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Obesity and type 2 diabetes are significant risk factors for
malignancies, being associated with chronic inflammation and
hyperinsulinemia. In this context, insulin can synergize with
inflammation to promote proliferation, survival, and dissemina-
tion of cancer cells. Point mutation of p53 is a frequent event and a
significant factor in cancer development and progression. Mutant
p53 protein(s) (mutp53) can acquire oncogenic properties that
increase metastasis, proliferation, and cell survival. We report that
breast and prostate cancer cells with mutant p53 respond to insulin
stimulation by increasing cell proliferation and invasivity, and that
such a response depends on the presence of mutp53. Mechanistically,
we find that mutp53 augments insulin-induced AKT1 activation by
binding and inhibiting the tumor suppressor DAB2IP (DAB2-interacting
protein) in the cytoplasm. This molecular axis reveals a specific gain of
function for mutant p53 in the response to insulin stimulation,
offering an additional perspective to understand the relationship
between hyperinsulinemia and cancer evolution.
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Obesity and type 2 diabetes lead to chronic inflammation and
metabolic syndrome, and are linked to an increased in-

cidence of malignancies (1). In this context, various evidence
indicates that hyperinsulinemia is a major cancer risk factor (2).
In vivo and tissue culture studies showed that insulin has mito-
genic action in normal mammary tissue and in breast cancer cells
(3), and hyperinsulinemia was correlated to increased metastasis
in a mouse model of breast cancer (4). High levels of circulating
insulin may promote tumor progression by activating the insulin
receptor (INSR) and/or insulin-like growth factor 1 (IGF1R)
receptor, which is frequently overexpressed in cancer cells (5). In
fact, increased INSR/IGF1R activation was linked to accelerated
mammary tumor growth in hyperinsulinemic mouse models (6),
and IGF1R or INSR overexpression was shown to enhance tu-
mor growth and progression in androgen-independent prostate
cancer (7).
Chronic inflammation may also contribute to cancer devel-

opment in obese/hyperinsulinemic patients. In white fat, immune
cells and macrophages are continuously activated to secrete
proinflammatory factors, including TNF, that can initiate, pro-
mote, and sustain tumorigenesis, in part, by further enhancing
insulin resistance (8).
The protein kinase AKT/PKB is a key mediator of pro-

liferative and prosurvival effects of insulin on tumor cells (9). In
addition, AKT links hyperinsulinemia to inflammation through
direct activation of NF-κB (5). Therefore, aberrant AKT acti-
vation is a strong candidate to be a driver of cancer aggressive-
ness under conditions of obesity/hyperinsulinemia.
Mutation of p53 is another significant factor in cancer. Mis-

sense mutant p53 protein(s) (mutp53) are very stable and ac-
quire oncogenic properties (gain of function) that increase
metastasis, proliferation, and cell survival (10, 11). Intriguingly,
some mutp53 oncogenic properties appear to be linked to en-
hanced AKT activity; previous studies have reported evidence
that mutant p53 can enhance AKT activation in lung, endometrial,

and breast cancer cell lines, and a correlation between p53 mu-
tation and AKT phosphorylation was detected in clinical speci-
mens of colon and breast cancer (12–14). However, a clear
molecular basis for this relationship was not defined.
Mechanistically, mutp53 can act either at the transcriptional

level or by forming complexes with various cellular targets (11).
We recently found that gain-of-function mutp53 can bind the
tumor suppressor protein DAB2IP in the cytoplasm and in-
terfere with its functions, promoting an oncogenic response of
cancer cells to the inflammatory cytokine TNF-α in particular
(15). DAB2IP/AIP1 (DOC-2/DAB2-interacting protein, or ASK1-
interacting protein) is a cytoplasmic Ras GAP that also functions as
an adaptor in signal transduction by multiple pathways. In cells
treated with TNF, it mediates activation of the Ask1/JNK kinases
and counteracts activation of NF-κB (16). In addition, DAB2IP
modulates other crucial oncogenic pathways, and inhibits epithelial-
mesenchymal transition (EMT) in cancer cells (recently reviewed in
refs. 17, 18). Interestingly, DAB2IP is a negative modulator of
PI3K/AKT signaling, because it binds PI3K-p85, limiting AKT ac-
tivation in response to various stimuli (19). Moreover, DAB2IP
binds directly to AKT1, possibly limiting its activation, or function
(19). We report that mutant p53, by binding and inhibiting
DAB2IP, favors insulin-induced AKT activation in cancer cells,
thus dictating an oncogenic response to this hormone.

Results
Mutant p53 Amplifies the Oncogenic Activity of Insulin in Hormone-
Independent Breast and Prostate Cancer Cells. To explore the po-
tential role of mutant p53 in the response of cancer cells to in-
sulin, we performed 5′-bromo-2′-deoxyuridine (BrdU) incorporation,
cell proliferation, and Matrigel invasion assays with two human
cancer cell lines bearing different missense TP53 mutations:
MDA-MB231 (triple-negative breast cancer, p53R280K) and
DU145 (androgen-independent prostate cancer, p53V274F/
P223L). We observed that insulin increases proliferation and en-
hances the invasive capabilities of these cells. Strikingly, depletion
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of endogenous mutant p53 prevented this effect, suggesting that
such an increase is strictly dependent on mutp53 expression (Fig. 1).
Colony formation assays confirmed that mutant p53 enhances
proliferation of cancer cells chronically exposed to insulin (Fig.
S1A). Using Ras-transformed mouse embryonic fibroblasts (MEFs)
derived from p53 knockout or p53 (R172H) knock-in mice, we
verified that insulin triggers an increase in cell proliferation only in
MEFs expressing mutant p53 (Fig. S1B). Together, these data in-
dicate that mutant p53 can be a determinant of the pro-oncogenic
response to insulin, potentially defining a novel mutp53 gain
of function.

Mutant p53 Mediates Insulin-Induced Proliferation and Invasion by
Enhancing Activation of AKT. To define a mechanism of action
for mutant p53 in the response to insulin, we first verified ex-
pression of the INSR in our cell lines. By RT-PCR, we observed
that mutp53 depletion does not affect INSR levels (Fig. S1 C–E).
Under certain conditions, insulin can stimulate IGF1R (6), so we
also checked IGF1R expression in our cell models; interestingly,
mutp53 depletion reduced IGF1R levels in MB231 cells but not
in DU145 cells (Fig. S1 D and E). The results in MB231 cells are
consistent with previous studies reporting that mutp53 promotes
IGF1R transcription (20). However, the results in DU145 cells
imply that IGF1R down-regulation is not relevant for the ob-
served phenotypes, a concept further supported by other evi-
dence (Figs. S1F and S2).
We next focused on insulin-induced activation of the PI3K/AKT

pathway. Using the specific AKT inhibitor MK2206, we found that
the increase in proliferation and invasion triggered by insulin is
strictly dependent on AKT activity (Fig. 2 A and B and Fig. S3A).
This result proves that AKT is a key effector in this context, and
implies that other pathways potentially activated by INSR (e.g.,
Ras/MAPK) are not sufficient for the observed phenotype.
Previous studies reported evidence of a correlation between

mutant p53 and enhanced AKT phosphorylation in breast, en-
dometrial, and colon cancer (12–14). We therefore asked whether
mutant p53 might affect AKT activation in the specific context of
insulin stimulation. As shown in Fig. 2C, knockdown of mutant
p53 clearly reduced insulin-induced AKT phosphorylation in
MB231 cells. Identical results were obtained with DU145 (Fig.
S3B). Similarly, insulin induced a stronger and prolonged AKT
phosphorylation in mutant p53 knock-in vs. p53-null MEFs
(Fig. S3C).
In line with the mitogenic and migratory response, insulin-

induced AKT activation correlated with phosphorylation of
GSK3β and increased cyclin D1 levels. Upon mutp53 depletion,
insulin still triggered a moderate and transient AKT phosphor-
ylation, but p-GSK3β and cyclin D1 were significantly lower at
longer times (Fig. 2D and Fig. S3E), consistent with reduced cell
proliferation and invasion. Insulin-induced phosphorylation or
accumulation of additional AKT targets was likewise impaired by
mutp53 depletion (Fig. S3D).
Because insulin can also trigger activation of the Ras/MAPK

cascade (5, 9), we monitored ERK phosphorylation as a readout
of this pathway. We found no significant change in ERK acti-
vation upon insulin treatment and/or mutp53 knockdown, thus
confirming that mutp53 affects specifically insulin-induced AKT
activation in these cells (Fig. S3F).
To verify that mutp53 is sufficient to promote insulin-induced

AKT activation, we stably expressed the p53R280K and p53R175H
mutants in p53-null H1299 cells. As shown in Fig. 2E, mutp53
knock-in cells displayed stronger and prolonged insulin-induced
AKT activation. No relevant changes were detected in INSR or
IGF1R mRNA (Fig. S1F), thus excluding an effect on receptor
levels. We conclude that mutant p53 establishes a pro-oncogenic
response to insulin by specifically favoring or enhancing the ac-
tivation of AKT.

Mutant p53 Enhances Insulin-Induced AKT Activation by Inhibiting
DAB2IP. We previously discovered that mutp53 can bind the tu-
mor suppressor DAB2IP in the cytoplasm, interfering with its
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Fig. 1. Mutant p53 dictates an oncogenic response to insulin in hormone-
independent cancer cells. (A and B) Mutant p53 is required for insulin-
induced proliferation in cancer cells. (A) MDA-MB231 and DU145 cells
were transfected with the indicated siRNAs for 48 h, serum-starved, treated
with 0.5 μg/mL insulin for 24 or 48 h, and labeled with BrdU for 2 h. Graphs
summarize the percentage of BrdU-positive nuclei (mean ± SEM; n = 3; **P <
0.01, ***P < 0.001). Depletion of endogenous p53 was checked by Western
blot. (B) MDA-MB231 and DU145 cells stably silenced for endogenous mutant
p53 [short hairpin p53 (shp53)] were serum-starved, treated with 0.5 μg/mL
insulin for 24 or 48 h, and then colored with crystal violet dye. Graphs sum-
marize normalized OD570 (mean ± SEM; n = 3; **P < 0.01, ***P < 0.001).
Depletion of endogenous p53 was checked by Western blot. (C and D) Mutant
p53 is required for insulin-induced invasion. Cells were transfected with the
indicated siRNAs for 48 h, serum-starved for 24 h, and treated with insulin
(0.5 μg/mL) for an additional 24 h. Invasion assays were performed in low se-
rum plus 0.5 μg/mL insulin. (C) Graphs summarize migrated cells per area
(mean ± SEM; n = 3; **P < 0.01, ***P < 0.001). Depletion of endogenous
p53 was checked by Western blot. (D) Representative images of migrated cells
from C, fixed and stained with crystal violet dye. (Magnification: 400×.) NT, not
treated.
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functions (15). Because DAB2IP can modulate both PI3K and
AKT (19), we hypothesized that the mutp53/DAB2IP interaction
may also affect the response to insulin. We therefore tested if
depletion of DAB2IP could rescue the effects of mutp53 knock-
down in our cell models. Indeed, silencing of DAB2IP fully

restored insulin-induced proliferation and invasion in mutp53-
depleted MB231 cells (Fig. 3A). Similarly, depletion of DAB2IP
restored the kinetics of insulin-induced AKT phosphorylation after
mutp53 knockdown (Fig. 3B and Fig. S4A). Notably, knockdown of
DAB2IP had a negligible impact on insulin-induced phenotypes
in the presence of mutp53, thus confirming the epistatic relation-
ship between the two proteins. In the same experimental settings,
DAB2IP overexpression reduced insulin-dependent AKT phos-
phorylation (Fig. 3C) and fully abolished the increase in prolif-
eration and invasion triggered by insulin (Fig. S4B).

If the effects of mutp53 are exerted by binding and inhibiting
DAB2IP, they should be independent of its nuclear functions.
Accordingly, overexpression of a cytoplasmic variant of mutant
p53 (p53R280K ΔNLS) (15) fully restored insulin-induced pro-
liferation and invasion in MB231 cells previously depleted of
endogenous nuclear mutp53 (Fig. 3D) or stably overexpressing
DAB2IP (Fig. 3E).
The functional impact of the mutp53/DAB2IP axis was also

confirmed in HBL-100, a triple-negative breast cancer cell line
with wild-type (wt) p53. In these cells, DAB2IP knockdown sig-
nificantly increased insulin-induced proliferation and invasion,
correlating with enhanced AKT activation (Fig. S4 C and D),
confirming its modulatory role on this pathway.
Intriguingly, depletion of wt p53 augmented insulin-induced

AKT phosphorylation, as well as proliferation and invasion in
HBL-100 cells (Fig. S4 E and F), suggesting that p53 loss can
promote this signaling axis. Nonetheless, expression of mutp53
(p53R175H or p53R280K) had a much stronger effect than wt
p53 depletion (Fig. S4F), formally confirming a mutp53 gain of
function. Most importantly, the same was observed with nuclear-
excluded p53 mutants. We thus conclude that mutant p53 can
amplify oncogenic responses to insulin by inhibiting DAB2IP.

Disruption of the Mutp53/DAB2IP Interaction Reduces the Aggressive
Behavior of Cancer Cells Exposed to Insulin. DAB2IP can bind both
PI3K-p85α and AKT1 to regulate AKT activation in a negative
manner (19); we therefore hypothesized that mutant p53 might
interfere with such interactions. In transient overexpression ex-
periments, increasing amounts of mutant p53 caused a progressive
reduction in the fraction of DAB2IP that could be coimmuno-
precipitated with PI3K or AKT1 (Fig. 4 A and B), thus suggesting
a possible mechanism by which high levels of mutant p53 could
promote insulin-induced AKT activation.
Mutp53 binds to the N terminus of DAB2IP, and we previ-

ously demonstrated that a chimeric decoy protein in which the
first 186 amino acids of DAB2IP are fused to GFP (EGFP-KA2)
can disrupt the mutp53/DAB2IP interaction, restoring endogenous
DAB2IP functions in cancer cells (15). We therefore repeated the
experiments using MB231 cells stably expressing the EGFP-KA2
protein. The EGFP-KA2 decoy had no obvious effects on basal cell
proliferation and motility but clearly abolished the increase in
proliferation and invasion triggered by insulin, also significantly
reducing AKT activation (Fig. 4 C and D). Expression of EGFP-
KA2 did not influence INSR or IGF1R transcription (Fig. S2), so its
effect is not linked to reduced receptor levels. Importantly, de-
pletion of DAB2IP rendered the EGFP-KA2 construct ineffective,
demonstrating that the inhibitory action of the KA2 peptide is
strictly dependent on DAB2IP action (Fig. 4E).
Together, these data provide a mechanism by which mutp53,

blocking DAB2IP, can enhance insulin-induced AKT activation
in cancer cells, potentially determining a more aggressive be-
havior under hyperinsulinemic conditions (Fig. 5D).

Increased AKT Activation Correlates with p53 Mutation in Breast Cancers
from Obese Patients. The above results predict that hormone-
independent tumors with mutant p53 should have stronger or
prolonged AKT activation under conditions of hyperinsulinemia.
To investigate such a potential association, we analyzed triple-
negative breast cancers from obese and nonobese patients, as-
suming an obesity-linked hyperinsulinemia in clinically over-
weight (body mass index > 30) subjects (21). The presence of
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Fig. 2. Mutant p53 increases insulin-induced proliferation and migration
through AKT activation. (A and B) Insulin-induced cell proliferation and in-
vasion require AKT activity. (A) MDA-MB231 cells were transfected with the
indicated siRNAs for 48 h, serum-starved, and treated with insulin (0.5 μg/mL)
for 24 h, with or without the specific AKT inhibitor MK2206 (5 μM). (B) Cells
were serum-starved and treated with insulin (0.5 μg/mL) for 24 h, with or
without the specific AKT inhibitor MK2206 (5 μM). Proliferation and invasion
assays were performed as in Fig. 1 (A and B: mean ± SEM; n = 3; **P < 0.01,
***P < 0.001). (C) Depletion of mutp53 reduces insulin-induced AKT acti-
vation in cancer cells. MDA-MB231 cells were transfected with the indicated
siRNAs for 48 h, serum-starved for 24 h, and treated with insulin (0.5 μg/mL)
for the indicated times. Phosphorylated (p-T308 and p-S473) and total AKT1
were detected by immunoblotting. With actin as a loading control, p53 was
blotted to control knockdown efficiency. p-AKT S473 is taken from a different
gel, loaded in parallel with the same amount of lysate. (D) Depletion of
mutp53 affects prolonged AKT-dependent responses to insulin. MDA-MB231
cells were treated as in C. Phosphorylated and total Akt1, GSK3β, and cyclin
D1 were detected by immunoblotting as above. With actin as a loading con-
trol, p53 was blotted to control knockdown efficiency. Numbers indicate rel-
ative p-GSK3β/GSK3β and cyclin D1/actin ratios, quantified by densitometry on
autoradiography film (also Fig. S3E). Total AKT is taken from a different gel,
loaded in parallel with the same amount of lysate. (E) Mutant p53 enhances
insulin-induced AKT activation. H1299 cells (p53-null) were infected with ret-
roviruses encoding the indicated p53 mutants. Cells were treated with insulin
(0.5 μg/mL) for the indicated times. Phosphorylated and total AKT1 and GSK3β
were detected by immunoblotting as above. With actin as a loading control,
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potential p53 gain-of-function mutations was inferred by strong
p53 staining in immunohistochemistry, whereas AKT activation
was determined by immunoreactivity to a phospho-AKT (S473)
antibody. In line with previous reports (13, 14), we confirmed a
general correlation between phospho-AKT and mutant p53. In
addition, we found a strong correlation between elevated p53
staining (i.e., p53 mutation) and high levels of phospho-AKT
specifically in obese patients (Fig. 5 A–C). These observations
are consistent with our model, and support the notion that p53
mutation may amplify AKT activation in cancers that develop
under obesity-linked conditions.

Discussion
Host circulating hormones can have a dramatic impact on cancer
growth and dissemination, acting directly on transformed cells,
as well as indirectly affecting the tumor microenvironment and
the immune system. We found that p53 mutation can signifi-
cantly increase proliferation and invasion of cancer cells exposed
to insulin. This finding was observed with different missense
mutations, and could be recapitulated using a nuclear-excluded
mutant p53. Therefore, this phenotype defines a cytoplasmic gain
of function for mutant p53, reinforcing the notion that part of the
oncogenic potential of mutp53 is exerted by distorting the cell’s
response to extracellular inputs.
We found that cancer cells with high levels of mutant p53 have

a stronger PI3K/AKT response to insulin because DAB2IP func-
tions are limited by aberrant interaction with mutp53. This dis-
covery provides a molecular mechanism for previously reported
correlations between p53 mutation and AKT hyperactivation in
cancer (13, 14). Intriguingly, it also suggests a mechanism by which
TP53 mutation could act as a surrogate for PI3K mutation, at least
under some conditions. This speculation would be in line with

evidence that PI3K and TP53 alterations tend to be mutually ex-
clusive in various carcinomas, including breast cancer (22–24).
Because DAB2IP acts directly on PI3K and AKT, it is plau-

sible that the mutp53/DAB2IP interaction would also stimulate
AKT activation by other extracellular signals. Similarly, our
results imply that any condition of DAB2IP loss of function
could potentially favor a pro-oncogenic response to insulin,
regardless of p53 mutation. Both of these hypotheses deserve
further scrutiny.
We previously reported that DAB2IP can also bind wt p53, at

least in vitro or in overexpression (25). We could not detect in-
teraction of the endogenous proteins in multiple cell lines (15),
but we cannot exclude wt p53 binding to DAB2IP under specific
conditions that strongly increase cytoplasmic p53 levels. Addi-
tional studies will be required to test this possibility and its po-
tential implications for the PI3K/AKT axis.
From a molecular point of view, our data raise interesting

questions regarding the biochemical nature of the inhibitory ac-
tion of DAB2IP on the PI3K/AKT axis, which is likely based on
physical interaction but still needs to be defined. Another in-
teresting question concerns the possible modulation of DAB2IP
by AKT. In fact, AKT1 can phosphorylate DAB2IP in the
C-terminal proline-rich (PR) domain, and this phosphorylation
reduces DAB2IP interaction with Ras and TRAF2, thus limiting
its functions (26). Notably, the PR domain is also the site of in-
teraction with p85, so phosphorylation by AKT may also reduce
the inhibitory action of DAB2IP on PI3K, further increasing
AKT activation. Although not formally proved, it is plausible
that a reciprocal regulatory circuit between DAB2IP and AKT
indeed exists.
Finally, we must consider that humans have three related AKT

genes, with similar mechanisms of activation and partially over-
lapping but distinct biological effects (27); we focused on AKT1,
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Fig. 3. Functional interaction between mutant
p53 and DAB2IP in the response of cancer cells to
insulin. (A) Epistasis between mutp53 and DAB2IP in
insulin-induced proliferation and invasion. MDA-
MB231 cells were silenced for mutp53 and/or
DAB2IP for 48 h and treated with 0.5 μg/mL insulin
for 24 h. Proliferation (Top) and invasion (Bottom)
assays were performed as in Fig. 1 (mean ± SEM; n =
3; **P < 0.01, ****P < 0.0001). nt, not treated.
(B and C) Epistasis between mutant p53 and DAB2IP
in insulin-induced AKT activation. (B) MDA-MB231
cells were silenced for mutp53 and/or DAB2IP for
48 h, serum-starved for 24 h, and treated with in-
sulin (0.5 μg/mL) for the indicated times. Phos-
phorylated AKT1 and total AKT1 were detected
by immunoblotting. (C) MDA-MB231 cells stably
transduced with a retrovirus expressing DAB2IP were
serum-starved and treated with insulin (0.5 μg/mL)
for the indicated times. Phosphorylated AKT1 and
total AKT1 were detected by immunoblotting. Total
AKT is taken from a different gel, loaded in parallel
with the same amount of lysate. (D and E) Insulin-
induced proliferation and invasion are mediated by
cytoplasmic mutant p53. (D) MDA-MB231 cells sta-
bly silenced for endogenous mutant p53 [short
hairpin p53 (shp53)] were infected with retroviruses
encoding shRNA-resistant versions of p53 (R280K)
or its cytoplasmic variant p53 (R280K)ΔNLS. Pro-
liferation (Top) and invasion (Bottom) assays were
performed as in Fig. 1 (mean ± SEM; n = 3; **P <
0.01). (E) MDA-MB231 cells stably overexpressing
DAB2IP were infected with a retrovirus expressing
HA-p53 (R280K)ΔNLS or an empty retrovirus as a
control. Proliferation (Top) and invasion (Bottom)
assays were performed as in Fig. 1 (mean ± SEM; n =
3; **P < 0.01, ****P < 0.0001).
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but it will be interesting to test whether the mutp53/DAB2IP
interaction can also affect other AKT proteins.
From a clinical point of view, our results suggest that mutation

of p53 could potentially affect the outcome of tumors that arise,
or progress, under conditions of hyperinsulinemia. In agreement
with tissue culture observations, we found a strong correlation
between p53 mutation and AKT phosphorylation specifically and
selectively in breast tumors from obese patients. Assuming a

hyperinsulinemic context related to obesity, p53 mutation would
increase proliferation and dissemination of such tumors by
promoting insulin-induced AKT activation.
Interestingly, it has been observed that estrogen-receptor–

positive breast cancer cells that develop resistance to tamoxifen
become more sensitive to INSR depletion or pharmacological
inhibition (28), revealing the importance of insulin signaling as a
surrogate of the mitogenic activity of estrogen. Indeed, tumors
deprived of hormones or other growth factors can potentially
benefit from the oncogenic action of insulin. Considering that
mutp53 also impacts the response of cancer cells to inflammatory
cytokines (15, 29), it is plausible that p53 mutation might signifi-
cantly increase growth and dissemination of endocrine-resistant
metastatic cancer cells in patients with clinical, metabolic, or di-
etary conditions leading to hyperinsulinemia.
In conclusion, our data suggest a unique perspective for clin-

ical management of patients with hyperinsulinemia, and provide
yet another indication that, for those tumors where p53 is mu-
tated, pharmacological efforts aimed to tackle the gain of func-
tion of p53 bear strong therapeutic potential.

Materials and Methods
Cell Lines, Plasmids, and Drug Treatments. The following cell lines were used:
breast cancer MDA-MB-231 (p53R280K) and HBL-100 (wt p53), prostate
cancer DU-145 (p53V274F/P223L), and Ras-immortalized MEFs derived from
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Fig. 4. Blocking mutant p53/DAB2IP interaction inhibits the oncogenic re-
sponse to insulin. (A and B) Mutant p53 hinders the interaction of DAB2IP
with PI3K-p85α and AKT. (A) H1299 cells were cotransfected with plasmids
expressing DAB2IP, FLAG-PI3K-p85α, and increasing amounts of p53 (R280K).
The fraction of DAB2IP bound to PI3K was analyzed by Western blot of PI3K
immunoprecipitates. IP, immunoprecipitation. (B) H1299 cells were cotrans-
fected with plasmids expressing DAB2IP, HA-AKT1, and increasing amounts
of p53 (R280K). The fraction of DAB2IP bound to AKT1 was analyzed by
Western blot of AKT immunoprecipitates. (C–E) Expression of a decoy pro-
tein that displaces the mutp53/DAB2IP interaction abolishes insulin-induced
proliferation and invasion. (C) MDA-MB231 cells were stably transduced
with retroviruses expressing the EGFP-DAB2IP(1–186)KA2 fusion protein
(EGFP-KA2) or EGFP alone. Proliferation assays (Top) and invasion assays
(Bottom) were performed as in Fig. 1 (mean ± SEM; n = 3; **P < 0.01, ***P <
0.001). Expression of EGFPs was analyzed by Western blot. (D) MDA-
MB231 cells stably transduced as in C were treated with insulin (0.5 μg/mL)
for the indicated times. Phosphorylated and total AKT1 and GSK3β were
detected by immunoblotting. Expression of EGFPs and endogenous DAB2IP
was verified by Western blot. (E) MDA-MB231 cells stably transduced as in C
were transfected with the indicated siRNAs. Proliferation assays (Top) and
invasion assays (Bottom) were performed as in Fig. 1 (mean ± SEM; n = 3;
**P < 0.01, ***P < 0.001). Expression of EGFPs and endogenous DAB2IP was
verified by Western blot. The asterisk in E, Bottom indicates a nonspecific
reactive band.

A

C

B

D

Fig. 5. AKT activation correlates with p53 mutation in triple-negative
breast cancers of obese patients. (A) Immunostaining with antibodies
against p53 and p-AKT S473 of representative triple-negative breast cancer
sections derived from obese and nonobese patients. H, hematoxylin staining.
(Scale bars: 100 μm.) (B) Graphs summarize p-AKT S473 staining in tumor
samples from 32 obese patients [body mass index (BMI) > 30] and 20 non-
obese patients, sorted according to p53 status. The horizontal bar indicates
the median. Correlations were analyzed by a nonparametric Mann–Whitney
U test. (C) Table summarizes the same tumor samples as in B, grouped
according to p53 status and p-AKT S473 staining. Tumors with p53 staining >80%
have been classified as mutant p53. Tumors with p-AKT staining >15% have
been classified as “positive.” Correlations were analyzed by a parametric
Pearson’s chi-square test (P-val). (D) Proposed model for the gain of function
of mutant p53 in the response to insulin as mediated by its cytoplasmic in-
teraction with DAB2IP.
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p53 knockout and p53R172H knock-in mice. Expression plasmids and retroviral
constructs encoding DAB2IP, mutant p53 variants, and the EGFP-KA2 decoy
construct have all been described previously (15). The pcDNA3-flag-HA-Akt1
(plasmid no. 9021) and pCMV6-p85α-Flag (plasmid no. 1399) were pur-
chased from Addgene. For insulin treatment, cells were serum-starved for
24 h before addition of 0.5 μg/mL human recombinant insulin (I2643;
Sigma). The AKT inhibitor MK2206 (Santa Cruz Biotechnology) was used
at 5 μM.

BrdU Incorporation Assay. Cells were serum-starved for 24 h and treated with
insulin for an additional 24 h. Proliferating cells were labeled by adding 20BrdU
for 2 h. BrdUwas detected by immunofluorescence using a specific monoclonal
antibody (GE Healthcare). Nuclei were stained with Hoechst stain. Proliferating
cells were scored by counting BrdU-positive over total cell nuclei in 25 random
microscope fields (at least 100 cells were counted in each sample).

Cell Proliferation Assay. Cells were seeded in a 96-well plate, grown in serum-
freemedium for 24 h, and treatedwith insulin for an additional 24 h and 48 h.
Subsequently, cells were fixed in 4% paraformaldehyde (PFA) and stained
with 0.05% crystal violet dye. The optical density of each well was measured
at 570 nm (OD570) with an Enspire multimode plate reader (PerkinElmer).

Matrigel Invasion Assays. Cells were grown in serum-freemedium for 24 h and
treated with insulin for an additional 24 h. Subsequently, cells were trypsi-
nized, counted, and plated in 24-well PET inserts (8-μm pore size; Falcon)
coated with BD Matrigel (BD Bioscience). The lower chamber was filled with
high serum medium (10% FBS) without insulin. After 16 h, cells passed
through the filter were fixed in 4% PFA, stained with 0.05% crystal violet
dye, and counted. Invasion was scored by counting cells in 22 random,
nonoverlapping microscopic fields at a magnification of 400×.

Immunohistochemistry. Immunohistochemical staining was performed on
4-μm formalin-fixed paraffin-embedded slides using antibodies against p53
(DO-7; Dako) and p-AKTS473 (sc-4060; Cell Signaling). Sections were coun-
terstained with H&E. Stained tissue sections were evaluated by two certified
pathologists. Samples were scored as “mutant p53” when positive nuclear
and cytoplasmic p53 staining was detectable in >80% of tumor cells. Sam-
ples were scored as “phospho-AKT–positive” when distinct cytoplasmic
staining was detected in >15% of tumor cells. For nonparametric analysis,
the actual percentage of cells with distinct cytoplasmic phospho-AKT staining
was used. The study was approved by the ethics committee of the National
Cancer Institute Fondazione G. Pascale. Written informed consent was
obtained from the patients for use of biological material and publication
of images.

Statistical Analysis. In all graphs, data are expressed as the mean ± SEM of at
least three independent experiments, except when otherwise indicated. Dif-
ferences were analyzed by the Student’s t test using Prism 5 (GraphPad). P <
0.05 was considered significant. Immunohistochemical data were analyzed
using SPSS 17.0 software (IBM); both the Mann–Whitney nonparametric test
and Pearson’s chi-square parametric test were used to evaluate correlations
between p53 mutation and phospho-AKT (S473) expression.
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