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Varacin-1, a novel analog of varacin C, induces p53-
independent apoptosis in cancer cells through ROS-mediated
reduction of XIAP
Jing Zhou1, Wen-li Li2, Zi-xuan Wang3,4, Nai-yuan Chen4, Yue Tang3,4, Xiao-xiao Hu3,4, Jing-huan Deng4, Yixin Lu5 and Guo-dong Lu3,4,6

Varacin C is a promising anticancer agent and possesses acid-promoted and photo-induced DNA-damaging activities. In this study,
we synthesized an analog varacin-1 (VCA-1) and examined its anticancer potentials. The results demonstrated that VCA-1 caused
dose-dependent apoptotic cell death in cancer cells. Note that this action is independent of p53 status, because VCA-1 induced
similar levels of apoptosis in two different panels of cell lines (HCT116 p53- wild-type vs. HCT116 p53-knockout colon cancer cells,
and p53-expressing U2OS vs. p53-deficient saos2 osteosarcoma cancer cells). VCA-1-induced apoptosis was found to be mainly via
the extrinsic apoptosis pathway involving caspase-8 activation and XIAP reduction. Forced over-expression of XIAP markedly
prevented apoptosis, indicating its essential role in VCA-1 induced apoptosis. On the other hand, VCA-1 treatment enhanced
intracellular ROS (reactive oxygen species) generation also in a p53-independent manner, and consequently promoted caspase
activation. Pretreatment of N-acetyl cysteine (an antioxidant), rather than z-VAD (specific caspase inhibitor), markedly prevented
XIAP reduction, suggesting that XIAP reduction may be resulted from oxidative stress. In conclusion, data from this study reveal the
essential roles of ROS generation and XIAP reduction in VCA-1-induced apoptosis in cancer cells. VCA-1 may be a novel cancer
therapeutic agent, especially in p53-mutant human cancers.
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INTRODUCTION
Varacin, as a bicyclic organosulfur compound, was first discovered
from the Far Eastern ascidian Polycitor sp. in 1995 [1]. Unlike
varacin and any other previously discovered microbial metabolites,
the newly-synthesized varacin C possesses a unique trithiol 1-oxide
as its reactive functionality [1]. Since varacin C is the only anti-
cancer agent discovered to date having such a major functionality,
it is tempting to develop a group of molecules with similar
structures to varacin C. The cytotoxic effect of varacin C was found
to be related to its DNA-damaging activity and essentially
dependent on an oxymethyl substituting group at the second
position of the aromatic ring [2]. Note that the DNA-cleaving
properties of varacin C exhibit an acid-promoted and photo-
induced pattern [3]. It is thus possible to specifically excite the
cytotoxicity of varacin C in the cancer cells which usually have
acidic extracellular microenvironment and intracellular organelles
compared to normal cells [4, 5]. The photosensitizing property also
enables varacin C to be useful particularly in photodynamic

chemotherapy. The investigation of varacin C and its analogs on
their potential anticancer properties and underlying molecular
mechanisms might lead to the discovery of novel anticancer drugs.
It has been well-established that p53 tumor suppressor is

the main regulator for DNA damage and apoptosis [6–8].
However, p53 is mutated or deficient in almost 50% of human
tumors [9, 10]. The mutated p53 could even promote cell invasion
and tumor metastasis [11, 12]. Thus, it would be of great interest
to find a chemotherapeutic approach to target p53-mutant or
null tumor. In this study, we synthesized varacin-1 (VCA-1) as an
analog of varacin C and evaluated whether VCA-1 could potently
induce apoptosis in p53-negative tumor cells. We further
evaluated the involvement of reactive oxygen species (ROS) in
VCA-1-induced apoptosis, because varacin C’s cytotoxicity was
found to be reliant on the induced oxidative stress and
consequent DNA damage [3]. Data from this study provided
sufficient experimental evidence to support the potential antic-
ancer property of VCA-1.
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MATERIALS AND METHODS
Synthesis of VCA-1
VCA-1 was synthesized from vanillin following ten-step
procedures in Lu Y’s lab in the Department of Chemistry in
the National University of Singapore. Briefly, vanillin was
converted to N-(Boc)-4-methylamino-6,7-dimethoxy-1,2,3-benzo-
trithiole 2-oxide through a series of reactions. After irradiation with
wavelength of 300 nm for 4 h, N-(Boc)-4-methylamino-6,7-
dimethoxy-1,2,3-benzotrithiole 3-oxide was purified and then
reacted with trifluoroacetic acid to form 4-methylamino-6,7-
dimethoxy-1,2,3-benzotrithiole 3-oxide trifluoroacetate (VCA-1).
DNA cleavage assay was conducted at 37 °C for 12 h in 50 mM
sodium phosphate (pH 5.9) with increasing dose of each analog
and 0.5 μg supercoiled pBR322 DNA as substrate. The band
densities of the full-size pBR322 DNA were quantified with ImageJ
software (version 1.51q) to calculate EC50 (half maximal effective
concentration) of the respective DNA cleavage activity.

Reagents and antibodies
Hoechst and 5-(and-6)chloromethyl-2′,7′-dichlorodihydrofluores-
cein diacetate acetyl ester (CM-H2DCFDA) were purchased from
Invitrogen (Molecular Probes, Eugene, OR, USA). N-acetyl cysteine
(NAC) was from Sigma (St Louis, MO, USA). Pan-caspase inhibitor
z-VAD-FMK was purchased from BioMol (Plymouth Meeting, PA,
USA). Anticaspase-9, anticaspase-8, anticaspase-3 and anti-poly
(ADP-ribose) polymerase antibodies were from Cell Signaling
(Beverly, MA, USA). Anti-XIAP antibody was from BD Transduction
Laboratories (San Diego, CA, USA). Anti-tubulin and anti-actin
antibodies, caspase 8 specific inhibitor z-IETD-FMK and caspase
9 specific inhibitor z-LEHD-FMK were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Cell culture
Human HCT116 p53-WT/KO colorectal cancer cells were kind gifts
from Dr. Vogelstein (Johns Hopkins University, Baltimore, MA, USA)
and human U2OS/Saos2 osteosarcoma p53-WT/KO cancer cells
were purchased from American Type Culture Collection (Mana-
ssas, VA, USA). Cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT) in a 5% CO2 atmosphere at 37 ºC. Equal
amounts of cells were seeded and switched to the medium
supplemented with 1% FBS before treatment. The same
concentration of DMSO was always applied to control cells. All
the inhibitors were added into the wells 1 h before VCA-1
treatment.

Detection of apoptosis
Cell death was determined by several approaches quantitatively
and qualitatively, as described previously [13, 14]. First, morpho-
logical changes under phase-contrast microscopy were employed.
Second, Hoechst staining was used to examine chromatin
condensation, which is characteristic for cell death. Briefly, after
designated treatments, cells were stained with 10 μg/ml Hoechst
for 30 min at 37 °C. Cell nuclei were visualized under an inverted
fluorescence microscope and photographed (Nikon ECLIPSE
TE2000-S, Nikon Instruments, Tokyo, Japan). At least 200 cells
from three separate images were counted to quantitatively
determine the proportion of dead cells. The caspase-3 activities
by VCA-1 treatment, together with different caspase inhibitors,
were measured by a colorimetric assay kit from Abcam (Cam-
bridge, UK). Briefly, HCT116 p53-WT/KO cells were treated with
VCA-1 (20 µM) for 24 h, in the absence or presence of different
caspase inhibitors (all at 20 µM). The absorbance at 405 nm was
then determined by a spectrophotometer.

Measurement of intracellular γ-H2AX and ROS
The cellular levels of DNA double-strand break were monitored by
γ-H2AX formation (phosphor 139 antibody #ab11174 from Abcam)

using flow cytometry analysis according to the manufacturer’s
protocol. The HCT116 cells were treated with VCA-1 for 12 h
before paraformaldehyde fixation and subsequent γ-H2AX and
FITC-conjugated secondary antibody staining. Intracellular ROS
were measured by CM-H2DCFDA as described previously [14].
Briefly, cells were stained with CM-H2DCFDA at 37 °C for 30 min
after the indicated treatment. Then the cells were collected and
analyzed by a BD FACSCalibur™ flow cytometry (BD Biosciences,
San Jose, CA, USA).

Western blotting
At the end of the designated treatments, cells were lysed in M2
cell lysis buffer (20 mM Tris at pH 7, 0.5% NP-40, 250mM NaCl, 3
mM EDTA, 3 mM EGTA, 2 mM dithiothreitol, 0.5 mM phenyl-
methylsulfonyl fluoride, 20 mM glycerol phosphate, 1 mM sodium
vanadate, and proteinase inhibitor cocktail) [14]. After blocking
with StartingBlockTM (PBS) blocking buffer (Thermo), the mem-
brane was probed with various antibodies and developed with
enhanced chemiluminescence (Pierce) using a Kodak Image
Station 440CF (Kodak). The band density was quantified with
ImageJ software.

Transient transfection
Lipofectamine Plus reagent from Invitrogen (Carlsbad, CA, USA)
was used to transfect pcDNA, Flag-XIAP or CrmA into cells

Fig. 1 VCA-1 has the highest DNA-cleaving activity. a Chemical
structure of VCA-1 and another four relevant chemicals. b DNA
cleavage by various concentration of VCA-1. c The cellular levels of
DNA double strand break were monitored by the γ-H2AX formation
assay after the indicated VCA-1 treatment for 12 h
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Fig. 2 VCA-1 induces p53-independent apoptosis in human cancer cell lines. a Effects of VCA-1 on HCT116 human cancer cells. Upper panel:
dose-dependent apoptosis induced by VCA-1 in HCT116 p53-WT/KO cells. Cells were treated with VCA-1 for indicated doses for 24 h and cell
death was determined using Hoechst staining as described in Materials and Methods. Data were presented as mean± SD from three
independent experiments. Lower panel: representative images were taken by a phase-contrast microscope (×200) after treatment with VCA-1
(20 μM) for 24 h. b Effects of VCA-1 on U2OS/Saos2 human cells. Cells were treated as same as described in (a). c, d VCA-1-induced PARP
cleavage in human cancer cells. HCT116 p53-WT/KO (c) and U2OS/Saos2 cells (d) were treated with VCA-1 for designated doses for 24 h. After
the treatment, cell lysate was prepared and subjected to Western blotting. e Andro-induced PARP cleavage in p53-WT human cancer cells.
HCT116 p53-WT/KO cells were treated with Andro for designed doses for 24 h. * P< 0.05, compared to the untreated control
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according to the manufacturer’s protocol [14]. The Flag-XIAP
expression vector was a generous gift from Dr. Colin Duckett
(University of Michigan). The cotransfected marker pDsRed-N1 was
purchased from Clontech (Palo Alto, CA, USA).

Statistical analysis
The experimental differences of the results were analyzed by SPSS
software using one-way ANOVA or two-tailed t-test. The value of P
less than 0.05 were considered as statistically significant.

RESULTS
VCA-1 induces apoptosis in a p53-independent manner
We analyzed the acid-promoted DNA-cleaving activities of VCA-1
together with another three analogs (Fig. 1a) in a standard DNA
cleavage assay. The EC50 of each analog was calculated based on
its dose-dependent ability to cleave supercoiled pBR322 DNA.
VCA-1 showed the highest activity in cleaving DNA (Fig. 1b). Thus,
we selected VCA-1 for subsequent cytotoxicity and cell death
analyses. The VCA-1-induced DNA double strand break in HCT116

Fig. 3 VCA-1 induces caspase 8-dependent apoptosis in human cancer cell lines. a HCT116 p53-WT/KO cells were treated with VCA-1 (20 µM)
for the indicated periods. Cells were collected and subjected to Western blotting for the detection of caspases cleavage. b Inhibition of VCA-1-
induced PARP cleavage by pan-caspase inhibitor zVAD. HCT116 p53-WT/KO cells were pretreated with zVAD (20 µM) for 45min, followed with
VCA-1 (20 μM) treatment for 24 h. PARP cleavage was detected by Western blotting. c, d Inhibition of VCA-1-induced apoptosis by pan-caspase
inhibitor zVAD, caspase-8 specific inhibitor IETD-FMK or caspase-9 specific inhibitor LEHD-FMK. Cells were treated as same as described in
Panel B. The proportions of cell death were determined by Hoechst staining (c) while the caspase-3 activities were measured colorimetrically
at 405 nm (d). *P< 0.05, compared to the untreated control; #P< 0.05, compared to the VCA-1-treated cells
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Fig. 4 XIAP down regulation contributes to apoptosis induced by VCA-1. a, b HCT116 p53-WT/KO cells (a) and U2OS/Saos2 cells (b) were
treated with VCA-1 (20 μM) for the indicated time, and then cells were collected for detection of XIAP protein levels using Western blotting. c
HCT116 p53-WT/KO cells were transiently transfected with pcDNA, Flag-XIAP, or CrmA, using pDsRed as a transfection marker. After
transfection for 24 h, cells were treated with VCA-1 (20 μM) for another 24 h. Cell death was then evaluated by morphological changes under a
fluorescent microscope. Successfully transfected cells showed bright red color and those dead cells were identified by their morphological
changes. The Western blotting assay showed the forced over-expression of flag-XIAP. *P< 0.05, compared to the untreated control; #P< 0.05,
compared to the VCA-1-treated cells
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cells was further validated using the sensitive γ-H2AX formation
assay. As shown in Fig. 1c, VCA-1 induces γ-H2AX phosphorylation
(ser 139) in a dose-dependent manner as a rapid DNA damage
response.
To explore the potential anti-cancer effect of VCA-1, two pairs

of p53 wild-type and p53 knockout human cancer cell lines,
namely, human colorectal cancer cells HCT116 (p53-WT and KO)
and human osteosarcoma p53-WT/KO cells-U2OS/Saos2, were
treated with increasing concentrations of VCA-1 for 24 h.
Apoptotic cell death induced by VCA-1 was determined by
Hoechst staining according to the presence of typical nuclear
condensation. As shown in Fig. 2a, b, the cells with or without
p53 display similar responses to VCA-1 treatment. Representative
apoptotic images after VCA-1 treatment are also presented
in Fig. 2a, b lower panel. Consistent with the morphological
results, PARP cleavages are also observed in all cell lines in
both dose-dependent and time-dependent manners (Fig. 2c, d
and data not shown), providing further evidences that VCA-1
is capable of inducing apoptosis independent of p53. In contrast,
Andrographolide (a diterpenoid lactone) has been documented
to induce apoptosis depending on the presence of functional p53
[14]. As shown in Fig. 2e, andrographolide treatment markedly
cleaves PARP in HCT116 p53-WT cells, but not in HCT116 p53-KO
cells.

VCA-1 induces caspase-8-involved extrinsic apoptosis pathway
Cellular apoptosis can be triggered extrinsically, intrinsically or
both. The extrinsic cell death receptor pathway involves caspase-8
as the initiator in caspase cascade, while the intrinsic pathway
involves caspase-9 as the initiator. But both pathways end in
caspase-3 as the final executor in the cascade [15, 16]. We thus
tested VCA-1-induced caspase cascade in p53-WT/KO cancer cell
lines. A time-dependent cleavage of caspase-8 and caspase-3,
rather than caspase-9 cleavage, are observable in VCA-1 treated
HCT116 (p53-WT and -KO) cell lines (Fig. 3a). Next, we used a pan-
caspase inhibitor zVAD to both cell lines. As shown in Fig. 3b, c,
zVAD is able to suppress PARP cleavage and apoptotic cell death
induced by VCA-1 treatment. More importantly, caspase 8 specific
inhibitor z-IETD-FMK, but not caspase 9 specific inhibitor z-LEHD-
FMK, could repress VCA-1 induced cell death. Consistently, the
caspase-3 activity assay (Fig. 3d) could reproduce the result that
zVAD and z-IETD-FMK, rather than z-LEHD-FMK reduce VCA-1
triggered induction of caspase-3 activity. These results together
strengthened the essential roles of caspase-8 in cell death induced
by VCA-1.

XIAP reduction is critical in VCA-1-induced apoptosis
It has been well established that a group of anti-apoptotic
proteins, such as FLIP, c-IAP, Bcl-2, and XIAP, are able to block

Fig. 5 ROS are required for VCA-1-induced apoptosis. a Changes of intracellular ROS level induced by VCA-1. HCT116 p53-WT/KO cells were
incubated with VCA-1 (20 μM) in the presence or absence of NAC (10mM) for 3 h. ROS levels were measured from cells loaded with 10 μM CM-
H2DCFDA for 30min prior to each time point by flow cytometry. Percentages of gated cells were indicated accordingly. Data were a
representative set from at least three independent experiments. b Protective effect of NAC on VCA-1-incuced apoptosis. HCT116 p53-WT/KO
cells were incubated with VCA-1 (20 μM) with or without NAC (10mM) for 24 h. *P< 0.05, compared to the untreated control. #P< 0.05;
compared to the VCA-1-treated cells. c Representative images of panel (b) were taken by a phase-contrast microscope (×200) after treatment
with VCA-1 (20 μM) for 24 h
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apoptosis via inhibition of the caspase cascade [17–19]. To
investigate the underlying mechanism of the apoptosis inducing
function of VCA-1, we then tested changes of several anti-
apoptotic proteins in cells treated with VCA-1. While no significant
changes were found for other proteins (data not shown), we
observed evident reduction of XIAP protein level in all four cells
lines tested (Fig. 4a, b). To determine the role of XIAP in VCA-1-
induced apoptosis, we over-expressed wild-type XIAP plasmids
(Flag-XIAP) into HCT116 (p53-WT/KO) cells. The known viral
protein CrmA was also used as a positive control [14, 20]. As
shown in Fig. 4c, forced over-expression of XIAP offers significant
protection against VCA-1-induced cell death, in comparison to
those transfected with pcDNA vector control. The protective effect
of XIAP is comparable to that of the known caspase inhibitor CrmA
as a positive control (Fig. 4c). The above results demonstrate that
XIAP reduction plays a crucial role in VCA-1-induced apoptosis.

VCA-1 enhances intracellular ROS production
Excess intracellular ROS are known to induce apoptosis [21, 22].
ROS generation has been suggested as a major anticancer
mechanism by multiple chemotherapeutic agents [14, 23–25]. In
particular, ROS and oxidative stress have been implicated in DNA-
damage induced by varacin C [3]. We hence examined
the intracellular ROS level in cells treated with VCA-1. As
detected by flow cytometry, intracellular ROS increases following
VCA-1 treatment in HCT116 p53-WT cells, as well as in p53-KO
cells (Fig. 5a), suggesting that VCA-1-mediated ROS production
is likely to be p53-independent. Moreover, the ROS level in VCA-1-
treated cells is markedly reduced by NAC, a well-known
antioxidant. More importantly, NAC protects cancer cells
from VCA-1-induced apoptosis (Fig. 5b,c), suggesting that
intracellular ROS level plays a critical role in VCA-1-induced
apoptotic cell death.

Fig. 6 Blockage of ROS reverses VCA-1-induced XIAP reduction. a HCT116 p53-WT/KO cells were pretreated with NAC (10 mM) or zVAD
(20 μM) as indicated for 45min with or without VCA-1 (20 μM) treatment for 12 h. Cells were collected and subjected to Western blotting for
detection of XIAP and PARP cleavage. b Illustration of possible pathways involved in VCA-1-induced apoptosis in cancer cells
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ROS contribute to XIAP downregulation in VAC-1-induced
apoptosis
To understand the upstream regulator of XIAP reduction in VCA-1
treated cells, we further examined whether the enhanced ROS
level contributes to the observed XIAP reduction in cells treated
with VCA-1. Here, we compared the XIAP protein in HCT116 (p53-
WT/KO) cells with zVAD or NAC, respectively. As shown in Fig. 6a,
NAC completely blocks XIAP reduction and PARP cleavage,
thus indicating that ROS and oxidative stress contribute to
XIAP reduction and consequent cell death. In contrast zVAD,
although rescues PARP cleavage, is unable to prevent XIAP
reduction, suggesting that XIAP reduction is not due to caspase-
mediated cleavage. Based on the fact that zVAD successfully
blocked VCA-1-induced apoptosis but not XIAP reduction, it is
believed that XIAP may lies upstream of caspase activation. Taken
together, as illustrated in Fig. 6b, data from this study suggest
that VCA-1 induces apoptotic cell death via caspase activation
and ROS-mediated XIAP down regulation, a process independent
of p53.

DISCUSSION
The newly synthesized VCA-1 in our laboratory, as an analog of
varacin C, has the benzotrithiol 1-oxide as its functionality. In this
study we first reported that VCA-1 is capable of inducing apoptotic
cell death in both human colorectal and osteosarcoma cells. More
importantly, induction of apoptosis by VCA-1 is p53-independent.
p53 is considered as the guardian of the genome due to its critical
role in coordinating cellular responses to a board range of stress
stimuli [6–8]. Consequently, cells without a functional p53 are
known to be resistant to many chemotherapeutic agents [26, 27].
However, p53 mutation is found in approximately 50% of human
cancer and those p53-negative cancers are usually with poor
prognosis due to their poor response to therapeutic agents [12]. In
this regard, therapeutic agents independent of p53 status held
great advantages over those relying on p53 function in cancer
chemotherapy. In the present study, we were able to prove VCA-1
exerts apoptosis inducing effect in both p53-WT/KO cell lines.
Therefore, it is believed that the p53-independent function of
VCA-1 makes it a promising candidate for a chemotherapeutic
agent for cancer treatment.
Another important finding from this study is that ROS and

oxidative stress play a critical role in VCA-1-mediated apoptosis,
supported by the following two observations. Firstly, VCA-1
markedly enhanced the intracellular ROS level in both p53-WT
and p53-KO cancer cells (Fig. 5a). Secondly, NAC, a well-
established antioxidant, abolished VCA-1-induced ROS level and
protected cells against apoptosis (Fig. 5b). The latter finding was
consistent with the results of varacin C [3], and believed to be
associated with the trithiol 1-oxide as its reactive functionality.
Many other chemotherapeutic drugs also have the same ROS-
dependent effects on induction of cell death [14, 23–25]. These
results, taken together, reiterated the conclusion that cancer cells
have imbalanced intracellular ROS levels with increased ROS
generation and deregulated antioxidant system, making the
cancer cells more susceptible to ROS-inducing drugs than the
normal cells.
In the present study we observed that caspase-8, rather than

caspase-9, was cleaved and activated after VCA-1 treatment
(Fig. 3a). Pre-treatment with a specific caspase-9 inhibitor Z-LEHD-
FMK failed to protect cells from VCA-1-induced caspase-3
activation and apoptosis (Fig. 3c, d), further strengthened the
importance of caspase-8 involved extrinsic apoptosis pathway in
VAC-1 cytotoxicity. Among several antiapoptotic proteins, sig-
nificant XIAP reduction was observed during VCA-1 treatment
(Fig. 4a, b). Overexpression of XIAP effectively protected cancer
cells from apoptosis, suggesting that XIAP downregulation plays a
pivotal role in VCA-1-induced apoptosis (Fig. 4c). XIAP, a member

of the inhibitor of apoptosis (IAP) family, is by far the most potent
inhibitor of caspase-3 and caspase-9 [28], and therefore crucial to
cell survival. In the exploration of the underlying mechanism for
XIAP downregulation induced by VCA-1, we found that antiox-
idant NAC, but not the pan-caspase inhibitor zVAD, was capable of
completely reversing the XIAP reduction (Fig. 6a). It is thus clear
that the elevated ROS level is responsible for XIAP downregulation
and subsequent apoptosis. At present, it is not yet clear how ROS
regulate XIAP protein level. It has recently been reported that XIAP
reduces intracellular ROS accumulation by enhancing antioxidant
gene expression [29, 30], which is inconsistent with the data in this
study. It is probable that the coupling of XIAP and ROS generation
is bidirectional, forming a positive feedback loop: VCA-1
stimulated-ROS production causes XIAP downregulation which
in turn leads to a further increase in ROS generation. Obviously,
the exact mechanisms for ROS-mediated XIAP down regulation
remain to be further elucidated.
In conclusion, this study demonstrates for the first time that

VCA-1, an analog of varacin C, is capable of inducing apoptosis in
cancer cells, a process independent of p53. Excessive ROS
generation is believed to play a fundamental role in VCA-1-
induced apoptosis, probably by XIAP reduction. Data from this
study thus provide experimental evidence to support the further
development of VCA-1 as a potential cancer chemotherapeutic
agent, especially in p53-mutant cancers.
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