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Abstract

Aims: p53 is known to induce apoptotic and necrotic cell death in response to stress, although the mechanism of
these pathways is unknown. The aim of this study was to determine the molecular mechanism that determines
p53’s decision to select the apoptotic or necrotic mode of cell death. Results: Gold nanoparticles (Au-NPs)
induced both apoptosis and necrosis in cancer cells in a p53-dependent manner. In cells undergoing apoptosis
and necrosis, differential patterns of reactive oxygen species (ROS) generation were observed that leads to the
activation of two different sets of p53-interacting kinases and acetylases. The differential activation of cellular
kinases and acetylases caused dissimilar patterns of p53 phosphorylation and acetylation. In apoptotic cells, p53
was post-translationally modified in the core-domain, whereas in necrotic cells, it was modified at both N- and
C-terminii, thus displaying differential DNA-binding activity. Au-NP10 and Au-NP80 activated fifty apoptotic
and fifty nine necrotic p53-downstream genes, respectively. Both Au-NP10 and Au-NP80 showed HCT (p53+/+)
tumor regression in mice xenografts. Innovation: This study established for the first time that, in cancer cells,
Au-NP-mediated apoptosis and necrosis are controlled by differential activation of p53 and its downstream
genes. Further, both Au-NP10 and Au-NP80 were shown to regress HCT (p53+/+) tumors via apoptotic and
necrotic pathways, respectively. Conclusion: Au-NP-mediated p53 activation at both transcription and proteome
level, through ROS-mediated p53 post-translational modification pattern, is responsible for tumor regression,
which may further find wider application of nanoparticles in cancer therapy. Antioxid. Redox Signal. 16, 400–412.

Introduction

The cell in response to the density of death stimulus may
undergo apoptosis or necrosis (47, 49). The role of p53 in

the mitochondrion-dependent apoptotic program has been
well studied (45); its role in the necrotic signaling pathway is
unknown. Recently, it was shown that a p53-initiated genetic
program was responsible for programmed necrotic death via
p53-cathepsin axis in co-operation with reactive oxygen species
(ROS) (40). Cellular-stress-generated ROS and ROS-
mediated responses resulted in recruitment of p53 (21);
however, the mechanism of ROS-p53 interaction has not been
determined (23). Although p53 post-translational modifica-
tions might play a crucial role (44), the precise mechanism(s)
of p53 activation and its choice to evoke different cellular re-
sponses are not fully understood. Phosphorylation and acet-
ylation, induced by multiple stress-activated kinases, are
essential for p53 stabilization and activation of p53 target
genes; specifically, Ser46 is critical for induction of apoptosis

(4, 17, 20, 22, 28). p53 Ser392 phosphorylation regulates
the sequence-specific DNA binding (13, 33), and p53 is acet-
ylated by the human MYST family of acetyl-transferases
(hMOF, TIP60, HBO1, MOZ, and MORF) in addition to other
p53 interacting acetylases such as p300, CBP, HGCNS, and
RIP160.

Gold nanoparticle (Au-NP) have been extensively used in
cancer diagnosis (8, 9), treatment (11), and as delivery vectors
for biological (7) and pharmacologic agents (27, 39). The cy-
totoxicity of Au-NP varied according to their sizes and in a
cell-specific manner (30), and their role in cellular arrest (3),
DNA damage (2), and apoptosis (26, 42) has been observed.
Small- and large-size Au-NPs were recently shown to induce
apoptosis and necrosis (16, 30), respectively, in cancer cells,
and their mechanism of action and therapeutic applications
are still unknown. Au-NP incubation in monocytes generated
ROS (29), and ROS induced post-translational modification
such as phosphorylation of p53 on Ser20 that was mediated in
part by plk-3 (46). Due to their bio-medical relevance and their
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role in diverse type cell death, it was important to determine
the mechanism of action at the molecular level.

In this study, we explored the mechanism of p53-mediated,
apoptotic, and necrotic mode of cell death in cancer cells. We
hypothesized that the decision between p53-dependent apo-
ptotic and necrotic mode of cell-death might differentially be
influenced by p53 post-translational modification patterns.
We have shown that small- and large-size nanoparticles in-
creased cellular ROS that, in turn, resulted in differential p53-
activation, via induction of different sets of p53-interacting
kinases and acetylases, thus causing differential p53 post-
translational modifications. The differentially activated p53
switched on fifty p53-dependent apoptotic genes in Au-NP10-
treated cells and fifty-nine necrotic genes in Au-NP80-treated
MCF-7 cells. Both Au-NP10 and Au-NP80 regressed HCT
(p53 + / + ) tumor in mice xenografts. This study established
that Au-NP-mediated differential p53 activation causes tumor
regression via apoptotic and necrotic pathways.

Results

Au-NP10 and Au-NP80 induced differential
ROS and p53 gene activation

In response to a given death stimulus (47, 49), the cell might
undergo p53-mediated apoptosis or necrosis, depending on
the dose of the insult. Au-NPs were shown to induce cell
death in cancer cells (30), although their size determined
whether apoptosis or necrosis would follow (26, 42). In order
to probe whether small-size Au-NP10 particles induced apo-
ptosis and large-size Au-NP80 particles induced necrosis, we
first measured their IC50 values in cancer cell lines carrying
Wt-p53 (MCF-7, HepG2, p53 + / + ), null-p53 (H1299,
p53 - / - ), and Mt-p53 (PC3) (Fig. 1A). The results showed
that both Au-NP10 and Au-NP80 were cytotoxic to cancer

cells with wild-type p53. In order to establish the role of p53 in
Au-NP10- and Au-NP80-mediated cytotoxicity, the IC50 val-
ues of the Au-NPs were determined in p53-positive and p53-
deficient cell lines of the same origin. The IC50 values of
Au-NP10 and Au-NP80 were compared between p53( + / + )
and p53( - / - ) variants of HCT, MCF-7, H1299, and SAOS-2
cells. The results showed that both Au-NP10 and Au-NP80
were cytotoxic only in cells with p53 (Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertonline.com/ars). Au-NP has been shown to induce
ROS in cancer cells (29), and ROS and p53 are known to have
an inter-dependent relationship (21). ROS levels were mea-
sured in Au-NP10- and Au-NP80-treated MCF-7 cells (Fig.
1B). Au-NP10 induced twofold higher ROS (MFI-193) than
Au-NP80 (MFI-98, Control cells MFI-26). These data estab-
lished that Au-NP10 and Au-NP80 induced differential ROS
in cancer cells with Wt-p53. Further, a time-course analysis
(every 1 h) of ROS synthesis was conducted in Au-NP10- and
Au-NP80-treated MCF-7 cells (Supplementary Fig. S2). The
results showed that Au-NP10 and Au-NP80 induced different
patterns of ROS generation with Au-NP10 generating higher
levels of ROS than Au-NP80.

The effect of Au-NP10 and Au-NP80 on p53 mRNA level
was analyzed using reverse-transcriptase polymerase chain
reaction (PCR) and real-time PCR (Fig. 1C (i, ii)). Western-blot
analysis further confirmed the expression of p53 at the protein
level (Fig. 1C (iii)). The results showed a substantial increase
in the expression of p53 at mRNA and protein level in Au-NP-
treated MCF-7 cells. Au-NP10 induced higher p53 protein
expression compared with Au-NP80. The Au-NP10 and Au-
NP80 were able to induce differential activation of p53 at its
mRNA level. Au-NP10 induced higher p53 mRNA expression
than Au-NP80. In order to understand the mechanism of this
differential regulation of p53 at its mRNA level, we conducted
a time-course analysis of p53 2.5 Kb promoter activation in
Au-NP10- and Au-NP80-treated MCF-7 cells (Supplementary
Fig. S3). Results showed that both Au-NP10 and Au-NP80
induced differential patterns of p53 2.5 Kb promoter activity.
Au-NP10 induced 1.5 times higher activation of the p53 pro-
moter than Au-NP80. Since mRNA synthesis is a direct
function of the gene-promoter activation, thus it was estab-
lished that the difference in the p53 mRNA expression in-
duced by both the Au-NPs was due to differential p53
promoter activity. Further, the activation of p53 minimal
promoter, carrying three p53 DNA binding site (DBS) in p53
promoter (Supplementary Fig. S4), was analyzed in Au-NP10-
and Au-NP80-treated MCF-7 cells. Similar to p53 2.5 Kb pro-
moter p53, minimal promoter was also differentially activated
by both the Au-NPs (Supplementary Fig. S5). These data es-
tablished that Au-NP10 and Au-NP80 induced differential
activation of the p53 minimal and p53 full promoter, thus
leading to differential mRNA synthesis. The patterns of p53
promoter activation and ROS synthesis in Au-NP10- and Au-
NP80-treated cells were very similar. Hence, we analyzed
whether p53 promoter activation was ROS-dependent. p53 full
promoter activity was observed in Au-NP10- and Au-NP80-
treated MCF-7 cells on ROS quenching using N-acetyl-l-
cysteine (NAC) (Supplementary Fig. S6). The Au-NP-induced
p53 promoter activation was abolished on ROS quenching (lane
5 & 6). These data delineated the mechanism of differential
p53 mRNA expression in Au-NP10- and Au-NP80-treated
cells. The differential ROS patterns induced differential p53

Innovation

p53 is known to induce apoptosis and necrosis in cancer
cells by transcriptionally activating its downstream genes.
However, the molecular mechanism that enables p53 to
choose between these two pathways of programmed cell
death is unknown. In this study, we have shown for the
first time that, in cancer cells, small- (Au-NP10) and large-
size (Au-NP80) nanoparticles induced apoptosis and ne-
crosis via activation of p53-dependent apoptotic and necrotic
gene clusters. Gold nanoparticles (Au-NPs) induced dif-
ferent sets of protein kinases and acetylases that differen-
tially modified p53 in determining their DNA-binding
properties. We identified that cellular reactive oxygen
species level is responsible for the activation of specific sets
of kinases and acetylases that could differentially modify
p53. p53 activation at both the transcription and proteome
level controlled the transcription of both apoptotic and
necrotic gene clusters that subjected the cancer cells to
undergo apoptosis or necrosis. Further, the selective re-
gression of tumor xenografts (HCT, p53 + / + ) by both
Au-NPs suggested that p53’s decision to control tumor
regression is genetically controlled. Our study highlights
the molecular mechanism of how nanoparticles function
in vivo and will add new dimensions in utilizing nano-
particles for cancer therapy.
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FIG. 1. Au-NP induced p53 gene activation. (A) Au-NPs show cytotoxicity in p53 + / + cells. IC50 values of Au-NP10 and
Au-NP80 were determined in MCF-7 (p53 + / + ), HepG2 (p53 + / + ), PC3 (p53 mutant), and H1299 (p53 - / - ) cells using
dimethyl thiazolyl diphenyl tetrazolium salt and lactate dehydrogenase assay. IC50 values of Au-NP10 and Au-NP80 in MCF-
7 cells were 231 and 263 lg/ml, respectively. HepG2 showed IC50 value of 255 and 275 lg/ml on incubation with Au-NP10
and Au-NP80, respectively. The p53 (mut) PC3 cells showed higher IC50 values of 898 and 980 lg/ml on incubation with Au-
NP10 and Au-NP80, respectively. Similarly, p53-null H1299 cells also showed high IC50 values of 964 and 895 lg/ml on
incubation with Au-NP10 and Au-NP80, respectively. These IC50 values suggested that Au-NP of both sizes were able to
induce cytotoxicity in p53 + / + (MCF-7 and HepG2) cells, whereas PC3 and H1299 cells were resistant to Au-NP mediated
cytotoxicity, suggesting that wild-type p53 may play a crucial role in Au-NP-mediated cytotoxicity. (B) The ROS was
measured in MCF-7 cells (black, control) treated with Au-NP10 (blue) and Au-NP80 (orange). p53 silencing abolished Au-NP10
induced ROS (sky blue). Tamoxifen was used as positive control (green). Au-NP10 induced higher ROS than Au-NP80. (C) p53
expression was analyzed in MCF-7 cells incubated with Au-NP10 and Au-NP80. (i) Au-NP10 and Au-NP induced an *10-
and 6-fold increase in p53 mRNA level, respectively, p53 cDNA transfection serves as positive control, and b-actin is used as
loading control. (ii) p53 mRNA was analyzed using real-time PCR. (iii) Western blot shows that Au-NP10 and Au-NP80
induced more than a seven- and four-fold increase in p53 level, respectively. p53 cDNA transfection serves as positive control,
and tubulin is used as loading control. (D) p53 nuclear translocation was observed in Au-NP-treated MCF-7 cells. The
cytoplasmic and nuclear fractions of Au-NP treated MCF-7 cells were collected and were analyzed for p53 protein using
immunoprecipitation (IPP). Both Au-NP10 and Au-NP80 were able to induce p53 nuclear translocation, input, and IPP with
IgG serving as controls. (E) (i) ROS was quenched (with 25-mM NAC) in MCF-7 cells treated with Au-NP10 and Au-NP80.
IPP of p53 protein showed that ROS quenching abolished p53 protein expression in Au-NP-treated cells. (ii) The p53 ELISA
kit also showed that p53 protein was abolished on ROS quenching. IC, internal control; ROS, reactive oxygen species; PCR,
polymerase chain reaction; Au-NP, gold nanoparticle. (To see this illustration in color the reader is referred to the web version
of this article at www.liebertonline.com/ars).
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promoter activity that led to differential p53 mRNA and pro-
tein expression in Au-NP10 and Au-NP80 treated cells. p53
was immunoprecipitated from the nuclear and cytoplasmic
fractions of Au-NP10- and Au-NP80-treated MCF-7 cells in
order to analyze its nuclear translocation. The results (Fig. 1D)
showed that p53 was nuclear (above 90%) in response to Au-
NP incubation. The results of p53 immunoprecipitation were
repeated through western blotting using b-actin and histone
(H3) as cytoplasmic and nuclear loading controls (Supple-
mentary Fig. S7). Since ROS and p53 are known to regulate each
other, the role of ROS in Au-NP10 and Au-NP80-mediated p53
activation was determined. ROS was quenched using NAC
(25 mM) in Au-NP-treated MCF-7 cells. Western blot and
in vivo enzyme-linked immunosorbent assay (ELISA) showed
that Au-NP10 and Au-NP80-mediated increase in p53 protein
level was abolished on ROS quenching (Fig. 1E (lane 4–6)).
These data established the fact that Au-NP10 and Au-NP80
induced differential ROS patterns in cancer cells, and this Au-
NP-induced ROS was instrumental in the upregulation of p53.

Au-NP of different sizes induced apoptosis
and necrosis in p53 + / + cells

The role of p53 protein in Au-NP-induced cell death was
established as cellular apoptosis, and necrosis was observed
in Au-NP10 and Au-NP80 incubated MCF-7 cells, respec-
tively (Fig. 2A). Annexin-V staining showed that Au-NP10
induced apoptosis in MCF-7 (60%; lane 1), whereas Au-NP80
induced cellular necrosis (59%; lane 8). p53 gene silencing
using p53 siRNA reduced the Au-NP10-mediated apoptosis
(lane 6), and Au-NP80 induced necrosis (lane 12), thus es-
tablishing the role of p53 in both the pathways of pro-
grammed cell death. The transfection of p53 cDNA in

Au-NP10 and Au-NP80-treated H1299 cells also induced p53-
mediated apoptosis and necrosis (Supplementary Fig. S8).
Caspase-3 and caspase-9 silencing using their respective siR-
NAs reduced the Au-NP10-induced apoptosis (lane 4 & 5) but
showed no effect on the Au-NP80-induced necrosis (lane 10
and 11; Fig. 2A). Further, FAS silencing using FAS siRNA led
to no significant change in Au-NP-induced apoptotic and
necrotic fractions (lane 3 and 9), suggesting a p53-dependent
intrinsic apoptosis in Au-NP-treated cells (Fig. 2A). Termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was used to confirm the fact that Au-NP10
induced cellular apoptosis and Au-NP80 induced cellular
necrosis in the cancer cells with p53 wild-type gene. ELISA-
based quantitative TUNEL assay was conducted in the [HCT
p53 ( + / + )/HCT p53 ( - / - )], [MCF-7 p53 ( + / + )/MCF-7 p53
( - / - )], [H1299 p53 ( + / + )/H1299 p53 ( - / - )] and [SAOS-2
p53 ( + / + )/SAOS-2 p53 ( - / - )] cells (Fig. 2B). Results
showed that only Au-NP10-treated p53 ( + / + ) cells (lanes 1,
3, 5, and 7) showed TUNEL positive staining, and Au-NP80-
treated cells were TUNEL negative (red bar). These data again
confirmed the fact that Au-NP10 induced apoptosis. In order
to differentiate between apoptosis and secondary necrosis/
late apoptosis, Au-NP10 and Au-NP80-incubated cells were
used for staining with antibodies against single-stranded
DNA (ssDNA), as only apoptotic cells generate ssDNA. Au-
NP80-treated cells were not positive for staining with MAb
against ssDNA, establishing that Au-NP80 induced classical
necrosis instead of a secondary necrosis or late apoptosis
(Supplementary Fig. S9). The assays for PARP and Caspase 9
cleavage (Fig. 2C) were conducted in Au-NP10- and Au-
NP80-treated HCT (p53 + / + ) and HCT (p53 - / - ) cells. Au-
NP10 treatment induced PARP and caspase-9 cleavage only
in HCT (p53 + / + ) cells, whereas Au-NP80 treatment was

FIG. 2. Au-NP mediated p53-dependent apoptosis and necrosis. (A) Au-NP10 induced apoptosis (60%) and Au-NP80
induced necrosis (59%). Au-NP10 and Au-NP80 apoptotic and necrotic fractions were lost on p53 silencing (lanes 6 and 12),
suggesting the role of p53 in Au-NP-mediated apoptosis and necrosis. The caspase-3 and caspase-9 protein that mediated cellular
apoptosis were silenced using their respective siRNAs. Caspase-3 and caspase-9 inhibition abolished cell death only in Au-NP10
treated cells, and Au-NP80-mediated necrosis was not abolished (lanes 4, 5 and 10, 11). To establish the mode of apoptosis (either
extrinsic or intrinsic), the FAS receptor was silenced using FAS siRNA in Au-NP incubated MCF-7 cells. FAS silencing led to no
difference in the apoptotic or necrotic fractions of Au-NP-treated MCF-7 cells (lanes 3 and 9). These data suggested that Au-NP
induced p53-dependent intrinsic apoptosis and necrosis. Asterisks signify significant decrease in the apoptotic fraction. (B) Au-
NP induced cells death was further established using TUNEL assay in [HCT p53 ( + / + )/HCT p53 ( - / - )], [MCF-7 p53 ( + / + )/
MCF-7 p53 ( - / - )], [H1299 p53 ( + / + )/H1299 p53 ( - / - )] and [SAOS-2 p53 ( + / + )/SAOS-2 p53 ( - / - )] cells, results showed
that onlyAu-NP10-treated cancer cells carrying WT-p53 gene were TUNEL positive and Au-NP80-treated cells and cells without
p53 gene were TUNEL negative. Asterisks signify significant increase in the TUNEL positive cells. (C) Cleavage of the apoptotic
marker proteins PARP and caspase-9 was analyzed in Au-NP10- and Au-NP80-treated HCT p53 ( + / + ) and HCT p53 ( - / - )
cells using western blotting. Au-NP10 induced cleavage of caspase-9 and PARP, but Au-NP80 was unable to induce the cleavage
of these apoptotic proteins in HCT p53 ( + / + ) cells. In HCT p53 ( - / - ) cells, neither Au-NP10 or Au-NP80 treatment was able to
induce PARP or caspase cleavage (lane 4–6), b-actin serves as loading control. (D) HCT p53 ( + / + ) and HCT p53 ( - / - ) tumors
were grown on the hind leg region of the male nude mice. Both tumors types were treated with Au-NP10 for a period of 4 weeks,
and the tumor sizes were frequently measured to study the tumor kinetics (i). Results showed that Au-NP10 induced 72% tumor
regression in HCT p53( + / + ) tumors (blue line), whereas no tumor regression was observed in Au-NP10-treated HCT p53( - / - )
tumors (red line). Similarly, HCT p53 ( + / + ) and HCT p53 ( - / - ) tumors were treated with Au-NP80 for a period of 4 weeks, and
the tumor kinetics were observed (ii). Results showed that Au-NP80 induced 71% tumor regression in HCT p53( + / + ) tumors
(blue line), whereas no tumor regression was observed in Au-NP10-treated HCT p53( - / - ) tumors (red line). (E) Untreated and
Au-NP10 and Au-NP80 treated p53 ( + / + ) HCT tumors were sectioned to study tissue morphology. Hematoxylin and eosin
staining showed organized tissue structure in HCT tumors before treatment; however, Au-NP10 and Au-NP80 treatment led to
disintegration of tissue structure, suggesting cell death in the tumor tissue. (F) PARP and Caspase-9 cleavage were observed in
the Au-NP10 and Au-NP80 treated tumor tissue from the HCT p53 ( + / + ) and HCT p53 ( - / - ) tumor xenografts. Western blot
analysis shows that PARP and Caspase-9 were cleaved only in Au-NP10-treated HCT p53( + / + ) tumors (lane 2). PARP and
caspase-9 cleavage were absent in Au-NP80-treated tumors (lanes 3 and 5) and in HCT p53 ( - / - ) tumors, irrespective of the
treatment (lane 4–6), b-actin serves as loading control. TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
(To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).
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unable to induce cleavage of PARP and caspase-9 in both HCT
(p53 + / + ) and HCT (p53 - / - ), suggesting a necrotic mode
of cell death in Au-NP80-treated cells.

Since the Au-NP10 and Au-NP80 were able to induce ap-
optosis and necrosis in p53 ( + / + ) cells, we determined
whether both Au-NP10 and Au-NP80 were able to induce
tumor regression via apoptotic and necrotic pathways. HCT
(p53 + / + ) and HCT (p53 - / - ) tumors were grown on the
hind leg of nude mice. The tumors were treated with Au-
NP10 and Au-NP80, respectively, for a period of 4 weeks (Fig.
2D). Results showed that Au-NP10 and Au-NP80 caused 72%
and 71% tumor regression, respectively, in the HCT (p53 + / + )
tumors at the end of 4 weeks (Fig. 2D; blue line), whereas no

significant change in the tumor volume was observed in HCT
(p53 - / - ) tumors (Fig. 2D; red line). Hematoxylin and eosin
staining and immuno-histochemical analysis of Au-NP10-
and Au-NP80-treated HCT (p53 - / - ) tumors showed that
the tumor was dis-integrated on treatment, suggesting cell-
death (Fig. 2E). Staining with antip53 PAb421 showed high
p53 expression in the nucleus in both Au-NP10 and Au-NP80-
treated HCT (p53 + / + ) tumor tissues (Supplementary Fig.
S10; upper panel). The Au-NP10-induced apoptosis and Au-
NP80-induced necrosis were analyzed in the tumor tissue by
staining sections with PAb against ssDNA. Tumors treated
with Au-NP10 were positive for staining with PAb against
ssDNA, suggesting apoptotic death (Supplementary Fig. S10;
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lower panel). On the other hand, Au-NP80-treated tumors did
not show staining with Ab against ssDNA, suggesting ne-
crotic death. The cleavage of PARP and caspase-9 was ob-
served in the Au-NP10- and Au-NP80-treated HCT (p53 + / + )
and HCT p53( - / - ) tumors (Fig. 2F). The results showed that
only Au-NP10 induced PARP and caspase-9 cleavage in the
HCT (p53 + / + ) tumor tissue, while Au-NP80 did not induce
PARP and caspase-9 cleavage. PARP and caspase-9 cleavage
was absent in either Au-NP10- or Au-NP80-treated HCT
(p53 - / - ) tumor. These data again reconfirm the fact that Au-
NPs are cytotoxic toward tumors with wild-type p53 and Au-
NP10 induces p53-dependent apoptosis, whereas Au-NP80
induces p53-dependent necrosis.

p53 shows differential post-translational modifications
in apoptotic and necrotic cancer cells

The differential activation of p53 promoter in AuNP10-
and AuNP80-treated cells led us to hypothesize that ROS-
mediated p53 activation might be linked to p53 modifications.
Since p53 activation is linked to its post-translational modifi-
cations (1, 24, 37), we analyzed the p53 post-translation
modification patterns in Au-NP10- and AU-NP80-treated
cells. Stress-induced p53 activation has been shown to involve
post-translational modification of p53 via phosphorylation,
acetylation, and sumoylation (43). Immunoprecipitation re-
sults showed that Au-NP10 incubation led to more than a 7-
fold increase in p53 phosphorylation and a 6-fold increase in
p53 acetylation in MCF-7 cells, whereas Au-NP80 induced a 4-
fold increase in p53 phosphorylation and a 3.5-fold increase in
p53 acetylation (Fig. 3A (lanes 3–11)); similar results were
obtained by in vivo ELISA (Supplementary Fig. S11 (i)). ROS
quenching using NAC (25 mM) resulted in a significant drop
in p53 phosphorylation and acetylation in cells treated with
Au-NP10 and Au-NP80 (Fig. 3A (lane 12–18)), (Supplemen-
tary Fig. S11 (ii)). Both Au-NP10 and Au-NP80 induced ROS
that led to an increase in p53 modifications, making it tran-
scriptionally active.

Earlier reports had shown that p53 activity was dependent
on its post-translational modification status. Sequential cas-
sette phosphorylation of p53 has been predicted to produce
(19) different regulatory capabilities with regard to gene-
expression pattern (6, 31); for example, phosphorylation at
specific p53 residues affected its transcriptional activity and/
or its selectivity toward a different subset of genes, thus de-
termining the specific type of cellular response to stress (17,
48). We, therefore, analyzed cell extracts for the phosphory-
lation and acetylation pattern of specific amino acids in p53
that might be responsible for segregation of apoptotic path-
way from that of necrosis. The analysis of all p53 Ser, Thr, and

Lys residues that undergo phosphorylation and acetylation
was conducted through immunoprecipitation using anti-
bodies against phosphorylated Ser6, 9, 15, 20, 33, 37, 46, 315 and 392,
phosphorylated Thr18, 55, 81, 155 and 377 and acetylated
Lys120, 164, 305, 320, 373, 379 and 382. Untreated MCF-7 cells showed
minimal phosphorylation at Ser6, 9, 15 and acetylation at
Lys379, 382 residues of p53 (Fig. 3B). Au-NP10 induced phos-
phorylation and acetylation at all the known Ser, Thr, and Lys
residues (Fig. 3B), whereas Au-NP80 led to a very different
pattern of p53 modifications with phosphorylation exclu-
sively at Ser6, 9, 15, 20, 33, 37, 46, 315, 392, Thr18, and acetylation at
Lys320, 373, 379, 382. In addition, phosphorylation was also ob-
served in Ser315 (Fig. 3B). In vivo ELISA technique also showed
similar results to the site specific immunoprecipitation ex-
periments (Fig. 3C (i)–(iii)). These data established that Au-
NP10 and Au-NP80 induced differential p53 modifications
patterns, thus resulting in differential p53 transactivation.

The effect of ROS quenching on the phosphorylation
and acetylation of all the Ser, Thr, and Lys residues was an-
alyzed. ROS quenching completely abolished the p53 post-
translational modification pattern. The phosphorylation and
acetylation were minimal at Ser33, 37 and were absent at
Ser 46 and 315, Thr55, 81, 155, 377, and Lys120, 164, 305 and 320 residues
in Au-NP10-treated cells (Fig. 3D), (Fig. 3E (i)). In Au-NP80-
treated cells, the pattern was similar to that in Au-NP10-
treated cells, except no phosphorylation occurred at Ser33, 37

and Lys373 (Fig. 3D) and (Fig. 3E (ii)). The results
suggested that Au-NP10 induced p53 modifications at the
p53 N-terminus, p53 core domain, and p53 C-terminus,
whereas Au-NP80 induced p53 modifications only at p53 N-
and C-terminus, without any modifications in the core do-
main. On ROS quenching, the modifications of Ser, Thr, and
Lys residues located in and adjacent to the core domain were
abolished, thus suggesting that the decision between apo-
ptotic and necrotic cell death might depend on the pattern of
p53 post-translational modifications in the core domain.
Further, the direct role of phosphorylations at p53 Thr55,
Thr81, Thr155, Thr155, and Thr377 and acetylation of p53 at
Lys120, Lys164, and Lys305 in p53-dependent apoptosis in Au-
NP10-treated MCF-7 and HCT (p53 + / + ) cells was analyzed.
p53 cDNA with mutations at p53Thr55-Ala55, Thr81-Ala81, Thr155-

Ala155, The377-Ala377, Lys120-Arg120, Lys164-Arg164, Lys305-Arg305 was
constructed. With these mutations, p53 could not be phos-
phorylated or acetylated at the key amino-acid residues. The
mutant p53 was transfected in H1299 and HCT (p53 - / - )
cells, and the cells were treated with Au-NP10 and Au-NP80.
The apoptotic and the necrotic fractions of the treated cells
were calculated using annexin-V staining. The results showed
that in H1299 and HCT cells with MT p53 protein, Au-NP10-
indced cellular apoptosis was abolished and instead, a

FIG. 3. p53 post-translational modifications in apoptotic and necrotic cancer cells. (A) ROS induces p53 post-translational
modifications. Immunoprecipitation using antiphospho and antiacetylated p53 antibodies showed that both Au-NP10 and
Au-NP80 induce p53 phosphorylation and acetylation in MCF-7 cells. Au-NP10 induced higher phosphorylation and acet-
ylation of p53 protein (lane 3–11). ROS quenching using NAC treatment abolished Au-NP10 and Au-NP80-mediated p53
phosphorylation and acetylation (lanes 12–17), input, and IPP with IgG serving as controls. (B) p53 phosphorylation and
acetylation at Ser6, 9, 15, 20, 33, 37, 46, 315 and 392, Thr18, 55, 81, 155 and 377, and Lys120, 164, 305, 320, 373, 379 and 382 in untreated MCF-7
cells, Au-NP10-treated MCF-7 cells, and Au-NP80-treated MCF-7 cells. (C) (i–iii) The results of immunoprecipitation were
further confirmed using in vivo ELISA. (D) p53 phosphorylation and acetylation at the residues just mentioned were analyzed
using immunoprecipitation in Au-NP10 treated MCF-7 cells with ROS quenching and Au-NP80 treated MCF-7 cells with
ROS quenching. (E) (i and ii) The results of immunoprecipitation were confirmed using in vivo ELISA. ELISA, enzyme-linked
immunosorbent assay.

‰

DIFFERENTIAL ACTIVATION OF P53 BY GOLD NANOPARTICLES 405



406 GOGNA ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2011.4103&iName=master.img-002.jpg&w=486&h=644


significant increase in the cellular necrotic fraction was ob-
served (Supplementary Fig. S12; lane 2 and 3). These data
confirm that the post-translational modifications of p53Thr55,

Thr81, Thr155, Thr155, Thr377, Lys120, Lys164 and Lys305 are indispens-
able for p53-mediated apoptosis.

ROS induces different sets of cellular kinases
and acetylases in apoptotic and necrotic cancer cells

p53 modification pattern is linked to its trans-activation.
Since different levels of ROS activated p53 differentially, we
wanted to determine whether specific sets of kinases and
acetylases control p53 modification in response to different
sizes of Au-NPs. Since Au-NP10 and Au-NP80 produced
differential ROS, we sought to find whether this could result
in activation of different p53 interacting cellular kinases and
acetylases in controlling p53 modifications. Western blot
analysis showed that, in Au-NP10-treated MCF-7 cells, the
levels of cellular kinases SPT16, PK2, CAK, JKK2, CSN, CKL-
d, PIK3, ERK2, SAPK4, HIPK2, and JNK2a2 were higher and
they interacted with p53 whereas they were absent in Au-
NP80-treated cells. However, Au-NP80 induced expression of
and interaction with p38, JNK1a1, SSRP1, ATR, cDK2, ERK-1,
ATM, cDK1, cK2, cHK2, and DNA-PK (Fig. 4A). In a similar
manner, we observed that Au-NP10 and Au-NP80 induced
different sets of p53 interacting acetylases (Fig. 4B), while
cellular acetylases MOZ, TIF2, HGCNS, hMOF, RIP160,
PCAF, and AIB1 were upregulated and interacted with p53
only in Au-NP10-treated cells. On the other hand, p300, CBP,
TIP60, and BRPF1 were upregulated by both Au-NP10 and
Au-NP80 (Fig. 4B). Results of western blots were rechecked
using co-immunoprecipitation between p53 and the various
p53-interacting kinases and acetylases (Fig. 4C, D). It was,
thus, assumed that different sizes of Au-NP induced activation
of different sets of p53-specific acetylases and kinases. ROS
might be directly responsible for the activation of p53 inter-
acting kinases and acetylases, as ROS quenching abolished the
upregulation of these kinases and acetylases (Fig. 4A: Lanes 4
and 5) and (Fig. 4B: Lanes 4 and 5). The results suggested that
the level of ROS might control synthesis of specific sets of
kinases and acetylases in response to Au-NP size.

These data revealed a complex pathway of ROS-mediated
p53 regulation in MCF-7 cells. Depending on the status of
ROS, the cellular kinases and acetylases are activated in these
cells, which phosphorylate and acetylate p53 in a predesigned
manner. This controlled post-translational modification of
p53, regulates its transcriptional activity, and determines the
ability of p53 transcription factor to bind to its DBS in the
promoter of its downstream genes. This ROS-mediated reg-
ulation of p53 phosphorylation and acetylation, through ac-
tivation of two sets of p53-interacting kinases and acetylases
in Au-NP-treated cells, controls the transcriptional status of
p53 and, thus, determines the p53-dependent apoptotic or
necrotic mode of cell death.

Activated p53 of different types induced
apoptotic and necrotic gene clusters

The effect of Au-NP-induced p53 post-translational modi-
fications on cellular apoptosis and necrosis was observed in
MCF-7 cells. Inhibition of p53 phosphorylation (using serine
threonine kinase inhibitors) and acetylation (using SIRT-1)
reduced Au-NP-mediated apoptosis and necrosis (Supple-

mentary Fig. S13), thus linking the differential post-translational
modification of p53 with the transcription of p53 downstream
apoptotic and necrotic genes. We analyzed the expression of
p53 downstream genes that were responsible for cell death (15)
in Au-NP-treated cells by utilizing real-time PCR and in vivo
ELISA. Interestingly, in MCF-7 cells, Au-NP10 induced ex-
pression of 50 p53-regulated genes responsible for p53-
mediated apoptosis (Supplementary Table ST1), and Au-NP80
activated a set of 59 necrotic genes involved in cell death
(Supplementary Table ST2 and Supplementary Fig. S14). p53
down-stream genes p63, p73, BP1, PUMA, PIG8, p53AIP, FAS,
FADD, Caspase-10, Caspase-1, BAX, BAD, and APAF-1 were
exclusively induced on Au-NP10 treatment (Fig. 5A). Caspase-
8 and NOXA that have been reported to be involved in both
apoptosis and necrosis were upregulated in both Au-NP10 and
Au-NP80-treated cells. In Au-NP80 treated cells, we observed
expression of caspase-14, BIRC7, BRCA2, NOXA, Calpain,
CathepsinQ, Clu, Gadd45, and Xrcc3 (Fig. 5B).

Chromatin immunoprecipitation (ChIP), in Au-NP10 and
Au-NP80-treated MCF-7 cells, showed that p53 was involved
in up-regulating its down-stream genes p21, BAX (apoptotic
gene), and CathepsinQ (necrotic gene) (18, 40) in inducing
apoptosis and necrosis. ChIP analysis showed that p53
showed higher binding at p215’-DBS in Au-NP10-treated cells
(Fig. 5B (a)). Quantitative ChIP using real-time PCR showed
twofold p53 binding on p215’-DBS in Au-NP10-treated cells
than in Au-NP80-treated cells (Fig. 5C (a)). ChIP on BAX
promoter (18) showed that Au-NP80-activated p53was un-
able to bind to the p53 DBS at the BAX promoter (Fig. 5B (b);
Fig. 5C (b)). By contrast, ChIP on CathepsinQ promoter
showed that p53 activated by Au-NP10 treatment did not
bind to the p53 DBS at the CathepsinQ promoter. On the other
hand, Au-NP80-activated p53 was bound to p53 DBS at the
CathepsinQ promoter (Fig. 5B (c); Fig. 5C (c)). This differential
binding of p53, by virtue of its differential post-translational
modification pattern, to p53 DBS at the respective promoters
of the p53 downstream apoptotic and necrotic genes validated
our hypothesis that Au-NP of different sizes generated and
activated p53 of different types. This established the fact that
the differential post-translational modification patterns of p53
induced by Au-NP10 and Au-NP80 incubation were respon-
sible for the difference in the affinity of p53 toward the DBS of
its downstream genes involved in apoptosis and necrosis. It
could then be inferred that an activated p53 lacking phos-
phorylation and acetylation at the core domain induced the
necrotic gene cluster. These results clearly indicated that sim-
ilar to apoptosis, necrosis was also regulated tightly by p53 and
was also programmed. The segregated pattern of expression of
two different p53-dependent gene clusters leading to apopto-
sis and necrosis suggested that the post-translational modifi-
cation of p53 in response to different sizes of Au-NP might
have generated two different types of activated p53.

Discussion

p53 activates a variety of genes, which, in-turn, trigger cell-
cycle arrest and promote apoptosis, differentiation, or senes-
cence (48). In response to a given death stimulus (47, 49), the
cell might undergo apoptosis or necrosis depending on the
dose of the insult. Necrosis is a passive cellular demise re-
sulting from unmanageable physical damage. We have dis-
covered that small-size Au-NP10 induced p53-dependent
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FIG. 4. ROS induced different sets of p53-interacting kinases and acetylases in apoptotic and necrotic cancer cells. (A)
Western-blot analysis of p53-interacting kinases in Au-NP10 and Au-NP80 treated MCF-7 cells. (B) Western blot analysis of
p53-interacting acetylases in Au-NP10 and Au-NP80 treated MCF-7 cells. (C) Co-immunoprecipitation using antibodies
against activated p53-interacting kinases in Au-NP10 and Au-NP80 treated MCF-7 cells. (D) Co-immunoprecipitation using
antibodies against activated p53-interacting acetylases in Au-NP10 and Au-NP80-treated MCF-7 cells.
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apoptosis, whereas large-size Au-NP80 induced p53-dependent
necrosis in cancer cells. Both Au-NP10 and Au-NP80 could re-
gress HCT (p53 + / + ) tumor via apoptotic and necrotic path-
ways, respectively.

We established that p53-dependent apoptosis and necrosis
are controlled by cellular ROS. Au-NP10 produced a different
pattern of ROS production in comparison to Au-NP80, and
this differential ROS profile resulted in activation of different
sets of p53 interacting cellular kinase and acetylase, which led
to differential p53 post-translational modifications. ROS plays
multiple roles in tumor initiation, progression, and mainte-
nance. ROS levels were shown to increase in cells exposed to
various stress agents including anticancer drugs (5), and they

promoted apoptosis by stimulating pro-apoptotic signaling
molecules, such as ASK1, JNK, and p38 (5). It also played a
pivotal role in p53-induced apoptosis (5) through activation of
mitogen-activated protein kinases (MAPKs), ERKs, JNKs, and
p38 kinase cascade.

The differential phosphorylation and acetylation of p53
might have generated two distinct forms of activated p53
(directed by the presence or absence of phosphorylation and
acetylation on the p53 core-domain). The activated p53 gen-
erated by Au-NP10 had higher DNA-binding efficiency, and
it switched on 50 apoptotic genes. On the other hand, Au-
NP80 activated another form of p53 with a high affinity for
p53-DBS of the 59 necrotic genes. We have proposed that the

FIG. 5. p53 downstream
apoptotic and necrotic gene
clusters. (A) Western-blot
analysis of p53 downstream
gene products (involved in
p53-mediated cell-death) in
Au-NP10 and Au-NP80 in-
cubated MCF-7 p53 ( + / + )
and MCF-7 p53 ( - / - ) cells.
The proteins expressed in Au-
NP10-treated MCF-7 p53
( + / + ) cells were apoptotic,
and the proteins over-ex-
pressed in Au-NP80-treated
MCF-7 p53 ( + / + ) cells were
necrotic (lane 1–3). The p53
downstream apoptotic or ne-
crotic proteins were not up-
regulated either on Au-NP10
or on Au-NP80 treatment in
MCF-7 p53 ( - / - ) cells (lane
4–6). (B) (a) Chromatin im-
munoprecipitation (ChIP) on
p53-DBS in p21 promoter in
the MCF-7 p53 ( + / + ) and
MCF-7 p53 ( - / - ) cells trea-
ted with Au-NP10 and Au-
NP80. (b) ChIP on p53-DBS in
BAX promoter in the MCF-7
p53 ( + / + ) and MCF-7 p53
( - / - ) cells treated with Au-
NP10 and Au-NP80. (c) ChIP
on p53-DBS in CathepsinQ
promoter in the MCF-7 p53
( + / + ) and MCF-7 p53 ( - / - )
cells treated with Au-NP10
and Au-NP80. The data show
that activated p53 in Au-NP-
10-treated MCF-7 p53 ( + / + )
cells binds strongly to p21 pro-
moter, binds to BAX promoter
and not to the CathepsinQ
promoter. p53 activated by
Au-NP80 only binds to the
p53-DBS in the CathepsinQ
promoter and not to the Bax
promoter, suggesting that p53-
post-translational modifica-
tions determined the binding patterns to promoters of p53 downstream genes. Binding on p21, bax, or CathepsinQ promoters was
absent in p53 null MCF-7 p53 ( - / - ) cells (lane 5–7). Input and tamoxifen treatment in MCF-7 p53 ( + / + ) cells serves as controls. (C)
The results of chromatin immunoprecipitation were reconfirmed using real-time ChIP. DBS, DNA binding site.
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observed differential pattern of p53 post-translational modi-
fications due to activation of different sets of p53 kinase and
acetylase, in response to Au-NP-size dependent stress signals,
might be responsible for the expression of differential gene
clusters via p53 activation.

Earlier reports had shown that p53 activity was dependent
on its post-translational modification status. Sequential cas-
sette phosphorylation of p53 has been predicted to produce
different regulatory capabilities with regard to gene expres-
sion pattern (14); phosphorylation at specific p53 residues
affected its transcriptional activity and/or its selectivity to-
ward different subset of genes, thus determining the specific
type of cellular response to stress (5, 10). Distinct p53 acety-
lation cassettes also differentially influenced gene expression
and cell fate; specifically, acetylation of Lys373/382 resulted in
induction of p21 (32) that led to cell-cycle arrest. Since Au-
NP10 and Au-NP80 induced differential p53 modifications, it
might have stabilized and activated p53 differently, thus al-
lowing it to upregulate different sets of downstream genes.
Au-NP10-treated cells induced phosphorylation at Ser6, 9, 15,

20, 33, 37, 46, 315, 392, Thr18, 55, 81,155, 377 and acetylation at Lys 120,

164, 305, 320, 373, 379, 382. On the other hand, Au-NP80 induced
phosphorylation at Ser6, 9, 15, 20, 33, 37, 46, 315,392, Thr18 and
acetylation at Lys320, 373, 379, 382 residues.

It could then be inferred that an activated p53 lacking
phosphorylation and acetylation at the core domain induced
the necrotic gene cluster. In Au-NP-treated cells, sequential as
well as simultaneous post-translational modifications were first
observed in both N- and C-terminus domains of p53. Our work,
thus, corroborated earlier findings that phosphorylation of
Ser15, 20, 33, 37 and 46 and Thr18 of the N-terminus promoted p53
stabilization (12) and prevented nuclear export (41) by favoring
p53 recruitment in a specific set of promoters. Doxorubicin and
etoposide were shown to regulate p53 post-translational
modifications via phosphorylation of several residues. p53 N-
terminus phosphorylation (amino acid 1–39) was shown to be
responsible for differential p53 downstream effects (25); p53
Ser46 phosphorylation activated apoptotic target genes, and its
mutation reduced the ability of p53 to induce cell-cycle arrest
(13). IR or UV induced phosphorylation at Ser6, 15, 29, 33, 37

residues (34, 35), acetylation of six lysine residues in the C-
terminus (36), and Lys164 in the core domain by p300/CBP (38)
resulted in enhancement of p53 DBS binding and target gene
activation. Induction of pig3 and Noxa was shown to be due to
acetylation of p53 at Lys320, 373 (5, 38), and acetylation of Lys120

(38) was important for activation of pro-apoptotic target genes
by p53. Our data revealed that the post-translational modifi-

cation of p53 core domain was indispensable for p53-mediated
apoptosis. We also established that the lack of phosphorylation
and acetylation in p53 core domain might lead to induction of
cell death through a p53-dependent necrotic pathway. The
acetylation and phosphorylation of the DNA-binding domain
has been established as a critical modulator of p53-mediated
apoptosis (38) that might bring conformation changes.

In conclusion, we have established that different sizes of Au-
NP generate differential p53 activation, thus leading the cell to
undergo apoptosis or necrosis. Based on the results, we have
proposed a model (Fig. 6) showing how cell stress in response
to Au-NPs could generate ROS that could activate different sets
of kinases and acetylases. Strikingly, p53 auto-activation at
both the transcription and proteome level seems to play an
important role in dictating the cell fate. It could, thus, be as-
certained that the observed Au-NP10- and Au-NP80-mediated
HCT (p53 + / + ) tumor regression is a novel strategy which
may find wide application of nano particles in cancer therapy.

Materials and Methods

Gold nanoparticles

The Au-NPs were purchased from British Biocell Interna-
tional, Cardiff, United Kingdom. The Au-NPs were pure in
nature, they were not surface functionalized. The data related
to the purity, size determination, and characterization of the
Au-NPs was provided by the company. The quality of the Au-
NPs was certified.

Cell culture

MCF-7, HepG2, RKO, PC3, HCT116, and H1299 were
procured from NCCS, Pune, India. These cell lines were
maintained in DMEM medium. Media were supplemented
with 10% fetal bovine serum. All the transfections were car-
ried out using effectene transfection reagent (Qiagen) ac-
cording to manufacturer’s instructions.

Tumor induction

A 80-ll cell suspension containing 1 · 107 cells was subcu-
taneously injected into the hind legs of each mice, thus pro-
ducing two sites of MCF-7 tumor per mouse. Tumor volumes
were monitored weekly by caliper measurement of the length,
width, and height and were calculated using the formula for a
semi-ellipsoid (4/3pr3/2). After 3 weeks, mice bearing tumors
with volumes averaging approximately 200 mm3 were ran-
domized for treatment. Due to the variations in tumor take

FIG. 6. Mechanism of p53-dependent ap-
optosis and necrosis in cancer cells.
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and initial tumor growth as well as the removal of mice for
analysis at various time points, the number of mice at each
time point varied from experiment to experiment. The num-
ber of mice analyzed is reported in the text.

Tissue preparation

All tissues were collected and prepared for pathological
examination in a standard manner. Paraffin sections cut at
3 mm were air dried, then placed in a 60�C oven overnight.
Sections were de-waxed in xylene, followed by immersion
into a solution of 750 ml 30% hydrogen peroxide and 50 ml
methanol for 10 min to block endogenous peroxide. Sections
were rehydrated to tap water, ready for antigen retrieval.
Sections for p53 immunostaining required heat-mediated
antigen retrieval treatment. Sections were ‘‘superheated’’ for
4 min in 0.01-M citrate buffer (pH 6.0), then placed in tap
water immediately to avoid drying of sections. Sections were
transferred to phosphate-buffered saline (PBS) before im-
munostaining. Immunohistochemistry was performed using
a standard avidin-biotin complex. The primary antibody,
anti-human p53 was placed on sections at 1:50 dilution for
40 min at room temperature in a wet chamber. Sections were
washed in PBS and then incubated in a biotinylated anti-
mouse second layer for 30 min. Sections were again washed in
PBS, then incubated in the avidin-biotin peroxidase complex
(peroxide kit PK6200; Vector Laboratories, Inc.) for 20 min.
After three washes in PBS, sections were visualized with ac-
tivated 3939 di-amino-benzidene-tetra-hydrochloride solu-
tion for 10 min, which resulted in a brown end product.
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Abbreviations Used

Au-NPs¼ gold nanoparticles
BD¼ basal diet

CER I¼ cytoplasmic extraction reagent I
DBS¼DNA binding site

DCFDA¼ 2¢,7¢ dichloro-dihydro-fluorescein diacetate
EDTA¼ ethylenediaminetetraacetic acid
ELISA¼ enzyme-linked immunosorbent assay

FS¼flaxseed diet
IPP¼ immunoprecipitation

NAC¼N-acetyl-l-cysteine
PAGE¼polyacrylamide gel electrophoresis

PBS¼phosphate-buffered saline
PCR¼polymerase chain reaction
ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate

ssDNA¼ single-stranded DNA
TUNEL¼ terminal deoxynucleotidyl transferase dUTP
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