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E2F1-Dependent Pathways are Involved in Amonafide
Analogue 7-d-Induced DNA Damage, G2/M Arrest,
and Apoptosis in p53-Deficient K562 Cells

Yiquan Li, Jin Shao, Ke Shen, Yufang Xu, Jianwen Liu,” and Xuhong Qian*

State Key Laboratory of Bioreactor Engineering & Shanghai Key Laboratory of Chemical Biology, School of Pharmacy,
East China University of Science and Technology, #268, 130 Meilong Road, Shanghai 200237, PR China

ABSTRACT

The E2F1 gene well known is its pivotal role in regulating the entry from G1 to S phase, while the salvage antitumoral pathway which
implicates it, especially in the absence of p53, is not fully characterized. We therefore attempted to identify the up- and down-stream
events involved in the activation of the E2F1-dependent pro-apoptotic pathway. For this purpose, a amonafide analogue, 7-d (2-(3-(2-
(Dimethylamino)ethylamino)propyl)-6-(dodecylamino)-1H-benzo[de]isoquinoline-1,3(2H)-dione) was screened, which exhibited high anti-
tumor activity against p53-deficient human Chronic Myelogenous Leukemia (CML) K562 cells. Analysis of flow cytometry and western blots
of K562 cells treated with 7-d revealed an appreciable G2/M cycle arrest and apoptosis in a dose and time-dependent manner via p53-
independent pathway. A striking increase in “Comet tail” formation and y-H2AX expression showed that DNA double strand breaks (DSB)
were caused by 7-d treatment. ATM/ATR signaling was reported to connect E2F1 induction with apoptosis in response to DNA damage.
Indeed, 7-d-induced G2/M arrest and apoptosis were antagonized by ATM/ATR signaling inhibitor, Caffeine, which suggested that ATM/ATR
signaling was activated by 7-d treatment. Furthermore, the increased expression of E2F1, p73, and Apaf-1 and p73 dissociation from HDM2
was induced by 7-d treatment, however, knockout of E2F1 expression reversed p73, Apaf-1, and p21Cip1/WAF ! expression, reactivated cell
cycle progression, and inhibited 7-d-induced apoptosis. Altogether our results for the first time indicate that 7-d mediates its growth
inhibitory effects on CML p53-deficient cells via the activation of an E2F1-dependent mitochondrial and cell cycle checkpoint signaling
pathway which subsequently targets p73, Apaf-1, and pZICip”WAFl. J. Cell. Biochem. 113: 3165-3177, 2012. © 2012 Wiley Periodicals, Inc.
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C ancer has been one of the most deadly diseases, which has
overtaken the heart disease in some developed countries
[Rawat, 2008]. Nowadays, the development of new, selective,
efficient, and safe drugs for cancer chemotherapy remains an urgent
and high priority for medical research needs [Lv and Xu, 2009].
Naphthalimide analogs have been considered as a promising group
of anticancer agents by intercalating deoxyribonucleic acid, some of
them, e.g., amonafide and mitonafide have reached the clinical trial
stage for the treatment of solid tumors and exhibited excellent
antitumor activity. However, most clinical trials have failed because

of toxic side-effects. Subsequent efforts to improve therapeutic
properties of naphathalimides have been made by modifying the
naphthalimide skeleton [Gao et al., 2009; Ingrassia et al., 2009].
In the course of screening a series of naphthalimide based DNA
intercalators, 7-d (2-(3-(2-(Dimethylamino)ethylamino)propyl)-6-
(dodecylamino)-1H-benzo[delisoquinoline-1,3(2H)-dione) that sig-
nificantly caused Top-II inhibition and suppressed the growth of
multiple cancer cell lines in this series [Chen et al., 2010]. Unlike
amonafide, the naphthalimide skeletons of 7-d are fused through to
polyamines and long alkyl chains at 2- and 6-positions (Fig. 1). The
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Fig. 1. Chemical structure of Amonafide and 7-d.

addition of polyamines would harness the polyamine transporter
(PAT) for drug delivery, which was beneficial for the tumor cell
selectivity [Wallace and Palmer, 2010]. Meanwhile, the elimination
of the amino group at the 5-position would avoid the amino
acetylation that caused unpredictable toxicity of amonafide [Huang
et al., 2008].

The growth suppressor p53 plays an important role in preventing
cancer development, especially in modulating cell cycle arrest and
apoptosis response induced by DNA damage. Though, loss of p53
function occurs in an estimated 50% of all cancers by mutations and
deletions including most leukemia cell lines [Blagosklonny, 2002;
Di Cintio et al., 2010]. P53 alteration has also been held responsible
for the failure of most cancers to respond to chemotherapy
[Weller, 1998]. Chronic myelogenous leukemia (CML) cancers are no
exception; p53 inactivation plays an important role in the
progression of CML to blast crisis [Feinstein et al., 1991]. CML
blast crisis (CMLBC) remains a therapeutic challenge because it is
highly refractory to standard induction chemotherapy with a
response rate in myeloid blast crisis of less than 30% [Karbasian
Esfahani et al., 2006]. The typical human K562 leukemic cell line
was derived from a patient with CML in acute myeloid blast crisis is
relatively resistant to apoptosis induced by a wide range of
anticancer agents [Raghuvar Gopal et al., 2005]. Early researches
show the p53 gene in the K562 human CML cell line is characterized
by a mutation in exon 5, leading to inactivation of this gene [Law
et al., 1993].

E2F1, a transcription factor of E2F family, exhibits kinetics that
closely resemble the induction of p53 in DNA damage response
[Blattner et al., 1999]. Recent researches reported that in the absence
of p53, E2F-1 could trigger cell death in responding DNA damage
mainly via p73 and Apaf-1 signal pathways. Some researchers even
proposed that the E2F1-p73 pathway functions as a backup when
p53 is defective to ensure that damaged cells could undergo
apoptosis, because in many human tumors that sustain an
inactivating mutation of p53, the E2F1-p73 pathway is still intact
[Ginsberg and Polager, 2009; Wu and Yu, 2009].

An earlier research had reported the vital role of p53 in
naphthalimides analogue induced cell cycle arrest and apoptosis in

p53-wt cancer cells [Liang et al., 2011]. However, little attention has
been paid to reveal the underlying mechanism of the anticancer
effect of naphthalimides analogue in p53-deficient cancer cells.
When investigating the chemopreventive potential of 7-d. it showed
high antitumor activity against p53-deficient K562 cells in our
current study suggesting that the action of 7-d is not affected by p53
status. The mechanism of 7-d action that does not require functional
p53 may provide additional treatment options in p53-mutant or
deletions CMLBC patients who have shorter survival. Further
mechanism researches found that 7-d-induced DNA damage, G2/M
arrest and apoptosis in K562 cells accompanied by the activation of
E2F1-dependent pathways.

MATERIALS

7-d and amonafide (>99% pure) were synthesized and provided as
described previously [Chen et al., 2010]. A 20 mM stock solution of
7-d was prepared with dimethyl sulfoxide (DMSO) and freshly
diluted in culture media for all in vitro experiments. The control cells
were treated with the same amount of vehicle alone. The final DMSO
concentration never exceeded 0.1% (v/v), in either control or
treated samples. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bro-mide (MTT), Hoechst33258, caffeine and propidium iodide (PI)
and 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium
(BCIP/NBT) were from Sigma Chemical Co. (St. Louis, MO); human
reactive monoclonal antibodies anti-p53, anti-E2F1, anti-p73,
anti-Apaf-1, anti- HDM2, anti-yH2AX, anti-B-actin were from
Santa Cruz Biotechno logy (Santa Cruz, CA) and human anti-NF-«B,
anti-cyclinB1, anti-CDK1, anti-p21 Cip1/ WAFl, anti-cleaved PARP-1,
anti-Bax, anti-Bcl-2, anti-caspase-3 were from Cell signaling
Technology (Beverly, MA).

CELL LINES AND CELL CULTURE

The human cell lines used included: K562 human Chronic Myeloid
Leukemia cells, Hela cervix carcinoma cells, HepG2 human liver
hepatocellular carcinoma cells, MCF-7 human breast carcinoma
cells, HCT116 human colon cancer cells, MRC-5 human lung
fibroblast cells and NRK rat kidney cells. All cells were purchased
from Cell Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). K562, Hela, HepG2, MCF-7, and HCT116
cells were cultured in RPMI1640 medium, supplemented with 10%
heat-inactivated bovine serum, penicillin (100 U/ml) and strepto-
mycin (100 U/ml). MRC-5 and NRK cells were cultured in RPMI1640
medium, supplemented with 10% heat-inactivated fetal calf serum,
penicillin (100U/ml) and streptomycin (100U/ml). Cells were
incubated at 37°C in a humidified atmosphere of 95% air and
5% CO,.

CYTOTOXICITY ASSAY

The cytotoxicity assay was performed by MTT method [Liu et al.,
2007]. The cytotoxicity of 7-d was expressed as ICsq (concentration
of 50% cytotoxicity, which was extrapolated from linear regression
analysis of experimental data).

3166

7-d INDUCED G2/M ARREST AND APOPTOSIS IN K562 CELLS

JOURNAL OF CELLULAR BIOCHEMISTRY



COLONY FORMING ASSAY

Hela, MCF-7, HCT116, HepG2 cells were plated in 24-well culture
plate (200-300 cells/well) respectively, and allowed to adhere for
10 h before treatment. K562 cells were plated in 24-well culture plate
with culture medium and agarose mixture (according to the ratio of
culture medium: agarose =3:1). Culture medium containing 7-d
ranging from 0.2 to 1M or without 7-d was added to cells and
incubated for 6 days. After that, wells were fixed with methanol and
stained with 5% Giemsa solution and colonies (>50 cells) were
counted under an inverted microscope. The antiproliferation
activity was expressed as ECso (concentration of 50% inhibitory
colony number).

COMET ASSAY

K562 cells were treated with 4 wWM 7-d for 24 h, and the assay was
performed according to the manufacturer’s protocol (Kengen, CN).
Briefly, cells were harvested, and washed in ice-cold 1x PBS. After
washing, 1 x 10° cells/m] were combined with molten LMA garose
(Kengen) at 37°C at a ratio of 1:8 (vol/vol). Cell mixture was spread
onto a slide embedded with normal agarose and allowed to solidify
at 4°C in the dark. Cells were lysed in prechilled lysis solution for 1 h,
after which the cells were immersed in a freshly prepared alkaline
solution (300 mM NaOH, 1 mM EDTA, pH > 13) for 20 min. The
samples were then electrophoresed at 300 mA for 30 min, washed,
air-dried, and stained with 20l PI (5 ug/ml). The slides were
visualized by fluorescence microscopy (Optimas, MD). For each
sample, a minimum of 50 cells were scored at 400 x magnification.

FLOW CYTOMETRIC ANALYSIS OF CELLULAR DNA CONTENT

Flow cytometric analysis of cellular DNA content was performed as
described previously [Wang et al., 2006]. Briefly, cells (2 x 10°) were
seeded in a six-well culture plate. After 12 h incubation, cells were
treated with 7-d at various concentrations and for different time.
Both floating and attached cells were collected and stained with PI
(50 pg/ml) and analyzed in a FACScan flow cytometer (Becton
Dickinson). The percentage of cells in GO/G1 phase, S phase and G2/
M phase was analyzed using standard ModiFit and CellQuest
software programs.

FLOW CYTOMETRIC ANALYSIS OF APOPTOSIS AND NECROSIS
Extent of apoptosis was measured through Annexin V-FITC
apoptosis detection kit (Invitrogen) as described by the manufac-
ture’s instruction. Briefly, K562 cells (1 x 10%/2 ml/well) were seeded
in six-well plates and treated with 7-d at various concentrations or
for different time. After that, cells were collected and stained with
AnnexinV-FITC and PI and then analyzed by flow cytometry using
FACScan flow cytometer (Becton Dickinson). The fraction of cell
population in different quadrants was analyzed using quadrant
statistics. Cells in the lower right quadrant represented early
apoptosis and in the upper right quadrant represented late apoptotic
cells [Verma et al., 2008].

FLUORESCENT MORPHOLOGICAL ASSAY

Cells from exponentially growing cultures were seeded in 24-well
culture plate and treated with 4 wM 7-d for 24 h. Cells were washed
with PBS, fixed in MeOH-HOAc (3:1, v/v) for 10 min at 4°C, and

stained with Hoechst 33258 (5 ug/ml in PBS) for 5min at room
temperature and then examined with a LEICA DMIRB fluorescent
microscope at 356 nm.

DNA FRAGMENTATION ASSAY
The isolation of fragmented DNA was carried out according to the
previous procedure [Kwon et al., 2006]. Briefly, genomic DNA was
extracted from 7-d treated K562 cells (0, 12, 24, and 48 h; 4 uM) and
used for agarose gel analysis.

WESTERN BLOTTING ANALYSIS

7-d treated cells were subsequently lyzed in lysis buffer [20 mM Tris
(pH 7.4), 25 0 mM NaCl, 2 mM EDTA (pH 8.0), 0.1% Triton X-100,
0.01 mg/ml aprotinin, 0.003 mg/ml leupeptin, 0.4mM phenyl-
methylsulfonyl fluoride (PMSF), and 4 mM NaVO04]. The extraction
and isolation of nuclear fraction were performed according to the
method of Levites et al. [2002]. Lysates were then spun at 14,000¢ at
4°C for 10 min and supernatants were in parallel lanes on 10%
sodium dodecyl sulfate (SDS) gels. After electrophoresis, the
proteins were electro-transferred to a PVDF membrane, blocked
with 5% nonfat milk, and probed with antibodies (1:1,000) for
appropriate primary overnight at 4°C. The blot was then incubated
with appropriate secondary antibody alkaline phosphatase (AP)
conjugated and detected in 5 ml AP buffer containing 16.5 wl BCIP
and 33wl NBT at room temperature for 10-20 min, and then
photographed. B- Actin was used as a loading control.

REAL-TIME QUANTITATIVE REVERSE TRANSCRIPTION-PCR
ANALYSIS

Total RNA of 7-d-treated cells was extracted using TRIZOL™
reagent (Promega Corporation) according to the supplier’s instruc-
tion. RNA was quantitated by optical density measurement at 260
and 280 nm using a spectrophotometer (all RNA samples had an
A260/A280 ratio >1.8), and integrity was confirmed by running
RNA on a 1.2% agarose gel. Reverse transcription was performed
with 1 pg of total RNA using Reverse Transcription System (Takara
Shuzo, Shiga, Japan). Real-time PCR was performed using SYBR
Green Supermix with an iCycler®™ thermal cycler (Bio-Rad). Primers
were obtained from Shanghai Sangon Biological Engineering
Technology & Services Co. Ltd. (Shanghai, China) and their
sequences were shown in Supplementary Table 1. The data were
collected and analyzed with the comparative Ct (threshold cycle)
method using GADPH as the reference gene.

COIMMUNOPRECIPITATION ASSAY

Coimmunoprecipitation was conducted as described previously
[Liang et al., 2010]. In brief, cells were collected and lysed in 1 ml of
immunoprecipitation lysis buffer (300 mmol/L of NaCl, 50 mmol/L
of Tris-Cl, pH 7.6, 0.5% Triton X-100, protease inhibitors, 10 mmol/L
of Na4P207, 1 mmol/L of Na;VO0,, 25 mmol/L of NaF, and 1 mmol/L of
b-glycerophosphate). Protein concentrations of cell lysates were
determined using the Bradford method, and 500 g of protein was
precleared and then incubated with HDM2 antibody in extraction
buffer at 4°C overnight. The immune complexes were precipitated
with protein A/G agarose beads (Sigma) for 2h and washed five
times with extraction buffer before boiling in SDS sample buffer.
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Immunoprecipitated proteins were separated by SDS-PAGE, and
Western blot analysis was carried out as described earlier.

RNA INTERFERENCE ASSAY

The cells were plated at 5 x 10° cells/ml in a six-well plate. Twenty-
four hours after plating, the cells were transfected with the E2F1
siRNA. The scrambled siRNA oligonucleotides used as a control for
E2F1 RNA interference experiments. Their sequences were in
Supplementary Table 1. The transfection of the siRNA was carried
out according to the Lipofectamine™ RNAIMAX transfection
Reagents guidelines (Invitrogen). Subsequently, the cells were
collected and analyzed using flow cytometry and western blotting.

STATISTICAL ANALYSIS

Each experimental value was expressed as means =+ standard
deviation (SD). Significant differences between experimental groups
and control were determined using the unpaired Student’s t-test.
Statistical analysis was performed using the Origin 7.5 software to
evaluate the significance of differences. In all cases, P < 0.05 was
considered significant.

EFFECTS OF 7-d ON CELL VIABILITY IN HUMAN CANCER CELL LINES
AND NORMAL CELL LINES

To investigate the potential anticancer activity of 7-d in human
cancer cells, we first examined the effect of 7-d on cell viability in
five human cancer cell lines. As shown in Supplementary Figure 1A
and 1B. 7-d seemed to be more potent than amonafide against Hela,
HepG2, HCT116, MCF-7, K562, with the ICs, values of 4.68, 8.45,
3.89, 4.56, and 4.29 uM, respectively, all below the responding
values of amonafide (11.56, 43.1, 50, 27.4, and 13.1uM,
respectively. However, at these concentrations, 7-d had less effect
on the cell viability of normal MRC-5 and NRK cells. In addition, 7-d
resulted in a significant inhibition of colony formation of five
cancer cell lines compared with control (Supplementary Fig 1C).
The EC5, values on colony formation were showed in Table I. When
counting up above-mentioned results, therapeutic index (the ratio
of IC50 VS. ECs) for these five cancer cell lines showed the following
order: K562 >MCF-7 >HepG2 > Hela >HCT116. It showed that
p53-deficient K562 cells were sensitive to 7-d with the highest
therapeutic index equal to 11.59 (Table I). We further evaluate the
toxicity effect of 7-d on K562 cells by the MTT assay. Supplementary
Figure 1D demonstrated that 7-d inhibited cellular viability in a
time-and dose-dependent manner. The viability of K562 cells was

TABLE 1. Growth Inhibition Effect of 7-d on Five Established Cell
Lines

K562 HepG2 MCF-7 HCT116 Hela
IC50(uM)  4.2940.83 8.45+0.13 4.56+0.86 3.89+0.15 4.68+0.56
EC50(uM) 0.37+£0.08 0.84+0.11 044003 078+0.15 0.54:0.04
TI 11.59 10.06 11.4 4.99 8.67

Each value represented means + standard deviation (SD) of three independent
experiments. Therapeutic index (TI) was equal to the ratio of ICsy vs. ECsp.

reduced to 50% upon a 48 h exposure to 2.16 puM 7-d and a 60h
exposure to 1.85uM 7-d.

EFFECTS OF 7-d ON CELL CYCLE PROGRESSION IN K562 CELLS

In this study we analyzed the cell cycle to characterize the inhibition
of K562 cell growth induced by 7-d and to relate this to cell cycle
progression. Compared with the control treatment, 7-d could cause
an appreciable arrest in the G2/M phase in dose- and time-
dependent manner (Fig. 2A,B). Cells separately treated with 0, 1, 2,
or 4 uM of 7-d for 24 h resulted in the accumulation of G2/M phase,
from 12.05 to 67.63% (Fig. 2A). Furthermore, as shown in
Fig. 2B, the K562 cell population gradually increased from
12.44% at Oh to 28.1% after 24h and 61.89% after 48 h in the
G2/M phase.

MODE OF 7-d-INDUCED CELL DEATH IN K562 CELLS

In order to identify the mode of K562 cell death (apoptosis or
necrosis) following 7-d treatment, a combination of PI and
Annexin V staining and FACS analysis was used. After K562 cells
were incubated with various concentrations of 7-d for 24 h or 2 uM
7-d for different time. Cells were stained with AnnexinV-FITC and PI
which could assess the early apoptotic and laten apoptotic cell
population. 7-d produced a dose- and time-dependent increase in
the apoptotic cell population. The apoptotic population in the
untreated cell was 4.84%, which increased to 84.31% at 4 pM
(Fig. 3A). Also cells separately treated with 2 uM 7-d for 0, 12, 24,
and 48 h resulted in the accumulation of apoptotic population, from
3.06% at Oh to 97.78% after 48h (Fig. 3B). Next, we further
confirmed the above results by fluorescent dye Hoechst 33258
staining and DNA fragmentation assay. Figure 3C showed both
control cells were normal and the nuclei were round and
homogeneous, while the cells treated with 7-d at 4 pM exhibited
the characteristics of apoptosis along with cell shrinkage, nuclear
condensation and apoptotic bodies. As shown in Figure 3D,
exposure of cells to 7-d (0, 12, 24, and 48 h) at 4 uM led to evident
DNA fragmentation as indicated by the formation of DNA ladder.

EFFECT OF 7-d ON CELL CYCLE REGULATORY MOLECULES IN
K562 CELLS

It has been well documented that the cell cycle is primarily regulated
by complexes containing CDKs and the Cyclins. Regulation of
CyclinB1/Cdk1 complexes at multiple levels ensures the tight
control G2/M transition. P21 SPYWAF! 4 Cyclin-dependent kinase
inhibitor, is known for its ability to be up-regulated by p53, both of
which are integrated in G1 and G2 arrest machinery in response to
DNA damage [Ko et al.,, 2005; Chiu et al., 2009]. To further
investigate the molecular changes involved in 7-d-mediated G2/M
cell cycle arrest in p53-deficient K562 cells, we analyzed whether 7-
d treatment altered the expression of p21PYWAF! Cdk1, and
CyclinB1. As shown in Figure 4A, treatment of K562 cells with 0, 1,
2, 4, and 5 uM of 7-d for 24 h increased p21“PY/WAF! and CyclinB1
in a concentration-dependent manner, however, Cdkl kept
unchanged from the beginning to the end. The results indicated
that treatment of K562 cells with 7-d activated p21P/WAF! jp g p53
independent manner. Then, accumulation of p2 16PUWAFL inhibited
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24 h and treated with 7-d (2 wM) for 0, 24, and 48 h, respectively. Cell cycle analysis was then conducted using flow cytometry as described in the Materials and Methods
section. A: Concentration-dependent G2/M arrest by 7-d. B: Time-dependent G2/M arrest by 7-d. Experiments were repeated independently three times with similar results. The
data shown are results of a representative experiment. Cell cycle distribution histograms were expressed as means = SD of three independent experiments. The values indicated

the percentage of cells in the indicated phases of the cell cycle. Significant differences from control were indicated by “P< 0.05; **P< 0.01; “**P < 0.001. [Color figure can be
seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

the expression of cyclin-dependent kinases, such as CyclinB1 and
Cdk1.

EFFECT OF 7-d ON APOPTOSIS REGULATORY MOLECULES IN K562
CELLS

The transcription factor NF-kB has antiapoptotic properties and may
confer chemoresistance to cancer [Lin et al., 2010]. Members of the
Bcl-2 family proteins are associated with the mitochondrial
membrane and regulate membrane integrity. The balance between
the expression levels of the protein units (e.g., Bcl-2 and Bax) is
critical for cell survival or death. The Bcl-2/Bax ratio might
contribute to apoptosis via caspases activation in the mitochondria
pathway [Ghobrial et al., 2005]. Therefore, to understand the
ultimate molecular events involved in 7-d-induced cell apoptosis,
we next investigated the effect of the 7-d on nuclear translocation of
NF-kB, Bax/Bcl-2 ratio, executioner caspase-3 and its substrate

cleaved PARP-1 expression level. K562 cells were treated with 0, 1,
2, 4, and 5uM 7-d for 24 h, respectively. The result showed that
nuclear translocation of NF-kB was suppressed (Fig. 4B). Meanwhile
up-regulation of Bax and down-regulation of Bcl-2 were observed,
suggesting an increase of Bax/Bcl-2 ratios which might be involved
in apoptosis induced by 7-d. Furthermore, 7-d caused caspase-3
activation and cleavage of a well-known substrate of activated
caspase (poly (ADP-ribose) polymerase-1 (PARP-1)) which in
involved in apoptotic signaling (Fig. 4B).

7-d TREATMENT TRIGGERED ATM/ATR-DEPENDENT DNA DAMAGE
SIGNALING

To evaluate whether 7-d causes DNA damage, we used the alkaline
version of the comet assay to detect a variety of DNA damage [Olive
and Banath, 2006]. K562 cells were treated with 4 uM 7-d for 24 h.
As shown in Figure 5A, significantly comet migration was observed.
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7-d for 24 h and treated with 7-d (2 uM) for 0, 24 and 48 h, respectively, subsequently stained with Annexin V-FITC/PI to analyze apoptotic and necrotic cell populations.
Cells in the lower right quadrant represented early apoptosis and cells in the upper right quadrant represented late apoptosis. A: Dose-dependent apoptosis by 7-d treatment. B:
Time-dependent apoptosis by 7-d treatment. Data are representative of one of three similar experiments. C: Examples of the cellular morphology. K562 cells were treated with
4 wM 7-d for 24 h, and then visualized by phase contrast microscope and LEICA fluorescence microscope, respectively. Condensed and fragmented nuclei and apoptotic bodies
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Quantitative analysis of comet assay results showed that the tail
moments of 7-d-treated cells were significantly different from those
of the controls. In parallel, western blotting assay showed that the
phosphorylation of histone H2AX at Ser139, a marker of DNA
Double strand breaks (DSB) [Kuo and Yang, 2008], dramatically
increased in a time-dependent way within 8 h (Fig. 5B). This result
suggested that 7-d can induce significant DNA DSB in K562 cells in
the early stage. Ataxia-telangiectasia-mutated (ATM) and ATM-and
Rad3-related (ATR) kinases are two members of phosphatidylinositol-3-
kinase-related kinase family playing important roles in sensing DNA
damage. Histone H2AX Serine 139, named y-H2AX, is also an early
phosphorylated target of ATM. Caffeine, an ATM/ATR kinase
inhibitor [Sarkaria et al., 1999], was used to examine whether ATM/

ATR signaling pathway was activated in the 7-d-induced DNA
damage response. As shown in Figure 5B, preincubation with 5 mM
caffeine for 1 h downregulated 7-d-induced expression of y-H2AX,
confirming that ATM/ATR pathway participated in 7-d-induced
DNA damage response.

CAFFEINE ANTAGONIZES 7-d-INDUCED G2/M ARREST AND
APOPTOSIS

To directly examine whether cell cycle arrest and apoptosis induced
by 7-d treatment was associated with its DNA damage response. The
ATM/ATR inhibitor Caffeine was used to clarify the role of ATM and/
or ATR in the 7-d-induced G2-M arrest in K562 cells. As shown in
Figure 5C,D, 1h pretreatment of caffeine at 5mM significantly
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Fig. 4.

Effects of 7-d on cell cycle regulatory proteins and apoptosis regulatory molecules in K562 cells. Proteins from K562 cells treated with 7-d (24 h) for 0, 1, 2, 4, and

5 wM were analyzed using western blotting. A: Total protein extracts were prepared after treatment for 24 h, and analyzed with antibodies to p21Ci""WAF1. Cyclin B1, and CDK1.
B: Total protein and nuclear extracts were prepared after treatment for 24 h, and analyzed with antibodies to NF-«B, Bax, Bcl-2, caspase-3, and cleavaged-PARP-1. 3-actin was

used as a loading control. Western blots were representative of three independent experiments.

abated 7-d-induced G2/M arrest and apoptosis, suggesting that
G2/M arrest and apoptosis 0f K562 cells were caused by DSBs, which
were sensed by ATM and/or ATR.

EFFECT OF 7-d ON p53, E2F1, p73, HDM2, AND Apaf-1
EXPRESSION

On account of E2F1 can trigger cell death in p53-deficient tumors,
including most leukemia cell lines [Fueyo et al., 1998]. We therefore
examined whether E2F1 and its target gene p73, Apaf-1, HDM2 were
involved in 7-d-induced DNA damage, G2/M arrest and apoptosis in
K562 cells. Western blot was used to assess E2F1, p73, p53, HDM2
and Apaf-1 protein expression levels in K562 cells which were
treated with O, 1, 2, 4, and 5 uM for 24 h. Figure 6A represented a
typical western blot result of increase in the level of E2F1, p73, and
Apaf-1 proteins were observed. Consistent with previous reports,
wild-p53 protein in either control or 7-d treated K562 cells were
unable to be detected. A time course study with 2 uM of 7-d showed
that protein levels of E2F1, p73, and Apaf-1 increased after 24 h,
which intensified with time (Fig. 6B). These results demonstrated
that 7-d-induced expression of E2F1, p73, and Apaf-1 is dose and
time dependent. Intriguingly, no detectable increase expression

levels of HDM2 were observed in 7-d treated K562 cells (Fig. 6A,B).
We had determined that 7-d could cause a change in the protein
level of E2F1, p73, Apaf-1 except p53 and then we examined the
mRNA levels by Real-Time Quantitative RT-PCR analysis. In
accordance with above protein levels change, the results indicated
that the mRNA expression of E2F1, p73, and Apaf-1 increased in a
time-dependent manner. However, the mRNA level of p53 in the
K562 cells treated with 7-d kept unchanged in comparison with
control cells (Fig. 6C).

7-d PREVENTS THE PHYSICAL INTERACTION BETWEEN HDM2 AND
p73 IN K562 CELLS

It has been reported that HDM?2, a key negative regulator of p53, also
binds to and inhibits p73 transcriptional activity [Lu et al., 1999]. We
therefore asked whether 7-d could disrupt p73 binding to HDM2.
The Co-immunoprecipitation assay was performed to confirm our
hypothesis that 7-d-induced p73 accumulation was accompanied by
the dissociation of the HDM2-p73 complex. As shown in
Figure 6D, 7-d caused p73 dissociation from HDM2 in response
to 4 uM at 24 h.
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Fig. 5.

DNA damage signaling is triggered by 7-d treatments and subsequently mediated G2-M arrest and apoptosis in K562 cells. A: Detecting DNA damage in individual cells

by comet assay. K562 cells were treated with 4 WM 7-d for 24 h and then subjected to an analysis by comet assay. Typical “comet pattern” of damaged DNA was visualized by a
fluorescent microscope. Semiquantitative analysis of the results presented in (A), expressed as the average of % tail DNA analyzed by the CometScore™ software. More than 50
cells were scored in each condition. Significant difference of 7-d treatment from the control were indicated by **P< 0.01. B: Western blotting analyses of H2AX-P>¢"'3%, K562
cells were un-pretreated or pretreated with 5 mM caffeine for 1 h, and then treated with 4 uM 7-d for 0, 2, 4, 6, and 8 h. Phosphorylated H2AX-P5*"12° |evels were analyzed by
western blotting. C,D): ATM/ATR inhibitor caffeine (5 mM) abrogated 7-d -induced G2/M arrest and apoptosis. K562 cells were pretreated with 5 mM caffeine for 1 h, following
with 4 wM 7-d for 24 h, then analyzed by FACS for cell cycle distribution and apoptosis. Experiments were repeated independently three times with similar results. The data were
shown are results of a representative experiment. All data were presented as the mean =+ SD of three parallel samples in each team. As for G2/M cycle phase, significantly
differences between control and 7-d group were indicated by ***P < 0.001; between 7-d group and caffeine + 7-d group were indicated by **#P < 0.001. [Color figure can be
seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

INHIBITION OF 7-d-INDUCED CELL CYCLE ARREST AND APOPTOSIS
BY KNOCKOUT OF E2F1 USING siRNA TRANSFECTION

To directly address the role of E2F1 in 7-d-induced cell cycle arrest
and apoptosis, the siRNA technique was used to selectively knock

down the E2F1 gene. Western blot analysis was used to confirm that
E2F1siRNA, but not control siRNA was able to reduce E2F1 protein
expression (Fig. 7A). When the K562 cells were transfected with
siRNA of E2F1, then treated with 2 uM 7-d for 48 h, the apoptotic
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prepared with the indicated concentration of 7-d for 24 h. B: Total protein extracts were prepared with 2 WM 7-d for the indicated time. Total protein extracts of A and B were
then analyzed with antibodies to HDM2, E2F1, p73, Apaf-1, and/or p53. p53 in Hela used as a positive control for wild-p53. B-actin was used as a loading control. C: Effect of 7-
d on mRNA expression of E2F1, p73, p53, Apaf-1 genes in K562 cells. Cells were treated with 2 WM 7-d for 0, 12, 24, 48 h and then harvested. Quantification real-time reverse
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three independent experiments per concentration. Significant differences from control were indicated by *P< 0.05; “*P< 0.01; P < 0.001

induction was decreased by 59% and the effect of 7-d on G2/M
accumulation was reduced by 40% compared to that without siRNA
transfection (Fig. 7B,C). Furthermore, the levels of p73, Apaf-1, and
p21 CiPl/WAFL iy K562 cells transfected with E2F1 siRNA were
significantly decreased by 70-800%, as demonstrated using western
blotting (Fig. 7D). Accordingly, these data demonstrated the
involvement of E2F1-dependent pathway in 7-d-induced cell cycle
arrest and apoptosis in K562 cells.

As we know, amonafide is a traditional Topoisomerase II-targeted
drug. In our previous study, a novel amonafide analogue 7-d was
designed to aim at improving the antitumor efficiency and in
particular, to alleviate the toxicity of the parent compound
amonafide [Chen et al., 2010]. In the course of investigating the
antitumor activities of 7-d, K562, a congenital p53 deficient human
myeloid leukemia cell line [Law et al., 1993], seemed to be more
sensitive to 7-d. So it was of interest to further investigate the

mechanism underlying the effects of 7-d-induced in human CML
K562 cells lack of p53.

MTT and colony forming assay revealed that 7-d could cause
more toxicity on a panel of established cancer cell lines (Hela,
HepG2, MCF-7, HCT116, K562), than amonafide with the ICs, values
all below the responding values of amonafide. Meanwhile, we were
happy to find that cytotoxicity of 7-d on normal cells MRC-5 and
NRK was much lower than human cancer cells (Supplementary Fig.
1A). The above results supported that the structure optimization of
7-d enhanced its effective and selective cytotoxicity in tumor cells.
Our results also showed that K562 (p53-deficient) human Chronic
Myeloid Leukemia cell was the most impressionable cancer cell to
7-d treatment, with the highest TI (IC5¢/ECs,) values 11.59 (Table I).
Further study on the antiproliferation effects of 7-d on K562 cells
demonstrated that 7-d inhibited K562 cells growth in a time- and
dose-dependent manner.

Besides, we found that the antiproliferation effects of 7-d in K562
cells could be explained by the cell cycle arrest and apoptosis.
Flow cytometric analysis showed treatment of cells with 7-d not
only led to G2/M arrest but also increased apoptotic cells in a dose-
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for 48 h plus recovery, followed by treatment with 2 uM 7-d for 48 h. A: K562 cells were transfected with Control siRNA and E2F1 siRNA, then detected by western blot. B:
Apoptosis assessed using Annexin V-FITC and Pl staining with flow cytometry, data are expressed as the mean & SD, **P< 0.01, ***P< 0.001 compared E2F1siRNA, control
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and time-dependent manner, meanwhile, morphological changes
and formation of DNA fragmentation of K562 cells in response to
7-d treatment came to the conclusion that apoptosis was the prime
cell death way related to 7-d (Figs. 2 and 3). Next, our further
molecular mechanism research revealed that 7-d-induced G2/M
arrest at the G2/M checkpoint of the cell cycle was related to
p53-independent transcriptional up-regulation of p2 1CIPUWAFL "and
down-regulating the intracellular levels of cyclinB1, without
changing the levels of Cdk1 (Fig. 4A). Moreover, NF-kB nuclear
localization suppression and mitochondrial death pathways were
deeply responsible for the apoptotic effect of 7-d in K562 cells
(Fig. 4B).

Our previous report showed 7-d could inhibit Topoisomerase II
[Chen et al., 2010], which reminded us DNA damage signaling may
be involved in 7-d-induced G2/M arrest and apoptosis. In the
present study, we first investigated its DNA damage effects in K562
cells. Our observation suggested that 7-d could induce significant DSB
in K562 cells. ATM and ATR, members of the phosphatidylinositol-3

kinases-related protein family, are two key important DNA damage
sensors in response to DNA damage, particularly DSB formation
[Kitagawa and Kastan, 2005]. Our data demonstrated that pretreat-
ment of caffeine, the ATM/ATR inhibitor, abated H2AX-ser139
phosphorylation within 8h and antagonized 7-d-induced G2-M
arrest and apoptosis (Fig. 5B-D), suggesting that ATM/ATR
signaling was activated in the early stage and mediated 7-d-
induced cell cycle arrest and apoptosis. ATM and/or ATR kinases can
initiate activation of downstream pathways through phosphoryla-
tion of targets at the site of DNA damage, especially p53, which
subsequent mediates cell cycle arrest and apoptosis [Kurz and Lees-
Miller, 2004; Kitagawa and Kastan, 2005]. Considering the action of
7-d in inducing cell cycle arrest and apoptosis in p53-deficient K562
cells is not dependent on p53, to further elucidate p53-independent
pathway is clearly necessary.

E2F1, the first member of the E2F transcription factor family, is
well known for its pivotal role in coordinating progress through the
cell cycle predominantly at the G1 to S phase transition [Gorgoulis
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and Tsantoulis, 2005]. Despite the clear importance of E2F1 in
allowing cell-cycle progression, its another unique role in triggering
cell cycle checkpoints and apoptosis in responding to DNA damage
has instigated a number of studies in search of its function [Wu et al.,
2009]. Some reports showed that E2F1 can be induced and
phosphorylated by DNA damage responsive protein kinases, ATM
and/or ATR, in a manner analogous to that of p53, which leads to its
accumulation and the induction of cell cycle arrest and apoptosis
[La Thangue and Stevens, 2004; Carcagno et al., 2009]. The
accumulation of E2F1 can lead cell death through p53-dependent
and p53-independent pathways [Ginsberg, 2002; Stanelle and
Putzer, 2006]. In cell types lacking p53, E2F1 become an effective
death-inducer to activate many apoptosis genes not directly related
to p53 pathway. The p53 family member p73 and Apoptosis
protease-activating factor 1 (Apaf-1), has been described as two key
downstream targets mediating E2F 1-induce apoptosis. Activation of
P73 in turn triggers the activation of p53-responsive target genes,
such as Bax, Noxa, Puma, etc. and leads to apoptosis, Apaf-1 in turn
complexes with cytochrome c released from mitochondria, activat-
ing a cascade of caspases [Furukawa et al., 2002]. In addition to the
well-studied p73 and Apaf-1, E2F1 may also transcriptionally
induce other pro-apoptotic genes, including BH3 proteins, caspase
family members etc. and inhibit survival or antiapoptotic members,
such as NF-«kB and antiapoptotic Bcl-2 family members [Hershko
and Ginsberg, 2004]. In our current study, both protein and mRNA
levels of E2F1, p73, and Apaf-1 were increased in K562 cells (Fig. 6).
Moreover, the depletion of E2F1 expression resulted in a significant
decrease of apoptosis induction (Fig. 7B,C) and inhibition of the
cellular level of p73 and Apaf-1 expression (Fig. 7D) in K562 cells
treated with 7-d when compared with control cells, indicating the
direct involvement of two major E2F1-dependent p73 and Apaf-1
pathways in the 7-d-induced cell apoptosis.

HDM2 has been found to be overexpressed in approximately 50%
leukemias. Inactivation of wild-type p53 frequently occurs through
binding to its principal cellular regulator HDM2 [Kojima et al.,
2005]. Lau et al. [2008] reported that HDM2 also binds to and
inhibits p73 activity. As Figure 6A,B shown, the protein expression
levels of HDM2 were unchanged in response to 7-d treatment all the
time. However, Co-IP assay revealed that 7-d-induced p73
expression is accompanied by the dissociation of the HDM2/p73
complex at the post-translational level (Fig. 6D). We do not yet know
the exact underlying mechanisms. But the HDM2-p73-P14ARF
pathway had been shown to be related to some tumor progression
[Schlott et al., 2004]. Besides, E2F1 was reported to prevent
HDM2 binding to p53 to proteosomal degradation via the direct
transactivation p14ARF tumor suppressor gene [Pomerantz et al.,
1998], so we hypothesized that in a situation where HDM2 is
overexpressed. In order to promise cells undergoing cell cycle arrest
and apoptosis under genotoxic pressure, E2F1 may augment
dissociation of HDM2 and p73 too. Of course, this hypothesis
needs further investigation.

On the other hand, silencing E2F1 could obviously reduce the
effects of 7-d on G2/M accumulation and decrease of p21 Cip1/WAF1
expression too (Fig. 7D). So far, few studies reported E2F1 can
directly upregulate p21 Cipl/WAF1 1yt previous studies revealed that
p73 can substitute p53 to activate its target gene p21 Cip1/WAFT i) the

absence of p53 [Goldschneider et al., 2004]. So, we thought
p21 Cip1/WAF jq regulated by p73 but not directly by E2F1 in this
process, which in turn inhibited CyclinB1/Cdk2 complexes, resulted
in the G2/M arrest in K562 cells. Taken together, these data
suggested that the E2F1/p73/p21 SPVWAF! hathway should partially
responsible for 7-d-induced G2/M arrest. Meanwhile, in Figure 7, we
observed that knockout of E2F1 itself could also increase the
apoptotic cell number and G1/S phase in K562 cells. One rational
explanation is that under normal conditions, E2F1 keeps its central
modulator roles of the G1 to S-phase progression in K562 cells; after
7-d induced DSB, which could soon switch to an onco-suppressor
role. Liontos et al. [2009] reported that the ability of E2F1 to trigger
both proliferation and apoptosis seems not paradoxical, because the
cell could consume less time and energy to control the switch from
the proliferation state to the self-destruction program in case of
irreversible cellular damage.

In conclusion, our present study demonstrated proposed working
model of 7-d -induced G2/M arrest and apoptosis in K562 cells
(Fig. 8). 7-d induced DNA DSB in K562 cells, at the same time,
ATM and/or ATR DNA damage signaling sensed the DSB and
subsequently activated E2F1 expression. Up-regulation of E2F1
leads to activation of two major E2F1-dependent pathways: E2F1/
p73 and E2F1/Apaf-1 signaling pathways. Activation of p73, Apaf-
1 or E2F1 itself led to the intrinsic apoptotic pathway, on the other
hand, p73 activate p21 “PYWAF! which downregulated CyclinBI1,
ultimately resulted G2/M arrest. To our knowledge, this is the first
report to provide proof of the mechanistic basis that 7-d induced cell
cycle arrest and apoptosis in K562 cells via E2F1 signal pathways.
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Fig. 8. Proposed model for the mechanism of 7-d-induced DNA damage-
mediated G2/M arrest and apoptosis in p53-deficient K562 cells. [Color
figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journalfjcb]
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We consider this finding is specially valuable, because so many
cancers are p53-deficient, the proposed working models for the
molecular basis would provide insights for approaches to the
development of effective chemotherapy by targeting appropriate
signal transduction [Engelmann et al., 2010]. Meanwhile, as such,
7-d has the potential to be developed as a potent anticancer drug
candidate against p53-deficient tumors, including most leukemia
cell lines.
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