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PUMA (p53 unregulated modulator of apoptosis), a BH3-only Bcl-2 family member, can be induced by p53-
dependent and p53-independent manners. It plays an important role as regulator of cellular apoptosis. Herein, we
evaluate the effects of H1 (a derivative of tetrandrine) on induction of PUMA and underlie its potential mechanism in
p53-independent cytotoxic response. Anti-proliferative activity and evidently cytotoxic activity of H1 were observed in
wild-type and p53 null cells. Further studies demonstrated that H1 resulted in an increase of cleaved PARP, decease of
survivin and elevation of p-H2AX. What is more, H1 significantly induced PUMA expression in a concentration- and
time-dependent manner and caused an increase of Bax/Bcl-2 ratio in p53 null cells. Of note, knockdown of PUMA
attenuated cytotoxic activity of H1. Further studies demonstrated that inhibition of AKT/FoxO3a signaling contributed
to H1-mediated PUMA induction. Targeted suppression of AKT/FoxO3a signaling by siRNA could overcome H1-
mediated PUMA induction. In addition, H1 significantly suppressed NF-kB activity and caused an increase of early
apoptotic and late apoptotic cells, and elevated caspase-3 activity. Taken together, we found that inhibition of AKT/
FoxO3a signaling may contribute to H1-mediated PUMA induction, suggesting that inhibition of AKT/FoxO3a signaling
result in PUMA expression in response to p53-independent cytotoxic effects of H1.

Introduction

Apoptosis is a tightly regulated cellular process and abnor-
mally regulation of apoptosis is a hallmark of human cancers.
Targeting key apoptosis regulators aim to restore apoptosis in
cancer cells has been known as cancer chemotherapeutic strat-
egy.1 In addition, apoptosis is a main cytotoxic mechanism of
chemotherapeutic agents, and defective apoptosis regulation in
cancer cells lead to therapeutic resistance. p53 protein can induce
the expression of numerous apoptotic genes that can contribute
to the activation of both death-receptor and mitochondrial apo-
ptosis pathways. p53 is a key tumor suppressor protein that indu-
ces apoptosis in response to oncogenic stress. Loss of p53

function or mutation in p53 gene (named TP53) leads to tumor
malignant progression.2 TP53 is the most commonly mutated
gene in human cancer, and inactivated p53 occurs in over 50%
of all types of cancer.3 Loss function of p53 affects binding to
DNA or fail to form correct folding or oligomerization of the
tumor suppressor. In addition, loss of p53 function is due to
overexpression of p53 regulatory proteins that suppress p53 activ-
ity, such as MDM2 and MDMX.4,5 p53 is activated in response
to several malignancy associated stress signals, resulting in the
inhibition of cancer cell growth. Several responses can be pro-
voked by p53, including cell cycle arrest, senescence, differentia-
tion and apoptosis.6,7 In addition, p53 can also affect the
efficiency of cellular survival signaling.8-10
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PUMA (p53 unregulated modulator of apoptosis) encodes a
BH3-only protein that is induced by p53 tumor suppressor or
other apoptotic stress.11 The pro-apoptotic activity of PUMA
requires its interactions with other Bcl-2 family members and
mitochondria localization.12 Previous studies demonstrated that
PUMA induced apoptosis by activating the pro-apoptotic pro-
tein Bax through its interaction with anti-apoptotic Bcl-2 family
members, thereby triggering mitochondrial dysfunction and cas-
pase cascade.13 PUMA can also be induced in a p53-indepen-
dent manner. Under given condition of nongenotoxic stimuli,
for instance: inflammatory cytokines, growth factor deprivation,
and kinase inhibitors, p53-independent PUMA induction can
be mediated by different transcription factors, including p73,
FoxO3a, NF-kB, and so on.14-16 After this induction, PUMA
strongly induces apoptosis in cancer cells by acting on other Bcl-
2 family members such as Bax and Bcl-2, leading to trigger cas-
pase cascades.

Tetrandrine (Tet) is a bisbenzylisoquinoline, which is the main
active component in the root Stephania tetrandra S. Moore.17

Based on the chemical structure of Tet, a novel derivative of Tet
named H1 was synthesized. Our previous findings demonstrated
that H1 exerted good anti-MDR activity both in vitro and in
vivo. It could induce apoptosis in sensitive and resistant cancer
cells. Further studies found that H1-treatment resulted in the

increase of ROS generation, elevation of the Bax/Bcl-2 ratio, loss
of mitochondrial transmembrane potential, release of cytochrome
c and AIF from mitochondria into cytosol, and activation of cas-
pase-9 and caspase-3, but had no effect on activation of caspase-
8. In addition, H1 also inhibited survival pathways.18

In this study, we evaluate the effects of H1 on induction of
PUMA. Furthermore, we explore the potential mechanism of
PUMA induction in p53-independent cytotoxic response of H1.

Results

Effect of H1 on growth of human colorectal cancer cells
Our previous results showed that H1 had good anti-MDR

activity in vitro and in vivo, and its mechanism is associated with
induction of apoptosis and inhibition of cell survival pathways.18

Herein, we evaluate the cytotoxic effects of H1 in human colorec-
tal cancer cells, including p53 wild-type and p53 null cells. As
seen in Figure 1B, the IC50 of H1 is a range from 2–5 mM in
human colorectal cancer cells. Interestingly, cytotoxic effect of
H1 in wild-type HCT116 cells and p53 null (HCT116 p53¡/¡)
cells is similar, and IC50 is 2.02§0.43 and 2.45§0.22 mM,
respectively. This result suggests that H1 may inhibit the prolifer-
ation of human colorectal cancer cells through p53-independent

Figure 1. Effect of H1 on growth of human colorectal cancer cells. The chemical structure of H1 was shown in (A). HCT116, HCT116 p53¡/¡, HT-29, SW480
and HCT-8 cells were seeded into 96-well plate. After exposure to various concentrations of H1 for 72 h, cell viability was determined by MTT assay. Data
from 3–5 independent experiments were used to calculate IC50 by Graphpad Prism 6.0 software (B). HCT116 and HCT116 p53¡/¡ (C&D) were seeded
into 6-well plates at concentration of 400 cells/mL. After an overnight incubation, cells were treated by H1 for an additional 24 h, then change to fresh
medium. After 10–14 days incubation, colonies (>50 cells) were fixed and manually counted. A representative of 4 experiments is shown. **P < 0.01;
##P < 0.01 vs. each control group.
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manner. We also tested the effect of H1 on growth of normal
human colon cells, such as CCD 841. H1 exerted some toxic
activity, and the IC50 is 3.17 mM. However, our previous studies
showed that H1 did not affect the body weight of xgenogrft
mice, and no obvious toxicity of H1 was observed.18

In addition, we determined the effect of H1 on clongentic. H1
significantly decreased the clone number of both HCT116 and
HCT116 p53¡/¡ cells in a concentration-dependent manner.
Treatment of 2 mM H1 already decreased 50% of the colonies
number, and 4 mM of H1 almost killed all the cells (Fig. 1C, D).

Effect of H1-induced apoptosis in HCT116 and HCT116
p53¡/¡ cells

Based on anti-proliferative activity of H1 against HCT116
and HCT116 p53¡/¡ cells, the effect of H1-induced early and
late apoptosis was determined by flow cytometry. As seen in
Figure 2A, H1 could significantly result in an increase of early
and late apoptosis in both HCT116 and HCT116 p53¡/¡ cells
in a concentration-dependent manner. 4 mM of H1 significantly
induced early and late apoptotic cells (Fig. 2B, C). Caspases
family plays an important role in regulation of cell apoptosis.
Apoptotic machinery is composed of upstream initiators and
downstream effectors. For example, caspase-3 is a main caspase
effector.19 Thus, we detected the effect of H1 on activity of cas-
pase-3. As seen in Figure 2D, H1 significantly increased the
caspase-3 activity in a concentration-dependent manner. These
results suggest that H1 caused an increase of early apoptotic and
late apoptotic cells, and elevated caspase-3 activity. Moreover,
the potential of H1 on inducing apoptosis may through p53-
independent manner.

H1 caused p53-independent cytotoxic effect
Given that H1 could induce apoptosis in HCT116 and

HCT116 p53¡/¡ cells, we further detected the effects of H1 on
several key mediators of cytotoxic response. After treatment
of H1 for 24 h, the expression level of PARP, survivin, p53,
p-H2AX, and total H2AX were determined by western blot
analysis. As shown in Figure 3, H1 resulted in an increase of
cleaved PARP, decrease of survivin, and elevation of p-H2AX.
4 mM of H1 significantly decreased the expression of survivin in
both HCT116 and HCT116 p53¡/¡ cells. Of note, we observed
that H1 caused a decrease of p53 protein expression of HCT116
cells in a concentration-dependent manner.

p53-independent induction of PUMA in response
to cytotoxic effect of H1

PUMA encodes a BH3-only protein that is induced by p53-
dependent and p53-independent manners. Then PUMA can
bind to Bcl-2 and Bcl-xL, localize to the mitochondria, promote
cyctochrome c release and induce apoptosis. PUMA plays a criti-
cal role in p53-dependent and p53-independent apoptosis
induced by a variety of signals, and is regulated by transcription
factors, not by post-translational modifications.20 After this acti-
vation, PUMA interacts with anti-apoptotic Bcl-2 family mem-
bers, thus free Bax and/or Bak which are then able to initiated
mitochondrial apoptosis pathway. Targeted disruption of the

PUMA gene impairs p53-mediated apoptosis and tumor suppres-
sion.21 In addition, our previous studies demonstrated that H1
initiated intrinsic apoptosis pathway. Based on these findings, we
determined the effect of H1 on inducing expression of PUMA.
After treated HCT116 and HCT116 p53¡/¡ cells with H1 for
24 h, the expression level of PUMA, Bax, and Bcl-2 were deter-
mined by western blot analysis. As seen in Figure 4A, H1 signifi-
cantly induced PUMA expression in a concentration-dependent
manner. 4 mM of H1 significantly elevated the expression level
of PUMA. After this induction, PUMA triggers apoptosis in can-
cer cells by acting on other Bcl-2 family members such as Bax,
Bcl-2, and Bcl-XL, leading to activate caspase cascades. We
observed that H1 significantly elevated the ratio of Bax/Bcl-2
(Fig. 4C). HCT116 and HCT116 p53¡/¡ cells were exposed to
H1 (4 mM) at different time points (0, 4, 8, 12, 24 h). We
observed that H1 induced the expression of PUMA in a time-
dependent manner (Fig. 4D, E). Noticeably, H1 significantly
caused PUMA induction after 8 h exposure. What is more,
knockdown of PUMA by specific siRNA effectively attenuated
the cytotoxic response of H1, while the control siRNA did not
affect the PUMA expression and cell viability (Fig. 4F, G).
Taken together, these results suggest that p53-independent induc-
tion of PUMA contribute to the cytotoxic effect of H1.

Inhibition of AKT/FoxO3a signaling mediated
p53-independent expression of PUMA

Given that PUMA can be induced by H1 in a concentration-
and time-dependent manner in p53 null cells, we further deter-
mined the effects of H1 on p53-indepndent transcription factors
of PUMA expression, including NF-kB, E2F1, p73 and
FoxO3a. NF-kB is a key transcription factor that can induce
PUMA expression. Thus, we have investigated effect of H1 on
activation of NF-kB signaling. As seen in Figure 5A, H1 signifi-
cantly suppressed the activation of NF-kB in a dose-dependent
manner. The result suggests that induction of PUMA may not
through NF-kB activation. However, inhibition of NF-kB activ-
ity may contribute to cytotoxic effect of H1. In addition, we
detected the effects of H1 on expression of other p53-indepen-
dent transcription factors, such as p73, E2F1 and FoxO3a.
As shown in Figure 5B, H1 caused a decrease of E2F1 and
phosphorylated FoxO3a, while H1 did not affect p73 expres-
sion. Recently, You et al found that PUMA can be a FoxO3a
downstream target to mediate a stress response when PI3K/AKT
signaling was suppressed.22 Meanwhile, our previous findings
demonstrated that H1 could inhibit the activation of AKT.18 It
is possible that H1 induces PUMA expression through inhibi-
tion of AKT/FoxO3a pathway. Thus, we further determined the
effect of H1 (4 mM) on the activation of AKT/FoxO3a pathway
compared with 10 mM LY294002 (a pan-PI3K inhibitor). We
observed that H1 or LY294002 significantly induced PUMA
expression and effectively decreased expression of p-AKT and p-
FoxO3a, but did not affect the total AKT and FoxO3a expres-
sion (Fig. 5C). Furthermore, Knockdown FoxO3a by specific
siRNA could overcome effect of H1 on induction of PUMA
(Fig. 5D). We also determined the mRNA level of PUMA by
Real-Time PCR, and the similar result was observed in both
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Figure 2. Effect of H1-induced apoptosis in wild-type and p53-null HCT116 cells. HCT116 and HCT116 p53¡/¡ cells were treated by various concentra-
tions of H1 for 24 h, cells were processed, stained, and the number of early apoptotic and late apoptotic cells was analyzed by FCM as descripted in the
Methods. A representative of 3 experiments is shown (A, B and C). *P < 0.05, **P < 0.01; ##P < 0.01 vs. each control group. After treated with H1 for
24 h, cells were lysed. Protein concentration was determined by Bradford assay. According to instruction, caspase-3 activity was determined using Cas-
pase-3 Assay Kit (D). Data from 4 independent experiments were used. *P < 0.05; **P< 0.01; #P < 0.05; ##P < 0.01 vs. each control group.
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HCT116 p53¡/¡ and SW480 cells (Fig. 5E). Taken together,
these results suggest that inhibition of AKT/FoxO3a signaling
may be responsible to H1-mediated PUMA induction.

Discussion

Tetrandrine (Tet) and its derivatives displayed significant
antitumor activities against various tumor types, including
human hepatocarcinoma, lung cancer, neuroblastoma, breast
cancer, and so on.23-26 Our previous findings demonstrated that
H1 could directly kill cancer cells with MDR phenotype, and
exhibit good anti-MDR activity both in vitro and in vivo.18 In
this study, we evaluated the effects of H1 on induction of
PUMA and underlie its potential mechanism in p53-indepen-
dent cytotoxic response. Our results showed that H1 signifi-
cantly induced PUMA expression in a dose- and time-
dependent manner. What is more, PUMA induction may con-
tribute to the cytotoxic effects of H1.

PUMA (p53 unregulated modulator of apoptosis), a BH3-only
Bcl-2 family member, can be induced by p53 or other apoptotic

signals.11 PUMA associates
with the mitochondria and
induces cell death when
overexpressed in various cell
lines and its apoptotic activ-
ity requires an intact BH3
domain. These in vitro stud-
ies, as well as findings
derived from a somatic
knockout tumor cell line 27,
suggest that PUMA may
play an important role as an
in vivo regulator of apopto-
sis. PUMA has been impli-
cated in key processes of
tumorgenesis. PUMA may
be a potential chemothera-
peutic target, as activating
PUMA inhibits tumor
growth by restoring apopto-
sis in cancer cells. PUMA
can also be induced in a
p53-independent manner.
Under given condition of
nongenotoxic stimuli, for
instance: inflammatory cyto-
kines, growth factor depriva-
tion, and kinase inhibitors,
p53-independent PUMA
induction can be mediated
by different transcription
factors, including E2F1,
p73, FoxO3a, and NF-
kB.14–16 After this induc-
tion, PUMA strongly indu-

ces apoptosis in cancer cells by acting on other Bcl-2 family
members such as Bax and Bcl-2, and triggers caspase cascades. In
this study, we found that H1 significantly induced PUMA expres-
sion in a dose- and time-dependent manner in wild-type and p53
null cells. After that H1 elevated the ratio of Bax/Bcl-2. Knock-
down PUMA by specific siRNA effectively attenuated the cyto-
toxic effect of H1. These findings suggest that cytotoxic effect of
H1 may be associated with p53-independent induction of PUMA.

The transcription factor NF-kB is strongly implicated in a
variety of hematologic and solid tumor malignancies. In cancer
cells, NF-kB takes part in regulation of cell proliferation, con-
trol of apoptosis, promotion of angiogenesis, and stimulation
of invasion/metastasis.28 Abnormally activation of NF-kB
pathway contributes to tumor progression, chemoresistance,
and radioresistance.29 Recent studies demonstrated that activa-
tion of NF-kB caused induction of PUMA. Thus, we detected
effect of H1 on the activation of NF-kB. H1 significantly sup-
pressed the activation of NF-kB in a concentration-dependent
manner (Fig. 5A). It suggests that induction of PUMA may
not through NF-kB pathway. However, inhibition of NF-kB
activity may contribute to cytotoxic effect of H1.

Figure 3. H1 caused p53-independent cytotoxic effect. Cells were treated with different concentrations of H1 for
24 h. Then, cells were rinsed and lysed containing freshly added Protease Inhibitor Cocktail. Expression level of
cleaved PARP, survivin, p53, p-H2AX and total H2AX were determined by western blot analysis. A representative of
3–4 experiments is shown. *P < 0.05, **P < 0.01; #P < 0.05, ##P < 0.01 vs. each control group.
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Figure 4. For figure legend, see page 971.
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Recently, some groups demonstrated that FoxO3a-mediated
PUMA induction through suppression of PI3K/AKT signaling
pathway. For example, multi-kinases inhibitor sunitinib can
induce PUMA transcription via the AKT/FoxO3a axis in human
colorectal cancer.30 Under cytokine or growth factor deprivation
condition, FoxO3a directly up-regulates PUMA expression when
PI3K/AKT signaling is blocked.22 Zhao et al found that PUMA
expression through AKT/FoxO3a signaling in response to apo-
ptosis of cisplatin-resistant ovarian cancer cells.31 Given that H1
could suppress the activation of AKT, it is possible that inhibi-
tion of AKT/FoxO3a signaling by H1 lead to PUMA induction.
Thus, we treated HCT116 p53¡/¡ cells with H1 and a pan-
PI3K inhibitor (LY294002) and observed that H1 and
LY294002 significantly blocked AKT/FoxO3a pathway and
induced PUMA expression. Meanwhile, knockdown FoxO3a
attenuated the effect of H1 on PUMA induction (Fig. 5D, E).
These findings suggest that inhibition of AKT/FoxO3a signaling
may contribute to p53-independent induction of PUMA by H1.

In summary, H1 exerts potent inhibitory effect against
human colorectal cancer cells and similarly cytotoxic activity in
wild-type and p53 null cells. Further studies demonstrated that
H1 significantly elevated cleavage of PARP, deceased of survivin
expression, activated H2AX and suppressed NF-kB activity in
p53 wild-type and p53 null cells. What is more, H1 significantly
induced PUMA expression in a concentration- and time-depen-
dent manner, and then resulted in an increase of Bax/Bcl-2 ratio.
Our results demonstrated that inhibition of AKT/FoxO3a sig-
naling could be responsible to H1-mediated PUMA expression.
Consequently, H1 caused an increase of early apoptosis, late
apoptosis and caspase-3 activity in both wild-type and p53 null
cells. Taken together, our results suggest that inhibition of
AKT/FoxO3a signaling cause PUMA induction in response to
p53-independent cytotoxic effect of H1 (Fig 6).

Materials and Methods

Drugs and chemicals
H1, a new derivative of tetrandrine, was kindly provided by

Professor Feng-Peng Wang (Department of Chemistry of Medici-
nal Natural Products, West College of Pharmacy, Sichuan Uni-
versity, Chengdu, China). It is a slight yellow powder with 99.0%
purity, and freshly solved in dimethyl suifoxide (DMSO) before
use. The final concentration of DMSO is less than 0.1% in all
the experiments. The chemistry structure is shown in Figure 1A.
Molecular formula: C27H40N2O6Br, and molecular weight is 690

Da. LY294002 (a pan-PI3K inhibitor), 1-(4, 5-dimethylthiazol-2-
yl)-3, 5-diphenyformazan (MTT) and other chemicals were pur-
chased from Sigma chemical Co. (St. Louis, MO).

Cell lines and cell culture
HCT116 p53C/C and HCT116 p53¡/¡ cell lines were

kindly provided by Dr. Bert Vogelstein.32 HT-29, SW480 and
HCT-8 cells were purchased from KeyGEN BioTECH Com-
pany. CCD 841 cells was purchased from ATCC.33 All the cells
were all grown in RPMI1640 (GIBCO) medium supplemented
with 10% heat-inactivated newborn calf serum, 100U/mL peni-
cillin, and 100 mg/mL streptomycin.

Cell proliferation assay
Cell viability was determined by MTT assay. As our previous

described,17 cells were seeded in 96-well plates. After an overnight
incubation (37�C with 5% CO2), various concentrations of H1
was added into wells and incubated for additional 72 h. Thereaf-
ter, 100 mL of 0.5 mg/mL MTT was added to each well after
withdraw the culture medium and incubated for an additional
4 h. The resulting formazan was dissolved in 150 mL DMSO after
aspiration of the culture medium. Plates were placed on a plate
shaker for 30 min and read immediately at 570 nm using a
micro-plate reader (Bio-Rad Model 450). The IC50 was deter-
mined in duplicates and each experiment was repeated 3–5 times
under identical conditions. IC50 value was defined as the drug
concentration that inhibits 50% cell growth compared with the
untreated controls and calculated by Graphpad Prism 6.0 software.

Clonogenic assay
HCT116 or HCT116 p53¡/¡ cells were seeded in 6-well

plates at density of 400 cells per well. On the following day, cells
were exposed to various concentrations of H1 for 24 h. After
that, the growth medium was then replaced with fresh medium.
After 10–14 days, cell colonies were fixed with trypan blue solu-
tion (75% methanol/25% acetic acid/0.25% trypan blue) for
15 min, washed with PBS twice, and air-dried before counting
colonies >50 cells.

AnnexinV-propidium iodide binding assay
Briefly, following 24 h treatment of H1, HCT116 and

HCT116 p53¡/¡ cells were resuspended with the cold binding
buffer. According to the manufacture’s instruction (KeyGEN
Biotech Inc., China), 5 mL of Annexin-V-FITC and 5 mL of
propidium iodide (PI) were added and the cells were incubated
for 10 min in dark at room temperature. Flow cytometry analysis

Figure 4 (See previous page) . p53-independent induction of PUMA in response to cytotoxic effect of H1. HCT116 and HCT116 p53¡/¡ cells were treated
with various concentrations of H1 for 24 h, and cells were harvested. Induction of PUMA by H1 was determined by western blot analysis (A and B). Effect
of H1 on the expression of Bax and Bcl-2 also detected (A and C). In addition, cells were exposed to H1 for different time points (0, 4, 8, 12, 24 h), after
that PUMA expression was determined by western blot analysis (E and F). siRNA specific targeting to PUMA was mixed with Lipofectamine 2000
(LF2000, Invitrogen) in serum-free RPMI-1640 medium and added into plated cells. After 24 h incubation, cells were treated with H1 for additional 24 h.
Then, cells were rinsed and lysed containing freshly added Protease Inhibitor Cocktail. Cell lysates were used for western blot analysis (F). HCT116 p53¡/

¡ cells were seeded into 96-well plate at density of 1000 cells per well, then transfected with 10nM siPUMA mixed with LF2000 added into the well. After
24 h transfection, H1 (4mM) was added and exposed for an additional 72 h, and then cell viability was determined by MTT assay (G). **P < 0.01;
##P < 0.01 vs. each control group.
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Figure 5. p53-independent induction of PUMA via inhibition AKT/FoxO3a signaling. HCT116 p53¡/¡ cells were transiently transfected with a luciferase
plasmid under the control of a NF-kB response element. On the following day, cells were pretreated with H1 for 2 h, and then stimulated with TNF-a
(50ng/mL) for an additional 5 h. NF-kB activity was determined by the dual-luciferase assay (A). *P <0.05, **P<0.01, vs. each positive group, respectively.
HCT116 p53¡/¡ cells were treated by H1 for 6 h. E2F1, p73, p-FoxO3a and total FoxO3a were determined by western blot analysis and a representative
of 3 separate experiments is shown (B). H1 (4 mM) and LY294002 (10 mM) treated HCT16 p53¡/¡ cells for 6 h, the expression level of PUMA, p-AKT, p-
FoxO3a, total-AKT and total FoxO3a were determined by western blot analysis, a representative of 3 separate experiments is shown (C). HCT116 p53¡/¡

and SW480 cells were transiently transfected with siRNA targeted to FoxO3a for 48 h, then the cells were treated with 4 mM H1 for another 6 h. The
expression level of PUMA, p-FoxO3a and total FoxO3a were detected by western blot analysis (D). In addition, the mRNA expression level of PUMA was
determined by Real-Time PCR analysis, data from 3 independent experiments were used. (E). **P < 0.05, **P < 0.01, ##P < 0.01 vs. each control group.
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was performed using a FACS (Beckman coulter, USA). Annexin-
V- and PtdIns- double negative cells were defined as live cells.
Annexin-V-positive, PI-negative cells were defined as early apo-
ptotic cells and Annexin-V- and PtdIns-double-positive cells
were defined as late arising apoptotic cells.

Caspase -3 colorimetric assay
Effect of H1 on caspase-3 activity was determined by cas-

pase-3 colorimetric assay Kit (KeyGEN Biotech Inc., China).
Briefly, after treatment of H1 for 24 h, cells were lysed. Protein
concentration was determined by Bradford assay. The lysate
containing 100 mg of protein in 90 mL assay buffer were mixed
with 10 mL caspase-3 specific synthetic fluorescent substrates.
After incubation at 37 �C for 4 h, yellowish color from the
pNA released from the substrates by the action of active cas-
pase-3 was determined at 405 nm on Fluorescence Reader (Bio-
TEK INSTRUMENTS Inc.., USA).

NF-kB activity assay
HCT116 or HCT116 p53¡/¡ cells were seeded in 24-well

plates at a density of 1.2£105 cells/well. On the following day,
pGL3-Luc-NF-kB or pGL3-Luc DNA (0.5 mg) was co-

transfected with 0.1 mg of
renilla luciferase plasmid
DNA into cells using Lipo-
fectamine 2000 according to
the manufacturer’s instruc-
tion (Invitrogen). The
renilla luciferase plasmid
DNA was used as an internal
control for transfection effi-
ciency. After 6 h, transfec-
tion medium was changed,
and on the following day,
cells were incubated for 2 h
with various concentrations
of H1 followed by addition
of 50 ng/mL TNF-a for an
additional 5 h. Firefly lucif-
erase values were normalized
with renilla activity and the
reporter assays were per-
formed in triplicate.34

RNA interference
HCT116 or HCT116

p53¡/¡ cells were plated at a
density of 2.0£105 cells/
well. On the following
day, specific siRNA target-
ing to PUMA (UCUC
AUCAUGGGACUCCUG,
Dharmacon; Chicago, IL)
or FoxO3a (ACUCC
GGGUCCAGCUCCAC,
Dharmacon; Chicago, IL)

was mixed with Lipofectamine 2000 in serum-free RPMI-1640
medium and added to the plated cells. On the following day, cells
were treated with H1 (4 mM) for another 24 h. After that, cells
were rinsed with PBS and scraped in cell lysis buffer containing
freshly added Protease Inhibitor Cocktail (Sigma; St. Louis,
MO). Lysates were centrifuged at 12,000 rpm for 20 min at 4�C
to remove debris. Cell lysates were stored at -80�C for western
blots analysis. For the proliferation assay, cells were transfected
with 10nM siPUMA for 24 h, and then added H1 (4 mM) for
another 72 h. Cell viability was determined by MTT assay.

RNA extracts and Real-Time PCR analysis
According to the manufacturer’s instructions, total RNA was

extracted using the TRIzol RNA kit (Invitrogen, CA, USA).
The first strand cDNA (cDNA) was prepared from total RNA
using PrimeScriptTM RT reagent kit (Takara Bio, Inc., Japan).
PCR was performed in triplicate using the SsoFastTM Probes
Supermix (Bio-Rad) in a final reaction volume of 20 mL with
gene-specific primer/probe sets, and a standard thermal cycling
procedure (40 cycles) on a Bio-Rad CFX96TM Real-Time PCR
System. PUMA and b-actin (probe ID: Hs00248075_m1 and
Mm00607939_s1) mRNA levels were assessed using TaqMan

Figure 6. Schematic of p53-independent induction of PUMA via inhibition of AKT/FoxO3a signaling in response to
cytotoxic effect of H1. H1 significantly induced PUMA expression in a concentration- and time-dependent man-
ner, and then resulted in an increase of Bax/Bcl-2 ratio. Further studies demonstrated that inhibition of AKT/
FoxO3a signaling could be responsible to H1-induced PUMA expression. Consequently, H1 caused an increase of
early apoptosis, late apoptosis and caspase-3 activity in both wild-type and p53 null cells. Taken together, our
results suggest that inhibition of AKT/FoxO3a signaling cause PUMA induction in response to p53-independent
cytotoxic effects of H1.
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Gene Expression Real-Time PCR assays. Result was expressed as
the threshold cycle (Ct). The relative quantification of the target
transcripts was determined by the comparative Ct method
(DDCt) according to the manufacturer’s protocol. The 2¡DDCt

method was used to analyze the relative changes in gene expres-
sion. Control experiments were conducted without reverse tran-
scription to confirm that the total RNA was not contaminated
with genomic DNA. b-actin was used as an internal control
gene in order to normalize.

Western blot analysis
Cells were harvested and rinsed with PBS, and lyzed in dena-

turing lysis buffer (Applygen Technologies Inc., China) for
30 min on ice, centrifuged 12000 g for 20 min at 4�C. Protein
concentrations were determined by Bradford assay. Equal quanti-
ties (30 mg of protein) of cell extract were resolved by 10% SDS-
PAGE, the resolved protein were electrophoretically transferred to
PVDF membrane, and blocked with 5% fat-free dry milk in
TBST for 1 h at room temperature. The membrane was immu-
noblotted with anti-PARP, anti-p-H2AX, anti-H2AX, anti-survi-
vin, anti-p73, anti-PUMA, anti-p-FoxO3a, anti-FoxO3a, anti-
E2F1 (Cell Signaling Technology, USA), anti-p53, anti-Bax,

anti-Bcl-2, anti-a-tubulin (Santa Cruz, USA) antibodies in 5%
milk TBST, at 4�C overnight. The membranes were washed
3 times, incubated with HRP-conjugated secondary antibodies
for 1 h at room temperature, and washed extensively before detec-
tion. The membranes were subsequently developed using ECL
(FujiFilm, Japan) reagent (Applygen Technologies Inc., China)
and exposed to film according to the manufacturer’s protocol.

Statistical analysis
Data were shown as mean § SD. Statistical analysis of the

data was performed using the one-way ANOVA by SPSS soft-
ware. P < 0.05 was considered statistically significant.
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