion of cytokines, chemokines and inflammatory enzymes
(iNOS and COX) from macrophages [23–25]. In a murine asthma
model, andrographolide suppressed allergic lung inflammation by
inhibiting the NF-kB pathway [23,26]. Recently, accumulating
evidence indicates that andrographolide potently inhibits numer-
ous malignant cancer phenotypes [27–30]. Andrographolide
inhibited cell cycle progression in human colorectal carcinoma
and hepatoma cells [27,28]. Furthermore, andrographolide in-
duced the apoptosis of human hepatoma HepG2 cells via the
caspase 8-dependent activation of pro-apoptotic Bcl-2 family
members [29] and sensitized cancer cells to TRAIL-induced
apoptosis in a p53-dependent manner [30]. Andrographolide also
promoted autophagic cell death and increased ROS in human liver
grapholide and its derivatives.
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cancer cells [31]. Moreover, andrographolide increased the
radiosensitivity and chemosensitivity of cancer cells [32,33].
Several reports have demonstrated that andrographolide sup-
presses cancer invasion by inhibiting the activity of matrix
metalloproteinases (MMPs) [34,35]. Our previous work has
demonstrated that andrographolide suppresses v-Src-induced
cellular transformation by promoting v-Src degradation [36]. In
this study, we further investigated the molecular mechanism of
andrographolide-induced v-Src degradation. Using a proteomic
strategy, we identified an Hsp90 fragment that was induced by
andrographolide treatment. Furthermore, we demonstrated that
andrographolide-induced Hsp90 cleavage was ROS-dependent and
that the induction of Hsp90 cleavage by andrographolide was
associated with the downregulation of Hsp90 client proteins and
the suppression of cancer cell malignancy.

2. Materials and methods

2.1. Chemicals and antibodies

Andrographolide and N-acetylcysteine (NAC) were purchased
from Sigma-Aldrich (St. Louis, MO). Andrographolide derivatives
(NCTU-030, NCTU-048 and NCTU-322) were synthesized by Dr.
Chung-Ming Sun at the Department of Applied Chemistry, National
Chiao Tung University, Hsinchu, Taiwan. Antibodies against v-Src
(clone EC10) and Src were purchased from Upstate Biotechnology
(Lake Placid, NY). Anti-Hsp90 antibodies against different regions
of Hsp90 (Cat No. 4874 and 4877) and the anti-Bcr antibody were
purchased from Cell Signaling Technology (Beverly, CA). Anti-
Hsp90a and anti-GAPDH antibodies were purchased from
GeneTex (Irvine, CA). The anti-actin antibody was purchased from
Sigma-Aldrich (St. Louis, MO).

2.2. Cell culture

RK3E/ts-v-Src, v-Src#1 and Src531#6 cells were created and
cultured as previously described [36]. Src531 is a C-terminally
truncated Src mutant previously identified in human colon
cancer cells [37]. K562 cells were regularly maintained in RPMI
medium (Gibco, Grand Island, NY) containing 10% fetal bovine
serum (Biological Industries, Kibbutz Beit Haemek, Israel), 1%
penicillin-streptomycin-glutamine, and 1% sodium pyruvate
(Gibco, Grand Island, NY) in a 5% CO2 humidified incubator at
35 8C.

2.3. Determination of morphological alterations

The ts-v-Src cells (105) were seeded in MP-6 plates and grown
at 39.5 8C overnight. The cells were treated with vehicle or drugs
and immediately incubated at 35 8C. After 24 h, cell morphology
was photographed under a phase-contrast microscope at 200�
magnification.

2.4. Western blot

Vehicle- and drug-treated cells were collected and lysed in RIPA
buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 5 mM EDTA (pH 8.0), and 1 mM EGTA (pH
8.0)] containing 0.5% protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO). Total protein (50 mg) was analyzed as described
previously [38].

2.5. IEF and 2-DE

The ts-v-Src cells (3 � 105/100 mm dish) were treated with 0.1%
DMSO, andrographolide (10 mM) or NCTU-048 (10 mM) for 4 h at
35 8C. The cells were harvested and lysed in 25 mM Tris–Cl buffer
(pH 8.0) containing protease inhibitors (Sigma-Aldrich, St. Louis,
MO). Sample preparation and analysis were performed as
described previously [39]. For the 2-DE analysis, 500 mg of total
protein was precipitated with methanol/chloroform. The protein
pellets were dissolved in 250 ml of rehydration buffer [7 M urea,
2 M thiourea, 4% CHAPS, 2% IPG buffer (Amersham Bioscience,
Piscataway, NJ), 1.2% DeStreak reagent (Amersham Bioscience) and
0.002% bromophenol blue (Amersham Bioscience)]. For rehydra-
tion, the samples were loaded into 13 cm Immobiline DryStrips
(Amersham Bioscience) with a 3–10 pH gradient for 12 h. 2-DE was
performed according to the supplier’s protocol (Amersham
Bioscience).

2.6. LC–MS/MS analysis

To identify the proteins, trypsin-digested peptides were dried
and dissolved in H2O (0.1% formic acid) for LTQ-Orbitrap hybrid
tandem mass spectrometry (Thermo Fisher Scientific, Bremen,
Germany). The parameters for the LC–MS/MS and mass spectrom-
etry analyses were described previously [40].

2.7. Annexin V/PI staining

The ts-v-Src cells (3 � 105) were seeded in 100-mm plates,
grown overnight at 35 8C and treated with vehicle, andrographo-
lide or an andrographolide derivative for 24 h. The apoptotic cells
were detected using an Annexin V-fluorescein isothiocyanate-
conjugated kit (R&D, Minneapolis, MN) and flow cytometry
(FACSCalibur, Becton Dickinson, San Jose, CA). The Annexin V+

cells were calculated as apoptotic cells.

2.8. ROS measurements

ROS levels were measured using dichlorofluorescein diacetate
(H2DCFDA, Invitrogen, Grand Island, NY). Drug-treated cells were
incubated with 10 mM H2DCFDA in PBS at 37 8C for 30 min, and the
dye-labeled cells were incubated in growth medium (DMEM, 10%
FBS, 1% P.S.G. and 1% sodium pyruvate) at 37 8C for 1 h.
Subsequently, the cells were washed and resuspended in PBS
and stained with PI (10 mg/ml). The intensity of the green
fluorescence in PI-negative cells was determined by flow
cytometry. Superoxide levels were measured using MitoSOX
(Invitrogen, Grand Island, NY). Briefly, the drug-treated cells were
incubated with 5 mM MitoSOX in HBSS at 37 8C for 15 min.
Subsequently, these cells were washed twice and resuspended in
HBSS. The intensity of red fluorescence in treated cells was
determined by flow cytometry.

2.9. Measurement of the intracellular level of glutathione

Levels of intracellular glutathione were measured using
glutathione assay kit (Sigma-Aldrich, St. Louis, MO) and
calculated for quantitative analysis. Briefly, the drug-treated
cells (106 cells) were resuspended in 5-sulfosalicylic acid (5%),
frozen-and thaw twice, then left at 4oC for 5 min. After
centrifugation at 10,000 � g for 10 min, the supernatant was
collected and measured for the glutathione levels following
manufacturer’s instruction. The GSH level was shown as nmole
per 106 cells.

2.10. Statistics

The data are expressed as the mean � SD of three independent
experiments. A p-value of <0.05 indicated a statistically significant
difference as determined by Student’s t-test.
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3. Results

3.1. The effects of andrographolide derivatives on v-Src expression

and transformation

We previously demonstrated that andrographolide suppressed
v-Src-induced transformation by decreasing the stability of v-Src
[36]. To further investigate the inhibitory effects of andrographo-
lide derivatives (Fig. 1), a sublethal concentration of each
compound based on MTT assay data (data not shown) was chosen
to determine the inhibition of v-Src-induced transformation using
a temperature-sensitive v-Src-expressing cell line (ts-v-Src). ts-v-
Src cells grown at 39.5 8C were treated with andrographolide or its
derivatives, immediately switched to a 35 8C incubator and
cultured for another 24 h. Andrographolide (Andro), NCTU-030
and NCTU-322 significantly suppressed v-Src-induced cell trans-
formation (Fig. 2A). In contrast to the transformed ts-v-Src cells
grown at 35 8C that displayed more membrane extensions and lost
their cell-cell contacts, the cells treated with these compounds
exhibited flat polygonal morphology with clear cell-cell contacts,
similar to the non-transformed morphology observed in ts-v-Src
cells grown at 39.5 8C. Conversely, NCTU-048 did not affect v-Src-
mediated morphological transformation (Fig. 2A). We next
investigated whether andrographolide derivatives also affected
v-Src protein expression. As shown in Fig. 2B, NCTU-030 and
NCTU-322, but not NCTU-048, significantly reduced v-Src expres-
sion. Accordingly, the ability of andrographolide derivatives to
suppress transformation correlated with the ability to attenuate v-
Src expression.

3.2. Identification of an Hsp90a fragment in andrographolide-treated

cells

To further investigate the mechanism of andrographolide-
mediated inhibition of cellular cell transformation and v-Src
degradation, we compared the proteomes of ts-v-Src cells treated
with vehicle control, andrographolide or NCTU-048. NCTU-048
was included as a reference control because it has a similar
structure to andrographolide but did not exhibit any inhibitory
effects. We specifically identified proteins that exhibited altered
expression in andrographolide-treated cells but not in the other
cells. Presumably, these proteins were more relevant to andro-
grapholide-mediated transformation inhibition and v-Src degra-
dation. Overall, 11 up-regulated spots and 5 downregulated spots
were selected from the gel images of andrographolide-treated cells
and subsequently analyzed by LC–MS/MS. Among these, an
Hsp90a fragment was identified; the peptide sequence was
deduced from the MS spectra and was mapped to the N-terminus
of Hsp90a (Fig. 3A and B). We next verified the proteomics data by
Western blot using antibodies against Hsp90a and Hsp90a/b. A
cleaved Hsp90 fragment was detected in transformed ts-v-Src cells
treated with andrographolide (10 mM), which is in accordance
with the proteomic data (Fig. 3C).

3.3. Andrographolide treatment in various Src-transformed cells

induced Hsp90 cleavage in a concentration- and time-dependent

manner

Since Hsp90 has been reported to regulate the stability of v-Src
and v-Src-induced cell transformation [1,41], we next determined
whether Hsp90 cleavage was a key event in the andrographolide-
mediated decrease in v-Src and the resulting biological effects. As
described in our previous study, andrographolide treatment of ts-
v-Src cells under different conditions could lead to Src down-
regulation but caused different biological consequences [36].
When ts-v-Src cells grown at 39.5 8C (non-transformed phenotype)
were treated with andrographolide and immediately incubated at
35 8C for 24 h, transformation was inhibited. However, when ts-v-
Src cells constantly grown at 35 8C (transformed phenotype) were
treated with andrographolide at 35 8C for 24 h, they underwent
significant cell death. We next investigated whether androgra-
pholide caused Hsp90 cleavage in ts-v-Src cells under both
conditions. When ts-v-Src cells grown at 35 or 39.5 8C were
treated with andrographolide and then cultured at 35 8C for 24 h,
Hsp90 cleavage occurred in a dose-dependent manner under both
conditions (Fig. 4A). Moreover, the andrographolide-mediated
downregulation of v-Src correlated with the production of the
Hsp90 fragment in both conditions (Fig. 4A). The induction of
Hsp90 cleavage was also measured in andrographolide-treated
transformed cells constitutively expressing wild-type v-src (v-
Src#1 cells) or the truncated mutant of human c-src (Src531 cells).
As shown in Fig. 4B, andrographolide treatment induced Hsp90
cleavage in both cell types. Furthermore, andrographolide
treatment also reduced Src protein expression in these cells. In
a time-course experiment, Hsp90 cleavage in v-Src-overexpressing
cells was induced after 6 h of andrographolide treatment, and the
maximal expression of the Hsp90 fragment occurred at 24 h
(Fig. 4C).

3.4. Hsp90 cleavage correlated with andrographolide-induced

apoptosis

We previously demonstrated that andrographolide treatment
of v-Src transformed cells induced significant cell death and that
most of the dead cells were detached [36]. The induced expression
of cleaved Hsp90 in adherent and detached v-Src-transformed cells
after andrographolide treatment was investigated. As shown in
Fig. 5A, a higher level of cleaved Hsp90 was detected in detached
cells than in adherent cells. In addition, the expression of v-Src in
these cells was inversely correlated with the amount of cleaved
Hsp90. To determine whether andrographolide-mediated cell
death involved apoptosis, Annexin V/PI staining was performed
in cells treated with different concentrations of andrographolide.
Apoptotic cells were evident after treatment with 10 mM
andrographolide (Fig. 5B), and the degree of apoptosis was more
significant in detached cells (Fig. 5C). Together, these data
demonstrated that andrographolide-mediated Hsp90 cleavage
was associated with decreased v-Src as well as with apoptosis.

3.5. Apoptosis induction by andrographolide derivatives correlated

with the ability to induce Hsp90 cleavage

For several andrographolide derivatives, the ability to inhibit
transformation correlated with the reduction in Src expression
(Fig. 2). We further investigated whether Hsp90 cleavage was
associated with v-Src degradation and apoptosis induced by
andrographolide derivatives. Transformed ts-v-Src cells treated
with andrographolide derivatives (NCTU-030 and NCTU-322)
exhibited a dramatic increase in Hsp90 cleavage, similar to that
observed with andrographolide (Fig. 6A). However, NCTU-048
treatment did not increase v-Src degradation or Hsp90 cleavage.
Only the active derivatives of andrographolide (NCTU-030 and
NCTU-322) induced apoptosis in transformed ts-v-Src cells
(Fig. 6B). These results confirmed the strong correlation between
andrographolide-induced Hsp90 cleavage and the inhibition of v-
Src-mediated oncogenicity.

3.6. ROS production was involved in andrographolide-mediated

Hsp90 cleavage

Oxidative stress-induced Hsp90 cleavage has been described
previously [19,42]. Moreover, andrographolide treatment has been



Fig. 2. Inhibition of v-Src transformation by andrographolide and its derivatives. (A) The effects of andrographolide and its derivatives on v-Src-induced cell transformation

were evaluated. The ts-v-Src cells were treated with vehicle (0.1% DMSO) or various drugs at the indicated concentrations, switched from 39.5 to 35 8C, grown for 24 h, and

observed by microscopy for morphological alterations. ts-v-Src cells grown at 39.5 or 35 8C served as controls for the non-transformed and transformed phenotypes,

respectively. (B) Western blotting was utilized to analyze the v-Src levels in drug-treated cells 24 h after switching to 35 8C. GAPDH served as the internal control.
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Fig. 3. An Hsp90a fragment was identified in andrographolide-treated cells. (A) A total of 500 mg of protein lysate from the vehicle-, andrographolide- and NCTU-048-treated

ts-v-Src cells was subjected to 2-DE analysis. The resulting 13 cm � 13 cm, pH 3-10 2D gels were stained with silver nitrate and analyzed by imaging software to identify the

differentially expressed proteins in response to drug treatment. The circled spot in the enlarged area was more intense in the andrographolide-treated group compared with

the others and was further analyzed by MS to determine its identity. (B) The peptide sequences (underlined) identified from the MS spectra mapped to the N-terminal region

of Hsp90a (top panel). The characteristics of the identified Hsp90a fragment are listed in the bottom panel. (C) The increased expression of the Hsp90a fragment after

andrographolide treatment (10 mM, temperature switch, 24 h) was verified by Western blot. Antibodies against Hsp90a/b and Hsp90a were utilized to detect the presence of

the Hsp90 fragment.
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reported to involve ROS induction in cancer cells [28,43]. We
therefore investigated whether andrographolide induced Hsp90
cleavage via ROS. The ROS levels in andrographolide-treated
transformed ts-v-Src cells, measured by H2DCFDA, were increased
in a time- and concentration-dependent manner (Fig. 7A).
Moreover, andrographolide treatment also increased the produc-
tion of superoxide and reduced the intracellular level of glutathi-
one in transformed ts-v-Src cells (Fig. 7B and C). In addition, the
andrographolide-induced Hsp90 cleavage in ts-v-Src and Src531
cells was suppressed by the antioxidant N-acetylcysteine (NAC)
(Fig. 7D). Furthermore, NAC treatment suppressed the androgra-
pholide-mediated downregulation of v-Src and Src531 (Fig. 7D).
Accordingly, pre-incubating ts-v-Src cells with NAC decreased
andrographolide-induced apoptosis (Fig. 7E) and reversed the
andrographolide-mediated inhibition of transformation (Fig. 7F).
Similarly, the andrographolide-mediated Hsp90 cleavage, v-Src
reduction and caspase-3 activation were also abolished by another
antioxidant, Trolox (Fig. 7G). Together, these data suggested a
critical role for ROS in andrographolide-mediated Hsp90 cleavage
and the suppression of v-Src oncogenicity. The effects of
andrographolide on Hsp90 were also examined in K562 cells, a
human myelogenous leukemia line expressing the Hsp90 client
protein Bcr-Abl. As shown in Fig. 8A, andrographolide treatment
induced Hsp90 cleavage, Bcr-Abl degradation and caspase-3
activity in K562 cells and these effects were abolished by NAC
pre-treatment (Fig. 8A). Furthermore, the activity of the andro-
grapholide derivatives on Hsp90 cleavage correlated with the
ability to downregulate Bcr-Abl and to induce apoptosis in K562
cells (Fig. 8B). Since andrographolide treatment exhibited consis-
tent effects in both K562 and Src-transformed cells, it was
concluded that andrographolide induced Hsp90 cleavage and
destabilized Hsp90 client proteins in different types of cancer cells.

4. Discussion

We previously demonstrated that andrographolide impaired v-
Src-mediated cell transformation by promoting v-Src degradation
[36]. In this study, a strong correlation was observed between the



Fig. 4. The andrographolide-induced expression of the Hsp90 fragment was concentration- and time-dependent in Src-overexpressing cells. (A) Left panel: ts-v-Src cells

grown at 39.5 8C were treated with different concentrations of andrographolide and incubated at 35 8C for 24 h. The expression of the Hsp90 fragment and v-Src was detected

by Western blot. Right panel: ts-v-Src cells grown at 35 8C were treated with andrographolide, incubated for 24 h and analyzed by Western blot. (B) The v-Src- and Src531-

overexpressing cells were treated with different concentrations of andrographolide, incubated for 24 h and analyzed by Western blot using antibodies against v-Src and c-Src

respectively. (C) ts-v-Src cells grown at 35 8C were treated with andrographolide, incubated for different time periods and analyzed by Western blot. Actin was utilized as the

internal control.
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suppression of v-Src-mediated cell transformation and the down-
regulation of v-Src using andrographolide derivatives. Further-
more, using a proteomic approach, an Hsp90a fragment was
identified that was specifically induced by andrographolide in v-
Src-transformed cells (Fig. 3A and B). The production of this Hsp90
fragment, along with the downregulation of Src oncoprotein, was
verified in cells transformed with either v-Src or a human
truncated c-Src mutant (Src 531) and treated with andrographo-
lide (Fig. 4). The andrographolide-induced Hsp90 fragment was
enriched in detached apoptotic cells (Fig. 5). In addition, both
andrographolide and its active derivatives induced Hsp90 cleav-
age, which was associated with cancer cell apoptosis (Fig. 6).
Noticeably, ROS generated in response to andrographolide was
required for Hsp90 cleavage, downregulating Src protein and
suppressing the transformed phenotype and survival conferred by
Src (Fig. 7). Importantly, ROS-dependent Hsp90 cleavage, the
downregulation of Bcr-Abl (a hallmark Hsp90-client protein), and
the induction of apoptosis were also observed in the human K562
leukemia cell line after treatment with andrographolide (Fig. 8).
Together, our data demonstrated that andrographolide reduced
the protein levels of v-Src and Bcr-Abl, which inhibited the cancer
phenotypes and/or the survival of the cancer cells. Furthermore,
andrographolide-mediated interference of ‘‘oncogene addiction’’
in cancer cells was related to the inhibition of Hsp90 function.
Based on data from this study and a previous publication [36], a
proposed model is described in Fig. 9.

In this study, we demonstrated that andrographolide-induced
v-Src degradation was related to the inhibition of Hsp90 function,
which supports the previous findings that Hsp90 chaperones are
essential for Src stability and activity [13–15]. Notably, another
Hsp90 client protein, Bcr-abl, was also downregulated by
andrographolide (Fig. 8). A recent report demonstrated that
andrographolide decreased the interaction of Hsp90 with the
androgen receptor (AR), a client protein of Hsp90 [44]. Interest-
ingly, andrographolide has been reported to elicit anticancer
activities by reducing the protein levels of Akt, HIF-1a, and Cdk4
[45–47]. Because these proteins are all known Hsp90 clients, it is
possible that andrographolide-mediated inhibition of Hsp90 is



Fig. 5. Induction of the Hsp90 fragment correlated with the apoptosis of transformed ts-v-Src cells in response to andrographolide treatment. (A) The Hsp90a fragment was

detected in transformed ts-v-Src cells (grown at 35 8C) after treatment with andrographolide (10 mM, 24 h). After drug treatment, both adherent and detached cells were

collected and analyzed by Western blot using antibodies against Hsp90a/b, Hsp90a and v-Src. (B) Andrographolide-induced apoptosis in transformed ts-v-Src cells was

measured using Annexin V/PI staining and flow cytometry (upper panel). The quantitative data on the apoptotic cells (Annexin V+ cells) from three independent experiments

are presented in the lower panel. (C) Andrographolide-induced apoptosis was greater in detached cells than in adherent cells. Data are presented as the mean � S.E.M. Asterisk

(*) indicates p < 0.05 versus vehicle control.
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Fig. 6. The apoptosis-inducing activity of andrographolide and its derivatives correlated with the ability to induce Hsp90 cleavage. (A) The transformed ts-v-Src cells (grown at

35 8C) were treated with vehicle, andrographolide (Andro) or the derivatives for 24 h, then v-Src degradation and Hsp90 cleavage were measured by Western blot. GAPDH

was utilized as an internal control. (B) The percentage of apoptotic cells after treatment with andrographolide or its analogues were measured by Annexin V/PI staining and

flow cytometry. Data are presented as the mean � S.E.M. Asterisk (*) indicates statistical significance versus vehicle control (p < 0.05).
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involved in the downregulation of these proteins. Together, these
data suggested that andrographolide decreased the stability of
Hsp90 client proteins by inhibiting Hsp90 function.

The present study demonstrated that elevated ROS was
associated with andrographolide-induced Hsp90 cleavage, onco-
protein degradation and cancer cell apoptosis (Fig. 7 and 8). In fact,
andrographolide has been reported to induce ROS production
under several circumstances [28,43]. Furthermore, several reports
have demonstrated that oxidative stress induced by ascorbate/
menadione [19], H2O2 [20,21] or arsenate [22] triggered Hsp90
cleavages, leading to the degradation of Hsp90 client proteins and
cancer cell death [19,22]. Importantly, ROS-induced Hsp90
cleavage was observed in a large panel of cancer cell lines but
not in non-transformed cells, indicating that Hsp90 cleavage is a
specific event that occurs in cancer cells [19]. Taken together, these
data suggested that ROS-dependent Hsp90 cleavage induced by
andrographolide represents an effective mechanism to suppress
cancer survival.

Several Hsp90 cleavage products have previously been identi-
fied in cancer cells under oxidative stress [19–22]. For example,



Fig. 7. Andrographolide-induced Hsp90 cleavage occurred via ROS production. (A) The intracellular ROS levels in transformed ts-v-Src cells treated with vehicle or

andrographolide for 6 h were determined by H2DCFDA treatment and flow cytometry. The mean fluorescence intensity of each sample was measured at the indicated time

and concentration. (B) The superoxide levels in transformed ts-v-Src cells treated with vehicle or andrographolide (10 and 30 mM) for 12 h were detected using MitoSOX

fluorescent dye and flow cytometry. The mean fluorescence intensity in each sample was shown. Data are presented as the mean � S.E.M. from three independent experiments.

Asterisk (*) indicates p < 0.05 versus vehicle control. (C) The glutathione content of andrographolide-treated cells at the indicated time and concentration was determined as

described in Section 2. Data are presented as the mean � S.E.M. from three independent experiments. Asterisk (*) indicates p < 0.05 versus vehicle control. (D) Transformed ts-v-Src

or Src531#6 cells were incubated with or without N-acetylcysteine (NAC) for 1 h, exposed to andrographolide (10 mM for 24 h), and then analyzed for the expression of the Hsp90

fragment and Src protein by Western blot. (E) Transformed ts-v-Src cells (grown at 35 8C) were incubated with or without N-acetylcysteine (NAC) for 1 h, exposed to

andrographolide (10 mM for 24 h), and then analyzed for the percentage of the apoptotic cells by Annexin V/PI staining and flow cytometry. Data are presented as the mean � S.E.M.

Asterisk (*) indicates statistical significance versus vehicle control (p < 0.05). (F) ts-v-Src cells grown at 39.5 8C were treated with or without NAC for 1 h, incubated with vehicle

(0.1% DMSO) or andrographolide (5 mM), switched to 35 8C for 24 h, and then observed by microscopy for morphological alterations. (G) Transformed ts-v-Src cells (grown at 35 8C)
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Fig. 7. (Continued ).
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UVB irradiation induced Hsp90b cleavage via caspase 10 in human
A431 epidermoid carcinoma cells, resulting in the generation of a
55 kDa fragment near the N-terminus [48]. In addition, free
radicals induced by ascorbate/menadione treatment initiated the
cleavage of purified recombinant Hsp90 via a Fenton reaction in
the presence of redox-active iron and ADP. This cleavage occurred
in the conserved N-terminal regions of Hsp90a and Hsp90b and
produced fragments of 72 and 18 kDa [42]. Moreover, an
approximately 50 kDa cleavage fragment of Hsp90 was observed
in H2O2-treated HeLa and HL-60 cells, but whether this cleavage
fragment was from Hsp90a or Hsp90b has not been determined
were incubated with or without Trolox (150 mM) for 1 h, exposed to andrographolide (10 m
caspase-3 and GAPDH by Western blot. Data are presented as the mean � S.E.M. Asterisk (*)

treatment (p < 0.05).
[20,21]. Based on our proteomics and Western blot data (Figs. 3B
and 5A), the cleaved products (approximately 40 and 50 kDa) in
this study were derived from Hsp90a. Hsp90 cleavage was
therefore predicted to occur in the middle domain (amino acid
272–629), a region known to mediate the binding of client proteins
and co-chaperones [1], and such cleavage presumably can
diminish the chaperone function of Hsp90. We speculated that
H2O2 is the primary mediator of andrographolide-induced Hsp90
cleavage because the cleavage products we observed were similar
to those induced by H2O2 but not to those by ascorbate/menadione
[20,21]. Furthermore, the direct treatment of Src-transformed cells
M for 24 h), and then analyzed for the expression of the Hsp90 fragment, v-Src, cleaved

 and # respectively indicate statistical significance versus vehicle control or combined



Fig. 8. Bcr-Abl downregulation and Hsp90 cleavage were induced by andrographolide in K562 cells via the ROS pathway. (A) Human K562 leukemia cells were incubated with

or without NAC for 1 h, exposed to andrographolide (10, 20 or 30 mM for 24 h), and then analyzed by Western blot for the expression of Bcr-Abl, the Hsp90 fragment and

cleaved caspase-3. (B) After treatment with vehicle, andrographolide (Andro) and the derivatives for 24 h, Bcr-Abl expression, Hsp90 cleavage and cleaved caspase-3 in K562

cells were measured by Western blot. GAPDH was utilized as an internal control. Data are presented as the mean � S.E.M. from three independent experiments. Asterisk (*)

indicates statistical significance versus vehicle or andrographolide-alone (p < 0.05).
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with H2O2 produced a cleavage product of similar size to the
50 kDa fragment observed in this study (data not shown). It has
been reported that Hsp90 is a substrate of granzyme B [49], but
treatment with a granzyme B inhibitor did not block androgra-
pholide-mediated Hsp90 cleavage (data not shown). Certainly, the
exact cleavage site(s) in Hsp90 as well as the molecules involved in
andrographolide-mediated Hsp90 cleavage merit additional in-
vestigation.

Hsp90 is considered to be a promising molecular target for
cancer treatment [16]. Several Hsp90 inhibitors that are
under clinical evaluation as anticancer agents primarily target
the ATP-binding pocket in the N-terminus [16]. Among them,
geldanamycin has been investigated the most in preclinical
studies, but its therapeutic application is limited by significant
hepatotoxicity [50]. 17-AAG, a geldanamycin derivative, is
currently in a Phase III trial as a cancer therapeutic and has less
toxicity, but has not been approved by the FDA. Furthermore,
several traditional N-terminal Hsp90 inhibitors induce the
expression of anti-apoptotic proteins, such as Hsp70 and Hsp27,
which attenuate the anticancer effects of these inhibitors [51,52].
Therefore, the development of clinical Hsp90 inhibitors remains a
challenge with a significant need. This study demonstrated that



Fig. 9. A proposed model for andrographolide-mediated Hsp90 inhibition and oncogene degradation. Andrographolide-induced ROS triggers Hsp90 cleavage and affects the

interaction between Hsp90 and its client proteins (such as v-Src and Bcr-Abl). The released client protein(s) are consequently degraded via the ubiquitin proteasome system,

leading to the suppression of oncogene-elicited malignant phenotypes and cell survival.
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andrographolide induced Hsp90 cleavage, which inhibited Hsp90
function via a different mechanism than the other small-molecule
Hsp90 inhibitors. Notably, andrographolide-mediated Hsp90
cleavage did not increase the levels of anti-apoptotic Hsp70 (data
not shown), which would be beneficial for cancer treatment.
Another interesting phenomenon we observed was that andro-
grapholide treatment led to the degradation of Bcr-Abl and
apoptosis in K562 cells, a cell line derived from human chronic
myelogenous leukemia (CML). Since the mechanism of action of
current first-line drugs, such as Imatinib and Nilotinib, for clinical
CML treatment involves inhibiting the kinase activity of Bcr-Abl
[53], andrographolide-induced downregulation of Bcr-Abl at the
protein level provides a novel strategy for CML treatment. Such an
agent would be an ideal alternative for treating Imatinib-resistant
CML.

Andrographolide and its source plant Andrographis paniculata

exhibit anti-inflammatory activity [54], and both andrographolide
alone and the plant extracts are commercially available worldwide
as herbal supplements for treating upper respiratory diseases. A.

paniculata extracts and andrographolide do not cause significant
adverse side effects in patients, as determined in several clinical
trials [55–58]. Recently, evidence of the anticancer activity of
andrographolide has accumulated, and multiple molecular mech-
anisms and putative molecular targets have been proposed for its
anticancer activity [54]. The current study demonstrated a novel
anti-cancer mechanism of andrographolide that involved inhibit-
ing Hsp90 function and downregulating Hsp90 client proteins,
broadening the molecular basis of andrographolide-mediated anti-
cancer effects.
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