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ABSTRACT
Given that mutated p53 (50% of all human cancers) is over-expressed in many 

cancers, restoration of mutant p53 to its wild type biological function has been 
sought after as cancer therapy. The conformational flexibility has allowed to restore 
the normal biological function of mutant p53 by short peptides and small molecule 
compounds. Recently, studies have focused on physiological mechanisms such as 
acetylation of lysine residues to rescue the wild type activity of mutant p53. Using p53 
null prostate cancer cell line we show that ID4 dependent acetylation promotes mutant 
p53 DNA-binding capabilities to its wild type consensus sequence, thus regulating 
p53-dependent target genes leading to subsequent cell cycle arrest and apoptosis. 
Specifically, by using wild type, mutant (P223L, V274F, R175H, R273H), acetylation 
mimics (K320Q and K373Q) and non-acetylation mimics (K320R and K373R) of p53, 
we identify that ID4 promotes acetylation of K373 and to a lesser extent K320, in turn 
restoring p53-dependent biological activities. Together, our data provides a molecular 
understanding of ID4 dependent acetylation that suggests a strategy of enhancing 
p53 acetylation at sites K373 and K320 that may serve as a viable mechanism of 
physiological restoration of mutant p53 to its wild type biological function.

INTRODUCTION

The somatic p53 missense mutations observed 
in almost half of all human cancers is a critical step 
in the oncogenic process [1, 2]. The consequences of 
p53 mutations (gain-of-function, GOF) within a cell 
can have at least three types of outcomes [3–6]: 1) p53 
mutations can abrogate the tumor suppressor function of 
the affected TP53 allele by reducing the overall capacity 
of the cell to mount a proper DNA damage response 
[6, 7], 2) the mutant p53 may exert dominant–negative 
effect over co-expressed wild type p53 by forming 
mixed tetramers that are incapable of DNA binding and 
transactivation [6, 8] and 3) the mutant p53 protein with 
activities of its own, can contribute to various aspects of 
tumor progression [6, 9, 10].

Mutant p53 can be classified into two groups: type 
I mutations, which affect amino acid residues directly 
involved in the DNA interaction (R248H, V274F, and 

R273H), and class II mutations involving residues 
responsible for stabilization of the three-dimensional 
structure of p53 [1, 11]. Structural mutants, includes the 
majority of p53 proteins found in human tumors, such 
as R175H, P223L, R249H, and R282H mutants, all of 
which destabilize p53 conformation and the p53 DNA-
binding [1, 2]. 

Structurally, wild type p53 consists of unfolded 
regions with high tendency for aggregation [12, 13]
Numerous studies of mutant p53 have been designed 
to explore whether the DNA binding capacity can be 
restored artificially by small molecules which can 
stabilize the interaction with DNA, by preventing mis-
folding or aggregation, site-specific phosphorylation and 
c- terminal amino acid substitution that mimics wild type 
p53 [2, 14–16]. Theoretical modeling of p53 has also been 
central to understanding the DNA-binding capabilities of 
mutant p53, as well as conformation changes induced 
by protein-protein interactions [17, 18]. The binding of 
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small molecules such as CP-31398 [19], ellipticine [20],  
MIRA-1 [21, 22], RITA [22], and PRIMA-1 [23] to mutant 
p53 proteins may induce wild type like conformational 
changes in the DNA binding domains of p53 mutant 
proteins, restoring sequence-specific p53 transcription 
[24]. In some cases, however, the mechanisms of activation 
is less understood, which provides a physiological basis of 
exploration into this phenomenon. 

Studies have shown that the all p53 mutations are 
not functionally equivalent [9]. The mutations in the DNA-
contacting residues of p53 have subtle effect on the folding 
of p53 protein as compared to the structural mutants [25]. 
The mutant p53 can also interact with transcription factors 
and recruited to respective binding sites of those factors 
on chromatin, and modulate their transcriptional output 
[26]. Incidentally, certain p53 mutants can activate similar 
genes known to be activated by wild type p53 and induce 
senescence or apoptosis in some cell types but not in 
others providing a physiologically relevant basis to study 
strategies, which can restore mutant p53 to wild type 
biological activity by non-artificial means. 

We and others have shown that in the case of 
wild type and mutant forms of p53, the interaction with 
acetylases and subsequent acetylation of p53 itself is 
indispensable for DNA binding and transcriptional activity 
such as the ability of p53 to trigger cell cycle arrest or 
apoptosis [1, 12, 27, 28]. Our previous study provided 
evidence that ID4, a helix loop helix transcriptional 
regulator recruited CBP/p300 (acetyltransferase) to promote 
large macromolecular assembly of p53 that could result in 
its acetylation and increased biological activity [28].

Here, we demonstrate that ID4, can promote p53-
dependent apoptosis and senescence in prostate cancer 
cells by specifically modifying the acetylation of p53, 
which increases its transcriptional activity and promotes 
the expression of pro-apoptotic and cell cycle regulatory 
genes. Furthermore, using acetylation mimics of mutant 
p53, we identify lysine 373 and to a lesser extent lysine 
320 as critical ID4 dependent acetylation sites that aid in 
p53 biological activities. Together, the results presented 
herein suggest that ID4 dependent p53 acetylation can 
be used as model to re-activate mutant p53 to wild type 
biological activity.

RESULTS

The PCa cell line PC3 was used to investigate 
ID4-p53 cross-talk. Specifically, we focused on the role 
of ID4 in regulating wild type and mutant p53 dependent 
apoptosis, senescence and transcriptional activity. The PC3 
cell line is null for p53 and has low endogenous levels of 
ID4 (Figure 1A).  Wild type p53 as well as various mutant 
p53 plasmids (P223l: PL, V274F: VF, P223L+V274F: 
VFPL, R273H and R175H) were over-expressed (stable 
and/or transient) in the cells. Following stable transfection 
and antibiotic selection the clones stably expressing wild 

type or mutant p53 (Figure 1B and 1C) were expanded for 
subsequent studies. 

Stable Silencing of ID4 and Expression of wild type 
and mutant P53 in PC3 cells: ID4 expression (Figure 1A) 
was undetectable or below detection limit in PC3 cells 
stably expressing the shRNA ID4 plasmid (PC3(-)ID4) 
(Figure 1B). As expected, p53 was not expressed in 
the PC3 cells transfected with empty vector (EV). The 
expression of wild type and mutant (PL, VF and VFPL) 
in PC3 and (PC3(-)ID4) suggested successful transfection 
and selection of the cell lines. The expression levels of 
the wild type and mutant p53 proteins in PC3 (Figure 1A) 
and PC3(-)ID4 (Figure 1B) was similar with the exception 
of VFPL mutant in PC3(-)ID4 (Figure 1B). The lower 
expression of VFPL mutant in PC3(-)ID4 could be due 
to multiple reasons e.g. destabilization of VFPL hetero-
tetramer in the absence of ID4. The results discussed 
below should therefore be interpreted in context of the 
observation that the combined VFPL mutant expression is 
comparatively lower in PC3(-)ID4 cells compared to the 
wild type and PL and VF p53 mutant.

ID4 promotes p53-mediated apoptosis

As expected a significant increase in apoptosis was 
observed in PC3+wild type p53 as compared to PC3 cells 
expressing the plasmid only control (EV) (Figure 1C,  
P < 0.001). The degree of apoptosis in PC3+wild type p53 
cells was then used to normalize the apoptosis observed 
in response to various mutant forms of p53 in PC3 with 
or without ID4 (%apoptotic index) (Figure 1C). In PC3 
cells, with the exception of VFPL which demonstrated a 
significant decrease in apoptosis (P < 0.001), the decrease 
in apoptosis of VF and PL was only marginal (75.3% and 
81.4% respectively) as compared to wild type p53 (set 
to 100%). Thus the two mutant forms of p53 (VFPL) 
expressed together (as expressed in DU145 cells) were less 
effective in promoting apoptosis (50.8%) as compared to 
wild type p53 or VF and PL mutants expressed separately 
(Figure 1C). These results suggest that VF and PL mutants 
retain most of the biological activity of the wild type p53.

The apoptotic index of PC3(-)ID4 with wild type 
p53 (64%) was significantly lower as compared to PC3 
cells with wild type p53 (100%, P < 0.05). Interestingly, a 
significantly lower apoptotic index was observed in PC3(-)
ID4 cells expressing PL and VF mutants (PL: 15.7% and 
VF: 18.1%, P < 0.001) as compared to PC3(-)ID4 cells 
with wild type p53 (100%) and as compared to PC3 cells 
with PL and VF mutants (75.3% and 81.4% respectively) 
(Figure 1C).The percentage apoptotic index in the double 
VFPL mutant (31.8%, P < 0.05) was higher compared 
to the mutants expressed individually in PC3(-)ID4. The 
results suggested that loss of ID4 leads to a decrease in 
apoptosis overall but has a significantly stronger effect on 
the apoptosis induced by the two mutant alone (VF and 
PL) as compared to the two mutants together (VFPL). 
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Thus, the results indicate that p53 promotes apoptosis in 
an ID4 dependent manner in PC3 cells. 

ID4 regulates expression of p53 targets genes

The expression of key downstream targets of p53 
were used to investigate the mechanism by which wild 
type and mutant p53 regulates apoptosis in the presence 
or absence of ID4.

The expression of cyclin dependent kinase inhibitor 
CDKN1A (p21), BAX and PUMA, which are well 
characterized p53 target genes increased in the presence of 
wild type and mutant p53 as compared to cells transfected 
with EV (Figure 2A) [29]. Interestingly, the expression 
of BAX between wild type p53 and PL mutant was 
essentially similar and higher than that observed in VF and 
VFPL. The expression profile of PUMA was also similar 
to that of BAX. The expression of p21 was similar between 
the wild type p53, PL and VF. The immunoblot analysis 
suggested that BAX, PUMA and p21 are expressed at a 
lower level in cells transfected with VFPL as compared 

to the PC3 cells transfected with these mutants alone. The 
expression level in VFPL correlates well with the extent of 
apoptosis in VFPL as compared to other p53 transfectants. 
The results suggested that similar to p53, the VF and PL 
mutants could be transcriptionally active. 

Loss of ID4 resulted in a significant decrease in the 
expression of all three p53 target genes in PC3(-)ID4 cells 
transfected with either wild type or mutant p53. These 
results suggested that ID4 expression may be required 
to promote the activation of p53 downstream targets, 
irrespective of the p53 mutations (Figure 2B). 

ID4 restores mutant p53 DNA binding and 
transcriptional activity

An ID4 dependent gain in p53 downstream 
targets lead us to investigate whether wild type and 
mutant p53 in PC3 cells regain DNA binding and 
transcriptional activity in an ID4 dependent manner. 
Based on an in vitro p53 DNA binding activity assay 
(using p53 response element immobilized on a 96 well 

Figure 1: Stable knockdown of ID4 by retroviral shRNA in PC3 cells and expression of wild type and mutant p53. (A) 
Expression of ID4 and p53 in PC3 cells following stable transfection with wild type and mutant p53 plasmids. (B) Expression of ID4 and 
p53 in PC3 cells in which ID4 was stably silenced ((PC3(-)ID4) followed by stable expression wild and mutant p53 plasmids. (C) ID4 
promotes p53-mediated apoptosis. Data represents apoptotic index calculated as percent of apoptosis as compared to apoptosis in PC3 
cells transfected with wild type p53 set to 100%.  A significant increase in apoptosis (***P < 0.001) in wild type and p53 mutants (p53 
mutants: P223L and V274F) as compared to PC3 (EV); “a” (P < 0.001) in PC3 (–)ID4 with various p53 mutants as compared to PC3(-)
ID4 cells transfected with wild type p53 and “b” (P < 0.001) and “c” (P < 0.05) is the statistical difference between PC3 and PC3(-)ID4 
cells transfected with the same wild type or mutant p53 plasmid. Abbreviations: EV: Empty vector, wild type: Wild Type, PL: P223L, VF: 
V274F, VFPL: V274F+P223L.
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plate followed by detection with p53 specific antibody) 
using nuclear extracts, a significant increase in p53 
DNA binding activity in the PC3+p53 (wild type and 
mutant p53) as compared the PC3(-)ID4 was observed  
(p < 0.001) (Figure 2C) with corresponding p53 wild type 
and mutant plasmids. The mutant VFPL p53 binding in 
PC(-)ID4 was significantly lowered as compared to wild 
type p53 and was comparable to EV. However, the DNA 
binding was also observed with VF and PL mutants in 
PC3 cells suggesting that these mutants are capable of 
DNA binding, possibly in the presence of ID4. No DNA 
binding was observed in the VFPL mutants which is 

consistent with the lack of its function (transactivation 
and apoptotic activity). 

We next performed a functional assay to further 
confirm the p53 transcriptional activity in PC3 cells. Using 
a p53 response element (wild type-p53RE) luciferase 
reporter plasmid assay, the relative p53 luciferase activity 
decreased significantly in PC3(-)ID4+p53 (wild type and 
mutant) as compared to PC3+p53 (wild type and mutant) 
cells (Figure 2D). Surprisingly, mutant p53 (PL and VF) 
also demonstrated moderately high luciferase activity 
in PC3 cells. The mutant p53 luciferase plasmid (mt-
p53RE) used as a negative control, as expected, did not 

Figure 2: ID4 regulates expression of p53 targets genes. (A) Protein expression of p21, BAX, and PUMA in PC3 and (B) PC3 
(-) ID4 cells expressing Empty vector (EV), wild type (wild type), and mutant p53 (PL: P223L, VF: V274F, VFPL: V274F+P223L). 
Representative western blots of three different experiments are shown. (C) Quantitative p53 DNA binding in a sandwich ELISA. ***:P < 0.001 
in wild type and p53 mutants as compared to PC3 (EV); “a” (P < 0.001) in PC3 (-)ID4 with various p53 mutants as compared to PC3(-)
ID4 cells transfected with wild type p53 and “b” (P < 0.001) is the statistical difference between PC3 and PC3(-)ID4 cells transfected with 
the same wild type or mutant p53 plasmid. 
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result in luciferase activity (Data not shown). In context of 
PC3+wild type p53 used as a positive control, our results 
strongly suggested that mutant p53 gains DNA binding 
and transcriptional activity in the presence of ID4.

ID4 promotes p53-mediated senescence

Having established that ID4 plays a critical role in 
modulating wild type and mutant p53 associated apoptosis, 
through the induction of a cell cycle checkpoint p21 
and apoptosis (BAX and PUMA), we next investigated 
whether p53 also regulates cellular senescence in an ID4 
dependent or independent manner. Senescence in normal 
cells is associated with a flattened, enlarged morphology 
with > 2-fold increase in cellular diameter compared to 
non-senescent cells [5]. 

The number of cells with strong (High) and those 
with light (Low-Moderate) blue staining were quantitated 
(Figure 3A). Over 60% of PC3 (wild type and mutant p53) 
cells stained positive for the SA-βgal and ~20% of those 
cells appeared to have flattened morphology (Figure 3A 
and 3B), indicative of senescence in PC3 (wild type and 
mutant p53) cells. The results summarized in (Figure 3B) 
demonstrated a significant increase in the number of cells 
with senescence associated beta-galactosidase (SA-βgal) 
staining in PC3 cells transfected with wild type p53 (High: 
81%, Low-Moderate 19.5%) as compared to EV (High: 
None, Low-Moderate: 5%, P < 0.001). A varying degree 
in SA-βgal staining was also observed in the PC3+PL/ VF 
or VFPL. Interestingly, senescence was not significantly 
different in PC3+PL but a disproportionate increase in 
cells with low-moderate senescence was observed in VF 
cells (91.6%, p < 0.001) with a corresponding decrease in 
cells with high senescence (8.42, p < 0.001) as compared 
to PC3+wild type p53 cells. The senescence in VFPL cells 
was not significantly different as compared to the PC3 
cells transfected with EV (Figure 3B). 

A significant increase in senescent cells was also 
observed in PC3(-)ID4 cells transfected with either 
wild type or mutant p53. Interestingly cells with high 
senescence were not observed in PC3(-)ID4+wild type p53 
cells but almost all cells showed low/moderate senescence.  
This is in stark contrast to PC3+wild type p53 cells in 
which a significant fraction of cells was highly senescent. 
The PL or VF mutants in PC3(-)ID4 also demonstrated 
low/ moderate senescence that was not significantly 
different from PC3(-)ID4+wild type p53 (Figure 3C). A 
decrease in the fraction of highly senescent PC3(-)ID4 
cells suggests that loss of ID4 expression down-regulates 
senescence at a higher frequency than PC3 cells (Figure 3)

The p53 hotspot mutants promotes apoptosis in 
an ID4 dependent manner

p53 hotspot mutants are known to not only lose their 
tumor-suppressor function but also acquire oncogenic 

gain of function (GOF) [30]. Studies on hotspot mutant 
p53 knock-in models have shown manifestation of GOF 
by broader tumor spectrum and more metastasis compared 
with non-hotpot p53 mutants and the p53-null allele, which 
have largely been the focus of this study [7, 25, 31]. We 
therefore examined whether ID4 would have a similar 
effect on hotspot p53 mutants as well. We investigated the 
rate of apoptosis in the presence of p53 hotspot mutations 
(R175H and R273H) in PC3 cells (Figure 4A). Surprisingly, 
the R175H mutant was able to induce apoptosis (apoptotic 
Index 56.6%, p < 0.001) as compared to vector only 
control (27.5%) but was significantly lower (p < 0.001) as 
compared to PC3+wild type p53 (apoptotic index 100%). 
The apoptotic index of the R273H mutant (41%) was not 
significantly different from the vector only control.

Interestingly, a significant decrease in apoptosis was 
observed in PC3(-)ID4 cells with R175H mutant (37.5%, 
P < 0.01) as compared to the corresponding PC3 cells with 
the same mutant (56.6%) and PC3(-)ID4 cells with wild 
type p53 (75.8%, p < 0.001). However there was not a 
significant decrease in apoptosis between PC3 and PC3(-)
ID4 cells with R273H mutant probably due to R273H 
classified as a DNA contact mutant.

The expression of p53 dependent apoptosis 
mediators is also consistent with the lower apoptotic index 
of R175H and R273H specifically. The expression of BAX 
in PC3 cells was in the following order p53 >> R175H 
> R273, whereas PUMA and p21 were not detected in 
PC3 cells with R273H (Figure 4B). In PC3(-)ID4 cells, 
the expression of all three p53 regulated genes was 
lower that their corresponding counterparts in PC3 cells 
however, BAX, PUMA and p21 was undetectable in in 
PC3(-)ID4+R273H (Figure 4C). These findings strongly 
suggested that ID4 can re-activate the function of well-
established p53 mutations.

ID4 promotes DNA binding and transcriptional 
activity of p53 hotspot mutants

We next investigated whether ID4 promotes DNA 
binding of the hotspot mutants in a p53 response element 
driven luciferase reporter assay. As shown in Figure 4D, 
the relative luciferase activity of R175H and R273H 
mutants in PC3 cells was significantly higher as compared 
to the empty vector control. The relative luciferase activity 
of R173H was significantly higher as compared to R273H 
(P < 0.001) whereas the relative luciferase activity of 
R173H (p < 0.01) and R273H (p < 0.001) was lower as 
compared to the relative luciferase activity of the wild type 
p53 (used as a positive control).

In PC3(-)ID4 cells, the relative luciferase activity 
of wild type (p < 0.001), R173H (P < 0.001) and R273H  
(P < 0.001) was significantly lower as compared to 
relative luciferase activity observed for the wild type p53 
in PC3 cells. Furthermore the relative luciferase activity 
of R173H and R273H in PC3(-)ID4 was significantly 
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lower (p < 0.001) as compared to the respective mutants 
in PC3 cells (Figure 4D). The mutant p53 luciferase 
plasmid (mt-p53RE) used as a negative control, as 
expected, did not result in luciferase activity (data not 
shown). These results clearly demonstrated that ID4 
regulates the transcriptional activity of the p53 hotspot 
mutants also. 

ID4 promotes acetylation of p53

To investigate the mechanism by which ID4 
may promote apoptosis and senescence, we explored 

the acetylation pattern on p53 in both PC3 and PC3(-)
ID4 cell lines (Figure 5). The total p53 protein was first 
immuno-precipitated and then immuno-blotted with 
antibodies specific against global p53 acetylation and 
K373 acetylation only. Our results demonstrated increased 
global p53 lysine acetylation as well as increased 
acetylation of K373 in PC3 cells (Figure 5A). Whereas 
we observed a significant decrease in both global and 
site specific (K373) acetylation of p53 in PC3 (-) ID4 
cells (Figure 5B). However, we were unable to observe 
significant global or site-specific acetylation (K373) in 
PC3 cells regardless of ID4 status with mutant p53-VFPL 

Figure 3: ID4 promotes p53-mediated senescence. (A) ID4 promotes senescence in PC3 cells expressing EV, wild type, and 
mutant p53 compared to PC3 (-) ID4. Representative images shown. (B) Quantitative representation of senescence ranging from None, 
Low/moderate, and High in PC3 cells expressing EV, wild type, and mutant p53. (C) Quantitative representation of senescence ranging 
from None, Low/moderate, and High in PC3 (-) ID4 cells expressing EV, wild type, and mutant p53. ***:P < 0.001 in wild type and p53 
mutants (p53 mutants: P223L and V274F) as compared to PC3 (EV); “a” (P < 0.001) in PC3 (-)ID4 with various p53 mutants as compared 
to PC3(-)ID4 cells transfected with wild type p53. Abbreviations: EV: Empty vector, wild type: Wild Type, PL: P223L, VF: V274F, VFPL: 
V274F+P223L.
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co-expressed compared to wild type and mutant p53 
(V274F and P223L) expressed individually (Figure 5). 
This is likely due to co-expression of both mutants, which 
is in line with previous studies which reported that upon 
co-expression, both mutants together lose capability to 
perform p53-mediated processes [32]. 

ID4 differentially modulates specific acetylation 
sites of p53

Next, we investigated the specific acetylation of p53 
within its C-terminal region that is known to regulate its 
stability and transcriptional activity, thereby facilitating 

Figure 4: The p53 Hotspot mutants promotes apoptosis in an ID4 dependent manner. (A, B) Protein expression profile of 
p21, BAX, and PUMA in PC3 and (C) PC3 (-) ID4 cells expressing EV, wild type, and hotspot mutant p53. Representative western blots of 
three different experiments are shown. (D) p53RE- luciferase reporter assay. A significant increase in apoptosis (***:P < 0.001, *:p < 0.05) 
in wild type and p53 mutants (p53 mutants: P223L and V274F) as compared to PC3 (EV); “a” (P < 0.001) in PC3 (-)ID4 with various p53 
mutants as compared to PC3(-)ID4 cells transfected with wild type p53 and “b” (P < 0.05) is the statistical difference between PC3 and 
PC3(-)ID4 cells transfected with the same wild type or mutant p53 plasmid. Abbreviations: EV: Empty vector, wild type: Wild Type, PL: 
P223L, VF: V274F, VFPL: V274F+P223L.
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active transcription of cell-cycle arrest, survival, or 
apoptotic gene programs [33]. However, the effects of 
acetylation and deacetylation on p53 activity seem to 
be cell-type dependent, and little is known about their 
consequence in epithelial cells of the prostate. Based on our 
earlier results that demonstrated ID4 dependent acetylation 
of K320 and K373 [28], we used an acetyl-mimic model 
to study the role of ID4 on site-specific residues critical 
to the regulation of p53 activity by using the acetylation 
and non-acetylation mimics (acetylation mimics: K320Q 
and K373Q and non-acetylation mimics: K320R and 
K373R) (Figure 6A). By overexpressing a collection of 
p53-R175H acetylation-mimic mutants in PC3 cells, our 
results suggest that specific acetylation at K373, and to 
a lesser extent at K320, are sufficient for inducing p53 
apoptosis (Figure 6B) and restoration of DNA-binding 
capabilities (Figure 6C). Interestingly, the results suggested 
the acetylation mimics (320Q and 373Q) on R173H 
backbone promoted apoptosis irrespective of ID4 expression  
(Figure 4A, 100% in PC3 and 84% in PC3(-)ID4). On the 
contrary, apoptosis was significantly reduced in the presence of 
the non-acetylation mimics (320R and 373R) in the presence 
(PC3: 49%) or absence of ID4 (41%, PC3(-)ID4) (Figure 6B). 
The R175H with the 320Q and 373Q acetylation mimics also 
demonstrated transactivation potential as determined by their 
relative luciferase activity. The non-acetylation mimics (320R 
and 373R) also demonstrated transactivation potential in PC3 
cells but not in PC3(-)ID4. But, in the absence of ID4, the 
lack of acetylation of flanking lysine could have resulted in 
the loss of activity of 320R and 373R in PC3(-)ID4. We then 
systematically evaluated the contribution or each acetylation 
site to understand their role on regulation the transactivation 
potential of R175H mutant in the absence of ID4.  Collectively, 
the results suggest that the apoptosis in PC3(-)ID4 cells with 
320Q and 373R mutant was significantly lower as compared 
to acetylation mimics. Furthermore the DNA binding activities 
with either of the K320 or K373 non-acetylation mutants was 
significantly lower in PC3(-)ID4 cells as compared to their 
activity in PC3 cells (Figure 6C). The results clearly suggested 
that these two acetylation sites may have an equal role on ID4 
dependent re-activation of the R175H p53.

DISCUSSION 

Current understanding of the complex biological 
processes regulated by the p53 tumor suppressor is still 
not clear [33, 34]. A number of studies in recent years have 
focused on the design of novel anticancer drugs that can re-
activate p53 mutants through various mechanisms [1, 35]. 
These studies raise the question of whether intracellular signals 
or pathways acting in a fashion similar to artificial compounds 
exist that can prevent mutant p53 loss of function [1]. In this 
study, we provide strong evidence that mutant p53 (DU145 
specific mutants P223L and V274F and hotspot p53 mutants 
R175H and R273H) gains DNA binding and trans-activation 
potential largely through ID4-dependent acetylation.

Previous reports have characterized p53 mutations 
in prostate cancer cell lines DU145 and PC3 [32, 36, 37]. 
DU145 cells harbor two missense mutations on both 
alleles (V274F and P223L) and PC3 is rendered null for 
p53 due to a frame-shift deletion [32]. The mutant form 
of p53 studied in the DU145 cell line shows activation 
of mutant forms of p53 due to a temperature sensitive 
allele. Flow cytometry studies found induced expression 
of P223L at 32C, but not at 37C, and was as active as wild 
type p53 in the inhibition of colony growth. The V274F 
allele had no growth-inhibitory effect suggesting that the 
P223L allele mediates the tumor suppressor phenotype. 
Moreover, the V274F allele did not promote reporter gene 
activity of p21 or HDM2, whereas the P223L did induce 
both respective p53 target genes expression, providing 
further evidence that the P223L allele may regain wild 
type p53 tumor suppressor phenotype possibly due to a 
change in structural conformation at lower temperature. 
These studies support the larger role for non-artificial 
intervention in restoring mutant p53 due to inherent 
conformational flexibility in p53. Taken together, these 
findings [37] and our previous studies [28] led us to 
continue our investigation of ID4 dependent acetylation 
on DU145 specific p53 mutants as well as hotspot p53 
mutations in p53-defecient cells of the prostate. 

Our studies suggest that the p53-mediated processes 
of V274F to be similar to that of the hotspot p53 mutants 
(R175H and R273H), suggesting that V274F more likely 
shares properties of “real” cancer-derived mutants as 
shown by Gurova et al. [32]. The V274F allele induced less 
apoptosis, senescence, and induction of p53 downstream 
targets compared to the P223L allele. Both P223L and 
V274F when expressed in PC3 cells, showed some 
properties that are unusual for tumor-derived mutants, as 
they both could be stabilized by DNA damage, suppress 
growth, and did not possess dominant–negative gain-of-
function activity, although, both mutants didn’t share the 
same rate of induction of these processes compared to one 
another, complimentary to both previous studies [32, 37]. 
Importantly, it was also shown when both relatively 
weak mutants were co-expressed in one cell they kept a 
predominantly denatured conformation, accumulated in 
large amounts in the cell, didn’t not show any increase 
after genotoxic stress, had no toxicity to any cells tested, 
and lacked transactivation function [32]. These findings 
align well with our results that show increased apoptosis 
and senescence with both relatively weak mutations 
individually. However, when both weak p53 mutants 
were co-expressed, we observed down regulation of p53-
depedent processes supporting previous studies [28, 32]. 

In our earlier studies, we proposed that ID4 dependent 
activation of mutant p53 in DU145 cells is mediated via 
acetyl-transferases such as CBP/p300 or by other post-
translational modifications that occur in an acetylation 
dependent manner. It has been well established that several 
C-terminal lysines (evolutionarily conserved across 
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species, [38]) of p53 (K370, K372, K373, K381, K382) are 
acetylated by CPB/p300 [39]. Acetylation of residues found 
in the C-terminal of p53 promotes an open conformation by 
promoting the ability of its C-terminus to bind and occlude 
the DNA binding domain, thereby activating and enhancing 
p53 transcriptional activity [39, 38]. 

Studies have shown that acetylation of p53 is 
usually activating but may also be repressive, that is 
largely cell type dependent [40, 41] . In human cancer cell 
lines, the p300-mediated acetylation of p53 is essential for 
p21 expression and cell cycle arrest [38] but not in mouse 
embryo fibroblasts (MEFs) lacking CBP/p300 [40]. 

Our results show ID4 dependent acetylation of 
p53 as activating, consequently the DU145 and hotspot 
p53 mutants transfected into PC3 gains trans-activation 
potential and DNA binding activity as compared to PC3 
cells that lack ID4. The gain of transactivation potential 
of mutant p53 in PC3 cells that express ID4 is supported 
by the observations that show increased p53 dependent 
luciferase reporter activity, direct DNA binding of mutant 
p53 and up-regulation of p53 target genes such as p21, 
BAX, and PUMA. Interestingly, BAX and in some cases 
p21 is not activated by most rumor derived p53 mutants 
[42]. However, our results suggest the p53 mutants 
overexpressed in PC3 cells expressing ID4 are capable 
of trans-activating not only p21, but BAX and PUMA as 
well. In contrast, PC3 cells that lack ID4, demonstrated 
decreased regulation of all aforementioned downstream 
targets and DNA-binding. These results strongly suggest 
that ID4 has a role in facilitating both DNA binding as 
well as trans-activation potential of mutant p53. Lastly, 
the ID4 dependent post-translation modifications within 
p53 (discussed below) provide a molecular basis for p53-
mediated modulation of transcriptional activity.

To elucidate the mechanism by which ID4 promotes 
p53-mediated transcriptional activity in PC3 cells we 
focused on ID4 dependent acetylation of p53. The results 
suggested an increased global p53 lysine and site-specific 
lysine (K373) acetylation in wild type and mutant p53 in 
an ID4 dependent manner, largely supporting our earlier 
studies in DU145 cells [28]. Moreover, we found no 

significant acetylation of mutant p53 (VFPL) when co-
expressed, regardless of ID4 status as compared to wild 
type and mutant p53 (V274F and P223L) expressed 
individually. Our data therefore is consistent with previous 
findings showing minimal trans-activation potential of 
both mutants when co-expressed [32, 37]. 

Acetyl-mimics were used as a model to study the 
effects of p53 acetylation and de-acylation (acetyl-mimics: 
K320Q/R and K373Q/R) by studying of site-specific 
residues critical to the regulation of p53 activity. By 
overexpressing a collection of acetylation-mimic on the 
p53-R175H backbone mutants in PC3 cells, we show that 
specific acetylation at K373, and to a lesser extent at K320, 
are sufficient for inducing p53 target gene dependent 
transactivation, apoptosis and restoration of DNA-binding 
capabilities in an ID4 dependent manner providing further 
evidence on the role of ID4 in modulating acetylation of 
p53. Interestingly, the inhibitory effect of deacetylation/
non-acetylation mimics (373R and 320R) on p53 induced 
apoptosis and DNA-binding capability seemingly disrupts 
the global transcriptional program of p53 by decreasing 
these activities. Moreover, ID4 may be preferentially 
modulating apoptosis and DNA-binding capabilities 
at higher rate via acetyl-mimic K373Q as compared to 
K320Q suggesting the K373 is critical for ID4 dependent 
p53 acetylation. Although not significant we did observe 
lower relative luciferase activity and apoptosis in K320R 
and K373R (deacytlation mimics) as compared to K320Q 
and K373Q acetyl-mimics in PC3 cells. Interestingly, 
Liu et al. [43] found similar results when they reported 
activation of downstream target a p21-thymidine kinase 
construct was modest (15%) with deacytlation mimics; 
this result might have been due to the presence of two 
flanking lysines (K319 and K321), one of which might be 
an optional binding site for PCAF [8], which could also 
provide an explanation of apoptotic activity and luciferase 
activity observed in our model with both K320R and 
K373R deacetylation mimics.

Apoptosis and to a lesser extent cell cycle arrest and 
senescence are largely regulated by acetylated p53 [44]. 
Several p53 null cell lines including PC3, upon treatment 

Figure 5: Acetylation of p53. (A) p53 immuno-precipitated from PC3 and (B) PC3(-) ID4 was blotted with antibodies against acetylated 
lysine (global) and p53 acetylated at K373 (Ac-320). An increase in interaction was observed in wild type and p53 mutants as compared to 
PC3 (EV) and decrease in interaction in PC3 (-) ID4 was observed in wild type and p53 mutants as compared to PC3(-) ID4 cells.
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with HDAC inhibitors that block the de-acetylation of 
p53 show induction of p21, but not BAX indicating a 
distinct role for acetylation dependent cell cycle arrest and 
senescence [45]. Studies indicating a role for acetylation 
dependent cell cycle arrest and senescence independent of 
p53 add an interesting and significant point of discussion to 
our study. It is plausible that ID4 mediated acetylation alone, 
can promote cell cycle arrest and senescence independent 

of p53, suggesting different ID4 dependent acetylation 
pathways. Moreover, recognition of p53-independent 
processes that effect cell cycle arrest and senescence provide 
a basis for future exploration into the possibility of ID4 
playing a larger role as a regulator of acetylation. Studies 
have also shown that stabilization of p53 at lysine 373, 
induces cell cycle arrest and apoptosis in LNCaP prostate 
cancer cells, while TSA an HDAC inhibitor stabilizes the 

Figure 6: (A) Schematic of p53-R175H Acetyl Mimics. (B) Comparative apoptotic index of acetylation mimics 320Q and 373Q 
on p53-R175H backbone in PC3 and PC3 (-) ID4 show significant decrease in apoptosis of 320Q-373R compared to 320Q-373R. ***:P 
< 0.001: between empty vector (EV) and acetylation mimics , wild type “a”: PC3 (-)ID4 and “b” (*p < 0.05) within the same transfectant 
between PC3 and PC3 (-)ID4 (C) Comparative p53RE-Lucifease reporter assay showed significant decrease in promoter binding in 
320Q-373R as compared to 320Q-373Q on the p53-R175H backbone in PC3 cells. (***:P < 0.001) was observed in wild type and p53 
mutants as compared to PC3 (EV) and “a”: PC3 (-)ID4 and “b” (**< 0.05) within the same transfectant between PC3 and PC3 (-)ID4. 
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acetylation of p53 at lysine 382 induces only cell cycle 
arrest in the cell line [12, 44]. Acetylation dependent cell 
fate determination in context of apoptosis and senescence 
via p53-mediated processes would be a promising study as 
possible mechanisms that lead to p53 directed cellular death 
or senescence are not well understood processes. 

Cell type differences also influence the role of 
acetylation in apoptosis. In HCT116 colorectal cells, 
loss of CBP/p300 dependent p53 acetylation leads to 
increased expression of PUMA and apoptosis following 
DNA damage, [46]. The acetylation at K381 and K382 
in neuronal cells also inhibits p53 binding to the PUMA 
promoter, preventing PUMA expression and DNA 
damage-induced cell death [47]. These results suggest that 
CBP/p300 expression normally suppresses p53-dependent 
apoptosis in neurons and HCT116 cancer cells.

As noted, studies have shown that the p53 mutations 
are indeed not all functionally equivalent, hence reports 
of p53 mutants with differential effects on the cell [9]. In 
the context of our study, p53 mutants in PC3 cells that 
express ID4 are able to promote p21, BAX, and PUMA 
expression. At least two of the p53 hotspot mutants 
R175H and R273H, which are well known cancer-derived 
gain-of-function p53 mutants accounting for 15% of all 
p53 mutations in cancer and have been shown to have 
crippling effects on knock-in mouse models [8, 48, 49]. 
Taken together, this study supports exploring a profile 
of other known p53 hotspot mutants and study of their 
inherent structural flexibility in context of acetylation.

In conclusion, our present study finds that ID4 plays a 
pivotal role in modulation of acetylation and preferentially 
acts to acetylate K373 for transactivation of p53 in context 
of both DU145 specific p53 mutants and hotspot mutants 
overexpressed in PC3 cells. This phenomenon provides 
clear evidence that ID4 may serve as a physiological agent 
to restore p53 wild type function to various mutant forms of 
p53 in a non-cell line/non-mutation specific manner. While 
this data is intriguing, it is of great interest to determine 
if this phenomenon of p53 restoration via ID4 is effective 
in other organ systems (outside prostate cancer) as well as 
with a variety of other p53 mutations. Continued studies 
elucidating the mechanism of action will help to unravel 
the complex biological processes of ID4 and p53 in cancer. 
The strong anti-cancer effect of ID4 previously reported 
in prostate cancer and cross-talk with p53 will provide 
a strong framework of study in other systems, which 
eventually could serve as an attractive therapeutic approach 
[50]. ID4 promotes acetylation possibly by recruiting 
CBP/P300 type acetyl transferases however whether other 
acetyltransferases can also be recruited by ID4 independent 
of p53 for other proteins remains to be investigated. In the 
future, the studies demonstrating the effect of ID4 as a 
tumor suppressor in which certain acetyl transferases have 
been silenced (in the absence or presence of wild type or 
mutated p53) may help to unravel the complex mechanism 
of action of ID4. 

MATERIALS AND METHODS

ID4 silencing in prostate cancer (PCa) cell line

PC3 prostate cancer cell line was purchased from 
ATCC and cultured as per ATCC recommendations. 
ID4 was stably silenced in PC3 cells using gene specific 
shRNA retroviral vector as described earlier [28].

Mutagenesis of p53: The retroviral p53 vector 
previously described [28] was manipulated via mutation 
induced by site-directed mutagenesis mimicking DU145 
cells that harbor mutant p53 (P223L and V274F) [51] via 
QuickChange II Site-Directed Mutagenesis kit (Agilent 
Technologies, USA). Hotspot mutations of p53 (R273H and 
R175H) [52] were purchased from Addgene, Inc: pCMV-
Neo-Bam p53 R175H (Addgene plasmid #16436) and 
pCMV-Neo-Bam p53 R273H (Addgene plasmid # 16439) 
[53] was a gift from Bert Vogelstein. The following primers 
were used for generating the P223L and V274F mutants:

Primers for P223L mutant

Forward: 5ʹ-CTA TGA GCC GCC TGA GGT TGG 
CTC TG

Reverse: 5ʹ-CAG AGC CAA CCT CAA GCG CAT 
AG

Primers for V274F mutant:
Forward: 5ʹ AGG TGC GTG TTT GTG CCT GTC 

CTG G
Reverse: 5ʹ CCA GGA CAG GCA CAA AAA CGC 

ACC T
The following primer pair was used for reverse 

transcriptase polymerase chain reaction (RT-PCR) and 
sequencing of p53 for measuring expression levels and 
verifying the mutants by sequencing the PCR product:

P53 wild type
Forward 5ʹ-GCT CAG ATA GCG ATG GTC TG 
Reverse: 5ʹ TCT TCT TTG GCT GGG GAG AG
Western Blot Analysis: 30 ug of total protein, 

extracted from cultured prostate cancer cell lines using 
M-PER (Thermo Scientific) was size fractionated on 
4–20% SDS-polyacrylamide gel. The fractionated 
proteins were transferred onto a nitrocellulose membrane 
(Whatman) and subjected to western blot analysis using 
respective protein specific antibodies. After washing with 
1x PBS, 0.5% Tween 20, the membranes were incubated 
with horseradish peroxidase (HRP) coupled secondary 
antibody against rabbit IgG and visualized using the Super 
Signal West Dura Extended Duration Substrate (Thermo 
Scientific) on Fuji Film LAS-3000 Imager.

Apoptosis assay

Apoptosis was quantified using Propidium Iodide 
and Alexa Fluor 488 conjugated Annexin V (Molecular 
Probes) as described previously [54]. 
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Senescence associated (SA)-β-galactosidase assay

The senescence associated-β-galactosidase assay 
was performed essentially as described earlier [55]. Briefly, 
the cells were cultured in six well plates with respective 
media. The cells at 60–70% confluency were stained for 
senescence associated-β-galactosidase (SA-βgal) staining 
kit (Cell signaling) as per manufacturer’s instructions. At 
least 15 representative fields were randomly selected for 
the quantitation of the percentage of SA-βgal positive cells. 
The images were captured in both phase contrast and bright 
field to better visualize cellular details.

p53 Activity Assay

p53 DNA binding activity and quantitation on nuclear 
extracts was performed as described previously [28].

Transient transfections and reporter gene assay

PC3 cells cultured in 96-well plates (70–80% 
confluency) were transiently transfected with reporter 
plasmids by FuGENE HD transfection reagent (Promega) 
as described earlier [28]. Briefly, the PG13-luc (containing 
13 copies of wild type p53 binding sites [26], Addgene) or 
MG15-luc (containing 15 mutant p53 binding sites [26], 
Addgene) with pGL4.74 (hRluc/TK: Renilla luciferase, 
Promega) plasmid DNA was transfected in a 10:1 ratio. 
After 24 h, the cells were assayed for Firefly and Renilla 
luciferase activities using the Dual- Glo Luciferase 
reporter assay system (Promega) in LUMIstar OPTIMA 
(MHG Labtech). The results were normalized for the 
internal Renilla luciferase as control.

Co-immunoprecipitation

Co-immunoprecipitations were performed to 
detect the protein-protein interactions. Briefly, protein 
specific IgG (anti-p53 or –ID4) was first immobilized to 
Protein A Mag beads by incubating overnight at 4C as 
per manufacturer’s instructions (Protein A Mag beads, 
GenScript). The co-elution of IgG following immuno-
precipitation was minimized by cross linking, IgG on 
protein A mag beads as described in the kit. To detect 
protein interactions, the cross-linked protein specific IgG-
protein A-Mag beads were incubated overnight (4C) with 
freshly extracted total cellular proteins (500 µg/ml). The 
complex was then eluted with 0.1M Glycine buffer (pH 
2–3) after appropriate washing with PBS and neutralized 
by adding neutralization buffer (1M Tris, pH 8.5). 

Generation of acetyl-p53 mimics constructs

Plasmids containing sequences for human p53-
R175H DNA-binding mutants: K320R+K373R, 
K320Q+K373Q, K320R+K373Q, and K320Q+K373R 

were commercially synthesized (GenScript). The 
following primers were used:

Lysine 373 Non-Acetylation Mimic
Forward: K373R 5ʹ-CAC CTG AAG TCC AAA 

AGG GGT CAG TCT ACC TCC
Reverse: K373R 5ʹ-GGA GGT AGA CTG ACC 

CCT TTT GGA CTT CAG GTG
Lysine 373 Acetylation Mimic
Forward: K373Q 5ʹ-CAC CTG AAG TCC AAA 

GAG GGT CAG TCT ACC TCC
Reverse: K373Q 5ʹ-GGA GGT AGA CTG ACC 

CTC TTT GGA CTT CAG GTG
Lysine 320 Non-Acetylation Mimic
Forward: K320R 5ʹ-TCT CCC CAG CCA AAG 

AGG AAA CCA CTG GAT GGA
Reverse: K320R 5ʹ-TCC ATC CAG TGG TTT CCT 

CTT TGG CTG GGG AGA
Lysine 320 Acetylation Mimic
Forward: K320Q 5ʹ-TCT CCC CAG CCA AAG 

GAG AAA CCA CTG GAT GGA
Reverse: K320Q 5ʹ-TCC ATC CAG TGG TTT CTC 

CTT TGG CTG GGG AGA

Statistical analysis

Data was analyzed by SPSS 13.0 statistics software. 
Experimental data is presented as means ± standard error 
of the mean (SEM). A p-value of < 0.05 was considered 
statistically significant. 

ACKNOWLEDGMENTS AND FUNDING

This work was supported by NIH/NCI CA128914 
(JC) and in part by NIH/NCRR/RCMI G12RR03062 and 
NIH P20 MD002285.

CONFLICTS OF INTEREST

None.

REFERENCES

1. Perez RE, Knights CD, Sahu G, Catania J, Kolukula VK, 
Stoler D, Graessmann A, Ogryzko V, Pishvaian M, 
Albanese C, Avantaggiati ML. Restoration of DNA-binding 
and growth-suppressive activity of mutant forms of p53 
via a PCAF-mediated acetylation pathway. J Cell Physiol. 
2010; 225:394–405.

2. Joerger AC, Fersht AR. Structure-function-rescue: the 
diverse nature of common p53 cancer mutants. Oncogene. 
2007; 26:2226–2242.

3. Michalovitz D, Halevy O, Oren M. p53 mutations: gains or 
losses? J Cell Biochem. 1991; 45:22–29.

4. Sigal A, Rotter V. Oncogenic mutations of the p53 tumor 
suppressor: the demons of the guardian of the genome. 
Cancer Res. 2000; 60:6788–6793.



Oncotarget2548www.impactjournals.com/oncotarget

 5. Weisz L, Oren M, Rotter V. Transcription regulation by 
mutant p53. Oncogene. 2007; 26:2202–2211.

 6. Oren M, Rotter V. Mutant p53 gain-of-function in cancer. 
Cold Spring Harb Perspect Biol. 2010; 2:a001107.

 7. Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, 
Bronson RT, Crowley D, Jacks T. Mutant p53 gain of 
function in two mouse models of Li-Fraumeni syndrome. 
Cell. 2004; 119:847–860.

 8. Liu DP, Song H, Xu Y. A common gain of function of p53 
cancer mutants in inducing genetic instability. Oncogene. 
2010; 29:949–956.

 9. Muller PA, Vousden KH. p53 mutations in cancer. Nat Cell 
Biol. 2013; 15:2–8.

10. Zhu J, Sammons MA, Donahue G, Dou Z, Vedadi M, 
Getlik M, Barsyte-Lovejoy D, Al-awar R, Katona BW, 
Shilatifard A, Huang J, Hua X, Arrowsmith CH, et al. Gain-
of-function p53 mutants co-opt chromatin pathways to drive 
cancer growth. Nature. 2015; 525:206–211.

11. Cho Y, Gorina S, Jeffrey PD, Pavletich NP. Crystal structure 
of a p53 tumor suppressor-DNA complex: understanding 
tumorigenic mutations. Science. 1994; 265:346–355.

12. Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, 
Vassilev A, Anderson CW, Appella E. DNA damage 
activates p53 through a phosphorylation-acetylation 
cascade. Genes Dev. 1998; 12:2831–2841.

13. Veprintsev DB, Freund SMV, Andreeva A, Rutledge SE, 
Tidow H, Cañadillas JMP, Blair CM, Fersht AR. Core 
domain interactions in full-length p53 in solution. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2006; 103:2115–2119.

14. Hupp TR, Meek DW, Midgley CA, Lane DP. Activation of 
the cryptic DNA binding function of mutant forms of p53. 
Nucleic Acids Res. 1993; 21:3167–3174.

15. Niewolik D, Vojtesek B, Kovarik J. p53 derived from 
human tumour cell lines and containing distinct point 
mutations can be activated to bind its consensus target 
sequence. Oncogene. 1995; 10:881–890.

16. Nikolova PV, Wong KB, DeDecker B, Henckel J, 
Fersht AR. Mechanism of rescue of common p53 cancer 
mutations by second-site suppressor mutations. EMBO J. 
2000; 19:370–378.

17. Chen Y, Dey R, Chen L. Crystal structure of the p53 core 
domain bound to a full consensus site as a self-assembled 
tetramer. Structure. 2010; 18:246–256.

18. Ho WC, Fitzgerald MX, Marmorstein R. Structure of the 
p53 core domain dimer bound to DNA. J Biol Chem. 2006; 
281:20494–20502.

19. Foster BA, Coffey HA, Morin MJ, Rastinejad F. 
Pharmacological rescue of mutant p53 conformation and 
function. Science. 1999; 286:2507–2510.

20. Venkatachalam S, Shi YP, Jones SN, Vogel H, Bradley A, 
Pinkel D, Donehower LA. Retention of wild-type p53 in 
tumors from p53 heterozygous mice: reduction of p53 

dosage can promote cancer formation. EMBO J. 1998; 
17:4657–4667.

21. Bykov VJ, Issaeva N, Zache N, Shilov A, Hultcrantz M, 
Bergman J, Selivanova G, Wiman KG. Reactivation of 
mutant p53 and induction of apoptosis in human tumor 
cells by maleimide analogs. J Biol Chem. 2005; 280: 
30384–30391.

22. Grinkevich VV, Nikulenkov F, Shi Y, Enge M, Bao W, 
Maljukova A, Gluch A, Kel A, Sangfelt O, Selivanova G. 
Ablation of key oncogenic pathways by RITA-reactivated 
p53 is required for efficient apoptosis. Cancer Cell. 2009; 
15:441–453.

23. Lambert JM, Gorzov P, Veprintsev DB, Soderqvist M, 
Segerback D, Bergman J, Fersht AR, Hainaut P, Wiman KG, 
Bykov VJ. PRIMA-1 reactivates mutant p53 by covalent 
binding to the core domain. Cancer Cell. 2009; 15:376–388.

24. Selivanova G. Mutant p53: the loaded gun. Current opinion 
in investigational drugs (London, England : 2000). 2001; 
2:1136–1141.

25. Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, Parant JM, 
Valentin-Vega YA, Terzian T, Caldwell LC, Strong LC, El-
Naggar AK, Lozano G. Gain of function of a p53 hot spot 
mutation in a mouse model of Li-Fraumeni syndrome. Cell. 
2004; 119:861–872.

26. van Oijen MG, Slootweg PJ. Gain-of-function mutations 
in the tumor suppressor gene p53. Clin Cancer Res. 2000; 
6:2138–2145.

27. Liu L, Scolnick DM, Trievel RC, Zhang HB, Marmorstein R, 
Halazonetis TD, Berger SL. p53 sites acetylated in vitro by 
PCAF and p300 are acetylated in vivo in response to DNA 
damage. Mol Cell Biol. 1999; 19:1202–1209.

28. Knowell A, Patel D, Morton D, Sharma P, Glymph S, 
Chaudhary J. Id4 dependent acetylation restores mutant-p53 
transcriptional activity. Molecular Cancer. 2013; 12:161.

29. Tang HY, Zhao K, Pizzolato JF, Fonarev M, Langer JC, 
Manfredi JJ. Constitutive expression of the cyclin-
dependent kinase inhibitor p21 is transcriptionally regulated 
by the tumor suppressor protein p53. The Journal of 
biological chemistry. 1998; 273:29156–29163.

30. Soussi T, Wiman KG. TP53: an oncogene in disguise. Cell 
Death Differ. 2015; 22:1239–1249.

31. Powell E, Piwnica-Worms D, Piwnica-Worms H. 
Contribution of p53 to metastasis. Cancer discovery. 2014; 
4:405–414.

32. Gurova KV, Rokhlin OW, Budanov AV, Burdelya LG, 
Chumakov PM, Cohen MB, Gudkov AV. Cooperation of 
two mutant p53 alleles contributes to Fas resistance of 
prostate carcinoma cells. Cancer Res. 2003; 63:2905–2912.

33. Olsson A, Manzl C, Strasser A, Villunger A. How important 
are post-translational modifications in p53 for selectivity 
in target-gene transcription and tumour suppression? Cell 
Death Differ. 2007; 14:1561–1575.



Oncotarget2549www.impactjournals.com/oncotarget

34. Lane D, Levine A. p53 Research: the past thirty years and 
the next thirty years. Cold Spring Harb Perspect Biol. 2010; 
2:a000893.

35. Selivanova G. Therapeutic targeting of p53 by small 
molecules. Semin Cancer Biol. 2010; 20:46–56.

36. Isaacs WB, Carter BS, Ewing CM. Wild-type p53 
suppresses growth of human prostate cancer cells containing 
mutant p53 alleles. Cancer Res. 1991; 51:4716–4720.

37. Bajgelman MC, Strauss BE. The DU145 human prostate 
carcinoma cell line harbors a temperature-sensitive allele 
of p53. Prostate. 2006; 66:1455–1462.

38. Reed SM, Quelle DE. p53 Acetylation: Regulation and 
Consequences. Cancers (Basel). 2014; 7:30–69.

39. Gu W, Roeder RG. Activation of p53 sequence-specific 
DNA binding by acetylation of the p53 C-terminal domain. 
Cell. 1997; 90:595–606.

40. Kasper LH, Thomas MC, Zambetti GP, Brindle PK. Double 
null cells reveal that CBP and p300 are dispensable for p53 
targets p21 and Mdm2 but variably required for target genes 
of other signaling pathways. Cell Cycle. 2011; 10:212–221.

41. Imbriano C, Gurtner A, Cocchiarella F, Di Agostino S, 
Basile V, Gostissa M, Dobbelstein M, Del Sal G, Piaggio G, 
Mantovani R. Direct p53 transcriptional repression: in vivo 
analysis of CCAAT-containing G2/M promoters. Mol Cell 
Biol. 2005; 25:3737–3751.

42. Campomenosi P, Monti P, Aprile A, Abbondandolo A, 
Frebourg T, Gold B, Crook T, Inga A, Resnick MA, Iggo R, 
Fronza G. p53 mutants can often transactivate promoters 
containing a p21 but not Bax or PIG3 responsive elements. 
Oncogene. 2001; 20:3573–3579.

43. Liu K, Ling S, Lin WC. TopBP1 mediates mutant p53 gain 
of function through NF-Y and p63/p73. Mol Cell Biol. 
2011; 31:4464–4481.

44. Roy S, Packman K, Jeffrey R, Tenniswood M. Histone 
deacetylase inhibitors differentially stabilize acetylated p53 
and induce cell cycle arrest or apoptosis in prostate cancer 
cells. Cell Death Differ. 2005; 12:482–491.

45. Roy S, Gu M, Ramasamy K, Singh RP, Agarwal C, 
Siriwardana S, Sclafani RA, Agarwal R. p21/Cip1 and 

p27/Kip1 Are essential molecular targets of inositol 
hexaphosphate for its antitumor efficacy against prostate 
cancer. Cancer Res. 2009; 69:1166–1173.

46. Iyer NG, Ozdag H, Caldas C. p300/CBP and cancer. 
Oncogene. 2004; 23:4225–4231.

47. Brochier C, Dennis G, Rivieccio MA, McLaughlin K, 
Coppola G, Ratan RR, Langley B. Specific acetylation of 
p53 by HDAC inhibition prevents DNA damage-induced 
apoptosis in neurons. The Journal of neuroscience. 2013; 
33:8621–8632.

48. Bassing CH, Suh H, Ferguson DO, Chua KF, Manis J, 
Eckersdorff M, Gleason M, Bronson R, Lee C, Alt FW. 
Histone H2AX: a dosage-dependent suppressor of oncogenic 
translocations and tumors. Cell. 2003; 114:359–370.

49. Iwakuma T, Lozano G. Crippling p53 activities via knock-in 
mutations in mouse models. Oncogene. 2007; 26:2177–2184.

50. Patel D, Morton DJ, Carey J, Havrda MC, Chaudhary J. 
Inhibitor of differentiation 4 (ID4): From development to 
cancer. Biochim Biophys Acta. 2015; 1855:92–103.

51. Logan IR, McNeill HV, Cook S, Lu X, Lunec J, Robson CN. 
Analysis of the MDM2 antagonist nutlin-3 in human 
prostate cancer cells. Prostate. 2007; 67:900–906.

52. Blandino G, Levine AJ, Oren M. Mutant p53 gain of 
function: differential effects of different p53 mutants on 
resistance of cultured cells to chemotherapy. Oncogene. 
1999; 18:477–485.

53. Baker SJ, Markowitz S, Fearon ER, Willson JK, 
Vogelstein B. Suppression of human colorectal carcinoma 
cell growth by wild-type p53. Science. 1990; 249:912–915.

54. Patel D, Chaudhary J. Increased expression of bHLH 
transcription factor E2A (TCF3) in prostate cancer 
promotes proliferation and confers resistance to 
doxorubicin induced apoptosis. Biochem Biophys Res 
Commun. 2012; 422:146–151.

55. Carey JP, Knowell AE, Chinaranagari S, Chaudhary J. 
Id4 Promotes Senescence and Sensitivity to Doxorubicin-
induced Apoptosis in DU145 Prostate Cancer Cells. 
Anticancer Res. 2013; 33:4271–4278.


