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Abstract

Background: The small-molecule MDM2 antagonist nutlin-3 has proved to be an effective p53 activating
therapeutic compound in several preclinical cancer models, including acute myeloid leukemia (AML). We and
others have previously reported a vigorous acetylation of the p53 protein by nutlin-treatment. In this study we aimed
to investigate the functional role of this p53 acetylation in nutlin-sensitivity, and further to explore if nutlin-induced
protein acetylation in general could indicate novel targets for the enhancement of nutlin-based therapy.

Results: Nutlin-3 was found to enhance the acetylation of p53 in the human AML cell line MOLM-13 (wild type TP53)
and in TP53 null cells transfected with wild type p53 cDNA. Stable isotope labeling with amino acids in cell culture (SILAC)
in combination with immunoprecipitation using an anti-acetyl-lysine antibody and mass spectrometry analysis identified
increased levels of acetylated Histone H2B, Hsp27 and Hsp90 in MOLM-13 cells after nutlin-treatment, accompanied
by downregulation of total levels of Hsp27 and Hsp90. Intracellular levels of heat shock proteins Hsp27, Hsp40, Hsp60,
Hsp70 and Hsp90α were correlated to nutlin-sensitivity for primary AML cells (n = 40), and AML patient samples with low
sensitivity to nutlin-3 tended to express higher levels of heat shock proteins than more responsive samples. Combination
therapy of nutlin-3 and Hsp90 inhibitor geldanamycin demonstrated synergistic induction of apoptosis in AML cell lines
and primary AML cells. Finally, TP53 null cells transfected with a p53 acetylation defective mutant demonstrated decreased
heat shock protein acetylation and sensitivity to nutlin-3 compared to wild type p53 expressing cells.

Conclusions: Altogether, our results demonstrate that nutlin-3 induces acetylation of p53, histones and heat shock
proteins, and indicate that p53 acetylation status and the levels of heat shock proteins may participate in modulation of
nutlin-3 sensitivity in AML.
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Background
Acute myeloid leukemia (AML) is a quickly progressive
malignant disease of the myeloid lineage of hematopoietic
cells, where overall three-year survival is below 20% for
patients above 65 years [1]. As elderly patients do not tol-
erate the intensive chemotherapy and stem cell transplant-
ation of current treatment regimes [2], the development of
less toxic and more specific targeted therapy is necessary.
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Small-molecule MDM2 inhibitors like nutlin-3 have
emerged as a potent and promising treatment option for
cancers harboring wild type TP53, including AML [3-5],
and the oral formulation of nutlin-3, RG7112, has com-
pleted the first early phase clinical trials for both solid can-
cers and hematological malignancies [6-8]. Intriguingly,
these small-molecule p53 activators have demonstrated
selective toxicity for cancer cells versus normal cells [4,9],
and may also induce reversible cell cycle arrest of normal
cells to protect them from adverse effects of conventional
chemotherapy [10].
While nutlin-3 initially was thought to exert its anti-

cancer activity specifically through inhibition of the
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p53-MDM2 interaction, recent studies have demonstrated
dual-targeting and p53 independent effects of nutlin-3
[11-13]. The efficacy of nutlin-3 and other MDM2 in-
hibitors in hematological malignancies seems however
largely to depend on the expression and activation of
wild type p53 [4,9,14,15]. In addition to TP53 mutational
status, several other molecular mechanisms have been
shown to affect the sensitivity to MDM2 targeted ther-
apy, including FLT3 and NPM1 mutational status
[15-17], E2F-1 transcriptional activity [18], overexpres-
sion of MDMX [19], and MDM2 levels [4,9]. The ob-
served resistance to nutlin-3 in cohorts of AML patients
could be explained by the extensive heterogeneity and
range of molecular abnormalities of the disease [2,4].
For instance, aberrant recruitment of histone deacety-
lases (HDACs) and overexpression of heat shock pro-
teins (Hsps) have been shown to be involved in the
molecular pathogenesis and therapy response of AML
[20,21], and could therefore be considered as potential
therapeutic targets to combine with MDM2 inhibition.
Inhibitors of HDACs and Hsp90 have been found to
enhance p53 acetylation and inhibit MDMX, and syner-
gize with nutlin-3 to induce p53-mediated apoptosis
[22-24]. The direct effect of nutlin-3 on regulation of
histones and heat shock proteins has however not been
determined.
In this study, we aimed to investigate mechanisms

underlying the anti-leukemic activity of nutlin-3. We
examined the functional role of p53 acetylation in
nutlin-sensitivity, and hypothesized that nutlin-induced
acetylation of other proteins than p53 would be of im-
portance for the anti-leukemic effect of nutlin-3. Com-
bining immunoprecipitation of acetylated proteins with
quantitative proteomics, we identified novel targets of
nutlin-induced acetylation, and investigated their partici-
pation in the nutlin-mediated response in AML cell lines
and primary AML cells.

Results
Nutlin-3 enhances p53 acetylation independently of total
levels of p53
While nutlin-3 previously has been shown to enhance
the acetylation of p53 [22,23], it is not clear whether this
is only a consequence of the increase in total levels of
p53. The human AML cell line MOLM-13 (TP53 wild
type) treated with nutlin-3 at increasing time points
demonstrated increased levels of p53, MDM2, p21 and
acetylated p53 (Lys382), while the induction of phos-
phorylated p53 (Ser15 and Ser20) was diminishable
(Figure 1A). To investigate if nutlin-3 could induce
acetylation of p53 independent of a substantial increase
in total p53, we transfected the human osteosarcoma
cell line SAOS-2 (TP53 null) with a cDNA construct
of p53 and treated the cells with nutlin-3. The results
demonstrated a higher increase in acetylated p53 (Lys382)
compared to total levels of p53 after nutlin-treatment
(Figure 1B). Similarly, the human lung cancer cell line
H1299 (TP53 null) transfected with p53 and treated with
nutlin-3, followed by immunoprecipitation with an anti-
acetyl-lysine antibody, demonstrated a high increase in
levels of acetylated p53 after nutlin-treatment, and only a
small increase in total levels of p53 (Figure 1C).

Nutlin-3 enhances the acetylation of histone H2B and
heat shock proteins Hsp27 and Hsp90
Based on the critical role of acetylation in nutlin-
induced p53 activation, we wanted to examine if nutlin-
3 could enhance the acetylation of other proteins than
p53. We used stable isotope labeling with amino acids
in cell culture (SILAC) [25] in combination with immu-
noprecipitation of acetylated proteins and mass spec-
trometry analysis to determine alterations in acetylated
proteins after nutlin-treatment in MOLM-13 cells
(for work flow and experimental details, see Figure 2A).
Only proteins with two ore more peptides that were
either two-fold up- or downregulated were considered
significant. From 141 proteins identified with two or
more peptides, 6 proteins were significantly downregu-
lated and 3 proteins were significantly upregulated in re-
sponse to nutlin-3 (see Additional file 1: Table S1 text;
Additional file 2: Table S1). MDM2 is involved in the
regulation of different acetyltransferases and histone
deacetylases, and may interact with and promote ubiqui-
tination and deacetylation of other proteins than p53
[26,27]. As nutlin-3 may inhibit interactions between
MDM2 and other proteins than p53 [11,28], we hypoth-
esized that nutlin-induced disruption between MDM2
and various proteins would prevent their ubiquitination
and promote their acetylation. Hence, we chose to limit
our study to acetylated proteins that were upregulated in
response to nutlin-treatment.
Histone H2B and Hsp27 were among the acetylated

proteins that were more than two-fold up regulated
by nutlin-3 (Table 1) (for example of spectrum, see
Figure 2B). While MDM2 has been shown to mediate
ubiquitination and deacetylation of histones, leading to
transcriptional repression [27], heat shock proteins like
Hsp27 and Hsp90 may interact with both MDM2 and
p53, and promote MDM2 mediated ubiquitination of
p53 [29-31]. Thus, we found it interesting that nutlin-3
could have an effect on regulation of these proteins, and
they were selected for validation in Western blots and
further analysis. Western blots of total lysates from the
SILAC experiment demonstrated upregulation of p53,
MDM2, Histone H2B, acetylated Histone H2B (Lys120)
and acetylated Hsp90 (Lys294), and downregulation of
total levels of Hsp27 and Hsp90 after nutlin-treatment
(Figure 3A). Increased levels of acetylated Hsp27 and



p53

Ac-p53 (Lys382)

kDa

Actin

IP: anti-acetyl-lysine ab

WB: p53

Input:

p53

Actin

p53

ac-p53 (Lys382)

phospho-p53 (Ser20)

MDM2

p21

8           0           2           4           6            8     (h)       

Nutlin-3 (6 µM) DMSO-IR        +IR

phospho-p53 (Ser15)

Actin

75

20

37

kDa

50

50

50

50

MOLM-13A

p53 cDNA
Nutlin-3 (6 µM, 4h)

-             +           +
+             -           +

SAOS-2 H1299

p53 cDNA
Nutlin-3 (6 µM, 6h)

+              +
-               + kDa

B C

50

50

50

50

37
37

Fold induction of ctr (-IR)
relative to actin1.0        2.0         1.1        1.0        1.8        2.1         2.9         2.1

1.0        3.4         1.2        1.0        1.6        1.6         1.6         1.2

1.0        1.0         1.2        1.0        1.6        3.2         3.0         2.2

1.0        1.7         1.1        1.0        1.3        1.8         1.6         1.5

1.0         1.1

1.0         1.3

Fold induction of ctr
1.0             1.4

1.0             1.1

Fold induction of ctr

Figure 1 Nutlin-induced acetylation of p53. (A) MOLM-13 cells were treated with 6 μM nutlin-3 for 0, 2, 4, 6 and 8 hours. Cells subjected to
irradiation (IR) (25 Gy, 2 hours incubation) were included as a positive control, while cells treated with DMSO for 8 hours was used as a negative
control. Western blotting was performed using antibodies against p53, acetylated p53 (Lys382), phoshorylated p53 (Ser15), phosphorylated p53
(Ser20), MDM2 and p21. Actin was used as loading control. (B, C) SAOS-2 and H1299 cells were transiently transfected with cDNA of p53 and
treated with DMSO (control) or 6 μM nutlin-3 for 4 or 6 hours. For SAOS-2 cells, Western blotting was performed using antibodies against p53,
acetylated p53 (Lys382) and actin. For H1299 cells, immunoprecipitation was performed using an anti-acetyl-lysine antibody, followed by Western
blots of p53. Also Western blots of p53 and actin from total lysate used in the immunoprecipitation are shown. Bands were quantified using
region of interest imaging analysis, and values are given as fold induction of control relative to actin.
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down regulation of total levels of Hsp27 were validated
by immunoprecipitation with an anti-acetyl-lysine anti-
body in MOLM-13 treated with nutlin-3 (Figure 3B).
Decreased total levels of Hsp27 and Hsp90 after nutlin-
treatment were further validated by flow cytometry
(Figure 3C).
Intracellular levels of heat shock proteins and sensitivity
to nutlin-3 in primary AML cells
To investigate if levels of different heat shock proteins
could affect sensitivity to nutlin-3, intracellular protein
levels of Hsp27 (phospho-Ser82), Hsp27 (phospho-Ser15),
Hsp40, Hsp60, Hsp70 and Hsp90α were quantified in
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Figure 2 Nutlin-induced modulation of acetylated proteins in the AML cell line MOLM-13. (A) MOLM-13 cells were subjected to stable
isotope labeling with amino acids in cell culture (SILAC). Cells were labeled with either light (L-Lysine-2HCl, L-Arginine-HCl) or heavy (13C6 L-Lysine-2HCl,
13C6

15 N4 L-Arginine-HCl) isotopes of amino acids and treated with DMSO (control) or 6 μM nutlin-3, respectively, for 6 hours. Cells were harvested and
lysed, and lysates were mixed at a ratio of 1:1 (5 mg protein of each). The lysate was precleared with uMACs protein G Microbeads, then precleared with
beads and an unspecific antibody (rabbit IgG), before immunoprecipitation of acetylated proteins using an anti-acetyl-lysine antibody and Microbeads.
Proteins were eluted in 95°C SDS loading buffer and subjected to one-dimensional gel electrophoresis (SDS-PAGE) and staining with Coomassie Blue.
Bands were excised and peptides generated by trypsination. Peptides were separated and fragmented using LC-MS/MS (LC-LTQ-Orbitrap) and protein
ID’s and H/L ratios were obtained using MaxQuant and Perseus software. (B) Representative MS/MS spectrum of peptides derived from Histone H2B.
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primary AML cells (n = 40) using an Hsp/Chaperone
8-plex MultiBead kit and flow cytometric analysis, while
sensitivity to nutlin-3 was determined in 3H-thymidine in-
corporation assay (Figure 4A) (for AML patient character-
istics, see Additional file 3). Pearson correlation analysis
between nutlin-sensitivity and levels of the different heat
shock proteins revealed no significant correlations (data
not shown). However, when patient samples were divided
into the 10 most sensitive (0 - 53% viability of control) and
10 least sensitive (95 - above 100% viability of control) to
nutlin-3, the least sensitive patient samples showed a trend
towards higher expression levels of most heat shock pro-
teins, although the differences in median values were not
significant (median values for sensitive versus non-sensitive
samples for Hsp27(pSer82): 7.9/7.8 u/ml; Hsp27(pSer15):
5.8/6.1 u/ml; Hsp90 alpha: 10.8/12.0 ng/ml; Hsp40:
14.6/21.9 ng/ml; Hsp70: 42.9/58.7 ng/ml; Hsp60: 262.1/
245.1 ng/ml) (Figure 4B) (for AML patient characteristics,
see Additional file 3). Mean values demonstrated similar
results, but with a stronger tendency to elevated levels of
all heat shock proteins in non-sensitive samples, although
differences were not statistically significant (Figure 4B). In
this data set, patient samples with both wild type and mu-
tated TP53 were included. Given the fact that samples with
mutated TP53 could respond differently to nutlin-3 than
those with wild type TP53, we also performed analyses on
the patient set including only patient samples with con-
firmed wild type TP53 (n = 31). Also for this set of samples,
there were no significant correlations between nutlin-
sensitivity and levels of the different heat shock proteins,
but a tendency to elevated levels of all heat shock proteins
(both median and mean values) in the least sensitive sam-
ples, although there were no significant differences for the
10 most sensitive versus the 10 least sensitive for this pa-
tient set either (Figure S1) [Additional file 4].
Table 1 Acetylated proteins more than two-fold up regulated

Accession number Protein IDs Name Number of

P04792 IPI00025512 Hsp27/HSPB1 2

B4DR52 IPI00646240 Histone H2B 2

Q13765 IPI00797126 Alpha-NAC 4

Abbreviations: Alpha-NAC Nascent polypeptide-associated complex subunit alpha, H
between proteins abundance in cells labeled with heavy isotopes compared to cell
in cell culture.
Inhibition of Hsp90 sensitizes AML cells to nutlin-induced
apoptosis
As nutlin-3 was found to acetylate and inhibit heat
shock proteins, we investigated their functional role
in nutlin-sensitivity. Hsp90 plays a central role in
leukemogenesis, and preclinical and preliminary clinical
data indicate beneficial effects of Hsp90 inhibitors in the
treatment of AML [21,32]. Moreover, both nutlin-3 and
hsp90 inhibitors are shown to activate p53 [33], and in-
hibition of Hsp90 has been shown to antagonize MDMX
and synergize with nutlin-3 to induce p53-mediated
apoptosis in solid tumors [24]. Hence, we used the
Hsp90 inhibitor geldanamycin to determine if Hsp90
inhibition could enhance the anti-leukemic effect of
nutlin-3. MOLM-13 cells treated with nutlin-3, geldana-
mycin or the combination of both, demonstrated in-
creased sensitivity to the combination therapy compared
to either agent alone determined by Annexin-PI viability
assay (**p < 0.01, *p < 0.05) or staining with Hoechst
33342 (Figure 5A). Synergism for the interaction of
nutlin-3 and geldanamycin was calculated using Bliss in-
dependence analysis, in which the fractional response of
a combination of two drugs equals the sum of the two
fractional responses minus their product. From the re-
sponse to each of the drugs alone, the expected response
to the combination was calculated. If there was a posi-
tive difference between the actual and expected re-
sponse, the combination was considered synergistic [34].
Bliss Independence analysis of the data revealed syner-
gistic apoptosis induction with a higher actual response
than expected response for the combinational therapy
for both assays (Figure 5B). The combinational therapy
was also tested in the AML cell lines OCI-AML3 (wild
type TP53, wild type FLT3) and HL60 (deleted TP53), and
in normal peripheral blood lymphocytes, demonstrating
by nutlin-3 detected by SILAC-based mass spectrometry

peptides Sequence Coverage, % Ratio of H/L, normalized

12.7 2.0741

14.5 2.3519

5.9 3.4854

sp27 Heat shock protein 27, HSBP1 Heat shock protein beta-1, H/L ratio
s labeled with light isotopes, SILAC stable isotope labeling with amino acids
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Figure 3 Validation of nutlin-induced modulation of acetylated proteins in the AML cell line MOLM-13. (A) Western blots of total lysates
from SILAC (stable labeling with amino acids in cell culture) labeled MOLM-13 cells treated with DMSO or 6 μM nutlin-3 for 6 hours using antibodies
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in MOLM-13 cells treated with nutlin-3 as described above analyzed by flow cytometry. Results are given as representative flow diagrams and median
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decreased sensitivity in cells with wild type TP53 and wild
type FLT3 compared to cells with wild type TP53 and mu-
tated FLT3, and no effect in cells with deleted TP53 or in
normal cells in Annexin-PI viability assay (Figure 5C). Pri-
mary AML cells from 16 patients demonstrated various
sensitivity to the combinational treatment in Annexin-PI
viability assay (Figure 5C); 10 out of 16 patients responded
to the treatment, and 9 out of the 10 responsive patient
samples demonstrated synergism, with a higher actual re-
sponse than expected response for the combinational
treatment (Figure 5D) (for AML patient characteristics,
see Additional file 3).

Role of p53 acetylation in nutlin-sensitivity and regulation
of heat shock proteins
In order to examine the functional role of p53 acetyl-
ation in nutlin-sensitivity, we transfected SAOS-2 and
H1299 cells with constructs of p53 full length (p53 FL)
and an acetylation defective mutant (p53 6KR; simultan-
eous mutation of lysine residues 370, 372, 373, 381,
382, and 386 to arginine residues) [35]. Nutlin-treatment
demonstrated reduced sensitivity to nutlin-3 in cells
transfected with p53 6KR compared to cells transfected
with p53 FL in WST-1 viability/proliferations assay for
both cell lines (***p < 0.001, **p < 0.01) (Figure 6A). To
investigate the role of p53 and p53 acetylation in nutlin-
induced modulation of heat shock proteins, we trans-
fected H1299 cells with empty vector, p53 FL and p53
6KR as described above and treated the cells with
nutlin-3, followed by Western blot analysis of p53,
MDM2, acetylated p53 (Lys382), Hsp27, Hsp90 and
acetylated Hsp90 (Lys294) (Figure 6B). The results dem-
onstrated nutlin-induced increase of Hsp27, Hsp90 and
acetylated Hsp90 in cells without p53, downregulation of
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Figure 5 Combinational therapy of nutlin-3 and geldanamycin in AML cells lines and primary AML cells. (A) MOLM-13 cells were treated
with DMSO (control), nutlin-3 (5 μM), geldanamycin (0.5 μM) or the combination of nutlin-3 and geldanamycin for 24 hours and analyzed by
Annexin-PI viability assay. Reduction of viability by the combinational treatment was compared to either compound alone (**p < 0.01, *p < 0.05).
Results are from three independent experiments and error bars represent standard error of mean. Viability values determined by staining with
Hoechst 33342 are given below the Annexin-PI data. (B) Synergism calculated by Bliss Independence analysis for results from Figure (A) showing
expected and actual response for the combinational treatment (C) Sensitivity to nutlin-3 (5 μM), geldanamycin (0.5 μM), or the combination of
both for 24 hours in AML cell lines MOLM-13, HL60, OCI-AML3, normal peripheral blood lymphocytes and 16 primary AML samples analyzed by
Annexin-PI and visualized using TMEV microarray software, with corresponding clinical parameters for each of the patients. (D) Bliss Independence
analysis of expected and actual response for the combinational therapy for each of the individual responding AML patient samples analyzed by
Annexin-PI (n = 10).
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Hsp27 and Hsp90 and upregulation of acetylated Hsp90
in cells with wild type p53, and no changes in heat shock
protein regulation in response to nutlin-3 in cells trans-
fected with p53 6KR. The transfection of p53 6KR itself
did however cause an increase in levels of acetylated
Hsp90 compared to cells transfected with empty vector.
There was no difference in cell viability by the transfec-
tion itself between empty vector and p53 6KR, while
cells transfected with p53 FL demonstrated a small in-
crease in cell viability compared to empty vector and
p53 6KR (data not shown).

Discussion
Small-molecule MDM2 antagonists like nutlin-3 have
demonstrated beneficial effects in cellular and preclinical
models of various cancer types, including AML [5]. This
type of non-genotoxic specific targeted therapy holds
promise for the treatment of AML patient groups lack-
ing satisfactory treatment options due to toxicity and
complications associated with current treatment regimes
[2]. A better understanding of the molecular mecha-
nisms behind the anti-cancer activity of these com-
pounds is however needed for further development of
this type of therapy. The identification of molecular tar-
gets that could affect the sensitivity to the drug may be
of importance for classification of patient groups that
would benefit from the therapy, and for designing com-
binational therapy in order to overcome resistance,
lower doses, and reduce side effects.
It is well established that expression and activation of

p53 is a major determinant in nutlin-induced apoptosis
[3,4,9]. Previous studies have also shown that nutlin-3
enhances the acetylation of p53 in different human can-
cer cell lines [22,23]. Our results confirm the universality
of nutlin-induced p53 acetylation in both AML cell lines
and other human cancer cell lines, and furthermore
demonstrate that the increase in p53 acetylation is inde-
pendent of a simultaneous increase in total p53. The ex-
periments applying a p53 acetylation defective mutant
clearly illustrate that in addition to expression of p53,
the modulation status of p53 is of great importance in
nutlin-sensitivity. However, it should be taken into con-
sideration that this mutant also is resistant to MDM2
mediated ubiquitination, resulting in higher expression
levels of this mutant compared to wild type p53. Import-
antly, the p53 6KR mutant shows intact p53 transcrip-
tional activity, but without the inhibitory regulation of
MDM2 [35]. Acetylation of p53 has been shown to be
essential for its activation and regulation of different
processes [36-38], and to play an important role in ther-
apy response [39,40]. Meanwhile, high expression level
of p53 is associated with poor prognosis and resistance
to therapy in AML [41]. The possibility that the high
levels of p53 is a consequence of modifications like
acetylation, and that also p53 acetylation status in pri-
mary AML samples could provide information about
nutlin-sensitivity need to be examined in future experi-
ments. There are several possible explanations regarding
the molecular mechanisms behind nutlin-induced p53
acetylation; Disruption of MDM2-p53 interaction could
prevent MDM2 mediated ubiquitination or deacetylation
of p53 [42,43], or nutlin-3 could prevent MDM2 from
interacting with and inhibiting acetyl transferases im-
portant for p53 acetylation and activity [44,45]. These
and other possible molecular mechanisms need to be
further explored.
In general, protein lysine acetylation has been shown

to play an important role in regulation of cellular func-
tion and cancer cell signaling, also in AML [46,47].
In addition to inhibiting MDM2-p53 interaction and
modulating p53, nutlin-3 may affect several other proteins,
either as a consequence of p53 transcription-dependent
or -independent effects [48], changed interactions be-
tween MDM2 and other proteins than p53 [11,28], or
direct effect of nutlin-3 interaction with other proteins
than MDM2 [12]. Accordingly, we wanted to examine
if nutlin-3 could enhance the acetylation of other pro-
teins than p53. The methodology using SILAC in com-
bination with an anti-acetyl-lysine antibody and mass
spectrometry analysis has previously successfully been
applied to identify and quantify alterations in acetylated
proteins in cells treated with HDAC inhibitors, and
both histones and heat shock proteins were identified
as lysine acetylated [49,50]. The novel observation that
nutlin-3 enhances the acetylation of histones, could add
information regarding the molecular mechanisms behind
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Figure 6 Functional role of p53 acetylation in nutlin-sensitivity. (A) SAOS-2 and H1299 cells were transiently transfected with empty vector,
p53 full length (FL) or the actylation defective mutant p53 6KR and treated with 20 μM nutlin-3 for 24 hours. Cell viability was determined using
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the synergism of nutlin-3 and HDAC inhibitors [22,23].
While acetylation of histones is important for their
transcriptional activity [20], acetylation of heat shock
proteins have been shown to inhibit their chaperone ac-
tivity and promote their export and extracellular location
[51,52]. This could explain the decrease in total levels of
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Hsp27 and Hsp90 as a consequence of nutlin-induced
acetylation of these proteins. The combination of HDAC
and Hsp90 inhibitors has demonstrated synergism in
leukemia, but antagonism in other tumor models [53].
Also the combination of HDAC inhibitors and nutlin-3
has shown contradictory results in different experimen-
tal settings [22,23,54,55]. As for p53, there are several
possible mechanisms behind nutlin-induced acetylation
of histones and heat shock proteins, including alter-
ations in interaction between MDM2, histones and heat
shock proteins or between MDM2 and components in-
volved in regulating the acetylation of these proteins;
further investigations are therefore warranted.
p53 and p53 acetylation seemed to be of importance

for nutlin-mediated regulation of total and acetylated
levels of heat shock proteins (Figure 6B). Nutlin-induced
acetylation of Hsp90 occurred also in cells without p53,
while downregulation of total levels of Hsp90 and Hsp27
was dependent of wild type p53. Previous studies using
another MDM2 inhibitor have also shown downregula-
tion of other heat shock proteins in wild type p53 cancer
cells in response to treatment [56]. Cells transfected with
a p53 acetylation defective mutant demonstrated in-
creased levels of MDM2 and acetylated Hsp90 by the
transfection itself, but no effects on regulation of total or
acetylated heat shock proteins in response to nutlin-
treatment. In future perspectives, it would be interesting
to perform similar experiments with acetylation defect-
ive heat shock protein mutants to investigate the role of
heat shock protein acetylation in nutlin-induced p53
acetylation.
Sensitivity to both MDM2 and Hsp90 inhibitors is in-

fluenced by different molecular mechanisms in AML
[15,17]. As high expression of heat shock proteins has
been associated with poor prognosis and therapy resist-
ance in AML [21,57], and different heat shock proteins
may interact with and inhibit p53 [29,31], we wanted to
examine if total levels of different heat shock proteins in
AML patient samples could affect the sensitivity to
nutlin-3. We did not find any significant correlations be-
tween nutlin-sensitivity and concentration of intracellu-
lar levels of different heat shock proteins in 40 primary
AML samples. However, when the sample cohort was
divided into sensitive and non-sensitive patient samples,
there was a trend towards higher expression of heat
shock proteins in the least sensitive patient samples, al-
though the differences were not significant. Considering
the fact that samples with TP53 mutations may respond
differently to nutlin-3 compared samples with wild type
p53, we also included analyses on the patient set includ-
ing only samples with wild type TP53 (n = 31), with
similar results. The number of patient samples is how-
ever relatively low; a larger number of patient samples
should therefore be included to determine if there are
significant differences in heat shock protein levels in
nutlin-sensitive versus non-sensitive samples. It would
also be of interest to correlate levels of acetylated heat
shock proteins and levels of induction of acetylated heat
shock proteins in response to nutlin-3 with nutlin-
sensitivity in primary AML samples.
To examine the functional effect of heat shock protein

inhibition on nutlin-sensitivity, we chose to combine
nutlin-3 with the Hsp90 inhibitor geldanamycin. The
combination of nutlin-3 with Hsp90 inhibitors has previ-
ously demonstrated synergism in solid tumors [24],
while nutlin-3 and geldamamycin exhibited various
effects in classical Hodgkin’s lymphoma depending on
TP53 mutational status [58]. Determination of drug
interaction by Bliss independence analysis assumes that
the two drugs act through independent mechanisms
[34]; nutlin-3 acts as an MDM2 inhibitor, and geldana-
mycin binds to and inhibits Hsp90 (although the may
converge on the same pathway and indirectly affect the
same down stream targets). Based on Bliss independence
analysis with observed higher actual than expected re-
sponse for both MOLM-13 cells and 9 out of 10 respon-
sive primary AML samples, we propose that nutlin-3
and geldanamycin would kill cells independently of each
other in a synergistic manner. Possible mechanisms may
include enhanced Hsp90 inhibition and p53 activation
[33]. As Hsp90 has a wide range of client proteins,
additional molecular mechanisms behind the observed
synergism behind nutlin-3 and Hsp90 inhibitors have
been proposed [24]. To eliminate potential off-target
effects of geldanamycin, the use of short hairpin RNAs
(shRNAs) for stable and specific knockdown of Hsp90 in
combination with nutlin-3 could be an option in future
experiments. Inhibition of Hsp90 has been shown to in-
duce Hsp27, possibly contributing to antagonizing the
anticancer activity of Hsp90 inhibitors [53]. In contrast,
inhibition or knock down of Hsp27 also inhibits Hsp90
[59]. Hence, in future studies, it would be interesting to
combine nutlin-3 with shRNAs or small molecule oligo-
nucleotides against Hsp27.
In our proteomics approach, we restricted the study to

alterations in the lysine acetylome in the whole cell lys-
ate compared to more extensive analysis of the prote-
ome. As no other isolations or fractionations into for
example nuclear and cytoplasmatic fractions were per-
formed, a limitation of this procedure may be that only
the most abundant proteins were detected. Further
investigations could therefore include studying nutlin-
induced acetylation and modulation of other less abun-
dant proteins as well.

Conclusions
In conclusion, our results indicate that acetylation of
p53, histones and heat shock proteins may be a part of
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the molecular mechanisms behind the anti-leukemic ac-
tivity of nutlin-3. Regulation and function of histones
and heat shock proteins in nutlin-sensitivity need to be
evaluated in a larger number of primary AML cells, as
well as in preclinical and clinical trials.

Methods
Cell lines and primary AML cells
The human AML cell lines MOLM-13 and HL60, and
the human osteosarcoma cell line SAOS-2 and the hu-
man lung cancer cell line H1299 were purchased from
ATCC (American Type Culture Collection, Manassas,
VA, USA), while the human AML cell line OCI-AML3
was purchased from DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig,
Germany). Cell lines were cultured according to manufac-
turer’s procedure. For patient material, all studies were
performed in accordance with the Helsinki declaration
and approved by the regional Ethics Committee (REK
Vest; http://helseforskning.etikkom.no, Norwegian Minis-
try of Education and Research). Samples were collected
after informed consent, and mononuclear cells were
isolated and stored frozen in liquid N2 as previously
described [60]. Normal peripheral blood lymphocytes
were obtained from healthy blood donors (Blodbanken,
Haukeland University Hospital, Bergen, Norway). Primary
AML cells and normal peripheral blood lymphocytes were
cultured in StemSpan SFEM™ (StemCell Technologies
Inc., Vancouver, BC, USA).

Compounds
Nutlin-3 (Cayman Chemical Company, Michigan, USA)
and geldanamycin (Sigma-Aldrich, Inc., St Louis, MO,
USA) were dissolved in DMSO, and stored at −80°C.
When used in cell culture work, the final concentration
of DMSO did not exceed 0.1%.

Western blotting
Western blotting was performed as previously described
[22]. The following antibodies were used; p53 (Bp53-12),
Mdm2 (SMP-14) (Santa Cruz Biotechnology, CA, USA),
Mdm2 (2A10), Mdm2 (IF2), anti-Hsp27 (G3.1) (Calbiochem,
San Diego, CA, USA), p21 (SX118) (BD Biosciences,
San Jose, CA, USA), phospho-p53 (Ser15), phospho-p53
(Ser20), ac-p53 (Lys382) (Cell Signaling Technologies,
Beverly, MA, USA), anti-Histone H2B, anti-Hsp90
(Millipore, Temecula, CA, USA), anti-acetyl-Histone H2B
(Lys120) (Upstate cell signaling solutions, Lake Placid,
NY, USA), anti-acetyl-Hsp90 (Lys294) (Rockland Immu-
nochemicals, Inc., Gilbertsville, PA, USA), secondary horse
radish peroxidase conjugated mouse and rabbit antibody
(Jackson ImmunoResearch, West Grove, PA, USA), actin
(AC-15) (Abcam plc, Cambridge, UK). Bands were quanti-
fied using region of interest analysis on Kodak Molecular
Imaging Software version 5.0.1 (Carestream Health,
Rochester, NY, USA). Fold induction are given in arbi-
trary units and are defined as protein of interest/actin
following normalization of control.
Flow cytometry
Flow cytometric analysis was performed as previously
described [22], using antibodies against Hsp90 α/β (F-8)
PE (Santa Cruz Biotechnology, CA, USA) and Hsp27
(G3.1) PE (Enzo Life Sciences, Farmingdale, NY, USA).
Plasmids and transfections
p53 cDNA constructs of p53 FL and p53 6KR were previ-
ously described [35]. Transfections were performed using
X-tremeGENE 9 DNA Transfection Reagent (Roche Diag-
nostics, GmbH, Mannheim, Germany) according to the
manufacturer’s procedure as previously described [61].
Cell viability and proliferation assays
Evaluation of apoptosis, viability and proliferation in cell
lines and primary AML cells after drug treatment was
accomplished using Hoechst 33342 (Invitrogen, Carlsbad,
Ca, USA), the viability/proliferation reagent WST-1
(Roche Diagnostics GmbH, Mannheim, Germany), 3H-
thymidine (Amersham International, Amersham, UK) in-
corporation assay, APOTEST-FITC kit (Nexins Research,
Kattendijke, The Netherlands) or Alexa Fluor 488 Annexin
V/ Dead Cell Apoptosis Kit (Molecular Probes, Invitrogen,
Eugene, Oregon, USA) as previously described [22].
Immunoprecipitation
Approximately 50 million cells were lysed in Triton® X-100
lysis buffer containing 150 mM NaCl, 50 mM Tris HCl
pH 8.0, 1% Triton® X-100 (Plus one, Pharmacia Biotech,
Uppsala, Sweden), Complete mini Protease inhibitor
cocktail tablet (Roche Diagnostics GmbH, Mannheim,
Germany), 5 mM NaF, 1 mM Na-orthovanadate, 10 mM
nicotinamide and 1 μM TSA, and immunoprecipitation
was carried out using μMACS ProteinG Microbeads
(Miltenyi Biotec, Gladbach, Germany) according to the
manufacturer’s procedure. The cell lysate was pre-cleared
with μMACS Protein G MicroBeads to remove unspecific
binding to the beads followed by a pre-clear using an un-
specific antibody (Chromatographically purified Rabbit
IgG, Invitrogen, Camarillo, CA, USA) and μMACS Protein
G MicroBeads to remove unspecific binding to the immu-
noglobulines, before new μMACS Protein G MicroBeads
and anti-acetyl-lysine antibody (4G12) (Millipore, Billerica,
MA, USA) were added to the pre-cleared lysate for im-
munoprecipitation of acetylated proteins. Proteins were
eluted in 95°C SDS loading buffer and loaded directly on
to a gel for electrophoresis.

http://helseforskning.etikkom.no
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Stable isotope labeling with amino acids in cell culture
(SILAC), mass spectrometry and analysis of mass
spectrometry data
MOLM-13 cells were grown in SILAC RPMI media with
10% dialyzed FBS, 1% penicillin, 0.1 mg/ml L-Lysine-
2HCL and 0.1 mg/ml mg L-Arginine-HCl, or 0.1 mg/ml
13C6 L-Lysine-2HCl and 0.1 mg/ml mg 13C6

15N4

L-Arginine-HCl (Pierce SILAC Protein Quantification
Kit – RPMI 1640, Thermo Scientific, Pierce Protein Re-
search Products, Rockford, IL, USA) for six passages
[25], and incorporation efficiency was determined by
mass spectrometric analysis. Cell lysates were mixed at a
ratio of 1:1 (5 mg protein of each sample) before immu-
noprecipitation procedures were performed. Eluted pro-
teins from the immunoprecipitation were separated by
one-dimensional gel electrophoresis and stained with
Coomassie Blue (Pharmacia Biotech, Uppsala, Sweden).
The gel was sliced into 13 gel pieces prior to reduction,
alkylation, trypsin digestion and analysis by nano-LC
(Ultimate 3000, Dionex, Sunnyvale, CA, USA) coupled
to an ESI-Orbitrap (LTQ Orbitrap XL, Thermo Scien-
tific, Bremen, Germany) mass spectrometer as previously
described [62]. The peptides were identified and quanti-
fied using the MaxQuant and Perseus software (version
1.2.2.5 and 1.2.0.16) [63] with the following settings: car-
bamidomethyl (C) as fixed modification, and oxidation
(M), acetylation (K) and acetylation (protein N-term) as
variable modifications. FDR was 1%, MS tolerance was
10 ppm and MS/MS tolerance was 0.7 Da. Only proteins
with more than 1 peptide were included in the analysis.
All ratios are given as normalized values and are tested
with Benjamini-Hochberg FDR test (p < 0.05) using sig-
nificance B.

Analysis of intracellular levels of heat shock proteins
Intracellular levels of heat shock proteins Hsp27 (phos-
pho-Ser82), Hsp27 (phospho-Ser15), Hsp40, Hsp60, Hsp70
and Hsp90α were determined using the Hsp/Chaperone
8-plex MultiBead kit (Assay Designs, Inc., Ann Arbor, MI,
USA) according to manufacturer’s instructions as previ-
ously described [17].

Statistical analysis
In cell viability and proliferation assays, triplicates were
analyzed for each sample, and results given as means +/−
standard error of mean. Statistical significance of differ-
ences in averages was determined using a two-tailed
Student’s t-test. For statistical comparison between dif-
ferent patient groups, we used Mann–Whitney U-test.
Correlation analysis was performed using Pearson’s cor-
relation, and synergism was calculated by Bliss Inde-
pendence analysis. For all statistical analysis, p < 0.05
was considered significant. Graphs and calculations
were obtained using GraphPad Prism® 5.0 (GraphPad
Software, La Jolla, CA, USA). Results from flow cytometric
analysis were visualized using TMEV microarray software
suite version 4.3.01 (Dana-Farber Cancer Institute, Boston,
MA, USA).

Additional files

Additional file 1: Table S1 text. An explanation of the data shown in
Table S1 (Additional file 2).

Additional file 2: Table S1. A complete list of proteins identified using
MaxQuant (version 1.2.2.5) from experiments using anti-acetyl-lysine
immunoprecipitation and SILAC (stable isotope labeling with amino
acids in cell culture) analysis of MOLM-13 cells treated with nutlin-3.

Additional file 3: Table S2. AML patient characteristics of primary AML
cells used in the study.

Additional file 4: Figure S1. Intracellular heat shock protein levels and
sensitivity to nutlin-3 in primary AML cells with wild type TP53.

Abbreviations
AML: Acute myeloid leukemia; E2F-1: E2F transcription factor 1; FLT3:
FMS-like tyrosine kinase 3; H2B: Histone H2B; HDAC: Histone deacetylase;
HSP: Heat shock protein; IP: Immunoprecipitation; LC-MS/MS: Liquid
chromatography-tandem mass spectrometry; MDM2: Mouse double minute
2; MDMX: Mouse double minute X; MFI: Median fluorescence intensity;
NPM: Nucleophosmin; PCAF: P300/CBP-associated factor; SILAC: Stable
isotope labeling with amino acids in cell culture; TP53: Tumor protein p53.

Competing interests
The authors have no competing interests.

Authors’ contributions
IH, FSB, SL, ØB and BTG designed the study. IH, HR, HKF, and RH performed
experiments. IH, JAO, HR and BT analyzed data. SL contributed with reagents.
IH, JAO, BT and BTG wrote the manuscript. EMC critically revised the
manuscript. All authors revised the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
This study was supported by grants from The Western Norway Regional Health
Authority, and the Norwegian Cancer Society with Solveig and Ove Lund’s
legacy. Analysis of proteomic samples was performed by The Proteomics
Service at The Biotechnology Centre of Oslo, University of Oslo, Norway, and
analysis of proteomics data was performed at the Proteomics Unit (FUGE,
Norwegian Research Council) at the University of Bergen (PROBE).

Author details
1Department of Clinical Science, Hematology Section, University of Bergen,
Bergen N-5021, Norway. 2Department of Biomedicine, Proteomics Unit at
University of Bergen (PROBE), University of Bergen, Bergen N-5021, Norway.
3The Biotechnology Centre of Oslo, University of Oslo, Oslo N-0317, Norway.
4Department of Internal Medicine, Haukeland University Hospital, Bergen
N-5021, Norway. 5Department of Microbiology, Tumor and Cell Biology,
Karolinska Institute, Stockholm SE-171777, Sweden. 6Centre for Cancer
Biomarkers, Department of Clinical Science, University of Bergen, Bergen
N-5021, Norway.

Received: 17 January 2014 Accepted: 29 April 2014
Published: 21 May 2014

References
1. Burnett A, Wetzler M, Lowenberg B: Therapeutic advances in acute

myeloid leukemia. J Clin Oncol 2011, 29:487–494.
2. Dohner H, Estey EH, Amadori S, Appelbaum FR, Buchner T, Burnett AK,

Dombret H, Fenaux P, Grimwade D, Larson RA, Lo-Coco F, Naoe T,
Niederwieser D, Ossenkoppele GJ, Sanz MA, Sierra J, Tallman MS, Lowenberg B,
Bloomfield CD: Diagnosis and management of acute myeloid leukemia in

http://www.biomedcentral.com/content/supplementary/1476-4598-13-116-S1.pdf
http://www.biomedcentral.com/content/supplementary/1476-4598-13-116-S2.xls
http://www.biomedcentral.com/content/supplementary/1476-4598-13-116-S3.pdf
http://www.biomedcentral.com/content/supplementary/1476-4598-13-116-S4.pdf


Haaland et al. Molecular Cancer 2014, 13:116 Page 14 of 15
http://www.molecular-cancer.com/content/13/1/116
adults: recommendations from an international expert panel, on behalf of
the European LeukemiaNet. Blood 2010, 115:453–474.

3. Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, Kong N,
Kammlott U, Lukacs C, Klein C, Fotouhi N, Liu EA: In vivo activation of the
p53 pathway by small-molecule antagonists of MDM2. Science 2004,
303:844–848.

4. Kojima K, Konopleva M, Samudio IJ, Shikami M, Cabreira-Hansen M,
McQueen T, Ruvolo V, Tsao T, Zeng Z, Vassilev LT, Andreeff M: MDM2
antagonists induce p53-dependent apoptosis in AML: implications for
leukemia therapy. Blood 2005, 106:3150–3159.

5. Hoe KK, Verma CS, Lane DP: Drugging the p53 pathway: understanding
the route to clinical efficacy. Nat Rev Drug Discov 2014, 13:217–236.

6. Ray-Coquard I, Blay JY, Italiano A, Le Cesne A, Penel N, Zhi J, Heil F, Rueger
R, Graves B, Ding M, Geho D, Middleton SA, Vassilev LT, Nichols GL, Bui BN:
Effect of the MDM2 antagonist RG7112 on the P53 pathway in patients
with MDM2-amplified, well-differentiated or dedifferentiated liposarcoma:
an exploratory proof-of-mechanism study. Lancet Oncol 2012,
13:1133–1140.

7. Carol H, Reynolds CP, Kang MH, Keir ST, Maris JM, Gorlick R, Kolb EA, Billups
CA, Geier B, Kurmasheva RT, Houghton PJ, Smith MA, Lock RB: Initial testing
of the MDM2 inhibitor RG7112 by the Pediatric Preclinical Testing
Program. Pediatr Blood Cancer 2013, 60:633–641.

8. Yee K, Martinelli G, Assouline S, Kasner M, Vey N, Kelly KR, Drummond MW
MD, Seiter K, Blotner S, Jukovsky L, Middleton S, Zhi J, Chen G, Zhong H,
Nichols G: Phase 1b Study Of The MDM2 Antagonist RG7112 In
Combination With 2 Doses/Schedules Of Cytarabine. Blood 2013, 122:498.

9. Gu L, Zhu N, Findley HW, Zhou M: MDM2 antagonist nutlin-3 is a potent
inducer of apoptosis in pediatric acute lymphoblastic leukemia cells with
wild-type p53 and overexpression of MDM2. Leukemia 2008, 22:730–739.

10. van Leeuwen IM, Rao B, Sachweh MC, Lain S: An evaluation of small-molecule
p53 activators as chemoprotectants ameliorating adverse effects of anticancer
drugs in normal cells. Cell Cycle 2012, 11:1851–1861.

11. Lau LM, Nugent JK, Zhao X, Irwin MS: HDM2 antagonist Nutlin-3 disrupts
p73-HDM2 binding and enhances p73 function. Oncogene 2008,
27:997–1003.

12. Shin JS, Ha JH, He F, Muto Y, Ryu KS, Yoon HS, Kang S, Park SG, Park BC,
Choi SU, Chi SW: Structural insights into the dual-targeting mechanism of
Nutlin-3. Biochem Biophys Res Commun 2012, 420:48–53.

13. Nicholson J, Neelagandan K, Huart AS, Ball K, Molloy MP, Hupp T: An iTRAQ
proteomics screen reveals the effects of the MDM2 binding ligand
Nutlin-3 on cellular proteostasis. J Proteome Res 2012, 11:5464–5478.

14. Saddler C, Ouillette P, Kujawski L, Shangary S, Talpaz M, Kaminski M, Erba H,
Shedden K, Wang S, Malek SN: Comprehensive biomarker and genomic
analysis identifies p53 status as the major determinant of response
to MDM2 inhibitors in chronic lymphocytic leukemia. Blood 2008,
111:1584–1593.

15. Long J, Parkin B, Ouillette P, Bixby D, Shedden K, Erba H, Wang S, Malek SN:
Multiple distinct molecular mechanisms influence sensitivity and
resistance to MDM2 inhibitors in adult acute myelogenous leukemia.
Blood 2010, 116:71–80.

16. Lew QJ, Tan CH, Gurumurthy M, Chu KL, Cheong N, Lane DP, Chao SH:
NPMc(+) AML cell line shows differential protein expression and lower
sensitivity to DNA-damaging and p53-inducing anticancer compounds.
Cell Cycle 2011, 10:1978–1987.

17. Reikvam H, Hatfield KJ, Ersvaer E, Hovland R, Skavland J, Gjertsen BT,
Petersen K, Bruserud O: Expression profile of heat shock proteins in acute
myeloid leukaemia patients reveals a distinct signature strongly
associated with FLT3 mutation status–consequences and potentials for
pharmacological intervention. Br J Haematol 2012, 156:468–480.

18. Kitagawa M, Aonuma M, Lee SH, Fukutake S, McCormick F: E2F-1
transcriptional activity is a critical determinant of Mdm2 antagonist-
induced apoptosis in human tumor cell lines. Oncogene 2008, 27:5303–5314.

19. Hu B, Gilkes DM, Farooqi B, Sebti SM, Chen J: MDMX overexpression
prevents p53 activation by the MDM2 inhibitor Nutlin. J Biol Chem 2006,
281:33030–33035.

20. Quintas-Cardama A, Santos FP, Garcia-Manero G: Histone deacetylase
inhibitors for the treatment of myelodysplastic syndrome and acute
myeloid leukemia. Leukemia 2011, 25:226–235.

21. Reikvam H, Ersvaer E, Bruserud O: Heat shock protein 90 - a potential
target in the treatment of human acute myelogenous leukemia.
Curr Cancer Drug Targets 2009, 9:761–776.
22. McCormack E, Haaland I, Venas G, Forthun RB, Huseby S, Gausdal G,
Knappskog S, Micklem DR, Lorens JB, Bruserud O, Gjertsen BT: Synergistic
induction of p53 mediated apoptosis by valproic acid and nutlin-3 in
acute myeloid leukemia. Leukemia 2012, 26:910–917.

23. Palani CD, Beck JF, Sonnemann J: Histone deacetylase inhibitors enhance
the anticancer activity of nutlin-3 and induce p53 hyperacetylation and
downregulation of MDM2 and MDM4 gene expression. Invest New Drugs
2012, 30:25–36.

24. Vaseva AV, Yallowitz AR, Marchenko ND, Xu S, Moll UM: Blockade of Hsp90
by 17AAG antagonizes MDMX and synergizes with Nutlin to induce
p53-mediated apoptosis in solid tumors. Cell Death Dis 2011, 2:e156.

25. Ong SE, Mann M: Stable isotope labeling by amino acids in cell culture
for quantitative proteomics. Methods Mol Biol 2007, 359:37–52.

26. Jin Y, Zeng SX, Lee H, Lu H: MDM2 mediates p300/CREB-binding
protein-associated factor ubiquitination and degradation. J Biol Chem
2004, 279:20035–20043.

27. Minsky N, Oren M: The RING domain of Mdm2 mediates histone
ubiquitylation and transcriptional repression. Mol Cell 2004, 16:631–639.

28. Ambrosini G, Sambol EB, Carvajal D, Vassilev LT, Singer S, Schwartz GK:
Mouse double minute antagonist Nutlin-3a enhances chemotherapy-
induced apoptosis in cancer cells with mutant p53 by activating E2F1.
Oncogene 2007, 26:3473–3481.

29. Xu Y, Diao Y, Qi S, Pan X, Wang Q, Xin Y, Cao X, Ruan J, Zhao Z, Luo L,
Liu C, Yin Z: Phosphorylated Hsp27 activates ATM-dependent p53
signaling and mediates the resistance of MCF-7 cells to doxorubicin-
induced apoptosis. Cell Signal 2013, 25:1176–1185.

30. Peng Y, Chen L, Li C, Lu W, Chen J: Inhibition of MDM2 by hsp90 contributes
to mutant p53 stabilization. J Biol Chem 2001, 276:40583–40590.

31. Walerych D, Kudla G, Gutkowska M, Wawrzynow B, Muller L, King FW,
Helwak A, Boros J, Zylicz A, Zylicz M: Hsp90 chaperones wild-type p53
tumor suppressor protein. J Biol Chem 2004, 279:48836–48845.

32. Lancet JE, Gojo I, Burton M, Quinn M, Tighe SM, Kersey K, Zhong Z,
Albitar MX, Bhalla K, Hannah AL, Baer MR: Phase I study of the heat shock
protein 90 inhibitor alvespimycin (KOS-1022, 17-DMAG) administered
intravenously twice weekly to patients with acute myeloid leukemia.
Leukemia 2010, 24:699–705.

33. Lin K, Rockliffe N, Johnson GG, Sherrington PD, Pettitt AR: Hsp90 inhibition
has opposing effects on wild-type and mutant p53 and induces p21
expression and cytotoxicity irrespective of p53/ATM status in chronic
lymphocytic leukaemia cells. Oncogene 2008, 27:2445–2455.

34. Keith CT, Borisy AA, Stockwell BR: Multicomponent therapeutics for
networked systems. Nat Rev Drug Discov 2005, 4:71–78.

35. Rodriguez MS, Desterro JM, Lain S, Lane DP, Hay RT: Multiple C-terminal
lysine residues target p53 for ubiquitin-proteasome-mediated
degradation. Mol Cell Biol 2000, 20:8458–8467.

36. Tang Y, Zhao W, Chen Y, Zhao Y, Gu W: Acetylation is indispensable for
p53 activation. Cell 2008, 133:612–626.

37. Luo J, Su F, Chen D, Shiloh A, Gu W: Deacetylation of p53 modulates its
effect on cell growth and apoptosis. Nature 2000, 408:377–381.

38. Knowell AE, Patel D, Morton DJ, Sharma P, Glymph S, Chaudhary J: Id4
dependent acetylation restores mutant-p53 transcriptional activity.
Mol Cancer 2013, 12:161.

39. Yamaguchi H, Woods NT, Piluso LG, Lee HH, Chen J, Bhalla KN, Monteiro A,
Liu X, Hung MC, Wang HG: p53 acetylation is crucial for its transcription-
independent proapoptotic functions. J Biol Chem 2009, 284:11171–11183.

40. Kim JH, Yoon EK, Chung HJ, Park SY, Hong KM, Lee CH, Lee YS, Choi K, Yang
Y, Kim K, Kim IH: p53 acetylation enhances Taxol-induced apoptosis in
human cancer cells. Apoptosis 2013, 18:110–120.

41. Quintas-Cardama A, Qui YH, Post S, Kornblau S: High p53 protein expression
level independent of mutational status is an adverse prognostic factor for
survival in acute myeloid leukemia. Blood 2011, 118:1490.

42. Li M, Luo J, Brooks CL, Gu W: Acetylation of p53 inhibits its ubiquitination
by Mdm2. J Biol Chem 2002, 277:50607–50611.

43. Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y, Appella E, Yao TP:
MDM2-HDAC1-mediated deacetylation of p53 is required for its
degradation. Embo J 2002, 21:6236–6245.

44. Harris CC: Protein-protein interactions for cancer therapy. Proc Natl Acad
Sci U S A 2006, 103:1659–1660.

45. Love IM, Sekaric P, Shi D, Grossman SR, Androphy EJ: The histone
acetyltransferase PCAF regulates p21 transcription through stress-
induced acetylation of histone H3. Cell Cycle 2012, 11:2458–2466.



Haaland et al. Molecular Cancer 2014, 13:116 Page 15 of 15
http://www.molecular-cancer.com/content/13/1/116
46. Arif M, Senapati P, Shandilya J, Kundu TK: Protein lysine acetylation in
cellular function and its role in cancer manifestation. Biochim Biophys
Acta 2010, 1799:702–716.

47. Bruserud O, Stapnes C, Tronstad KJ, Ryningen A, Anensen N, Gjertsen BT:
Protein lysine acetylation in normal and leukaemic haematopoiesis:
HDACs as possible therapeutic targets in adult AML. Expert Opin Ther
Targets 2006, 10:51–68.

48. Kojima K, Konopleva M, McQueen T, O'Brien S, Plunkett W, Andreeff M:
Mdm2 inhibitor Nutlin-3a induces p53-mediated apoptosis by
transcription-dependent and transcription-independent mechanisms
and may overcome Atm-mediated resistance to fludarabine in chronic
lymphocytic leukemia. Blood 2006, 108:993–1000.

49. Zhou Q, Chaerkady R, Shaw PG, Kensler TW, Pandey A, Davidson NE: Screening
for therapeutic targets of vorinostat by SILAC-based proteomic analysis in
human breast cancer cells. Proteomics 2010, 10:1029–1039.

50. Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC,
Olsen JV, Mann M: Lysine acetylation targets protein complexes and
co-regulates major cellular functions. Science 2009, 325:834–840.

51. Kovacs JJ, Murphy PJ, Gaillard S, Zhao X, Wu JT, Nicchitta CV, Yoshida M,
Toft DO, Pratt WB, Yao TP: HDAC6 regulates Hsp90 acetylation and
chaperone-dependent activation of glucocorticoid receptor. Mol Cell
2005, 18:601–607.

52. Yang Y, Rao R, Shen J, Tang Y, Fiskus W, Nechtman J, Atadja P, Bhalla K:
Role of acetylation and extracellular location of heat shock protein
90alpha in tumor cell invasion. Cancer Res 2008, 68:4833–4842.

53. Trepel J, Mollapour M, Giaccone G, Neckers L: Targeting the dynamic
HSP90 complex in cancer. Nat Rev Cancer 2010, 10:537–549.

54. Uo T, Veenstra TD, Morrison RS: Histone deacetylase inhibitors prevent
p53-dependent and p53-independent Bax-mediated neuronal apoptosis
through two distinct mechanisms. J Neurosci 2009, 29:2824–2832.

55. Sachweh MC, Drummond CJ, Higgins M, Campbell J, Lain S: Incompatible
effects of p53 and HDAC inhibition on p21 expression and cell cycle
progression. Cell Death Dis 2013, 4:e533.

56. Schilling D, Duwel M, Molls M, Multhoff G: Radiosensitization of wildtype
p53 cancer cells by the MDM2-inhibitor PXN727 is associated with
altered heat shock protein 70 (Hsp70) levels. Cell Stress Chaperones 2013,
18:183–191.

57. Fredly H, Reikvam H, Gjertsen BT, Bruserud O: Disease-stabilizing treatment
with all-trans retinoic acid and valproic acid in acute myeloid leukemia:
serum hsp70 and hsp90 levels and serum cytokine profiles are
determined by the disease, patient age, and anti-leukemic treatment.
Am J Hematol 2012, 87:368–376.

58. Janz M, Stuhmer T, Vassilev LT, Bargou RC: Pharmacologic activation of
p53-dependent and p53-independent apoptotic pathways in Hodgkin/
Reed-Sternberg cells. Leukemia 2007, 21:772–779.

59. Zoubeidi A, Zardan A, Beraldi E, Fazli L, Sowery R, Rennie P, Nelson C,
Gleave M: Cooperative interactions between androgen receptor (AR) and
heat-shock protein 27 facilitate AR transcriptional activity. Cancer Res
2007, 67:10455–10465.

60. Gjertsen BT, Oyan AM, Marzolf B, Hovland R, Gausdal G, Doskeland SO,
Dimitrov K, Golden A, Kalland KH, Hood L, Bruserud O: Analysis of acute
myelogenous leukemia: preparation of samples for genomic and
proteomic analyses. J Hematother Stem Cell Res 2002, 11:469–481.

61. Anensen N, Hjelle SM, Van Belle W, Haaland I, Silden E, Bourdon JC, Hovland
R, Tasken K, Knappskog S, Lonning PE, Bruserud O, Gjertsen BT: Correlation
analysis of p53 protein isoforms with NPM1/FLT3 mutations and therapy
response in acute myeloid leukemia. Oncogene 2012, 31:1533–1545.

62. Solstad T, Bjorgo E, Koehler CJ, Strozynski M, Torgersen KM, Tasken K, Thiede B:
Quantitative proteome analysis of detergent-resistant membranes identifies
the differential regulation of protein kinase C isoforms in
apoptotic T cells. Proteomics 2010, 10:2758–2768.

63. Cox J, Mann M: MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol 2008, 26:1367–1372.

doi:10.1186/1476-4598-13-116
Cite this article as: Haaland et al.: Molecular mechanisms of nutlin-3
involve acetylation of p53, histones and heat shock proteins in acute
myeloid leukemia. Molecular Cancer 2014 13:116.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Nutlin-3 enhances p53 acetylation independently of total levels of p53
	Nutlin-3 enhances the acetylation of histone H2B and heat shock proteins Hsp27 and Hsp90
	Intracellular levels of heat shock proteins and sensitivity to nutlin-3 in primary AML cells
	Inhibition of Hsp90 sensitizes AML cells to nutlin-induced apoptosis
	Role of p53 acetylation in nutlin-sensitivity and regulation of heat shock proteins

	Discussion
	Conclusions
	Methods
	Cell lines and primary AML cells
	Compounds
	Western blotting
	Flow cytometry
	Plasmids and transfections
	Cell viability and proliferation assays
	Immunoprecipitation
	Stable isotope labeling with amino acids in cell culture (SILAC), mass spectrometry and analysis of mass spectrometry data
	Analysis of intracellular levels of heat shock proteins
	Statistical analysis

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

