Mutant p53 controls tumor metabolism
and metastasis by regulating PGC-1a
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Mutant forms of p53 protein often possess protumorigenic functions, conferring increased survival and migration to
tumor cells via their “gain-of-function” activity. Whether and how a common polymorphism in TP53 at amino acid
72 (Pro72Arg; referred to here as P72 and R72) impacts this gain of function has not been determined. We show that
mutant p53 enhances migration and metastasis of tumors through the ability to bind and regulate PGC-1a and that
this regulation is markedly impacted by the codon 72 polymorphism. Tumor cells with the R72 variant of mutant
p53 show increased PGC-1a function along with greatly increased mitochondrial function and metastatic capability.
Breast cancers containing mutant p53 and the R72 variant show poorer prognosis compared with P72. The combined

results reveal PGC-1a as a novel “gain-of-function” partner of mutant p53 and indicate that the codon 72 poly-
morphism influences the impact of mutant p53 on metabolism and metastasis.
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Many years ago, it was reported that introduction of a tu-
mor-derived mutant form of p53 into a p53-null tumor cell
line rendered the tumor cells markedly more lethal in re-
cipient mice (Wolf et al. 1984). Subsequent studies con-
firmed that introduction of any of a series of tumor-
derived missense mutant forms of p53 led to marked in-
creases in the tumorigenic properties of p53-null cancer
cell lines (Dittmer et al. 1993). In recent years, significant
efforts from multiple groups have aimed to understand
how mutant forms of p53 confer enhanced tumorigenic
properties. The combined research supports the following
two premises: The first is that tumor cells with mutant
forms of p53 are addicted to this protein. For example, si-
lencing mutant p53 in tumor cell lines inhibits their pro-
liferation (Olive et al. 2004). Similarly, treatment of tumor
cells with HSP90 inhibitors leads to degradation of mu-
tant p53 and consequent cell death (Alexandrova et al.
2015). The second premise is that tumors appear to be
addicted to mutant p53 because these mutant proteins
possess protumorigenic or “gain-of-function” activities.
Mutant p53 “gain of function” is best exemplified in
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mouse models, where mice that express tumor-derived
mutant forms of p53 have an increased tumor spectrum
and significantly more metastatic tumors compared
with p53-null mice (Lang et al. 2004; Olive et al. 2004).
There are some known mechanisms by which mutant
P53 confers protumorigenic function. The first is through
the ability of mutant p53 to bind and inhibit the p53 fam-
ily members p63 and p73, which themselves possess
some tumor-suppressive function (Di Como et al. 1999;
Gaiddon et al. 2001; Lang et al. 2004; Olive et al. 2004).
For example, the ability of mutant p53 to bind and inhibit
P63 leads to the decreased ability of p63 to regulate the re-
cycling of integrin receptors (Muller et al. 2009) and re-
ceptor tyrosine kinases such as MET (Muller et al.
2013). This leads to increased migration and metastasis
in tumor cells with mutant p53. Similarly, inhibition of
p63 by mutant p53 also leads to the decreased ability of
p63 to transactivate the p63 target genes Sharp-1 and Cy-
clin G2, both of which inhibit metastasis (Adorno et al.
2009). Inactivation of p73 by mutant p53 causes increased
PDGF receptor p (PDGFRp) signaling and metastasis
(Weissmueller et al. 2014). Other studies have revealed
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that mutant forms of p53 can bind to and enhance the
stability/activity of certain protumorigenic transcription
factors, including ETS2 (Zhu et al. 2015), NF-kB (Cooks
et al. 2013), and SREBP1/2 (Freed-Pastor et al. 2012). Mu-
tant p53 also can influence the global chromatin remod-
eler SWI-SNF (Pfister et al. 2015). Finally, mutant forms
of p53 can increase glucose consumption by altering
GLUT-1 trafficking to the plasma membrane (Zhang
et al. 2013). These and other activities of mutant p53
have been demonstrated to contribute to the enhanced tu-
morigenic properties of tumor cells containing missense
mutations in p53.

A common single-nucleotide polymorphism (SNP) ex-
ists in TP53 at codon 72 that alters the function of wild-
type p53 (Basu and Murphy 2016). This SNP may also be
an intragenic modifier of the “gain-of-function” effect of
mutant p53, with the R72 variant showing an enhanced
ability to bind and inactivate p73 relative to the proline
72 variant (P72) (Marin et al. 2000). In individuals hetero-
zygous for this variation (P/R), there is some evidence for
preferential retention of the mutant R72 allele, with loss
of the P72 allele in tumors (Marin et al. 2000). It has
been hypothesized that tumors with the R72 form of mu-
tant p53 (R72-mut-p53) might show a worse prognosis,
but this premise was never firmly validated. Furthermore,
the impact of the codon 72 polymorphism on other
“gain-of-function” activities of mutant p53 has not been
assessed.

The Warburg effect refers to the observation made in
the 1920s by Otto Warburg that tumor cells preferentially
use aerobic glycolysis for ATP generation instead of oxida-
tive phosphorylation. Wild-type p53 is known to repress
the Warburg effect in part through its ability to transacti-
vate target genes that are required for oxidative phosphor-
ylation such as SCO2 (Matoba et al. 2006) as well as genes
such as RRAD that encode an inhibitor of glycolysis
(Zhang et al. 2014). Mutant p53 can enhance “Warburg”
metabolism by increasing glucose uptake in a manner
that requires GLUT1 and RhoA/ROCK (Zhang et al.
2013). It might be reasonable to expect that in order to
fully favor aerobic glycolysis in tumor cells, mutant p53
might not only enhance glycolysis but also actively inhib-
it oxidative phosphorylation. We found this to be the case.
In this study, we used an unbiased approach to show that
several different tumor-derived mutant forms of p53 bind
and inhibit PGC-1a, a master regulator of mitochondrial
biogenesis and oxidative phosphorylation. Furthermore,
we show that the codon 72 variation markedly impacts
this inhibition, with the P72 variant of mutant p53 (P72-
mut-p53) being markedly more effective at binding and in-
hibiting PGC-1a function. Conversely, we found that cells
containing the R72 variant of mutant p53 (R72-mut-p53)
show increased PGC-1a function and oxidative phosphor-
ylation as well as increased metastatic ability. These re-
sults demonstrate a new function of mutant p53 in the
control of the Warburg effect in cancer cells. Our results
also reveal a new effect of the codon 72 variant of p53 on
cancer metabolism and metastasis. Both of these findings
have an impact for our understanding of cancer progres-
sion and prognosis.

Mutant p53 drives metastasis through PGC-1a

Results

Increased migration and invasion in tumor cells
with R72-mut-p53

Mutant p53 drives cancer cell migration and invasion
(Adorno et al. 2009; Muller et al. 2009, 2013; Wang
et al. 2009). However, the influence of the codon 72 poly-
morphism on the ability of mutant p53 to confer these
activities has not been fully investigated. To address
this issue, we created matched cell lines in three different
p53-null cancer cell lines (H1299 lung adenocarcinoma,
Saos2 osteosarcoma, and PC3 prostate carcinoma) con-
taining three different tumor-derived mutant forms of
p53: two “hot spot” mutants (R175H and R273H) and
one Li Fraumeni mutant (A138V), all in cis with either
P72 or R72. For simplicity, these are referred to here as
P72-mut-p53 and R72-mut-p53. Alternatively, where rel-
evant, the specific mutation is denoted (e.g., P72-R175H
and R72-175H). For all studies, we collected data from a
minimum of two independent clones for each mutant
cell line; these clones were selected to express similar
levels of mutant p53, and all cells stained positively for
the presence of mutant p53 (Fig. 1A,C; Supplemental
Fig. 1A). These cell lines, along with the vector transfect-
ed control parental lines, were subjected to scratch/
wound healing assays to examine cell migration. The re-
sults of these scratch/wound healing assays indicated
that R72-mut-p53 showed significantly increased migra-
tion compared with the P72-mut-p53; this was true for
all clones, all three backgrounds, and all three tumor-de-
rived mutations in p53. Overall, both the velocity of
wound healing and the percentage of the wound closed
at each time point were increased for all forms of R72-
mut-p53 in all cell backgrounds (Fig. 1B,D; Supplemental
Fig. 1B,C).

We next examined Boyden chamber assays for cell inva-
sion potential. These analyses revealed that for all three
cell backgrounds and all three p53 mutants, cells contain-
ing R72-mut-p53 showed increased invasion through
Matrigel (Fig. 1E,FH; Supplemental Fig. 1D-G). When
we silenced mutant p53 using a short hairpin in the
H1299 lines containing the R175H and R273H mutants,
this effectively equalized the invasive ability of all of the
clones (Fig. 1G,H). We next analyzed the proliferation
rates of these cell lines as controls for these experiments.
This analysis revealed that cells containing mutant p53
showed enhanced cell proliferation compared with the
p53-null vector transfected parental cells; however, we
found no evidence for an impact of the codon 72 polymor-
phism of mutant p53 on cell proliferation (Supplemental
Fig. 1H,I). To further support these findings, we analyzed
two colon cancer cell lines containing the endogenous p53
mutation R273H: HT-29 (P72-R273H) and SW-620 (R72-
R273H). We found that SW-620 (R72-mut-p53) showed in-
creased invasiveness compared with HT-29 (P72-mut-
p53) (Fig. 11]). Silencing mutant p53 equalized their inva-
siveness (Fig. 1K). Our combined data support the premise
that tumor cell lines containing the R72-mut-p53 protein
show enhanced migration and invasion compared with
lines containing P72-mut-p53.
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Figure 1. Tumor cells containing R72-mut-p53 show increased migration and invasion compared with P72-mut-p53. (A) Western blot
analysis of whole-cell lysates to detect mutant p53 levels from H1299 cells expressing either the proline (P72) or arginine (R72) variant
for the hot spot mutations R175H and R273H. Note that the P72 variant routinely runs at a higher molecular weight than the R72 variant.
GAPDH was used as a loading control. (B) Scratch/wound healing assay in H1299 cells expressing the vector (control) and either P72 or
R72 variants for both R175H and R273H. The wound healing assay was performed on each cell type for 24 h, and time-lapse phase-contrast
microscopy was used to examine the percentage of wound closure (Y-axis) with progressive time (X-axis). (C) Western blot analysis in PC3
cells to test mutant p53 levels in PC3 cells expressing either the P72 or R72 variants for both R175H and R273H mutations. GAPDH was
used as a loading control. (D) Scratch/wound healing assay in PC3 cells expressing the vector control or either the P72 or R72 variants of
the R175H and R273H mutants of p53. Phase-contrast microscopy was performed for 24 h to monitor the percentage of wound closure. (E)
Representative images of Boyden chamber inserts stained with crystal violet showing invaded PC3 cells (vector and either the P72 or the
R72 variant of the R175H and R273H mutations). Bar, 100 pm. (F) Quantification of the average number of invaded PC3 cells in the Boyden
chamber assay. Results are representative of three independent experiments and two independent clones of each genotype. Error bars rep-
resent standard deviation (SD). (*) P < 0.05. (G) Western blot analysis in H1299 cells infected with either the control PLKO.1 or the short
hairpin to p53. Lysates were analyzed to detect levels of mutant p53. GAPDH was used as a loading control. (H) Representative images of
H1299 cells stained with crystal violet that have invaded through the Boyden chamber inserts. Cells (vector and either the P72 or the R72
variant of the R175H and R273H mutations) were infected with either the control short hairpin PLKO.1 or the p53 short hairpin (shp53).
Bar, 100 pm. All results are representative of three independent experiments, each analyzing two independent clones. (I) Representative
crystal violet-stained images of HT-29 and SW-620 cells that have invaded through Boyden chamber inserts. Images are shown at high
(20x) magnification. Bar, 100 pm. () Quantification of average number of HT-29 and SW-620 cells that have invaded through the inserts.
Results are representative of three technical replicates. Error bars represent standard error of the mean (SEM). (***) P <0.001. (K) Represen-
tative crystal violet-stained images of HT-29 and SW-620 cells that were infected with PLKO.1 (control) or p53 short hairpin (shp53) and
that have invaded through Boyden chamber inserts. Bar, 100 pm.
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Enhanced metastasis in tumor cell lines containing
R72-mut-p53

We next sought to test the impact of the codon 72 poly-
morphism of mutant p53 on lung metastasis using
H1299 cells containing the P72 and R72 versions of the
R175H hot spot mutant. Two independent clones of
each genotype along with one clone of vector transfected
cells were tagged with firefly luciferase and confirmed to
express equivalent levels of luciferase (Supplemental Fig.
2A). These cells were injected intravenously into NSG
(NOD.Cg-Prkdcscid I12rgtm1W;jl/Sz]) mice, and lung me-
tastases were monitored by bioluminescent imaging
(BLI). Mutant p53 conferred increased metastasis in this
assay compared with p53-null vector-infected cells (Fig.
2A). Four weeks after tail vein injection, mice injected
with tumor cells expressing R72-mut-p53 showed a sig-
nificant increase in lung metastases compared with the
mice injected with tumor cells containing P72-mut-p53
(Fig. 2A). Significant differences in metastatic signal
were evident as early as 2 wk after injection (Fig. 2B).
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Overall, 85% of the R72-mut-p53 group (13 out of 15)
had detectable lung metastases after 4 wk, whereas
60% of mice in the P72-mut-p53 group (nine out of 15)
showed metastases at this time point (data not shown).
Histological analysis of lung sections showed that R72-
mut-p53 tumors revealed an increased total number of
nodules (Fig. 2C,D), an increased area of metastases (Fig.
2E), and an overall increased metastatic burden (Fig. 2F)
compared with mice injected with tumor cells containing
P72-mut-p53. As a control, we assessed proliferation sta-
tus and p53 levels and again noted no difference in Ki-67
staining in R72-mut-p53 and P72-mut-p53 tumors; we
also noted similar levels of mutant p53 in all tumors (Sup-
plemental Fig. 2B-E). We next performed these studies us-
ing our PC3 clones following tail vein injection. Again,
for the R175H mutation of p53, PC3 cell lines containing
R72-mut-p53 showed markedly increased lung metasta-
ses (Supplemental Fig. 2F,G), number of lung nodules
(Supplemental Fig. 2H,I), and overall area of the lung
metastases (Supplemental Fig. 2]J) compared with P72-
mut-p53.

Figure 2. Tumor cells containing R72-mut-
p53 show increased metastasis in a tail vein as-
say. (A) Mice injected with H1229 cells ex-
pressing either P72-mut-p53 or R72-mut-p53
(R175H) or the vector control were imaged by
BLI every week. The luciferase signal for 10
mice in each group is depicted. (B) Graph show-
ing the quantification of the luciferase signal in
mice imaged by in vivo imaging system (IVIS)
each week for 4 wk. (**) P<0.0001. n=15
mice for each time point. Error bars represent
SD. (C) Hematoxylin and eosin-stained lung
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sections of mice injected with either the vector
control or the P72 or R72 variant of the R175H
mutation in p53. Black dotted lines demarcate
the lung nodules. Bar, 100 um. (D,E) Quantifi-
cation of the number (D) and area (E) of lung
nodules/metastases. n =8 mice per group, se-
lected at random. Error bars represent SEM.
(F, left panel) Hematoxylin and eosin-stained
lung sections at 4x magnification showing tu-
mor metastatic burden from the vector control
and P72/R72-R175H. The right panel shows
quantification of metastatic burden (total
area of tumor cells per slide) in each group. (*)
P <0.05. Error bars represent SEM. All results
in this figure are representative of two indepen-
dent experiments performed on two indepen-
dent clones of each genotype.
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To expand on these findings, we used PC3 cells in bone
metastasis assays. Luciferase-tagged PC3 cells expressing
P72-R175H or R72-R175H were intracardially injected
into experimental mice. Three weeks after intracardiac in-
jection, there was a clear increase in bone metastases of
the PC3 prostate carcinoma cells containing R72-R175H
(Fig. 3A,B, T=3 wk; data represent two independent
clones of each mutant). In addition to the increased overall
luciferase signal of the metastases in R72-R175H cells
(Fig. 3C), there was also an increased number of bone le-
sions (Fig. 3D). Histological analyses confirmed the in-
creased bone metastases from R72-R175H cells (Fig. 3E,F).

Mutant p53 associates with and inhibits PGC-1a to alter
cancer cell invasion

We next sought to delineate the mechanism by which the
R72-mut-p53 causes increased cancer cell metastasis.
Mutant p53 is known to confer increased invasion by vir-
tue of its ability to inhibit the p53 family members p63
and p73. Both p63 and p73 are known to inhibit cancer
cell invasion (Powell et al. 2014), and the codon 72 poly-
morphism is known to impact binding to p73 (Marin
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et al. 2000). However, we saw no differences in the RNA
levels of the key p63 target genes Cyclin G2 and Sharp-1
or the p73-repressed gene PDGFRp (Supplemental Fig.
3A-C). We also examined integrin recycling in these cells
using phospho-AKT as a downstream readout of integrin
signaling (Muller et al. 2009); we saw no differences in
PAKT in our R72-mut-p53 and P72-mut-p53 clones (Sup-
plemental Fig. 3D). We therefore chose to address this
question in an unbiased manner by performing RNA se-
quencing (RNA-seq) analysis on our R175H and R273H
P72-H1299 and R72-H1299 cells. We found 190 genes to
be significantly differentially expressed between R72
and P72 variants in both types of p53 mutant cells. Inge-
nuity Pathway Analysis (IPA) of this gene set revealed a
significant association with the control of oxidative phos-
phorylation and mitochondrial pathways as well as a sig-
nificant increase in the expression of genes regulated by
PGC-1a (Fig. 4A; data not shown). This finding prompted
us to analyze the transcriptional coactivator PGC-1a.
PGC-1la is a master regulator of oxidative phosphoryla-
tion and mitochondrial biogenesis and is known to en-
hance the ability of some tumor types to undergo
distant metastasis (LeBleu et al. 2014). It is also known

Figure 3. Increased metastasis of PC3 cells
containing R72-mut-p53. (A4,B, top panels)
Representative IVIS images of mice at T=0
wk showing arterial distribution of lucifer-

. ase-tagged PC3 cells expressing either the
P72 or R72 variant of mutant p53-R175H.
(Bottom panel) Mice were imaged over
time and, at the end of 3 wk, showed multi-
ple bone metastases. n=5 mice in each

group. (C) The total radiance/luciferase sig-

£=  nal in mice injected with either the P72 or
R72 variant of R175H, imaged every week
for 3 wk. Error bars represent SD. (*) P<
0.05; (***) P<0.0001. n=5 mice each geno-
type. (D) The average number of bone metas-
tases in mice injected with the P72 or R72
variant of mutant p53-R175H. n=5 mice
per group. Error bars represent SEM. (E) Rep-
resentative hematoxylin and eosin-stained
longitudinal sections of bone from mice
from either the P72-R175H or the R72-
R175H group. The Ieft panel shows low
(4x) magnification, and the right panel
shows high (20x) magnification. Bar, 100
pm. (F) Quantification of the average area
of bone metastases in mice from the P72-
R175H or R72-R175H group. Error bars rep-
resent SEM. n =5 mice per group.
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The data shown are representative of three independent experiments performed in two independent clones for each mutant for each ge-
notype. (C) Immunoprecipitation-Western blot analysis of mutant p53 with PGC-1ain HT-29 (P72-R273H) and SW-620 (R72-R273H). The
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in two independent clones for each mutant for each genotype. (E) Quantification of the average number of PLA signals in H1299 cells ex-

pressing the vector control or either P72-mut-p53 or R72-mut-p53. Error bars represent SEM. n = 10 cells per group, counted from two in-
dependent experiments.
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to interact directly with wild-type p53 to the N terminus
of this protein (Sen et al. 2011). To determine whether mu-
tant p53 binds to PGC-1a and whether the codon 72 vari-
ation impacts this binding, we immunoprecipitated PGC-
la from H1299 tumor cells and blotted for associated mu-
tant p53. Mutant p53 showed considerable association
with PGC-la; importantly, there was significantly in-
creased binding by P72-mut-p53 in cells containing either
the R175H or R273H mutations (Fig. 4B). Additionally,
there was markedly increased binding of PGC-1a to mu-
tant p53 in HT-29 cells (P72) compared with SW620 cells
(R72) (Fig. 4C). To corroborate these results, we used the
proximity ligation assay (PLA), which monitors direct as-
sociations between proteins in a quantitative manner.
There were equal levels of P72-mut-p53 and R72-mut-
p53 protein in the nuclei of these tumor cells (Supplemen-
tal Fig. 1A), and PLA analyses indicated significantly in-
creased association of the P72-mut-p53 proteins (both
R175H and R273H) with PGC-1a in these cells compared
with R72-mut-p53 (Fig. 4D,E.

The combined data suggested that the R72 variant
shows decreased association with PGC-1la along with in-
creased metastasis. PGC-1a is known to enhance metasta-
sis in certain cancer types (Bhalla et al. 2011; Vazquez
et al. 2013; LeBleu et al. 2014). This raised the possibility
that mutant p53 might influence the ability of PGC-1a to
interact with and coactivate other transcription factors.
Toward this end, we tested three predictions: The first
was that cells containing R72-mut-p53 might have an in-
creased level of PGC-1a target genes compared with P72-
mut-p53. The second was that tumor cells with R72-mut-
p53 might have an increased quantity of PGC-1a complex-
es with associated transcription factors, such as PPARy or
HNF4a. The third prediction was that mutant p53 might
interfere with the ability of PGC-1a to function as a coac-
tivator. We assessed the first prediction by analyzing by
quantitative RT-PCR (qQRT-PCR) the level of six well-
known PGC-la target genes, again in two independent
clones of each genotype in H1299 cells. This analysis re-
vealed slight but consistent and significant increases in
the steady-state level of all six PGC-1a target genes in
R72-R175H tumor cells compared with P72 (Fig. 5A); fur-
thermore, even PGC-1a, which is itself a PGC-1a target
gene, showed increased expression in R72-mut-p53 cells
(Fig. 5B).

We next examined the association between PGC-1a and
PPARYy in tumor cells containing P72-mut-p53 and R72-
mut-p53. For this, we assessed the quantity of PPARy-
PGC-1a complexes in H1299 cells containing each mu-
tant form of p53. These PLA results indicate that PGC-
la binding to PPARy is enhanced in cells expressing
R72-mut-p53 compared with cells expressing P72-mut-
p53 (Supplemental Fig. 4A,B). We next sought to test the
hypothesis that mutant p53 interferes with PGC-1a func-
tion; for this, we relied on the fact that PGC-1a can regu-
late its own promoter. We transfected a luciferase-tagged
PGC-la promoter reporter along with PGC-la and in-
creasing concentrations of two different mutant forms of
p53 (P72-R175H and P72-R273H) in H1299 cells. In this
experiment, we found that mutant p53 inhibited the abil-
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ity of PGC-1a to coactivate its own promoter in a dose-de-
pendent manner but had no effect on the cotransfected
Renilla luciferase control (Supplemental Fig. 4C,D). In
these assays, P72-mut-p53 showed a superior ability to in-
hibit PGC-1a relative to R72-mut-p53, but it should be
noted that R72-mut-p53 still showed an ability to inhibit
PGC-1aq, so this variant is not completely inactive at this
function (S Basu, unpubl.). The combined data suggested
that PGC-1a might be required for the ability of mutant
p53 to enhance invasiveness. To test this, we silenced
PGC-1la and assessed tumor cell invasion using Boyden
chambers. PGC-1a was effectively silenced using pooled
siRNA (Fig. 5B). After silencing, cell invasion was signifi-
cantly suppressed; notably, this effect was markedly great-
er in R72-mut-p53 cells, and, again, this silencing
equalized the invasive potential of P72-mut-p53 and
R72-mut-p53 cells (Fig. 5C,D).

Cells containing R72-mut-p53 show enhanced
mitochondrial function and oxidative phosphorylation
compared with P72-mut-p53

To determine whether the increase in PGC-1a function in
R72-mut-p53 cells led to increased markers of mitochon-
drial biogenesis and function, we next assessed relative
mitochondrial content using MitoTracker staining and
analyzed the level of mitochondrial RNAs in P72-mut-
p53 and R72-mut-p53 cells. We also measured oxygen
consumption rate and ATP production in two clones of
each cell line for the R175H and R273H mutants. These
analyses revealed that there was markedly increased mito-
chondrial content in all R72 clones (Fig. 6A). There was
also an increased oxygen consumption rate as per Sea-
horse analysis (Fig. 6B) and increased intracellular ATP
levels (Fig. 6C) in all R72-mut-p53 clones. We next exam-
ined the mRNA levels of three mitochondrial genes and
found that the levels of all three genes (COX1, CYTB,
and ND1) were significantly increased in R72-mut-p53
cells compared with P72-mut-p53 (Fig. 6D-F). The com-
bined data support the premise that there is increased
PGC-1la activity in R72-mut-p53 tumor cells along with
evidence for increased mitochondrial function. To corre-
late these findings further, we silenced PGC-la in P72-
mut-p53 and R72-mut-p53 cells and found that this equal-
ized the oxygen consumption rate in these clones (Fig. 6G)
as well as the ATP level (Fig. 6H).

Increased expression of HNF4a target genes in R72-mut-
p53 breast cancer samples

We next sought to determine whether there was increased
expression of PGCla target genes in tumors from patients
with R72-mut-p53. To address this, we analyzed The Can-
cer Genome Atlas (TCGA) breast cancer database and
stratified for samples that contained missense mutations
in TP53; these were then assessed for codon 72 polymor-
phism status using RNA-seq reads for p53 in these sam-
ples. We identified 1100 genes whose expression level
significantly correlated with the presence of the R72
variant in tumors with mutant p53 (P <0.05, Spearman
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Figure 5.

Increased PGC-1a target genes in tumors cells with R72-mut-p53; silencing PGC-1a eliminates the invasiveness differences

between P72-mut-p53 and R72-mut-p53. (A] qRT-PCR analysis of mRNA levels of PGC-la downstream target genes associated with
anti-oxidant function (CATALASE, GPX4, and SOD2), transcription (ERRa), and the mitochondria electron transport chain (ATP5g1
and NDUFS3) in H1299 cells containing vector or mutant p53 in cis with P72 or R72. Studies in two replicates were performed in qua-
druplicate. Error bars mark SD. (*) P < 0.05; (**) P <0.001. (B) qRT-PCR of PGC-1a mRNA levels after siRNA knockdown of PGC-1a after
48 h in H1299 cells, relative to siControl. Error bars represent SEM. Studies are the averaged values of three independent experiments
done in duplicate. (C) Representative crystal violet stains of H1299 cells (vector or P72 or R72 of R175H or R273H) 24 h following Boyden
chamber invasion assays in cells transfected with siControl or siPGC-1a. Invasion assays were performed 48 h after siRNA treatment.
(D) Quantification of the average number of invaded H1299 cells per insert per field following transfection with siControl or siPGC-1a
for 48 h. The data depicted are representative of two biological replicates performed in triplicate. (**) P <0.01; (***) P <0.0001. Error bars

represent SEM.

correlation). IPA of this gene set revealed a significant en-
richment for targets regulated by the transcription factor
HNF4a (P =0.0008) (Fig. 7A); notably, HNF4a is a key tran-
scription partner for PGCla (Rhee et al. 2006). Altogether,
our findings suggested that HNF4a might show increased
association with PGC-1la in tumors containing R72-mut-
p53. Because HNF4a is expressed highly in breast and co-
lon tumors but is not expressed in H1299 or PC3 cells
(https://www.proteinatlas.org; our unpublished results),
we addressed this question using the HT-29/SW-620 pair
of cell lines, which contain the endogenous R273H muta-
tion. PLA analyses revealed that there is significantly in-
creased association of PGC-la with HNF4a in SW-620
cells (R72-mut-p53) compared with HT-29 cells (P72-
mut-p53) (Fig. 7B,C). In line with this, qPCR analysis indi-
cated that the three top HNF4a/PGC-1a target genes iden-
tified from the breast cancer samples analyzed in Figure
7A (A1BG, CY561D2, and CPA2) also show significantly
increased expression in SW-620 cells (Fig. 7D). Consistent

with this, chromatin immunoprecipitation (ChIP) experi-
ments showed significantly increased PGC-la at the
CYB561D2 promoter (Fig. 7E). Our combined data support
the premise that R72-mut-p53 is associated with in-
creased PGC-la function and gene signature compared
with P72-mut-p53.

Poorer survival in breast cancer patients with R72-mut-
p53 compared with P72

We next addressed the possibility that the increased
PGCla signature in breast cancer samples containing
R72-mut-p53 might be associated with differences in pa-
tient outcome. We analyzed 825 RNA-seq samples from
breast cancer patients from the TCGA database (BRCA
set) that had survival information and contained wild-
type or missense mutations in p53 and stratified these for
the codon 72 variants using RN A-seq data. This analysis re-
vealed that breast cancer samples containing R72-mut-p53
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Figure 6. Evidence for increased mitochondrial function in tumor cells containing the R72-mut-p53. (A) Quantification of MitoTracker
staining to assess average mitochondrial mass in H1299 cells expressing either the vector control or P72-mut-p53 or R72-mut-p53 (R175H
or R273H). Error bars represent SEM. The data depicted are representative of three independent experiments performed in triplicate. (**) P
<0.001. (B) Baseline and stressed oxygen consumption rates in H1299 cells expressing either the vector control or P72-mut-p53 or R72-
mut-p53 (R175H or R273H), as assessed using the Seahorse XFe96 analyzer. Oxygen consumption rate was normalized to the protein con-
tent. Error bars represent SD. The data depicted are representative of three independent experiments performed in triplicate. (*) P <0.05.
(C) ATP content in H1299 cells expressing either the vector control or P72-mut-p53 or R72-mut-p53 (R175H or R273H), as assessed using
CellTiterGlo. Error bars represent SEM. The data depicted are representative of three independent experiments performed in triplicate. (*)
P <0.05. (D-F) qRT-PCR was used to detect mRNA levels of mitochondria-specific genes COX1, CYTB, and ND1 in H1299 cells express-
ing either the vector control or P72-mut-p53 or R72-mut-p53 (R175H or R273H). Error bars represent SD. The data depicted are represen-
tative of three independent experiments performed in triplicate. (**) P <0.001. (G) Oxygen consumption rate (performed as in B) in the
indicated cells following silencing of PGC-la. (H) ATP content (performed as in C) in the indicated cells following silencing of PGC-1la.

were associated with significantly poorer survival than
samples with P72-mut-p53 (hazard ratio of 2.68; P=
0.046). In contrast, there was no association of the codon
72 polymorphism with survival in tumors containing
wild-type p53 (Fig. 8A). Overall, an analysis of all 825 indi-
viduals indicated that expression of homozygous R72-
mut-p53 was markedly associated with poorer survival
compared with all other samples containing either mutant
or wild-type p53 (hazard ratio of 2.07; P =0.003) (Fig. 8A).
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Discussion

The gain-of-function activities of mutant p53 were clearly
elucidated in 1993, when it was shown that mutant p53
isoforms of both human and mouse p53 could endow
p53-null tumor cells with an increased ability to form col-
onies in soft agar and to form tumors in immunocompro-
mised mice (Dittmer et al. 1993). At least one of the gain-
of-function activities of mutant p53 is impacted by the
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codon 72 polymorphism. Specifically, this SNP was found
to regulate the ability of mutant p53 to bind and inactivate
the p53 family member p73; in particular the R72 variant
was more capable of p73 binding (Marin et al. 2000). How-
ever, other “gain-of-function” activities of mutant p53
were not analyzed for an impact of the codon 72 polymor-
phism, and an overall impact on metastasis and survival
has not been done. With regard to metastasis, mutant
p53 is known to drive metastasis by inactivation of p63
(Muller et al. 2011). Mutant p53 can also disrupt mamma-
ry tissue architecture to a more invasive phenotype by in-
teracting with SREBP1/2 and regulating the mevalonate
pathway (Freed-Pastor et al. 2012) or by enhancing integ-
rin recycling coupled with the Rab complex protein (Mul-
ler et al. 2009, 2011). In all of these studies, the impact of
the codon 72 polymorphism was not investigated.

In this study, we found that PGC-1a, a known positive
regulator of metastasis (LeBleu et al. 2014), is bound by
mutant forms of p53. PGC-1a interacts with the N-termi-

nal domain of p53, and it is conceivable that amino acid 72
directly influences this protein—protein interaction in a
manner similar to MDM2, which also binds to the N ter-
minus and is influenced in its interaction with p53 by the
codon 72 variant (Dumont et al. 2003). We found that the
enhanced ability of P72-mut-p53 to bind to PGC-1a is cor-
related with decreased mitochondrial content and oxygen
consumption in tumor cells expressing this form of mu-
tant p53. We hypothesize that P72-mut-p53 might favor
aerobic glycolysis and that this might favor tumor initia-
tion by allowing for increased biomass. Conversely, we
found that R72-mut-p53 shows decreased the ability to
bind to PGC-1a and that this is associated with increased
mitochondrial function. It is now appreciated that PGC-
la and mitochondria are drivers of metastasis for many tu-
mor types. For example, increased PGC-1a gives a tumor
cell increased bioenergetic flexibility, thereby allowing
it to better survive the metabolically demanding meta-
static process (Andrzejewski et al. 2017). Another group

GENES & DEVELOPMENT 239



Basu et al.

A 1 B
5 @tpss-wz Y
gl PGC-1a
0.8 (4 lo
\,. Mutant p53-P72
& G
©0.6 1
E Mutant * " o)ggos
2 0.4 {P53, R721R72| L, o
§ 0.41{P A - N Y,
p53 WT, PR (247) J
0.2 p53 WT, RR (415) ﬁntp53 R72 D
p53 mut, PR (55)
0 - p53 mut, RR (108)| \
Mutant p53-R72
0 100 200 300 @H
Time, months 1 /Enhanced
OXPHOS

\ Metastasis I I

Figure 8. Poorer survival in breast cancer patients with R72-
mut-p53. (A) Kaplan-Meier survival curves depicting survival
data in patients with breast cancer in the presence of both copies
of arginine (R72/R72) at codon 72 of mutant p53 (pink line) com-
pared with patients who possess at least one copy of P72 (orange
line). Patients with wild-type p53 and one copy of P72 are denoted
by the blue line, and patients with wild-type p53 and both copies
of R72 are denoted by the green line. (B) Proposed model of how
mutant p53 modulates PGC-la function to drive cancer cell
migration and invasion. P72-mut-p53 is associated with sup-
pressed PGC-1la activity and reduced oxidative phosphorylation
(OXPHOS). Cells containing R72-mut-p53 show increased com-
plex formation of transcription factors (TF) such as HNF4a and
PGC-1la and increased mitochondrial function along with in-
creased invasion and metastasis.

reported that increased mitochondrial function leads to
increased superoxide production, causing activation of
Src and Pyk2 and thereby promoting tumor cell migration,
invasion, and metastasis (Porporato et al. 2014). Recently,
one group (Caino et al. 2016) discovered that cortical mi-
tochondria support membrane lamellipodia dynamics, ac-
tin cytoskeleton remodeling, and phosphorylation of cell
motility kinases, resulting in increased tumor cell motil-
ity and invasion. Indeed, inhibition of mitochondrial func-
tion by targeting mitochondrial proteostasis can potently
inhibit metastatic dissemination of tumor cells (Seo et al.
2016). The combined data suggest that the increased mito-
chondrial function in R72-mut-p53 tumor cells likely un-
derlies the increased metastasis and poorer survival
associated with these tumors. Our results are consistent
with two other studies that indicate that high PGC-1a is
associated with increased metastasis and poor prognosis
in breast cancer (LeBleu et al. 2014; Andrzejewski et al.
2017)

Our combined data best support a model in which the
ability of PGC-1a to bind to transcription factors such as
HNF4a and PPARy is influenced by mutant p53, and
this influence is impacted by the codon 72 variation in
mutant p53. We note, however, that a simple model in
which mutant p53 binds and inhibits PGC-1a function
is not entirely consistent with our data. For example, we
consistently found that tumor cells with mutant p53—
even P72-mut-p53—show an increased frequency of
PGC-1la complex formation (such as PPARy) (Supplemen-
tal Fig. 4A) compared with p53-null cells along with in-
creased expression of PGC-la target genes (Fig. 5A).
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Consistent with this, in HT-29 and SW620 tumor cells,
we found that silencing of endogenous mutant p53 causes
amarked reduction of PGC-1a complex formation (S Basu,
unpubl.). Therefore, there are clearly multiple levels
through which mutant p53 and PGC-la can regulate
each other. Our data are most consistent with a model
in which PGC-1a complex formation and function are en-
hanced by mutant p53 in a manner that is significantly
impacted by the codon 72 variation (see the model in
Fig. 8B).

The p53 family members p63 and p73 play roles in tu-
mor stemness and metastasis. We initially suspected
that the differential ability of the codon 72 variants of
p53 to enhance metastasis was due to their differential
ability to bind and inhibit p63 and/or p73. However, we
did not find evidence for increased expression of the p63
target genes Cyclin G2 and Sharp-1 or for decreased ex-
pression of the p73-repressed gene PDGFp in R72-mut-
p53 cells—at least not in these cell backgrounds. Addi-
tionally, we did not see differences in pAKT levels, which
would indicate altered integrin signaling, between P72
and R72 cells (Supplemental Fig. 3). While our data firmly
implicate PGC-1la in the differences in metastasis in P72
and R72 cells, we also found that the lipid metabolism
master regulator SREBP1/2 shows a significantly in-
creased ability to bind to R72-mut-p53 (S Basu, unpubl.).
Therefore, it remains formally possible that the differen-
tial interactions of codon 72 variants with p63, p73, or
SREBP1/2 may also play a role in the increased metastasis
evident in R72 cells.

One of the interesting features noted many years ago
about the codon 72 polymorphism of p53 is that this
SNP shows a latitudinal bias with linear increases in the
frequency of the R72 allele with increased latitude and
colder winter temperatures (Beckman et al. 1994; Shi
et al. 2009). This latitudinal bias has never been explained.
While some have argued that this bias reflects genetic se-
lection (Beckman et al. 1994), others have refuted this pos-
sibility (Sucheston et al. 2011). Genome-wide association
studies have found associations between the codon 72
SNP and body mass index (Gloria-Bottini et al. 2011; Bon-
figli et al. 2013), waist circumference (Reiling et al. 2012),
and predisposition to type II diabetes (Gloria-Bottini et al.
2011); these are all associated with altered metabolism.
Indeed, our studies in animal models of diet-induced obe-
sity and cultured cells support the conclusion that this
SNP alters the ability of p53 to respond to metabolic stress
in the form of either nutrient excess (Kung et al. 2016) or
nutrient deprivation (Kung et al. 2017). There is thus a
compelling body of evidence in support of the hypothesis
that the codon 72 SNP influences the response of p53 to
metabolic stress. In light of this premise, it is perhaps
not surprising that this SNP also alters the activity of mu-
tant p53 in the regulation of metabolism. Interestingly, a
correlation between northern latitudes and breast cancer
metastasis has been observed (Grant and Garland 2006).
Our study suggests that an impact of the codon 72 poly-
morphism of p53 may play a role in this observation.

To our knowledge, this is the first time that an impact of
the codon 72 polymorphism of mutant p53 on metastasis
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and cancer progression has been assessed. We were unable
to find an association between the codon 72 polymor-
phism of mutant p53 and survival for lung or colorectal
cancer (S Basu, unpubl.); therefore, the association
between codon 72 of mutant p53 and prognosis may be tu-
mor type-specific. Along these lines, PGC-1a is negatively
associated with metastasis in prostate cancer (Torrano
et al. 2016). More information about the roles of PGC-1a
and mitochondrial function in the behaviors of different
cancers needs to be obtained before we can make broad
conclusions about the role of the codon 72 p53 SNP in
the prognosis of other cancers. Tumor metabolism is an
area of anti-cancer therapies that is actively being pur-
sued. Our data that the codon 72 of p53 influences cancer
metabolism suggests that complex I inhibitors such as
phenformin might be more effective in tumors with
R72-mut-p53 compared with P72-mut-p53; we are active-
ly pursuing this hypothesis with the aim of using this in-
formation for personalized medicine approaches.

Materials and methods

Cell culture, reagents, plasmids, and antibodies

Unless otherwise mentioned, all cell lines were obtained from
American Type Culture Collection and used at early passage. Mu-
tant p53 (R175H and R273H) overexpression plasmids encoding
proline at codon 72 of p53 were a generous gift from Bert Vogel-
stein from Johns Hopkins School of Medicine. These plasmids
were subjected to site-directed mutagenesis to generate R72 vari-
ants (Quick Change II, Stratagene), and all plasmids were verified
by sequencing. Cells were transfected with the constructs of inter-
est (5 pg of DNA) with Fugene and selected in 800 pg/mL neomy-
cin for 14 d to make stable isogenic cell lines. For the luciferase
plasmids, H1299 and PC3 cells were labeled with luciferase by
lentiviral infection by using the plasmids pLenti-CMV-Puro-Lu-
ciferase (Addgene) and pLenti-UbC-RedFLuc-T2A-Puro (Target-
ing Systems, LP-30). The pLenti-UBc-RedFLuc-T2A-Puro
plasmid was a generous gift from Dr. Meenhard Herlyn of The
Wistar Institute. The antibodies used were as follows: p53 (DO-
1) (Calbiochem, OP-43), GAPDH (Cell Signaling Technology,
2118S), TFAM (D5C8) (Cell Signaling Technology, 8076), PGC-
la (EMD Millipore, ST1202), PPARy (R&D Systems, PP-
A3409A-00), and Ki67 (D2H10) (Cell Signaling Technology, 9027).

Metastasis assays

Studies were carried out in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (NIH) and approved by the In-
stitutional Animal Care and Use Committee (IACUC) of The
Wistar Institute. For tail vein injection studies, 500,000 cells (ei-
ther H1299 or PC3) expressing mutant p53 (R175H) were tail
vein-injected into 6- to 8-wk-old male or female NSG mice.
Mice were monitored every week with in vivo imaging system
(IVIS) imaging for tumors. For intracardiac injection studies, 5 x
10* PC3 cells suspended in 100 L of PBS were injected into the
left cardiac ventricle. Mice were injected retro-orbitally with
150 mg/kg D-luciferin followed by IVIS imaging every week to
determine metastatic spread in the bones. At the experimental
end point, anesthetized mice (100 mg/kg ketamine, 10 mg/kg
xylazine) were imaged with IVIS prior to euthanasia. For all
IVIS images, quantification of tumor burden was done with BLL.
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BLI was performed using an IVIS Spectrum Xenogen instrument
(Caliper Life Sciences) and analyzed using Living Image software.

Immunoblotting, immunoprecipitation-Western, ChIP, and PLAs

For Western blot analysis, 50 ng of protein was resolved over SDS-
PAGE gels using precast NuPAGE Bis-Tris gels (Life Technolo-
gies) and transferred onto polyvinylidene difluoride membranes
(Bio-Rad). Secondary antibodies conjugated to horseradish perox-
idase were used at a dilution of 1:10,000 (Jackson Immunochem-
icals). ECL (Amersham; RPN2232) was then applied to blots, and
protein levels were detected using autoradiography. Densitome-
try quantification of protein signals was performed using Image]
software (National Institutes of Health). For immunoprecipita-
tion-Western, a total of 1000 pg of whole-cell lysate was pre-
cleared by protein A-agarose (Cell Signaling Technology, 9863S)
or protein G-agarose (Millipore; 16266) beads and incubated
with 1 ug of antibody overnight at 4°C. Protein G-agarose beads
were then added for 1 h followed by washes using lysis buffer. Pro-
teins were eluted using 2x Laemmli sample buffer (62.5 mmol/L
Tris-HCI at pH 6.8, 25% glycerol, 2% SDS, 0.01% bromophenol
blue) and subjected to Western blot analysis as described earlier.
Horseradish peroxidase-conjugated light chain-specific second-
ary antibody was used (Jackson Immunochemicals). ChIP was
performed exactly as described (Kung et al. 2016). To detect inter-
action or association of proteins by PLA, Duolink in situ starter
kits (Sigma, DUQ092101, DU0O92014) were used, and the manu-
facturer’s protocol was followed exactly as described to perform
these studies. PLA signals were quantified using Image]J software.

Lentiviral transduction of shRNA and siRNA knockdown studies

Stable cell lines for shRNA knockdowns were generated by infec-
tion with the lentiviral vector pLKO.1-puro carrying an shRNA
sequence against p53 (CCGGTCAGACCTATGGAAACTACT
TCTCGAGAAGTAGTTTCCATAGGTCTGATTTTT) (Sigma,
TRCNO0000003754). VSVG-pseudotyped lentivirus was generat-
ed using 293-FT cells with shRNA constructs and packaging vec-
tors according to the manufacturer’s protocols (Invitrogen,
K4960-00). Stable cells were selected using 1-5 pg/mL puromy-
cin, and gene knockdown was confirmed by Western blot analy-
sis. PGC-la (PPARGCI1A) was silenced by transfection with
siControl or SMARTpool ON-TARGETplus PPARGCI1A/PGC-
la siRNA (L-005111-00-0050). Gene knockdown was verified by
qRT-PCR.

RNA-seq

3’ mRNA-seq libraries were generated from DNase I-treated total
RNA using the QuantSeq FWD library preparation kit (Lexogen)
according to the manufacturer’s directions. Overall library size
was determined using the Agilent Tapestation and the DNA
5000 Screentape (Agilent). Libraries were quantitated using real-
time PCR (Kapa Biosystems). Libraries were pooled, and high-out-
put single-read 75-base-pair next-generation sequencing was done
on a NextSeq 500 (llumina). RNA-seq data were aligned using
Bowtie2 (Langmead and Salzberg 2012) against hg38 version of
the human genome, and RSEM version 1.2.12 software (Li and
Dewey 2011) was used to estimate raw read counts for each
gene using Ensemble v84 transcriptome information. DESeq2
(Love et al. 2014) was used to estimate the significance of the dif-
ferential expression between sample groups. Overall gene expres-
sion changes were considered significant if they passed a false
discovery rate (FDR) threshold of <20%. Gene set enrichment
analysis was done using Qiagen’s IPA software (Qiagen, http://
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www.qiagen.com/ingenuity) using the “canonical pathway” op-
tion. Pathways with a FDR of <1 % were considered significantly
enriched. The RNA-seq data were deposited to the Gene Expres-
sion Omnubus database (http://ncbi.nlm.nih.gov/geo) with acces-
sion number GSE109373.

Analysis of TCGA data

We analyzed RNA-seq data from the TCGA breast cancer (BRCA)
database for 838 patients. One-hundred-sixty-seven patients had
p53 missense mutations and at least 10 reads spanning the
P72R SNP position (rs1042522). The percentage of reads with a
G nucleotide (percentage R) was calculated for each patient, the
values were correlated with gene expression using Spearman cor-
relation, and genes with a P-value of <0.05 were considered.
Genes were analyzed for enrichment of upstream regulators
using Qiagen’s IPA software (Qiagen, http://www.qiagen.com/
ingenuity), and protein regulators that had significantly enriched
(P-value < 0.005) targets were considered. For survival analysis,
samples from 825 patients with survival information were used.
Samples were stratified by wild-type and missense mutated
TP53 and by the percentage of R RNA-seq reads, assigning R72/
R72 status for samples with >50% R variant reads. The signifi-
cance of survival differences was tested by Cox regression, and re-
sults of P <0.05 were considered significant.

Statistical analysis of data

Unless otherwise stated, all experiments were carried out in trip-
licates and repeated at least in triplicate (n = 3) with at least two
different clones and pools of cells. For in vitro studies, the un-
paired Student t-test was performed. For animal experiments,
IVIS signal intensities and the number or area of MET's were com-
pared using t-test between two groups.
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