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Abstract
Many mutant p53 proteins exert oncogenic gain-of-function (GOF) properties that promote cancer cell invasive growth and
metastasis, yet the mechanisms mediating these functions still largely remain elusive. We show here that overexpression of the
GOF mutant p53 G245D and other GOF p53 mutants enhances the invasive cell growth of p53-deficient head and neck
squamous cell carcinoma (HNSCC) UM-SCC-1 cells both in in vitro three-dimensional culture and in an in vivo orthotopic
nude mouse model of HNSCC through a novel transcription-independent mechanism. We demonstrate that the expression of
the oncogenic forkhead transcription factor FOXM1 is upregulated by GOF mutant p53s. Moreover, we show that
overexpression of GOF mutant p53 G245D decreases the AMP-activated protein kinase (AMPK)-mediated phosphorylation
of FOXO3a, a tumor suppressive forkhead transcription factor, leading to its cytoplasmic accumulation. This downregulation
of FOXO3a’s activity, in turn, leads to de-repression of FOXM1 expression. Importantly, we show that either overexpression
of FOXO3a or downregulation of FOXM1 impairs both GOF mutant p53-mediated cell invasion in vitro and pulmonary
metastases of UM-SCC-1 cells in vivo. Finally, not only do oral cancer patients with p53 mutations exhibit higher levels of
FOXM1 expression than patients with wild-type p53, but also HNSCC patients with TP53 mutations and high levels of
FOXM1 expression have the poorest survival outcomes. Given our prior demonstration that GOF mutant p53s inhibit AMPK,
our current study, establishes and demonstrates a novel transcription-independent GOF mutant p53-AMPK-FOXO3a-
FOXM1 signaling cascade that plays an important role in mediating mutant p53s’ gain-of-function activities in HNSCCs.

Introduction

Mutations of the TP53 tumor suppressor gene are the most
frequent of all somatic genomic alterations in head and neck

squamous cell carcinomas (HNSCCs), with a mutation
frequency in non-human papilloma virus-associated
HNSCC cases ranging from 75 to 85% [1–3]. Clinically,
TP53 mutations are significantly associated with shorter
survival time and tumor resistance to radiotherapy and
chemotherapy in HNSCC patients [4–6]. Some p53 muta-
tions are associated with gain-of-function (GOF) activities
that can enhance tumor progression, metastatic potential,
and/or drug resistance when overexpressed in cells lacking
wild-type TP53 [7–9]. However, the mechanisms involved
in mutant p53 GOF activities still remain largely unclear.

Although mutant p53s usually cannot directly regulate
the expression of the wild-type p53’s target genes, studies
have found that the mutants can activate other genes by
binding to promoters [8], cooperate with transcription
factors to affect target gene expression [8, 10, 11], and can
also participate in epigenetic gene regulation [12, 13].
Furthermore, it has been previously found that cytoplasmic
GOF mutant p53s can regulate oncogenic activities

* Jeffrey N. Myers
jmyers@mdanderson.org

* Ge Zhou
gzhou@mdanderson.org

1 Department of Head and Neck Surgery, The University of Texas
MD Anderson Cancer Center, Houston, TX, USA

2 Department of Bioinformatics and Computational Biology, The
University of Texas MD Anderson Cancer Center, Houston, TX,
USA

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41388-017-0032-z) contains supplementary
material, which is available to authorized users.

12
34

56
78

90

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0032-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0032-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0032-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0032-z&domain=pdf
mailto:jmyers@mdanderson.org
http://dx.doi.org/10.1038/s41388-017-0032-z


through transcription-independent mechanisms [14–16].
Specifically, we have shown that inhibition of AMP-acti-
vated protein kinase (AMPK), a master energy sensor, is
one mechanism through which mutant p53s achieve GOF
activities in HNSCC cells [16].

FOXM1 and FOXO3a belong to the forkhead box
superfamily proteins [17]. FOXM1, a member of the
FOXM subfamily of transcription factors that has three
isoforms, FOXM1a, -b, and -c [18], is highly expressed in
various carcinomas, including cancers of the liver, prostate,
brain, breast, lung, colon, pancreas, skin, cervix, ovary,
blood, nervous system, oral cavity, and head and neck [19,
20]. Studies have shown that FOXM1, an oncogenic tran-
scription factor, plays a variety of roles in promoting pro-
cesses such as cell cycle progression, DNA repair,
angiogenesis, stemness, tumor cell migration, invasion, and
metastasis, contributing to tumor initiation, progression, and
drug resistance through different mechanisms [17,19–21].

In contrast, FOXO3a, a member of the FOXO subfamily of
transcription factors, is generally known as a tumor sup-
pressor that plays roles in cell cycle arrest, DNA repair,
hypoxia response, aging, longevity, differentiation, stress
resistance, metabolism, apoptosis, and inhibition of cell
invasion and metastasis [17, 22–24].

Both FOXM1 and FOXO3a are subjected to transcrip-
tional and post-translational regulation. While FOXM1 is
transcriptionally regulated by transcription factors, such as
E2F, ER, and FOXO family members, and is phosphory-
lated by cyclin-CDK, PLK, CHK2, p38, and ERK [17–19],
FOXO3a is known to be posttranslationally modified by
acetylation, ubiquitylation, methylation, O-GlcNAcylation,
and phosphorylation by kinases such as AKT, ERK, IKKβ,
MST1, p38, and AMPK [17, 23]. Among these kinases,
AKT, ERK, and IKKβ promote FOXO3a’s cytoplasmic
retention and inactivate its function [25–27], whereas p38,
MST1, and AMPK promote FOXO3a’s nuclear localization

Fig. 1 Identification of FOXM1 as an up-regulated gene by expression
of GOF mutant p53 G245D in UM-SCC-1 cells. a GOF of mutant p53
(mutp53) G245D in UM-SCC-1 cells. Representative images of iso-
genic UM-SCC-1 stable cell lines grown in 3D culture. Cells labeled
with Lung Mets., were cells derived from lung metastatic lesions after
tail vein injection of UM-SCC-1 cells expressing G245D mutant p53.
Bar, 200 μm. b Schematic diagram of experimental procedure for
mRNA expression array analysis. WT wild-type, FDR false discovery
rate. c Heatmap of 91 differentially expressed genes in mutant p53

G245D UM-SCC-1 cells vs the controls. d Real-time RT-qPCR ana-
lysis of FOXM1 mRNA transcript from UM-SCC-1 stable cells 2 h
after metabolic stress under confluent culture condition. e Western blot
analysis of isogenic UM-SCC-1 stable cell lines in the presence or
absence of metabolic stress under different cell-density culture con-
ditions. f Real-time RT-qPCR analysis of mRNA transcripts of
FOXM1b and -1c from UM-SCC-1 stable cells under different cell-
density culture conditions. **p< 0.01
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and activate its function as a transcription factor [23, 28–
30]. More importantly, FOXO3a transcriptionally antag-
onizes FOXM1 expression through different mechanisms,
including direct transcriptional repression of FOXM1 that
leads to sustained inhibition of FOXM1 gene expression
[17, 19, 31, 32].

Previously, we showed that inhibition of AMPK, a
master energy sensor and metabolic regulator, is one of the
mechanisms through which mutant p53s achieve GOF
activities in HNSCC cells [16]. To further study the GOF
mechanisms of mutant p53, we have used isogenic HNSCC
cell lines expressing GOF mutant p53s. We found that
FOXM1 expression is upregulated by GOF mutant p53s.
We further demonstrated that GOF mutant p53s inhibit
AMPK-mediated phosphorylation and nuclear localization
of FOXO3a with a concomitant loss of FOXO3a’s sup-
pression on FOXM1 expression. Furthermore, we also
showed both in vitro and in vivo that FOXO3a and FOXM1
are implicated in regulation of GOF mutant p53-mediated
cell invasion and metastasis. Altogether, our study demon-
strates that mutant p53s can gain oncogenic activities
through a novel mechanism of modulation of the
AMPK–FOXO3a–FOXM1 signaling axis in HNSCC cells.

Results

Identification of FOXM1 as an up-regulated gene by
expression of GOF mutant p53 G245D in UM-SCC-1
cells upon metabolic stress

To study GOF mechanisms of mutant p53s, we first used
HNSCC UM-SCC-1 cells that do not express endogenous
p53 due to a splice-site mutation (hg19:chr17:7578370C >
T) in the TP53 gene and established isogenic cell lines
expressing G245D, R175H, and C238F mutant p53s. As we
described previously, when these cell lines were injected
into the tail veins of nude mice, they caused a higher
incidence of lung metastases than did control UM-SCC-1
cells without mutant p53 expression [9]. We harvested
lungs from mice in which mutant p53 G245D UM-SCC-1
cells had been injected through the tail veins and developed
a cell line from a lung metastatic lesion. We subsequently
found that both the parental and lung metastatic lesion-
derived mutant p53 G245D UM-SCC-1 cell lines exhibited
a much more aggressive growth phenotype in in vitro three-
dimensional (3D) collagen culture than did the control cells;
the aggressive phenotype was characterized by the forma-
tion of tumor spheroids with numerous protrusions invading
into the surrounding collagen matrix (Fig. 1a), supporting
the GOF activities of G245D mutant p53 in these cells.

To further explore potential GOF mechanisms involved,
we performed mRNA expression array analysis using RNA

samples from over-confluent pBabe, wild-type p53, and
parental and metastatic lesion-derived G245D mutant p53
UM-SCC-1 cells that were subjected to metabolic stress
(glucose-free and serum-free culture conditions) for 2 h
(Fig. 1b). Using a 1% cutoff false discovery rate, our ana-
lyses showed that 91 genes, including 50 down-regulated
and 41 up-regulated genes, were differentially expressed in
both parental and metastatic G245D UM-SCC-1 cells, when
compared to wild-type and pBabe control cells (Fig. 1b, c)
(Supplementary Table 1). Ingenuity Pathway Analysis
(IPA; Qiagen) indicated that many of the top signaling
pathways of the differentially expressed genes are involved
in lipid metabolism, such as cholesterol biosynthesis and
acetyl-CoA-biosynthesis, as well as the previously reported
mevalonate pathway (Supplementary Fig. 1) [33]. Notably,
among those differentially expressed genes, FOXM1 is one
of two transcription factors that was identified (Fig. 1c) and
confirmed (Fig. 1d) to be up-regulated in G245D mutant
p53 cells. Given the pleiotropic effects and oncogenic
properties of the transcription factor FOXM1 [16, 17, 21],
we next focused our investigations on the regulation of
FOXM1 by GOF mutant p53.

To validate the mRNA microarray results, we next per-
formed Western blotting analysis. As shown in Fig. 1e, no
obvious differences in FOXM1 levels were observed
between the control and mutant p53 G245D UM-SCC-1
cells, when cells were cultured under a sub-confluent con-
dition. However, when cultured under a high-cell-density
condition, mutant p53 G245D UM-SCC-1 cells exhibited
much higher levels of FOXM1 expression than the control
cells. In addition, RT-qPCR analyses confirmed that the
relative mRNA levels of FOXM1b and FOXM1c isoforms
were up-regulated in G245D UM-SCC-1 cells in a cell
density-dependent manner, in which a higher cell density
was associated with higher levels of FOXM1-b and -c
mRNA in G245D cells when compared to the control
(Fig. 1f). Altogether, our results suggest that GOF
mutant p53 up-regulates FOXM1 gene expression in UM-
SCC-1 cells, particularly under high-density cell culture
conditions.

GOF mutant p53s promote FOXM1 expression both
in vitro and in vivo

Further analyses also indicated that GOF mutant p53s in
addition to G245D can up-regulate FOXM1 expression. For
instance, mutant p53 C238F, which we previously had
shown to have strong GOF activity both in vitro and in vivo
[6, 9], strongly up-regulated FOXM1 in UM-SCC-1 cells
(Fig. 2a). Moreover, R175H, although it has a weaker
impact, also increased FOXM1 protein (Fig. 2a) and mRNA
expression (Fig. 2b) in UM-SCC-1 cells. In contrast,
E336X, a mutant with no GOF activity [16], failed to
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increase FOXM1 expression in UM-SCC-1 cells (Fig. 2a).
Moreover, immunohistochemical (IHC) staining of tumors
from an orthotopic implantation of PCI-13 (another
HNSCC cell line that does not endogenously express TP53)
stable cell lines expressing different mutant p53s grown in
the tongues of nude mice [6] also showed that the ratio of
positive nuclear staining of FOXM1 was significantly
higher in the cell lines containing the mutant p53s R175H,
C238F, and G245D than in the pBabe control cell line
(Fig. 2c, d), indicating that FOXM1 expression is up-

regulated by these GOF mutant p53s in vivo. In further
support of the regulatory role of GOF mutant p53s on
FOXM1 expression, both FOXM1 protein and FOXM1b
mRNA were decreased when mutant p53 was knocked
down by shp53 in Detroit 562 cells, which endogenously
express R175H mutant p53 (Fig. 2e, f). Consistent with that
finding was the IHC staining data showing a much stronger
positive nuclear staining of FOXM1 in tumor samples
generated from control Detroit 562 cells than from shp53
Detroit 562 cells (Fig. 2g). Similarly, when mutant p53

Fig. 2 GOF mutant p53s G245D, C238F, and R175H promote
FOXM1 expression both in vitro and in vivo. a Western blot analysis
of isogenic UM-SCC-1 stable cell lines in the presence or absence of
metabolic stress under the high-density confluent culture condition. b
Real-time RT-qPCR analysis of mRNA transcripts of FOXM1c from
UM-SCC-1 stable cells under the confluent high-density culture con-
dition. *< 0.05; **p< 0.01. c Representative images of FOXM1 IHC
staining of tongue tumors derived from injection of isogenic PCI-13
stable cell lines. d Quantitation of nuclear FOXM1 staining of c. **p

< 0.01. e, h–i Western blot analyses of Detroit 562, Ca9-22 and STAR
stable cell lines in the presence or absence of metabolic stress under
the confluent high-density culture condition. pGIPz-NT, non-target
shRNA control. f Real-time RT-qPCR analysis of mRNA transcripts
of FOXM1b from Detroit 562 stable cells under the confluent high-
density culture condition. *< 0.05; **< 0.01. g left, Representative
images of IHC staining of FOXM1 in mouse tongue tumors derived
from Detroit 562 stable cell lines; right, Quantitation of nuclear
FOXM1 staining. **p< 0.01
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R248W that showed a strong GOF activity in Ca9-22 cells
(Supplementary Fig. 2a, b) was knocked down by
p53 shRNA, FOXM1 protein levels were also significantly
decreased (Fig. 2h). Finally, instead of down-regulation of
FOXM1 expression as observed in Detroit 562 and Ca9-22
cells (Fig. 2e–h), decreasing the p53 level by p53 shRNA in
STAR cells, which contain endogenous wild-type p53,
increased the levels of FOXM1 (Fig. 2i), suggesting that
wild-type p53 inhibits FOXM1 expression.

Taken together, our results demonstrate that in contrast to
wild-type p53, GOF mutant p53s up-regulate FOXM1
expression both in vitro and in vivo in HNSCC cells.

FOXM1 expression is inversely correlated with and
negatively regulated by AMPK activation in a cell
density-dependent manner

Our results clearly showed that while levels of FOXM1 in
UM-SCC-1 cells were suppressed by increased cell density
(Supplementary Fig. 2c), expression of GOF mutant p53 in
UM-SCC-1 cells was associated with increased FOXM1
expression in a cell density-dependent manner (see above)
(Fig. 1e, f). We previously observed that GOF mutant p53-
mediated inhibition of AMPK activation is also dependent
on cell density [16]. Interestingly, levels of FOXM1
expression appeared to be inversely correlated with T172
phosphorylation of AMPK and further decreased after
metabolic stress that induced AMPK activation (increased
T172 phosphorylation) (Figs. 1e and 2a, e). Given our
observations that GOF mutant p53s inhibit AMPK [16] but
promote FOXM1 expression (Figs. 1 and 2), the inverse
correlation of FOXM1 expression and AMPK activation
observed here (Figs. 1e and 2a, e) suggests that AMPK
may be able to regulate FOXM1 expression in HNSCC
cells.

To test this, we performed IHC staining using mouse
tongue tumor samples derived from injections of the control
and AMPKα1 knockdown (shAMPKα1) PCI-13 stable cell
lines [16]. As shown in Fig. 3a, b, higher levels of FOXM1
positive staining were found in PCI-13 shAMPKα1 tumor
samples than in the control PCI-13 tumors. To further

investigate whether AMPK can regulate FOXM1 expres-
sion, we generated an AMPKα1 KO UM-SCC-1 cell line
using the CRISPR/Cas9 system. Consistent with the above
observation, the level of FOXM1 expression in AMPKα1
KO cells was higher than that in parental UM-SCC-1 cells
(Fig. 3c). These results strongly suggest that AMPK can
negatively regulate FOXM1 expression both in vitro and
in vivo.

FOXO3a, a downstream target of AMPK, inhibits
GOF mutant p53-mediated FOXM1 expression

To identify potential mechanisms involved in AMPK-
mediated regulation of FOXM1, we next examined poten-
tial upstream signaling of FOXM1 using IPA, which sum-
marizes previously reported upstream transcription factors
that are able to modulate FOXM1 expression directly or
indirectly (Fig. 4a). Among those factors, FOXO3a can bind
to the upstream promoter and suppress the transcription of
FOXM1 [31]. Most importantly, FOXO3a is a direct target
of AMPK, and AMPK-mediated phosphorylation of
FOXO3a can lead to the nuclear localization and activation
of FOXO3a [23, 30]. Consistent with this, in AMPKα1 KO
UM-SCC-1 cells, we observed decreased levels of FOXO3a
phosphorylation (Supplementary Fig. 3a). All these factors
led us to hypothesize that FOXO3a could be an important
factor linking GOF mutant p53-mediated inhibitory effects
on AMPK with FOXM1 expression in UM-SCC-1 cells.

To test this possibility, we used the CRISPR/Cas9
technology to knock out FOXO3a in UM-SCC-1 cells.
When compared to levels in the control, FOXM1 levels
were significantly increased in the FOXO3a KO cells
(Fig. 4b), indicating that FOXO3a has an inhibitory effect
on FOXM1 expression. Consistent with this, when we
overexpressed FOXO3a in mutant p53 G245D-bearing
UM-SCC-1 cells, mutant p53-mediated up-regulation of
FOXM1 protein and mRNA levels were significantly
diminished (Fig. 4c, d, Supplementary Fig. 3b). Similarly,
although we showed that mutant p53 R175H knockdown in
Detroit 562 cells resulted in decreased levels of FOXM1
expression (Fig. 2e, f), further knocking down FOXO3a in

Fig. 3 AMPK suppresses
FOXM1 expression in HNSCC
cells. a Representative images of
FOXM1 IHC staining in mouse
tongue tumors derived from
PCI-13 stable cell lines. b
Quantitation of nuclear
FOXM1 staining of a. **p<
0.01. c Western blot analysis of
CRISPR-Cas9/AMPKα1 KO
UM-SCC-1 cell lines
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these cells partially restored the levels of FOXM1 protein
and mRNA expression (Fig. 4e, f). All these results, taken
together, strongly support that FOXO3a inhibits GOF
mutant p53-mediated FOXM1 expression in UM-SCC-1
and Detroit 562 cells.

GOF mutant p53 inhibits AMPK-mediated
phosphorylation and nuclear localization of FOXO3a

To further investigate the role of GOF mutant p53 on
FOXO3a activation, we examined the impact of mutant
p53s on phosphorylation of FOXO3a at S413, one of six
putative AMPK phosphorylation sites in FOXO3a [30]. Our
results showed that while GOF mutant p53s (e.g., G245D
and C238F) inhibited activation of AMPK induced by
metabolic stress, they also significantly suppressed the S413
phosphorylation of FOXO3a that was induced by AMPK
activation (Figs. 4c and 5a). In contrast, in Detroit 562,

TR146 and Ca9-22 cells when mutant p53 R175H, R248Q
and R248W were knocked down, respectively, which led to
a higher level of metabolic stress-induced AMPK activa-
tion/phosphorylation, increased FOXO3a S413 phosphor-
ylation was observed (Fig. 5b–d). Interestingly, while it
exhibited a minimal impact on cell growth in 3D collagen
culture (Supplementary Fig. 3c, e), knocking down mutant
p53 in MDA1586 (R273L), PCI-15B (R273C), and
UMSCC-17B (R273C) cells had no significant effect on
AMPK activation and FOXO3a phosphorylation (Supple-
mentary Fig. 3f–h). These results together strongly suggest
that not all the mutant p53s are the same in their GOF
activities and mechanisms.

Finally, IHC staining of oral tumor samples derived from
UM-SCC-1 with mutant p53 G245D showed a higher
portion of cytoplasmic staining of FOXO3a, whereas most
FOXO3a in the control tumors was localized in the nucleus
(Fig. 5e, f). Given that activated transcription factor

Fig. 4 FOXO3a, a downstream target of AMPK, inhibits GOF mutant
p53-mediated FOXM1 expression in HNSCC cells. a Ingenuity
Pathway Analysis of possible upstream transcription factors regulating
FOXM1 expression. b Western blot analysis of CRISPR-Cas9/
FOXO3a KO UM-SCC-1 cell lines in the presence or absence of
metabolic stress under the confluent high-density culture condition. c
Western blot analysis of isogenic UM-SCC-1 stable cell lines in the
presence or absence of metabolic stress under the confluent high-
density culture condition. pBMN-EV, empty vector. d Real-time RT-

qPCR analysis of mRNA transcripts of FOXM1b and -1c from UM-
SCC-1 stable cells under the confluent high-density culture condition.
* <0.05; **p< 0.01. pLVX-EV, empty vector. e Western blot analysis
of Detroit 562 stable cell lines in the presence or absence of metabolic
stress under the confluent high-density culture condition. f Real-time
RT-qPCR analysis of FOXM1b mRNA transcripts from Detroit
562 stable cells in the presence or absence of metabolic stress under
the confluent high-density culture condition. *<0.05; **p< 0.01
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FOXO3a functions in the nucleus [23], our findings that
mutant p53 G245D inhibited phosphorylation and nuclear
localization of FOXO3a (Fig. 5) support that GOF mutant
p53 inhibits FOXO3a function.

FOXO3a and FOXM1 modulate GOF mutant p53-
mediated UM-SCC-1 cell invasion in vitro

Our results thus far (Figs. 1–5) strongly suggest that inhi-
bition of AMPK-mediated FOXO3a activation could be an
important mechanism contributing to GOF mutant p53-
mediated FOXM1 up-regulation in HNSCC cells. To further
confirm the potential role of FOXO3a in mutant p53-
mediated GOF phenotype, we performed an in vitro

Transwell invasion assay and 3D cell cultures. In the
invasion assay, overexpressing FOXO3a in UM-SCC-1
mutant p53 G245D cell line (Fig. 4c) significantly
decreased the number of invasive cells compared to the
vector control cell line (Fig. 6a, b). Similarly, reduced
invasion was also observed in UM-SCC-1 mutant p53
R175H cells when FOXO3a was expressed (Supplementary
Fig. 4a, b). In further support of FOXO3a’s role, in a 3D cell
culture, G245D mutant p53 cells exhibited a more infil-
trative phenotype with projecting protrusions, whereas the
vector control UM-SCC-1 cells mainly formed round-
shaped tumor spheroids (Fig. 1a); the control phenotype
was further suppressed by overexpressing FOXO3a, leading
to reduced formation of projecting protrusions (Fig. 6c, d).

Fig. 5 GOF mutant p53 inhibits
AMPK-mediated
phosphorylation and nuclear
localization of FOXO3a. a–d
Western blot analyses of
isogenic UM-SCC-1, Detroit
562, TR146 and Ca9-22 stable
cell lines in the presence or
absence of metabolic stress
under the confluent high-density
culture condition. e
Representative images of IHC
staining of FOXO3a in mouse
tongue tumors derived from
UM-SCC-1 stable cell lines. f
Quantitation of FOXO3a nuclear
staining of e. **p< 0.01
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To investigate the possible role of FOXM1 in mutant
p53-mediated GOF activities, we used FOXM1 shRNAs to
stably knock down FOXM1 expression in G245D (Fig. 6e)
and R175H (Supplementary Fig. 5a) mutant p53 UM-SCC-
1 cells. As a result, knocking down FOXM1 not only
suppressed the mutant p53-mediated cell invasion across
Matrigel-coated Transwells (Fig. 6f, g, Supplementary
Fig. 5b, c) but also partially reduced the formation of pro-
jecting protrusions in UM-SCC-1 cells grown in 3D cul-
tures (Fig. 6h, i).

These results demonstrated that both FOXO3a and
FOXM1 can modulate mutant p53’s GOF properties, such

that FOXO3a inhibits but FOXM1 promotes mutant p53-
mediated cell invasion in vitro in UM-SCC-1 cells.

FOXO3a inhibits but FOXM1 promotes GOF mutant
p53-mediated pulmonary metastasis of UM-SCC-1
cells in vivo

To further examine the role of FOXO3a and FOXM1
in vivo, we first used an orthotopic nude mouse model of
oral cancer, in which UM-SCC-1 stable cell lines were
injected into the tongues of nude mice. As shown in Sup-
plementary Fig. 6a, b, whereas overexpression of mutant

Fig. 6 FOXO3a and FOXM1 modulates GOF mutant p53-mediated
cell invasion in vitro. a, f Representative images from the Transwell
invasion assay of UM-SCC-1 stable cell lines. b, g Quantitation of
invasive cells in a and f, respectively. *p< 0.05; **p< 0.01. c, h
Representative images of 3D cultures of UM-SCC-1 stable cell lines.

Bar, 100 μm. d, i Quantitation of 3D tumor spheroids that were round
or had protrusion in c and h, respectively. *<0.05; **p< 0.01. e
Western blot analysis of isogenic UM-SCC-1 stable cell lines in the
presence or absence of metabolic stress under the confluent high-
density culture condition
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p53 G245D greatly promoted the tumor growth when
compared to the control cells, overexpression of FOXO3a
(Supplementary Fig. 6a) or downregulation of FOXM1
(Supplementary Fig. 6b) in mutant p53 G245D UM-SCC-1
cells showed no significant impact on the tumor growth
rate. Despite this, when stable cells were injected into the
tail veins of nude mice, the increased lung metastases
induced by mutant p53 G245D expression were sig-
nificantly suppressed by overexpression of FOXO3a (Fig.
7a, b, Supplementary Fig. 7a). Similarly, down-regulation
of FOXM1 in mutant p53 UM-SCC-1 cells also impaired
the development of mutant p53-mediated lung metastases
(Fig. 7c, d, Supplementary Fig. 7b). In further support of the
regulatory role of mutant p53 G245D in FOXO3a-FOXM1
signaling, IHC staining of lung metastatic tumor lesions
also showed that while mutant p53 G245D decreased
FOXO3a’s (Fig. 7e, f) but increased FOXM1’s (Fig. 7g, h)
nuclear staining, further overexpression of FOXO3a in
mutant p53 UM-SCC-1 cells (Fig. 7e) decreased the mutant
p53-induced FOXOM1 nuclear staining (Fig. 7g, h). Alto-
gether our results suggest that while mutant p53 G245D can
modulate FOXO3a-FOXM1 signaling in vivo, both
FOXO3a and FOXM1 can regulate GOF mutant p53-
mediated pulmonary metastasis of UM-SCC-1 cells in nude
mice.

HNSCC patients with TP53 mutations and high
levels of FOXM1 expression have the poorest
survival outcomes

Finally, given our results showing regulation of FOXM1 by
GOF mutant p53, we analyzed the FOXM1 RNAseq
expression data from The Cancer Genome Atlas HNSCC

data set. As shown in Fig. 7i, oral cancer patients with TP53
mutations (n= 232) had a significantly higher mean level of
FOXM1 mRNA expression than patients with wild-type
TP53 (n= 75). Moreover, HNSCC patients with both TP53
mutations and high levels of FOXM1 expression (n= 177)
had lower survival rates than the patients with wild-type
TP53 (n= 151) or with mutant TP53 and low levels of
FOXM1 expression (n= 177) (Fig. 7j). This not only sug-
gests the potential prognostic value of TP53 mutations and
FOXM1 expression but also highlights their important roles
in tumorigenesis and progression of HNSCCs.

Discussion

In this study, we have shown that the expression of GOF
mutant p53s can up-regulate FOXM1 expression in
HNSCC cells. Our results also indicate that GOF mutant
p53s inhibit the function of FOXO3a through suppression
of its nuclear localization and phosphorylation mediated
by AMPK. Moreover, we have demonstrated that over-
expression of FOXO3a decreases but down-regulation of
FOXO3a increases GOF mutant p53-mediated FOXM1
expression, further supporting the hypothesis that
FOXO3a is a negative regulator of FOXM1. Our results
revealed that either overexpression of FOXO3a or down-
regulation of FOXM1 impairs GOF mutant p53-mediated
cell invasion in vitro and pulmonary metastases of UM-
SCC-1 cells in vivo. Finally, we have shown that HNSCC
patients with TP53 mutations and high levels of FOXM1
expression have poorer survival outcomes than those
without one or both of these features, indicating the
potential prognostic value of TP53 mutations and FOXM1
expression in HNSCC. Together with our previous
observation that GOF mutant p53s inhibit AMPK [16], our
current study strongly suggests that GOF mutant p53s can
activate FOXM1 through inhibiting AMPK and its down-
stream target FOXO3a (Fig. 7k) and that the mutant p53-
AMPK-FOXO3a-FOXM1 signaling axis is one of
mechanisms through which mutant p53s gain oncogenic
activity in HNSCC.

Thus far, most proposed GOF mechanisms of mutant
p53s have involved transcription-dependent gene regula-
tion, and many GOF mutant p53s have been shown to
directly interact with transcription factors and cofactors,
thereby modulating gene transcription [8, 10, 11].
Depending on the cell context, several transcription factors
(e.g., ER, E2F, FOXO, and YAP1) have been shown to
regulate FOXM1 transcription (Fig. 4a) [19, 34]. Notably,
some GOF mutant p53s were reported to interact with
transcription factors E2F1 and YAP1 as well [35, 36]. This
raises the possibility that GOF mutant p53s G245D and
C238F might also be able to regulate FOXM1 expression

Fig. 7 FOXO3a inhibits but FOXM1 promotes GOF mutant p53-
mediated pulmonary metastasis of UM-SCC-1 cells in vivo. a, c
Representative images of H&E-stained sections of lungs 13 a and 14 c
weeks, respectively, after tail-vein injection of UM-SCC-1 stable cell
lines. b, d Quantitation of the lung metastatic areas in a and c,
respectively. *<0.05; **p< 0.01. e, g Representative images of
FOXO3a e and FOXM1 g IHC staining of pulmonary metastatic
lesions derived from the tail-vein injected UM-SCC-1 stable cell lines.
f, h Quantitation of the positive nuclear staining of FOXO3 and
FOXM1 in e and g, respectively. **p< 0.01. i FOXM1 mRNA
expression of oral cancers (n= 307) with wild-type (WT) or mutant
(MT) TP53 in the HNSCC TCGA dataset. 307 oral cancer samples
were identified in 505 HNSCC TCGA tumor samples as tumors ori-
ginating from subsites including oral cavity, oral tongue, floor of
mouth, alveolar ridge, buccal mucosa, hard palate, and lip. j Survival
of HNSCC patients with wild-type TP53 (WT) (n= 151), mutant
TP53 (MT) and high levels or low levels of FOXM1 expression (n=
354). High or low FOXM1 expression was defined as the levels of the
expression that are greater than (high) or less than (low) the median/
mean expression in mutant p53 group. k Diagram of the working
model of mutant p53 GOF in HNSCCs, in which GOF mutant p53s
promote cell invasion and metastasis through regulation of the AMPK-
FOXO3a-FOXM1 signaling axis
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through directly targeting these transcription factors in UM-
SCC-1 cells. While these possibilities still need to be tested,
our results here nevertheless provide us an excellent
example of transcription-independent regulation (i.e., inhi-
bition of phosphorylation/activation of AMPK and
FOXO3a) of mutant p53 GOF. More importantly, such
transcription-independent regulation can eventually lead to
transcription-dependent regulation of downstream targets
(e.g., FOXM1), thereby contributing to GOF activities of
mutant p53s.

Previously, FOXO3a was shown to cooperate with wild-
type p53 signaling. Not only does FOXO3a interact with,
stabilize, and share some common target genes with wild-
type p53 [37–41], but also wild-type p53 is a direct tran-
scription activator of FOXO3a [42], which is consistent
with FOXO3a’s tumor suppressive role. Likewise, FOXM1
is also involved in wild-type p53 signaling. However,
instead of being activated by wild-type p53 like FOXO3a,
FOXM1 expression has been shown to be suppressed by
wild-type p53 indirectly, through p21- and pRB-dependent
mechanisms [43, 44]. In support of FOXM1’s oncogenic
role, our results also showed that FOXM1 expression is
inhibited by wild-type p53 (Fig. 2i). This constellation of
findings helps to explain why oral cancer patients who had
tumors with wild-type p53 also had a lower mean level of
FOXM1 expression than those who had tumors with mutant
p53s (Fig. 7i), in which merely the loss of wild-type p53’s
function due to mutation would be expected to relieve wild-
type p53-mediated repression of FOXM1. Moreover, our
results presented here strongly suggest that some GOF p53
mutants not only lose wild-type p53-mediated FOXM1
suppression but can actually acquire the ability to promote
FOXM1 expression through suppression of FOXO3a’s
function (Fig. 7k). Therefore, while wild-type p53 and
FOXO3a form a mutual regulatory network that plays an
important role in their tumor suppressive functions, certain
GOF mutant p53s acquire the ability to modulate FOXO3a-
FOXM1 signaling in a way contrary to wild-type p53.
Instead of stimulating FOXO3a and inhibiting FOXM1 like
wild-type p53, GOF mutant p53s can suppress FOXO3a
function and promote FOXM1 expression, increasing the
cell invasion and metastatic potentials of HNSCC cells.
This observation could help to explain why HNSCC
patients with both TP53 mutations and high levels of
FOXM1 expression had the poorest survival outcomes
among those we studied (Fig. 7j), and this knowledge will
help us not only understand the molecular pathogenesis of
HNSCCs but also develop therapeutic strategies against
them.

HNSCC arises from a multistep process of carcinogen-
esis, in which TP53 mutations often occur early and can be
detected in premalignant lesions [4]. Consistent with this,
FOXM1 has been shown to be significantly upregulated in

both human oral premalignant and HNSCC tissues [45],
suggesting that upregulation of FOXM1 is also an early
event in HNSCC development. The correlation of both
TP53 mutations and FOXM1 upregulation in an early stage
of HNSCC development strongly indicates that the inter-
play of TP53 mutations and FOXM1 are pathologically
relevant, in which both loss of FOXM1 repression due to
p53 mutations and activation of FOXM1 expression by
mutant p53 GOF play important roles contributing to
HNSCC development and progression. Finally, our results
indicate that neither FOXO3a nor FOXM1 influences the
primary tumor growth of UM-SCC-1 cells expressing GOF
mutant p53 in vivo, but both affect the cell invasion and
metastasis of HNSCC cells that carry GOF mutant p53s.
Since metastases of HNSCC are associated with poor sur-
vival of patients with HNSCC, understanding signaling
pathways associated with metastases such as the mutant
p53-AMPK-FOXO3a-FOXM1 pathway will offer us the
opportunity to develop therapeutic strategies for HNSCC
patients.

In summary, we have demonstrated in both in vitro cell
cultures and in vivo tumor models of HNSCC that mutant
p53s can acquire GOF properties through a transcription
independent mechanism promoting FOXM1 expression
through inhibition of AMPK-mediated FOXO3a activation.
Targeting the GOF mutant p53-AMPK-FOXO3a-FOXM1
axis could be an effective therapeutic approach for treating
HNSCC and for improving the survival of patients with
HNSCC.

Materials and methods

Cell lines and DNA

The STR-verified HNSCC cell lines UM-SCC-1, UMSCC-17B,
Detroit 562, PCI-13, MDA1586, PCI-15B, TR146, and Ca9-22
were described previously [46], and STAR cells was established
in our laboratory. Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS. Stable cell lines
expressing control vector pBabe; wild-type p53; mutant p53s
G245D, C238F, R175H, and E336X; and short hairpin RNAs
(shRNAs) for p53 (shp53) and AMPKα1 (shAMPK α1) were
established as described previously [9, 16]. pBMN-GFP
(Addgene, Cambridge, MA, USA), pLVX-IRES-mCherry
(Takara Bio USA, Mountain View, CA, USA), and the PCR
product from pcDNA3-FLAG-FKHRL1 (Addgene) were
used to generate retroviral pBMN-GFP-FOXO3a and
lentiviral pLVX-IRES-mCherry-FOXO3a expression. Lentiviral
pGIPz shRNA constructs shFOXO3A-A (V3LHS_375381),
shFOXO3A-B (V3LHS_375386), shFOXM1-A (V2LHS_-
283849), shFOXM1-C (V3LHS_396939), shp53-A (V3LHS_-
333920), and shp53-C (V3LHS_333919) were from Dharmacon
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(Lafayette, CO, USA). AMPKα1 and FOXO3a CRISPR/Cas9
knockout (KO) plasmids sc-400104 and sc-400308 were from
Santa Cruz Technologies (Dallas, TX, USA).

mRNA expression array and the cancer genome
atlas data analyses

Total RNAs were used for Affymetrix GeneChip®
Human Gene 2.0 ST Array. Using the aroma.affymetrix
package in R, we quantified the CEL files with Robust
Multi-Array Average (RMA) background correction,
quantile normalization, and RmaPlm (Probe-Level Mod-
els using RMA) summarization. After processing the
data, log2 transformation was applied. Two-sample t-test
was used for identification of differentially expressed
genes. P-values from two-sample t-tests were modeled by
a beta-uniform mixture model, and significance cutoff
was determined by false discovery rate (0.01). Normal-
ized RNAseq data from 505 TCGA HNSCC samples
(http://gdac.broadinstitute.org/) was used for FOXM1
expression analysis.

Immunoblotting and immunohistochemistry
antibodies

The primary antibodies used for immunoblotting were:
FOXM1 (Cell Signaling, Beverly, MA, USA; 5436),
phospho-FOXO3a S413 (Cell Signaling; 8174), FOXO3a
(Cell Signaling; 12829), phospho-AMPKα1 T172 (Cell
Signaling; 2535), AMPKα1 (Cell Signaling; 2795),
AMPKα (Cell Signaling; 2603), phospho-AKT S473 (Cell
Signaling; 4051), AKT (Cell Signaling; 9272), p53 (Santa
Cruz; sc-126), and β-actin (Sigma-Aldrich, St. Louis, MO,
USA; A5316).

Quantitative reverse transcription PCR analyses

Quantitative reverse transcription PCR (RT-qPCR) was
performed with Power SYBR Green PCR Master Mix
(ThermoFisher Scentific, Waltham, MA, USA), using the
following primers: FOXM1, 5′-ACGTCCCCAAGCCA
GGCTC-3′ (forward) and 5′-CTACTGTAGCTCAGGAA-
TAA-3′ (reverse); FOXM1b, 5′-CCAGGTGTTTAA
GCAGCAGA-3′ (forward) and 5′-TCCTCAGCTAGCAG-
CACC TTG-3′ (reverse); FOXM1c, 5′-CAATTGCCCGA
GCACTTGGAATCA-3′ (forward) and 5′-TCCTCAGC-
TAG CAGCACCTTG-3′ (reverse); and TBP, 5′- GCA-
CAGGAGCCAAGAGTGAA -3′ (forward) and 5′-TCAC
AGCTCCCCACCATGTT -3′ (reverse). The TBP gene was
used as an internal control. The fold-change in expression
(n= 3/group) and standard deviation were then calculated
using the comparative CT method.

In vitro transwell invasion assay

In total 5× 104 cells were resuspended in serum-free and
glucose-free DMEM and seeded into the interior of BD
BioCoat Matrigel Invasion inserts (n= 3/group). Once the
cells were seeded, DMEM supplemented with 20% FBS
was placed into the lower well as the chemoattractant. After
22 h incubation, non-invasive cells were removed from the
upper surface, and the remaining cells were stained with
crystal violet or the Hemacolor stain set (EMD Millipore,
Burlington, MA, USA) and then quantified.

3D cell culture

A 100 μl of collagen gel (Nitta Gelatin, Osaka, Japan) was
layered on the bottom of 48-well for 30 min to allow the
collagen gel to solidify. In total 3000 cells in 150 μl of
collagen gel (n= 3/group) were then layered on top of the
solidified collagen gel. When all the collagen gel was
solidified, 1 ml of DMEM containing 10% FBS was added.

Animal tumor models

All experiments involving mice were approved by MD
Anderson Cancer Center Institutional Animal Care Regula-
tions and Use Committee. For orthotopic nude mouse oral
cancer model, stable cells were injected into the dorsal part of
tongues of 6- to 8-week-old male athymic nude mice (n= 10/
group, randomized according to body weight); the injections
consisted of 5× 104 cells suspended in 30 μl of serum-free
DMEM, as described previously [47]. For lung metastatic
model, UM-SCC-1 stable cells were injected into tail vein of
6- to 8-week-old male athymic nude mice (n= 10/group,
randomized according to body weight). The injections con-
sisted of 5× 105 cells suspended in 200 μl of PBS, as
described previously [9]. The mice died within 1 week after
the injection were excluded from the analyses. After mice
were killed, lungs were collected, embedded, sectioned,
stained, and scanned by Aperio AT2 (Leica, Wetzlar, Ger-
many). The whole lung area and metastatic area were cal-
culated by ImageJ software to analyze metastatic ratio.

Statistical analysis

Two-Way ANOVA (mouse studies), one-way ANOVA
(Transwell invasion assay), the student t-test (evaluation of
lung metastases, 3D culture and RT-qPCR), and the chi-
square test (immunohistochemical analyses) were used to
compare samples between the control and test groups.

Acknowledgements This study was supported by the National Insti-
tute of Health Grant No. 5R01DE014613-13 (J.N.M.).

1290 N. Tanaka et al.

http://gdac.broadinstitute.org/


Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Agrawal N, Frederick MJ, Pickering CR, Bettegowda C, Chang
K, Li RJ, et al. Exome sequencing of head and neck squamous cell
carcinoma reveals inactivating mutations in NOTCH1. Science.
2011;333:1154–7.

2. Cancer Genome Atlas N. Comprehensive genomic characteriza-
tion of head and neck squamous cell carcinomas. Nature.
2015;517:576–82.

3. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K,
Sivachenko A, et al. The mutational landscape of head and neck
squamous cell carcinoma. Science. 2011;333:1157–60.

4. Zhou G, Liu Z, Myers JN. TP53 mutations in head and
neck squamous cell carcinoma and their impact on disease pro-
gression and treatment response. J Cell Biochem.
2016;117:2682–92.

5. Poeta ML, Manola J, Goldwasser MA, Forastiere A, Benoit N,
Califano JA, et al. TP53 mutations and survival in squamous-cell
carcinoma of the head and neck. N Engl J Med.
2007;357:2552–61.

6. Osman AA, Neskey DM, Katsonis P, Patel AA, Ward AM, Hsu
TK, et al. Evolutionary action score of TP53 coding variants is
predictive of platinum response in head and neck cancer patients.
Cancer Res. 2015;75:1205–15.

7. Brosh R, Rotter V. When mutants gain new powers: news from
the mutant p53 field. Nat Rev Cancer. 2009;9:701–13.

8. Freed-Pastor WA, Prives C. Mutantp53: one name, many proteins.
Genes Dev. 2012;26:1268–86.

9. Neskey DM, Osman AA, Ow TJ, Katsonis P, McDonald T, Hicks
SC, et al. Evolutionary action score of TP53 identifies high-risk
mutations associated with decreased survival and increased distant
metastases in head and neck cancer. Cancer Res.
2015;75:1527–36.

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

11. Walerych D, Lisek K, Sommaggio R, Piazza S, Ciani Y, Dalla E,
et al. Proteasome machinery is instrumental in a common gain-of-
function program of the p53 missense mutants in cancer. Nat Cell
Biol. 2016;18:897–909.

12. Zhu J, Sammons MA, Donahue G, Dou Z, Vedadi M, Getlik M,
et al. Gain-of-function p53 mutants co-opt chromatin pathways to
drive cancer growth. Nature. 2015;525:206–11.

13. Pfister NT, Fomin V, Regunath K, Zhou JY, Zhou W, Silwal-
Pandit L, et al. Mutant p53 cooperates with the SWI/SNF

chromatin remodeling complex to regulate VEGFR2 in breast
cancer cells. Genes Dev. 2015;29:1298–315.

14. Senturk S, Yao Z, Camiolo M, Stiles B, Rathod T, Walsh AM,
et al. p53Psi is a transcriptionally inactive p53 isoform able to
reprogram cells toward a metastatic-like state. Proc Natl Acad Sci
USA. 2014;111:E3287–96.

15. Di Minin G, Bellazzo A, Dal Ferro M, Chiaruttini G, Nuzzo S,
Bicciato S, et al. Mutant p53 reprograms TNF signaling in cancer
cells through interaction with the tumor suppressor DAB2IP. Mol
Cell. 2014;56:617–29.

16. Zhou G, Wang J, Zhao M, Xie TX, Tanaka N, Sano D, et al. Gain-
of-function mutant p53 promotes cell growth and cancer cell
metabolism via inhibition of AMPK activation. Mol Cell.
2014;54:960–74.

17. Lam EW, Brosens JJ, Gomes AR, Koo CY. Forkhead box pro-
teins: tuning forks for transcriptional harmony. Nat Rev Cancer.
2013;13:482–95.

18. Yao KM, Sha M, Lu Z, Wong GG. Molecular analysis of a novel
winged helix protein, WIN. Expression pattern, DNA binding
property, and alternative splicing within the DNA binding
domain. J Biol Chem. 1997;272:19827–36.

19. Koo CY, Muir KW, Lam EW. FOXM1: From cancer initiation to
progression and treatment. Biochim Biophys Acta.
2012;1819:28–37.

20. Halasi M, Gartel AL. Targeting FOXM1 in cancer. Biochem
Pharmacol. 2013;85:644–52.

21. Raychaudhuri P, Park HJ. FoxM1: a master regulator of tumor
metastasis. Cancer Res. 2011;71:4329–33.

22. Morris BJ, Willcox DC, Donlon TA, Willcox BJ. FOXO3: a
major gene for human longevity—a mini-review. Gerontology.
2015;61:515–25.

23. Eijkelenboom A, Burgering BM. FOXOs: signalling integrators
for homeostasis maintenance. Nat Rev Mol Cell Biol.
2013;14:83–97.

24. Nho RS, Im J, Ho YY, Hergert P. MicroRNA-96 inhibits FoxO3a
function in IPF fibroblasts on type I collagen matrix. Am J Physiol
Lung Cell Mol Physiol. 2014;307:L632–42.

25. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al.
Akt promotes cell survival by phosphorylating and inhibiting a
Forkhead transcription factor. Cell. 1999;96:857–68.

26. Hu MC, Lee DF, Xia W, Golfman LS, Ou-Yang F, Yang JY, et al.
IkappaB kinase promotes tumorigenesis through inhibition of
forkhead FOXO3a. Cell. 2004;117:225–37.

27. Yang JY, Zong CS, Xia W, Yamaguchi H, Ding Q, Xie X, et al.
ERK promotes tumorigenesis by inhibiting FOXO3a via MDM2-
mediated degradation. Nat Cell Biol. 2008;10:138–48.

28. Ho KK, McGuire VA, Koo CY, Muir KW, de Olano N, Maifoshie
E, et al. Phosphorylation of FOXO3a on Ser-7 by p38 promotes its
nuclear localization in response to doxorubicin. J Biol Chem.
2012;287:1545–55.

29. Lehtinen MK, Yuan Z, Boag PR, Yang Y, Villen J, Becker EB,
et al. A conserved MST-FOXO signaling pathway mediates
oxidative-stress responses and extends life span. Cell.
2006;125:987–1001.

30. Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, Gygi
SP, et al. The energy sensor AMP-activated protein kinase directly
regulates the mammalian FOXO3 transcription factor. J Biol
Chem. 2007;282:30107–19.

31. Karadedou CT, Gomes AR, Chen J, Petkovic M, Ho KK, Zwo-
linska AK, et al. FOXO3a represses VEGF expression through
FOXM1-dependent and -independent mechanisms in breast can-
cer. Oncogene. 2012;31:1845–58.

32. McGovern UB, Francis RE, Peck B, Guest SK, Wang J, Myatt SS,
et al. Gefitinib (Iressa) represses FOXM1 expression via FOXO3a
in breast cancer. Mol Cancer Ther. 2009;8:582–91.

Mutant p53 regulates AMPK-FOXO3a-FOXM1 signaling 1291

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


33. Freed-Pastor WA, Mizuno H, Zhao X, Langerod A, Moon SH,
Rodriguez-Barrueco R, et al. Mutant p53 disrupts mammary tissue
architecture via the mevalonate pathway. Cell. 2012;148:244–58.

34. Mizuno T, Murakami H, Fujii M, Ishiguro F, Tanaka I, Kondo Y,
et al. YAP induces malignant mesothelioma cell proliferation by
upregulating transcription of cell cycle-promoting genes. Onco-
gene. 2012;31:5117–22.

35. Fontemaggi G, Dell’Orso S, Trisciuoglio D, Shay T, Melucci E,
Fazi F, et al. The execution of the transcriptional axis mutant p53,
E2F1 and ID4 promotes tumor neo-angiogenesis. Nat Struct Mol
Biol. 2009;16:1086–93.

36. Di Agostino S, Sorrentino G, Ingallina E, Valenti F, Ferraiuolo M,
Bicciato S, et al. YAP enhances the pro-proliferative transcrip-
tional activity of mutant p53 proteins. EMBO Rep.
2016;17:188–201.

37. Wang F, Marshall CB, Yamamoto K, Li GY, Plevin MJ, You H,
et al. Biochemical and structural characterization of an intramo-
lecular interaction in FOXO3a and its binding with p53. J Mol
Biol. 2008;384:590–603.

38. Nemoto S, Fergusson MM, Finkel T. Nutrient availability reg-
ulates SIRT1 through a forkhead-dependent pathway. Science.
2004;306:2105–8.

39. You H, Yamamoto K, Mak TW. Regulation of transactivation-
independent proapoptotic activity of p53 by FOXO3a. Proc Natl
Acad Sci USA. 2006;103:9051–6.

40. Tran H, Brunet A, Grenier JM, Datta SR, Fornace AJ Jr, DiS-
tefano PS, et al. DNA repair pathway stimulated by the forkhead
transcription factor FOXO3a through the Gadd45 protein. Sci-
ence. 2002;296:530–4.

41. Riley T, Sontag E, Chen P, Levine A. Transcriptional control of
human p53-regulated genes. Nat Rev Mol Cell Biol.
2008;9:402–12.

42. Renault VM, Thekkat PU, Hoang KL, White JL, Brady CA, Ken-
zelmann Broz D, et al. The pro-longevity gene FoxO3 is a direct
target of the p53 tumor suppressor. Oncogene. 2011;30:3207–21.

43. Barsotti AM, Prives C. Pro-proliferative FoxM1 is a target of p53-
mediated repression. Oncogene. 2009;28:4295–305.

44. Pandit B, Halasi M, Gartel AL. p53 negatively regulates expres-
sion of FoxM1. Cell Cycle. 2009;8:3425–7.

45. Gemenetzidis E, Bose A, Riaz AM, Chaplin T, Young BD, Ali M,
et al. FOXM1 upregulation is an early event in human squamous
cell carcinoma and it is enhanced by nicotine during malignant
transformation. PLoS ONE. 2009;4:e4849.

46. Zhao M, Sano D, Pickering CR, Jasser SA, Henderson YC,
Clayman GL, et al. Assembly and initial characterization of a
panel of 85 genomically validated cell lines from diverse head
and neck tumor sites. Clin Cancer Res. 2011;17:7248–64.

47. Myers JN, Holsinger FC, Jasser SA, Bekele BN, Fidler IJ. An
orthotopic nude mouse model of oral tongue squamous cell car-
cinoma. Clin Cancer Res. 2002;8:293–8.

1292 N. Tanaka et al.


	Gain-of-function mutant p53 promotes the oncogenic potential of head and neck squamous cell carcinoma cells by targeting the transcription factors FOXO3a and FOXM1
	Abstract
	Introduction
	Results
	Identification of FOXM1 as an up-regulated gene by expression of GOF mutant p53 G245D in UM-SCC-1 cells upon metabolic stress
	GOF mutant p53s promote FOXM1 expression both in�vitro and in�vivo
	FOXM1 expression is inversely correlated with and negatively regulated by AMPK activation in a cell density-dependent manner
	FOXO3a, a downstream target of AMPK, inhibits GOF mutant p53-mediated FOXM1 expression
	GOF mutant p53 inhibits AMPK-mediated phosphorylation and nuclear localization of FOXO3a
	FOXO3a and FOXM1 modulate GOF mutant p53-mediated UM-SCC-1 cell invasion in�vitro
	FOXO3a inhibits but FOXM1 promotes GOF mutant p53-mediated pulmonary metastasis of UM-SCC-1 cells in�vivo
	HNSCC patients with TP53 mutations and high levels of FOXM1 expression have the poorest survival outcomes

	Discussion
	Materials and methods
	Cell lines and DNA
	mRNA expression array and the cancer genome atlas data analyses
	Immunoblotting and immunohistochemistry antibodies
	Quantitative reverse transcription PCR analyses
	In vitro transwell invasion assay
	3D cell culture
	Animal tumor models
	Statistical analysis

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




