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Nutlin3, a non-genotoxic agonist of p53, is currently in phase II clinical trials for cancer treatment. How-
ever, its effects on normal tissues and cell types remain largely to be determined. Drugs that can selec-
tively target cancer cells as well as cooperate with the p53 pathway are thus greatly needed. Iron-
superoxide dismutase (Fe-SOD) is a potential candidate as it selectively targets cancer cells by eliminat-
ing the abnormally high levels of reactive oxygen species (ROS) in cancer cells; it also inhibits cancer cell
growth by induction of p27. Here, we show evidence that modulating redox and ROS homeostasis coop-
erates with Nutlin3 to selectively inhibit cancer cells in vitro and in vivo. Co-treatment of Fe-SOD and
Nutlin3 showed synergistic inhibition on cancer cells in vitro, and the induction of p27 appeared to be
involved. No effects were observed on normal cells. In addition, such co-treatment further exhibited syn-
ergistic inhibition on tumor growth in vivo in a murine B16 xenograft model, while the individual treat-
ments only achieved very limited inhibition. Thus, Fe-SOD cooperated with Nutlin3 to selectively inhibit
cancer cells in vitro and in vivo.

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

Functional inactivation of the p53 tumor suppressor pathway is
believed to be involved in most human cancers. The p53 gene is di-
rectly mutated in approximately 50% of human malignancies,
whereas tumors retaining wild-type p53 contain other genetic
aberrations that inhibit the tumor suppressor function of p53
[1,2]. Thus, reactivation of p53 shows promise for treating the
50% of cancers that express wild-type p53.

To restore the tumor suppressor function of p53 in human tu-
mors that express wild-type p53, a small-molecule p53 agonist,
Nutlin3, has been developed and tested in Phase II clinical trials
[3]. Nutlin3 suppresses tumor growth by disrupting mdm2 and
p53 binding, thus preventing p53 degradation. Despite promising
effects of Nutlin3 on p53 induction in laboratory studies and initial
clinic treatments, Nutlin3 alone only caused modest reactivation of
p53 in some wild-type p53-expressing cells such as malignant
melanomas [4,5]. Like most other drugs employed in cancer ther-
apy, it is unlikely that Nutlin3 will be used as a monotherapy. In
this respect, Nutlin-3 shows a synergistic cytotoxic effect when
used in combination with TRAIL or bortezomib [6,7]. In addition
to inefficiently suppressing the growth of some malignant cells,
Nutlin3 also induces p53 in normal tissues and cell types with in-
tact mdm2-p53 pathways, and its effects on normal tissues and cell
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types remain largely to be determined. Currently, these issues have
not been addressed in any reported studies. Thus, drugs that can
selectively target cancer cells as well as cooperate with Nutlin3
will greatly improve the success of Nutlin3 therapy.

Selectively targeting cancer cells has been met with varying
successes. Theoretically, targeting strategies are based on the dif-
ferences between cancer and normal cells, including the expres-
sion of oncogenes that are abnormally activated and non-
oncogenes that perform extremely vital functions in cancer cells.
Selectively targeting the activated oncoprotein BRAF V600E in mel-
anomas has been successfully achieved in laboratory studies, as
well as in preclinical studies [8]. Targeting non-oncogenes that
are extremely vital for cancer cells has also been suggested. During
malignant transformation of cells, oxidative stress, replicative
stress, metabolic and proteotoxic stress, and stress from DNA dam-
age are frequently enhanced [9]. Among these, oxidative stress is
strikingly enhanced. Normal cells have low basal levels of ROS
[9–11], and therefore a limited reliance on the ROS stress-response
pathway, whereas cancer cells have high levels of ROS [10] and
thus might be expected to have a higher reliance on the ROS
stress-response pathway [9,11]. Targeting cancer cells by ROS-
mediated mechanisms has been extensively studied [11]. While in-
creased ROS levels lead to damage on mitochondrial membranes,
release of cytochrome c from mitochondria and consequent apop-
tosis [12], decreased ROS levels lead to dephosphorylation of AKT,
upregulation of p27 and consequently cell growth arrest [13,14].
Thus, Fe-SOD could be a candidate for targeting cancer cells be-
cause it can efficiently eliminate the abnormally high levels of
ROS in cancer cells, and modulate redox and ROS homeostasis [13].
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Here, we provide evidence that modulating redox and ROS
homeostasis cooperates with Nutlin3 to selectively inhibit cancer
cells in vitro and in vivo. Co-treatment with Fe-SOD and Nutlin3
showed synergistic inhibition on cancer cells in vitro, in which
induction of p27 was involved. However, normal cells remained
unaffected. In addition, such co-treatment further exhibited syner-
gistic inhibition on tumor growth in vivo in a murine B16 xenograft
model, while the individual treatments only achieved very limited
inhibition. We thus put forward a potential approach using Fe-SOD
to cooperate with Nutlin3 to overcome the disadvantages of Nut-
lin3 for the clinical treatment of cancer.
2. Materials and methods

2.1. Antibodies, chemicals, and cell lines

Primary antibodies were purchased from these companies: San-
ta Cruz (AKT, p-AKT (Thr308), p21, p27, Bax), Abcam (tubulin,
PIG3), Cell Signaling (cleaved Caspase-3, total Caspase-3, PUMA),
and Vector labs (p53). The ROS probe dihydrorhodamine123
(DHR123) was purchased from Molecular Probes. Nutlin3 and Fe-
SOD were obtained from Sigma. Twelve cell lines were available
in our institute.
2.2. Cellular ROS determination

Levels of cellular ROS were determined using DHR123. Briefly,
0.5 � 106 cells were collected and incubated with 0.25 lM
DHR123 for 15 min at 37 �C. After two washes, cells were stored
on ice until FACS analysis.
2.3. Cell proliferation assay

A suspension of 4 � 103 cells was pre-seeded in triplicate to
each well of 96-well plates for 24 h. Liposome-encapsulated Fe-
SOD (Lip-SOD) and Nutlin3 were added to each well. After 72 h,
20 ll MTT (5 mg/ml) was added to each well followed by standard
MTT assay.
2.4. Fe-SOD FITC conjugation and liposome encapsulation

Fe-SOD was encapsulated in liposomes as described previously
[14]. For xenograft experiments, Fe-SOD was conjugated with FITC
according to the manufacturer’s protocol (F-6434, Invitrogen) be-
fore liposome encapsulation.
2.5. p53 knock-down

p53 siRNA (M-040642-02-0005, Dharmacon) was transfected
into B16 cells using DharmaFECT 1 Transfection Reagent kit. Pro-
tein levels were determined by immunoblotting.
2.6. FACS analysis and colony formation assay

Pre-seeded cells were digested, transfected with siRNA, and
seeded on 6-well plates for 48 h. Cells were treated with DMSO,
Lip-SOD, Nutlin3, or combinations for 72 h. The treated cells were
collected and used for the following two analyses. For cell cycle
analysis, cells were fixed in 70% ethanol at 4 �C for 12 h and then
stained by 0.05 mg/ml PI for 30 min at room temperature. The
DNA content was determined by FACS analysis. For colony forma-
tion assays, 1000 cells/well were seeded in 6-well plates and kept
in culture for 12 days.
2.7. Xenograft assay

Treated or untreated B16 cells (1 � 106) were subcutaneously
injected into the flanks of 8 week-old female C57BL/6 mice at
day 1. At day 3 or day 7, 40 mg/kg Nutlin3 or 1 � 105 U/kg Lip-
SOD were intraperitoneally injected either individually or in com-
bination every 2 days. Tumor size was measured every 2 days with
a vernier caliper. Tumor volumes were calculated using the follow-
ing formula: (L�W�W)/2, in which L represents the large diameter
of the tumor, and W represents the small diameter. On day 13, all
the animals were sacrificed and tumors were weighted.
3. Results

3.1. Lip-SOD selectively inhibits cancer cells independent of p53 status

During malignant transformation in cells, cellular stresses
including oxidative stress are enhanced. ROS-related pathways
could be targeted for cancer treatment. We investigated cellular
ROS levels in a panel of normal cell lines and cancer cell lines.
Twelve cell lines exhibiting distinct malignancy and p53 status
were collected and subjected to ROS determination. Relatively
low ROS levels were observed in the normal or poorly malignant
cells, while much higher ROS levels were universally observed in
all of the malignant cancer cells (Fig. 1A). Specifically, immortal-
ized highly malignant transformed MEFs showed significantly
higher ROS levels than primary MEFs. The same trend was ob-
served in HaCaT keratinocyte cells and the malignant counterpart
A431 cells (Fig. 1B). In addition, ROS levels were not associated
with p53 status in the 12 cell lines examined (Fig. 1A).

We tested the sensitivity of the 12 cell lines exposed to dis-
turbed ROS homeostasis. Fe-SOD was used to eliminate the super-
oxide anions, which are generated in the mitochondria and are the
primary origin of cellular ROS. Lip-SOD was shown to efficiently
penetrate cellular membranes and decrease cellular ROS levels
[14]. 50–100 U/ml Lip-SOD universally showed cell growth inhibi-
tion on all 12 cell lines, although IC50 values varied. Strikingly, the
primary and non-malignant cells that contain low ROS levels
showed much higher resistance to Lip-SOD treatment, while the
cancer cells with high ROS levels were more sensitive to Lip-SOD
treatment (Fig. 1C). Fe-SOD showed higher growth inhibition on
the cancer cells with high ROS levels.

Taken together, cancer cells universally possessed much higher
cellular ROS levels and were more sensitive to Fe-SOD treatment.
3.2. Fe-SOD cooperates with Nutlin3 to selectively inhibit cancer cells
by induction of p27 in vitro

We previously showed that Fe-SOD inhibited cancer cell growth
by dephosphorylating AKT and upregulating p27 [13,14]. p53 is
suggested to display synergy with p27 in regards to tumor sup-
pression [15,16]. We thus determined whether Lip-SOD could con-
fer Nutlin3 tumor selectivity and synergistically inhibit cancer cell
growth.

Consistent with the growth inhibitory role of p53, 2 lM Nutlin3
efficiently inhibited cell growth by 50% in 5/7 of cancer cell lines
that express wild-type p53, but not in any of the cells containing
mutant p53 (Fig. 2A). However, two wild-type p53-containing cell
lines, A375M and B16, showed considerable resistance to Nutlin3.
It is not clear as to why some cells, specifically melanoma cells,
were resistant to Nutlin3 treatment even though high levels of
p53 were induced (Fig. 3A). Nutlin3 also induced p53 and partially
inhibited cell growth in normal cells (�30% inhibition for 2 lM
Nutlin3, �50% inhibition for 5 lM Nutlin3 in normal MEFs). In
addition, it seems that the inhibition achieved by high Nutlin3



Fig. 1. Lip-SOD selectively inhibits cancer cells independent of p53 status. A. Summary of cellular ROS levels, p53 status, and malignancy in a panel of 12 cell lines examined.
B. FACS analysis of DHR123 fluorescence intensity in indicated cell lines. Experiments were conducted on the entire 12 cell line panel, and the representative profiles from 4
indicated cell lines were shown. C. MTT cytotoxicity assays of Lip-SOD on 12 cell lines. 50–100 U/ml Lip-SOD were added for 72 h. Empty liposomes were used as control. A570

was then measured after MTT incubation. Cell lines with mutant p53 are shown in gray. Bar graphs are shown by mean ± SD from three independent experiments.
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(20 lM) is partially p53-independent as several p53 mutant con-
taining cell lines were also largely inhibited (�80% inhibition for
A431, �70% inhibition for SK-MEL-28). Nutlin3 showed partially
growth inhibition on normal cells in vitro.

When the panel of cells was co-treated with Lip-SOD and low
concentrations of Nutlin3, obvious synergistic inhibition was ob-
served. 2 lM Nutlin3 was enough to inhibit all of the cancer cells
expressing wild-type p53 by 70% in the presence of 50 U/ml Lip-
SOD (Fig. 2B). In B16 cells, though 50 U/ml Lip-SOD or 2 lM Nut-
lin3 individually inhibited cell growth less than 50%, the combina-
tion treatment inhibited cell growth by �85%. Most importantly,
co-treatment showed selectivity towards cancer cells, and these
treatments did not significantly inhibit any of the three normal cell
lines (over 70% cells survived). These data demonstrate that Fe-
SOD cooperated with Nutlin3 to selectively inhibit growth of can-
cer cells in vitro.

We then aimed to investigate the pathways involved in the syn-
ergistic inhibition observed in B16 melanoma cells. Previous stud-
ies showed that Fe-SOD inhibited cell growth by
dephosphorylating AKT and upregulating p27 [13,14]. p53 is well
documented to induce cell apoptosis or cell cycle arrest by activat-
ing the transcription of targeted apoptotic genes (including BAX,
PIG3, and PUMA) or cell cycle arrest related genes (including
p21). Therefore, the levels of these proteins were determined after
treatment. As previously observed, AKT dephosphorylation on
Thr308 and consequent upregulation of p27 were induced by
Lip-SOD treatment (Fig. 3A). However, proteins involved in the
p53 pathway including p21, BAX, PIG3, and PUMA as well as an
apoptotic marker (cleaved caspase-3) showed limited induction
after Lip-SOD treatment. In addition, p53 appeared to not be in-
volved in Lip-SOD-induced pathways as knocking down p53
showed very limited effect on the levels of p-AKT and p27 (Fig. 3A).

While Nutlin3 significantly upregulated the level of a cell cycle
related target (p21), Nutlin3 treatment showed a limited effect on
apoptosis related targets (BAX and PIG3) and an apoptosis marker
(cleaved caspase-3) (Fig. 3A). Nutlin3 significantly upregulated the
level of p27, although p27 was not expected to be the direct tran-
scriptional target of p53. When cells were treated with Nutlin3 in
presence of Lip-SOD, p27 was induced to a strikingly greater de-
gree. Slight, but detectable, increases in BAX and PIG3 were also
observed. These results imply that the synergistic inhibition in-
duced by Nutlin3 and Lip-SOD is largely mediated by a cell cycle
arrest-related pathway and partially mediated by apoptosis
pathways.

Supporting above conclusion, Lip-SOD treatment induced a sig-
nificant increase in the proportion of G1 cells, but not apoptotic
cells (determined by percentage of cells containing sub-G1 DNA
content), in B16 cells (Fig. 3B). Nutlin3 treatment induced a signif-
icant increase in the proportion of G1 cells, as well as a detectable
increase in apoptotic cells. Interestingly, Lip-SOD and Nutlin3 co-
treatment induced both significant increases in the proportion of
G1 cells, as well as apoptotic cells (12% vs. 1.0%). Another striking
difference between the Nutlin3 + Lip-SOD group and the control
group was a decrease in the proportion of cell in G2/M (29% vs.
5.9%). These data indicate that enhanced proportion of sub-G1

and G1 cells as well as decreased proportion of G2/M cells were in-
volved in current synergistic inhibition.



Fig. 2. Fe-SOD cooperates with Nutlin3 to selectively inhibit cancer cells in vitro. A.
MTT cytotoxicity assays of Nutlin3 on a panel of 12 cell lines. Cells were seeded and
2–20 lM Nutlin3 was added for 72 h. DMSO was used as a control. B. MTT
cytotoxicity assays of Lip-SOD and Nutlin3 on a panel of 12 cell lines. Cells were
treated with 50 U/ml Lip-SOD + 2 lM Nutlin3 as described above, followed by MTT
cytotoxicity assays. Empty liposomes and DMSO (Lip + DMSO) were used as control.
In A and B, cell lines with mutant p53 are shown in gray. Bar graphs are shown by
mean ± SD from three independent experiments. The bars of the 50 U/ml Lip-SOD
group and the 2 lM Nutlin3 group were derived from Figs. 1C and 2A.

Fig. 3. Induction of p27 and cell cycle arrest are involved in cooperation between Fe-SOD
transfected into B16 cells for 48 h. Cells were then treated for 72 h (SOD: 50 U/ml Lip-SO
determined by immunoblotting. B. FACS analysis of the cell cycle distribution of B16 cells
treatment. Right bar graph shows the percentage of treated cells in various cell phases. G
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3.3. Co-treatment of Fe-SOD and Nutlin3 synergistically inhibits B16
tumor growth in vivo

B16 cells are known to form highly aggressive melanoma tu-
mors in vivo in immune competent C57BL/6 syngeneic mice. The
synergistic inhibition of B16 cells in vitro by Lip-SOD and Nutlin3
co-treatment was validated using B16 xenografts in vivo. The
tumorigenicity of B16 cells treated in vitro with Lip-SOD and Nut-
lin3 was initially determined using colony formation assays, as
well as tumor formation experiments in mice. Interestingly, only
27% of cells treated by Lip-SOD + Nutlin3 formed colonies,
although over 50% of cells treated with either Lip-SOD or Nutlin3
formed colonies (Fig. 4A). Consistent with these results, we ob-
served that the weights of tumors derived from mice injected with
B16 cells pretreated with Lip-SOD, Nutlin3 or Lip-SOD + Nutlin3
were approximately 54%, 61% or 21% of those derived from the
DMSO group (Fig. 4B), respectively. These observations indicate
that in vitro co-treatment of Lip-SOD and Nutlin3 confers less col-
ony formation and reduced tumorigenicity in B16 cells.

The ability of Lip-SOD + Nutlin3 cotreatment to inhibit B16 mel-
anoma growth in vivo was further tested by inoculating untreated
B16 cells into C57BL/6 mice followed by intraperitoneally adminis-
tration of Lip-SOD, Nutlin3 or Lip-SOD + Nutlin3 on day 3 (after
cells initially settle down, Fig. 4C) or day 7 (after tumors become
visible, Fig. 4D). Drugs were administered every 2 days as indi-
cated. To probe the exogenously introduced Fe-SOD, Fe-SOD was
labeled with FITC before liposome encapsulation (Lip-SOD-FITC).
Treatment with Lip-SOD-FITC + Nutlin3 from day 3 or day 7 sup-
pressed the tumor weight of B16 melanomas by 76% or 70% com-
pared to DMSO, respectively. Administration of Lip-SOD-FITC
and Nutlin3. A. Synergistic induction of p27 by Lip-SOD and Nutlin3. p53 siRNA was
D; Nut: 2 lM Nutlin3; S + N: 50 U/ml Lip-SOD + 2 lM Nutlin3). Protein levels were
after treatment. Left panel shows a representative cell cycle profile of B16 cells after
raphs are shown as the mean ± SD from three independent experiments (⁄⁄p < 0.01).



Fig. 4. Fe-SOD and Nutlin3 synergistically inhibit B16 tumor growth in vivo. A. B16 cells were treated with Lip-SOD (SOD), Nutlin3 (Nut) or a combination. Bar graph shows
the percentages of treated cells that formed colonies. Bar graphs (mean ± SD) were derived from three independent experiments (⁄p < 0.05). B. B16 cells were treated as
indicated and subcutaneously injected into the flanks of mice on day 1. Mice were fed and tumors were isolated on day 13. Bar graphs (mean ± SD) show the tumor weight in
each group (⁄p < 0.05, ⁄⁄p < 0.01, n = 4). C. Untreated B16 cells were subcutaneously injected into the flanks of mice on day 1. Drugs were intraperitoneally injected and tumor
size was measured every 2 days beginning on day 3. Bar graphs are shown as the mean ± SD (⁄p < 0.05, ⁄⁄p < 0.01, n = 4). D. Untreated B16 cells were subcutaneously injected
into the flanks of mice and treated as described in C with the exception that the drug administration began on day 7. E. Example of fluorescence signals of Lip-SOD and p53 in
tumor sections derived from C. Lip-SOD signals were probed by conjugated FITC (green) and p53 signals were probed by p53 antibody staining (CM5, red). Nuclei were probed
by Topro (blue). Bar = 20 lm. F. Left panel, representative H and E staining of B16 tumor sections derived from C. Cells in mitosis were marked with black arrowheads.
Bar = 20 lm. Right panel, the number of cells in mitosis was counted from 3 independent tumors and a percentage was calculated. At least 200 cells were counted in each
section. Bar graphs are shown by mean ± SD (⁄p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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alone from day 3 or day 7 suppressed B16 melanoma growth by
45% or 27%, while administration of Nutlin3 alone from day 3 or
day 7 suppressed B16 melanoma growth by 25% or 10%, respec-
tively (Fig. 4C and D). Altogether, these findings demonstrate that
synergistic inhibition of B16 melanoma cells in vivo was achieved
by co-treatment with Lip-SOD-FITC and Nutlin3 at both time
points.

To further confirm that the synergistic inhibition is indeed
caused by introduced Fe-SOD-FITC and Nutlin3-induced p53, the
levels of Fe-SOD-FITC and p53 were determined in isolated B16 tu-
mor sections. In the DMSO group, both FITC and p53 were almost
undetectable. In B16 tumors treated with Lip-SOD-FITC, cytoplas-
mic SOD-FITC signal was predominant, but p53 was not observed.
Nutlin3 treatment induced nuclear p53 expression. Treatment
with Lip-SOD-FITC + Nutlin3 resulted in detectable cytoplasmic
SOD-FITC signal and an increase in nuclear p53 (Fig. 4E). These data
demonstrate that observed synergistic inhibition was associated
with increased cytoplasmic SOD level and nuclear p53 level.

In addition, we observed a significantly smaller proportion of
mitotic cells in the Lip-SOD + Nutlin3-treated B16 tumors when
compared to control tumors (1.8% vs. 8.3%, Fig. 4F). Cell cycle arrest
might be involved in the synergistic inhibition of B16 xenografts.
4. Discussion

Reactive oxygen species (ROS) are chemically reactive mole-
cules that are constantly generated and eliminated during diverse
biological and cellular reactions, and ROS are known to serve dual
roles as both deleterious and beneficial species [17]. Unregulated
and redundant ROS are highly toxic to cells due to the peroxidative
activity towards biological constituents. Small molecules that alter
ROS levels, such as buthionine sulphoximine, have been used for
cancer treatment [18]. Huang et al. used estrogen derivatives to en-
hance ROS levels and selectively kill human leukemia cells but not
normal lymphocytes [12]. An increasing body of evidence indicates
that cancer cells exhibit increased intrinsic ROS levels compared
with normal cells, due in part to oncogenic stimulation, alterations
in metabolic activity, and mitochondrial malfunction, and in-
creased ROS levels may stimulate cellular proliferation, promote
mutations and genetic instability, and alter cellular sensitivity to
anticancer agents [17]. Several studies have confirmed that elimi-
nation of excessive ROS by chemical or enzymatic antioxidants de-
creases the tumorigenicity of tumor cells [19,20]. Thus, in addition
to modulating redox by enhancing oxidative stress, reducing oxi-
dative stress may be another potential strategy to selectively target
cancer cells.

Despite the successful universal induction of p53, three disad-
vantages of Nutlin3 were identified in current studies. First, some
cancer cell lines were resistant to Nutlin3 despite high induction
of p53. This result is consistent with other studies [4,5]. Second,
Nutlin3 also induced p53 and partially inhibited cell growth in nor-
mal cells. Third, treatment with high concentrations of Nutlin3
caused non-specific growth inhibition. In the current studies, Fe-
SOD, a compound that can selectively target cancer cells, was used
to overcome the above three disadvantages, and a selective and
synergistic inhibition of melanoma cells was observed in vitro
and in vivo.

Though the detailed pathways involved in the current synergis-
tic inhibition remain unknown, the cooperation of Fe-SOD and p53
in synergistically inducing p27 is suggested to be involved. In con-
trast, the apoptotic pathways are suggested to be weakly involved.
Mechanistically, p27 is reported to be involved in the AKT pathway
[21]. Downregulation of phosphorylated AKT and upregulation of
p27 protein level in Fe-SOD-treated cancer cells were also ob-
served in our previous studies [13,14]. However, the involvement
of p27 in the p53 pathway is not fully realized. While p27 is func-
tionally similar to the tumor suppressor p21, p21 is generally re-
ported to be a transcriptional target of p53, and p27 is not
directly subjected to p53 transcriptional regulation. However, at
least two groups have reported a positive association between
p27 and p53 protein levels, and both groups observed a downreg-
ulation of p27 in p53 knocking out mice, which was largely
achieved at the post-transcriptional level [15,16]. Thus, p27 might
be subjected to regulation by p53 at the post-transcriptional level.
This is consistent with the current observation that induction of
p27 by Fe-SOD is strikingly amplified in the presence of Nutlin3.

Overall, we show that Fe-SOD cooperates with Nutlin3 to over-
come some disadvantages of Nutlin3 treatment. Cancer cells were
selectively targeted and synergistically suppressed by co-treat-
ment of Fe-SOD and Nutlin3. Noticeably, p27 was synergistically
induced by co-treatment, which might contribute to the observed
synergistic suppression of B16 melanoma cells.
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