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ABSTRACT TP53 is one of the most commonly mutated genes in human can-
cers. Unlike other tumor suppressors that are frequently deleted or acquire loss-
of-function mutations, the majority of TP53 mutations in tumors are missense
substitutions, which lead to the expression of full-length mutant proteins that accu-
mulate in cancer cells and may confer unique gain-of-function (GOF) activities to
promote tumorigenic events. Recently, mutant p53 proteins have been shown to
mediate metabolic changes as a novel GOF to promote tumor development. There
is a strong rationale that the GOF activities, including alterations in cellular metabo-
lism, might vary between the different p53 mutants. Accordingly, the effect of differ-
ent mutant p53 proteins on cancer cell metabolism is largely unknown. In this study,
we have metabolically profiled several individual frequently occurring p53 mutants
in cancers, focusing on glycolytic and mitochondrial oxidative phosphorylation path-
ways. Our investigation highlights the diversity of different p53 mutants in terms of
their effect on metabolism, which might provide a foundation for the development
of more effective targeted pharmacological approaches toward variants of mutant
p53.
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TP53, encoding the tumor suppressor protein p53, is one of the most frequently
mutated genes in human tumors. While a key consequence of TP53 mutations is

inactivation of the wild-type (wt) function, many TP53 mutations in tumors are missense
substitutions which may lead to the expression of full-length proteins that are often
accumulated at high levels in cancer cells (1) and carry dominant phenotypes distinct
from those caused by the loss of wt p53 function. Such phenotypes, described as
mutant p53 oncogenic gain of function (GOF), include increased cell proliferation,
chemoresistance, antiapoptotic functions, increased cell migration, and invasion (2–6).

Altered metabolism is one of the key biomarkers for cancer (7–9). In particular,
enhanced glucose metabolism under aerobic conditions is a common feature of many
tumors to meet the high biosynthetic demand of rapidly dividing cells (10). Recent
studies have reported compelling evidence for a novel GOF of mutant p53 proteins in
promoting metabolic changes (11–13). These studies suggest that metabolic pathways
normally regulated by wt p53 are altered by mutant p53 to facilitate the supply of
metabolites required for proliferation. Although six missense mutations (hot-spot
mutations) account for about 30% of all TP53 mutations in human cancers, there are
more than 1,500 distinct p53 mutants that have been reported in various cancer types
(http://p53.iarc.fr/). However, the vast majority of the current mutant p53 GOF prop-
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erties, including altered metabolism, have been described using hot-spot missense
mutations, including p53R175H, p53R248Q, and p53R273H. For example, while the
p53R175H mutant has been shown to metabolically utilize exogenous pyruvate in
cancer cells to promote survival during glucose starvation (14), the p53R273H mutant
has been shown to inhibit the expression of phase 2 detoxifying enzymes to promote
survival under oxidative stress (15). Further, p53R175H, p53R248Q, and p53R273H
mutants have been demonstrated to stimulate enhanced glucose uptake (12). Genome-
wide expression analysis has identified the mevalonate pathway to be highly upregu-
lated in mutant p53 expressing MDA-MB-231 (p53R280K) and MDA-MB-468 (p53R273H)
breast cancer cell lines, and mutations in p53 have been correlated with high expres-
sion of sterol biosynthesis genes and lipid metabolism in these human breast tumors
(16). Additionally, endogenous mutant p53 was shown to regulate the nucleotide pools
transcriptionally by inducing the expression of multiple genes involved in the de novo
nucleotide synthesis and salvage pathways in breast cancer cells (11).

While the role of wt p53 in regulating many aspects of metabolism, such as
glycolysis, mitochondrial oxidative phosphorylation, glutaminolysis, and lipid metabo-
lism, is established, currently the potential metabolic effects of distinct mutant p53
proteins is largely unknown. Considering that in vivo studies demonstrate mutant p53
GOF activities (2, 17–20), along with in vitro observations that even a seemingly subtle
difference of one amino acid, such as R248W versus R248Q, can have a large impact on
mutant p53 function, further provides a rationale for the need to resolve the contri-
bution of individual mutant p53 proteins on metabolism.

In the present study, we investigated the effect of different p53 mutant proteins on
metabolic pathways in experimental models of human cancer and normal cells. We
present data showing significant differences among these mutants on metabolic
pathways, including glycolysis and oxidative phosphorylation (OxPhos). In addition, we
demonstrate that even the same amino acid substitutions at the same position in the
p53 protein can have dramatically different phenotypic effects in terms of metabolism
depending on the origin of the cell line in which it is expressed. Taken together, results
of our study reveal distinct metabolic profiles of different mutant p53 proteins.

RESULTS
The effect of various mutant p53 proteins on glycolysis. To study the potential

metabolic alterations imposed by distinct mutant p53 variants, we generated a set of
isogenic clones of human non-small-cell lung cancer H1299 cell lines that express nine
different mutational p53 proteins. H1299 cells that stably express p53R175H, p53H179R,
p53R181H, p53S241F, p53R249S, p53R273H, p53C275Y, p53R280K, and p53D281G
mutants were compared to parental cells carrying a control vector (CV) (5) (Fig. 1A). The
parental H1299 cells display a homozygous partial deletion of the TP53 gene and are
null in their p53 expression, thus excluding the possibility that mutant p53 would act
through dominant-negative (DN) effects on wild-type (wt) p53. Instead, the inducible
expression system was employed in H1299 cells to express wt p53 induced by doxy-
cycline (Dox). The different p53 mutant proteins displayed variable expression levels in
H1299 cells (Fig. 1A). Compared to the Dox-induced wt p53 level, most mutants showed
higher expression levels. However, regardless of their expression status, as expected, all
of the mutants showed significant loss of ability to upregulate the cyclin-dependent
kinase inhibitor p21WAF1/CIP1, a transcriptional target of wt p53, compared to the
control. Subsequently, we studied the effect of mutant p53 expression on H1299 cell
proliferation. While most p53 mutants showed no or only a slight increase in cell
proliferation, the p53C275Y mutant displayed marginally decreased growth rates com-
pared to the CV cells at 72 h (Fig. 1B), indicating that there is no significant difference
in proliferation between most of the mutants. Further, to assess the potential effect on
glycolytic function, the extracellular acidification rate (ECAR) was measured in real time,
comparing the nine mutant p53 forms to the CV. ECAR is a surrogate measure to
monitor lactate export, a terminal product of glycolysis. Consistent with previous
findings, our analysis confirmed that the tumor hot-spot mutants p53R175H and
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FIG 1 Effect of mutant p53 proteins on glycolysis. (A) Western blots showing the expression levels of p53 and p21 (a transcriptional target of wt p53) in H1299
control (CV) and stable expression of indicated mutant p53 proteins. �-Actin was used as a loading control (n � 4). Densitometry analyses of the bands are

(Continued on next page)
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p53R273H stimulated glycolysis (Fig. 1C) (12). Glycolysis was similarly observed to be
higher in most of the other mutants, but not all mutants showed a significant increase
in ECAR in H1299 cells (Fig. 1C), as the p53H179R and p53D281G mutants displayed no
significant changes in glycolysis compared to the CV cells. However, there were no
significant differences in the maximal glycolytic capacity (Fig. 1C) in most of the mutant
p53-expressing H1299 cells compared to the CV cells. Only the p53R273H mutant
displayed significant values for both glycolytic rates and maximal glycolytic capacity
(Fig. 1C).

To understand if the metabolic changes associated with the distinct mutant p53
proteins are due to adaptation of cancer cells to their stable expression or whether
similar effects could be observed during direct induction of the mutant proteins, we
utilized two independent cell systems (H1299 and HCT116) engineered with inducible
expression systems of the two hot-spot p53 mutants, p53R175H and p53R273H
(Fig. 1D). Compared to the parental H1299 cells that are null, the colon cancer HCT116
cells normally express low levels of wt p53; thus, the inducible expression system was
employed in a p53-null HCT116 background. The expression of the mutants in H1299
and HCT116 cell lines was induced by Dox and tetracycline (Tet), respectively (Fig. 1D).
For both cancer cell lines, analysis of glycolytic function showed enhanced glycolysis
and maximal glycolytic capacity subsequent to induction of p53R175H and p53R273H
mutants for 48 h, similar to effects of stable expression of these mutants in H1299
cells (Fig. 1E and F). However, compared to their stable counterparts, the inducible
p53R175H and p53R273H mutants displayed more accelerated cell proliferation rates
than the control cells up to 96 h (Fig. 1G), suggesting that they are more metabolically
active.

Increased metabolic activity of cancer cells upon induced mutant p53 expres-
sion. Beyond elevated glycolytic rates in tumors, several studies have demonstrated
that the majority of tumor cells similarly have the capacity to sustain high fuel oxidation
and ATP production in mitochondria (21). To investigate the role of distinct mutant p53
proteins on mitochondrial metabolism, oxygen consumption rate (OCR), which is a key
parameter of mitochondrial function (22), was monitored in real time in the stable
H1299 cell line panel. In contrast to the glycolytic functions, our analysis showed
suppressed basal mitochondrial and ATP-coupled respiration of the majority of the
mutants compared to the control cells, except for the p53R175H mutant, which
displayed no significant difference (Fig. 2A, table). The p53R181H and p53R249S
mutants displayed the most suppressive effect on OxPhos. In addition, while both the
CV and most mutants respired at about half of their maximal capacity in the basal state
(approximately 52%), the p53R181H mutant cells respired at their maximal capacity
(93%) and p53R249S showed an increased (78%) ratio of basal respiration compared to
its maximal capacity (Fig. 2A). Nonetheless, there were no significant differences
between the mutants in terms of the fraction of O2 consumed to generate ATP (Fig. 2A,
table). These observations suggest that various p53 mutants influence respiration
through distinct mechanisms.

We next analyzed the OCR/ECAR ratio of the cell line panel (data not shown). All
mutant-expressing cells showed low OCR/ECAR ratios compared to the control cells,
indicating their relatively higher reliance on glycolysis. Further, since mutant p53
proteins were not equally expressed in H1299 cells (Fig. 1A), we compared their
expression level to those of either ECAR or OCR readouts. However, the observed
distinct metabolic profiles of mutant p53 proteins did not correlate with their expres-

FIG 1 Legend (Continued)
indicated over �-actin. (B) Cell expansion assay was performed over 3 days to analyze proliferation in stable H1299 cells. Statistical significance is shown for
72 h. (C) Extracellular flux analyzer was used to measure glycolysis and the maximal glycolytic capacity with extracellular acidification rates (ECAR). (D) Western
blot analysis of tetracycline (Tet)- or doxycycline (Dox)-induced expression of p53R175H and p53R273H mutants in HCT116 or H1299 cells, respectively. �-Actin
was used as a loading control. (E) Mutant expression was induced as described for panel D, and ECAR were analyzed in HCT116 and H1299 inducible cell lines.
(F) ECAR of glycolysis, maximal glycolytic capacity, and glycolytic reserve in inducible HCT116 or H1299 cells. (G) Cell expansion assay was performed over 4
days to analyze proliferation in inducible HCT116 and H1299 cells. Data are expressed as means � SD (n � 3 to 7). Statistical significance is shown above the
level for the control. *, P � 0.05; **, P � 0.001; ***, P � 0.0001; two-tailed Student’s t test.
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FIG 2 Effect of mutant p53 proteins on mitochondrial metabolism. (A to C) Measurement of mitochondrial oxygen consumption rates (OCRs) in stable H1299
cell lines (A) and in tetracycline (Tet)- or doxycycline (Dox)-induced expression of p53R175H and p53R273H mutants in HCT116 or H1299 cells, respectively (B
and C). OCR values of maximal respiration and ATP generated per consumed oxygen level were calculated. (D) Western blot of p53 in H1299 control (CV) cells
with transient expression of the indicated mutant p53 proteins. �-Actin was used as a loading control. (E) Mutant p53 expression was induced as described
for panel D, and mitochondrial OCRs were analyzed. Data are expressed as means � SD (n � 3). Statistical significance is shown above the level for the control.
*, P � 0.05; **, P � 0.001; ***, P � 0.0001; two-tailed Student’s t test.
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sion status. For instance, the low-expression mutants p53R181H, p53C275Y, and
p53R280K still showed increased glycolysis, similar to mutants with high expression
levels (Fig. 1A and C and 2A).

Compared to the stable H1299 cell lines, the functional measurement of mitochon-
drial parameters (basal respiration, ATP production, and maximal respiration) in the
inducible p53R175H and p53R273H mutants revealed contrasting results. While only a
minor effect of stable expression of p53R175H and p53R273H mutants could be
observed on OxPhos (Fig. 2A, table), the inducible expression of these mutants in both
H1299 and HCT116 cell lines caused significant increases in basal and ATP-coupled
respiration (Fig. 2B and C), which is in line with the observed increased proliferation
rates for these cells. Since control cells, HCT116 null and H1299 CV, were also treated
with Tet and Dox, respectively, the possibility that experimental variations like these
reagents could influence the cell line and metabolism was excluded. These data
suggest that while glycolytic changes are kept consistent between stable and inducible
mutant p53 expression in cancer cells, the mitochondrial energy metabolism pathway
might be affected by the type of experimental system used for mutant p53 expression,
which may affect the timing of transcriptional profiles regulated by mutant p53; hence,
in the cell panel of the stable H1299 cells, no significant changes were observed in
terms of cell growth. Our observations in the inducible mutant cancer cells are in
agreement with the rationale that the increased cell proliferation correlates with
enhanced glycolytic and mitochondrial activity. To gain insight into the differences
between stable and inducible expression of the mutants, we studied the effect of the
nine mutant p53 proteins that were used to create the stable cell lines and measured
the OCR when they were transiently expressed in the H1299 cells (Fig. 2D). This analysis
revealed the same trend of increased mitochondrial respiration for p53R175H and
p53R273H mutants as that observed in the inducible systems. However, p53H179R,
p53R181H, and p53S241F mutants still displayed suppressed basal and ATP-coupled
respiration, while the remaining mutants did not show significant changes compared
to the CV (Fig. 2E). Since the transient expression of p53R175H and p53R273H mutants
responded in a fashion similar to that of the inducible H1299 cell lines, we concluded
that stable H1299 cell lines have adapted to ectopic mutant p53 expression. Constitu-
tive activation of oncogenes may change the adaptive capabilities; thus, it is likely that
in stable H1299 cancer cells the actual effect of mutant p53 expression is masked by
potential compensatory mechanisms, which may have suppressed its effect in terms of
mitochondrial metabolism.

Metabolic characteristics of cancer cells that express endogenous mutant p53.
We next turned our attention to cells derived from tumors with endogenous mutant
p53 expression. To assess the contribution of endogenous mutant p53, we silenced its
expression using two independent short interfering RNAs (siRNAs) in ovarian ES-2
(p53S241F) and breast MDA-MB-231 (p53R280K) cancer cells (Fig. 3A), which normally
express these mutants at high levels. Suppression of mutant p53 in both cells lines
significantly reduced glycolysis, whereas the maximal glycolytic capacity was either not
or marginally affected (Fig. 3B and C). A more pronounced effect of mutant p53
knockdown was observed on both basal and ATP-coupled respiration (Fig. 3D and E).
In addition, knockdown of mutant p53 led to decreased maximal respiration capacity
(Fig. 3D). Consistent with our observations from the inducible mutant p53 experiments
presented in Fig. 1 and 2, these results demonstrate that mutant p53 proteins not only
positively stimulate glycolytic functions but also significantly enhance the OxPhos in
cancer cells. However, these data also suggest that since direct induction of mutant p53
or suppression of endogenous mutant p53 expression displays more pronounced
effects on metabolic pathways than stable expression of the same mutants, cancer cells
may have adapted differently to endogenous mutant p53 compared to stable ectopic
mutant expression. It is also likely that cancer cells with endogenous mutant p53 show
dependency on mutant p53, and suppression of its levels affects cells drastically.

Mutant p53 proteins exert different effects on metabolism in normal cells. To
gain further insights into the role of distinct mutant p53 proteins on metabolism, we
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studied their effect on nontumorigenic human cell lines. To this end, we first utilized
MCF-10A, which is a spontaneously immortalized but nontransformed mammary epi-
thelial cell line that contains wt p53. Metabolic pathways of parental MCF-10A and
MCF-10A cells expressing the hot-spot mutant p53R175H cells were analyzed. MCF-10A
stably expressing a tumor-derived hot-spot mutant (p53R175H) was created as de-
scribed in reference 5, which excludes the dominant-negative activity of mutants on wt
p53. Unexpectedly, unlike this mutant’s effect in cancer cells and compared to the
parental cells, our analysis showed that the effect of p53R175H expression was mark-
edly altered, as it significantly suppressed glycolysis and glycolytic capacity in MCF-10A

FIG 3 Effects of endogenous mutant p53 proteins on metabolism. (A) Western blots showing the NT (nontargeting) and p53 siRNA knockdown efficiency by
two independent siRNAs targeting p53 in ovarian cancer ES-2 (p53S241F) and breast cancer MDA-MB-231 (p53R280K) cell lines. �-Actin was used as a loading
control. (B and C) Cells were depleted of mutant p53 proteins as described for panel A and prior to analysis of the ECAR (B) and ECAR values of glycolysis and
maximal glycolytic capacity (C). 2-DG, 2-deoxyglucose. (D) OCR analysis upon siRNA depletion of endogenous p53 levels as described for panel A. (E) OCR values
of basal respiration and of ATP generated per consumed oxygen. Data are expressed as means � SD (n � 3). Statistical significance is shown above the level
of the control. *, P � 0.05; **, P � 0.001; ***, P � 0.0001; two-tailed Student’s t test.
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cells (Fig. 4A). Furthermore, beyond repressed glycolytic pathways, mutant p53 expres-
sion reduced mitochondrial basal and ATP-coupled respiration in MCF-10A cells
(Fig. 4B). Given that both metabolic pathways are linked and might be affected by fuel
limitation, we examined the cellular uptake of glucose. In contrast to the parental cells,
mutant p53 cells showed a significant reduction in the ability of glucose uptake in a
time-dependent manner (Fig. 4C), indicating that in MCF-10A the expression of mutant
p53R175H limits glucose utilization. Combined, these data predict that the mutant
p53R175H MCF-10A cells should display a lower growth rate and be less sensitive when

FIG 4 p53R175H mutant in nontumorigenic MCF-10A cells suppresses both glycolysis and mitochondrial metabolism. (A and B) Seahorse measurements of
ECAR and OCR in parental (wt) and stable mutant p53 (p53R175H) expressing normal breast epithelial cell line MCF-10A cells. (C) Glucose uptake in parental
(wt p53) and mutant p53R175H MCF-10A cells. (D) Cell expansion assay performed over 3 days to analyze proliferation in wt and stably expressing mutant
p53R175H MCF-10A cells. (E) The effect of galactose on cell expansion in wt and stably expressing mutant p53R175H MCF-10A cells compared to glucose. (F)
Western blots showing p53 expression, E-cadherin and vimentin (EMT markers), and LC-3 (autophagy marker). �-Actin was used as a loading control. (G) Western
blots showing the NT (nontargeting) and p53 siRNA knockdown efficiency of p53 and E-cadherin expression in wt MCF-10A cells and measurements of ECAR
and OCR following siRNA-mediated knockdown compared to that of NT or stably expressing Snail MCF-10A cells. ECAR values of glycolysis and maximal glycolytic
capacity, as well as of basal versus maximal respiration and of ATP generated per consumed oxygen, are presented. Data are expressed as means � SD (n � 3).
Statistical significance is shown above the level for the control. *, P � 0.05; **, P � 0.001; ***, P � 0.0001; two-tailed Student’s t test.
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exposed to galactose media. Indeed, mutant p53R175H cells displayed less proliferative
capacity and were less affected by galactose than the wt MCF-10A cells (Fig. 4D and E).

It is known that p53 plays an essential role in epithelial-mesenchymal transition
(EMT) and stemness (23–25), conditions during which cells are metabolically dormant.
We first confirmed by Western blotting that mutant p53 stable cell lines represent an
EMT model by analyzing the expression of EMT markers with decreased E-cadherin and
increased vimentin (Fig. 4F). Furthermore, we observed increased LC3-II lipidation in
mutant p53-expressing MCF-10A cells, indicative of autophagy activation, which is
known to be triggered under nutritionally deprived and dormant conditions (Fig. 4F).
We therefore measured the metabolic profile of MCF-10A cells that stably express Snail
(snail1), a transcription factor that promotes EMT. These cells showed very similar
effects on glycolysis and OxPhos (Fig. 4G) compared to cells stably expressing mutant
p53R175H (Fig. 4A). Further, to understand if these effects were caused by loss of wt
activity in MCF-10A cells, we used two different siRNAs against p53 (Fig. 4G). However,
neither E-cadherin expression nor glycolysis was affected following p53 knockdown,
whereas basal respiration was decreased (Fig. 4G), indicating that the robust glycolytic
alterations observed in MCF-10A cells are due to GOF of mutant p53 and not the loss
of its wt activity.

To further substantiate these observations, we transiently expressed the p53R175H,
p53R181H, p53R249S, and p53R273H mutants in WI-38, a normal nontransformed
human lung fibroblast cell line, in addition to MCF-10A cells (Fig. 5A and D). These
mutants represent different classes of mutant proteins that displayed differential effects
on metabolism, as shown in Fig. 1 and 2. We were able to observe the same marked
effect of decreased metabolic activity in transient expression of p53R175H as that of the
stable expression of this mutant in MCF-10A cells (Fig. 5B and C). Similarly, the
expression of p53R181H, p53R249S, and p53R273H mutants displayed suppressed
behaviors of glycolytic and mitochondrial functions (Fig. 5B and C).

In WI-38 cells, the p53 mutants did not influence glycolysis while the expression of
R249H stimulated OxPhos (Fig. 5E and F), whereas suppression of wt p53 decreased
mitochondrial respiration, as observed in MCF-10A cells (Fig. 4G). Since loss of wt p53
caused a similar effect on basal respiration in both cell lines, this effect likely is caused
by the loss of wt activity. In addition, glycolysis in MCF-10A and WI-38 cells was not
similarly affected by the expression of the mutant p53 proteins (Fig. 5B and E). This is
likely due to the fact that none of the p53 mutants promoted EMT in WI-38 cells, as
revealed by a lack of increase in vimentin levels (Fig. 5D) compared to that of the
MCF-10A cells (Fig. 5A). Vimentin levels were also unchanged in inducible H1299 cell
lines (Fig. 5G). Thus, our study suggests that the GOF activities, such as promoting
OxPhos or EMT, differs even for the same mutant, including p53R175H and p53R273H
mutants, depending on the cell line in which it is expressed. Moreover, upregulation of
basal respiration by p53R249S is more likely to be a GOF than a DN capacity compared
to the p53R175H, p53R181H, and p53R249S mutants, which may possess their meta-
bolic alterations in a cancer cell-type-dependent manner.

Taken together, these findings reveal unexpected contrasting metabolic alterations
imposed by the mutant p53 proteins in the H1299 and HCT116 cancer cell lines
compared to normal MCF-10A and WI-38 cells.

Effect of mutant p53 proteins on mitochondrial functions. To understand the
underlying mechanisms that might explain the observed changes in the mitochondrial
metabolism between the cell lines tested, we analyzed parameters that may affect the
efficiency of mitochondrial respiration, including mitochondrial membrane potential,
reactive oxygen species (ROS) production, mitochondrial content, and biogenesis.
Analysis of mitochondrial membrane potential revealed that mutant p53-expressing
stable H1299 cells displayed lower membrane potential than the CV cells (Fig. 6A).
However, since the inducible mutant p53 H1299 cell lines also displayed the same
response of decreased mitochondrial membrane potential (Fig. 6A), we concluded that
changes in the mitochondrial membrane potential do not correlate with the metabolic

Effect of Mutant p53 Proteins on Metabolism Molecular and Cellular Biology

December 2017 Volume 37 Issue 24 e00328-17 mcb.asm.org 9

http://mcb.asm.org


differences observed between the stable and inducible mutant expression in cancer
cells.

Mitochondria are the main sites for intracellular ROS formation (26). Excessive ROS
production can damage mitochondrial DNA and oxidize proteins and lipids, limiting the
efficiency of the electron transport chain (22). In line with this, when induced, the
p53R175H and p53R273H mutants, which displayed enhanced mitochondrial respira-

FIG 5 Effect of mutant p53 proteins on glycolysis and mitochondrial metabolism in normal cells. (A) Western blots showing the expression of p53 and vimentin
following transient expression of p53 mutants (p53R175H, p53R181H, p53R249S, and p53R273H) using 1, 2, or 4 �g DNA, as indicated, in normal breast epithelial
MCF-10A cells. �-Actin was used as a loading control. (B and C) MCF-10A cells as described for panel A were analyzed for ECAR (B) and OCR (C). (D) Western
blots showing the expression of p53 and vimentin following transient expression of p53 mutants (p53R175H, p53R181H, p53R249S, and p53R273H) using 1 or
2 �g DNA, as indicated, in the normal nontransformed lung fibroblast WI-38 line. �-Actin was used as a loading control. (E and F) Measurements of ECAR (E)
and OCR (F) following siRNA-mediated knockdown and p53 mutant overexpression compared to that of wt or pcDNA3 in WI-38 cells. (G) Western blots showing
the expression of p53 and vimentin in Dox-induced expression of wt and p53R175H and p53R273H mutants in H1299 cells. Data are expressed as means �
SD (n � 3). Statistical significance is shown above the level for the control (wt or pcDNA). *, P � 0.05; **, P � 0.001; ***, P � 0.0001; two-tailed Student’s t test.
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FIG 6 Impact of mutant p53 on mitochondrial functions. (A) Mitochondrial membrane potential measured by TMRE in the indicated cell lines. (B) Measurements
of intracellular ROS production in the indicated cell lines. H2O2 and NAC were used as positive and negative controls, respectively. (C) Western blots showing
the expression of MnSOD2 and p53 in the inducible p53R175H and p53R273H HCT116 and wt and stable p53R175H MCF-10A cells, as well as in the stable
mutant p53-expressing H1299 cells. �-Actin was used as a loading control. (D) Mitochondrial content measurement using MitoTracker. (E) Mitochondrial DNA
copy number analysis in the inducible and stable mutant p53-expressing H1299 cell lines. (F) qPCR data showing the expression of TFAM (mitochondrial
biogenesis), SCO2 (complex I-IV assembly), and FDXR (initiates electron transfer within the electron transport chain) in the indicated mutant p53-expressing
H1299 cells. Data are expressed as means � SD (n � 3). Statistical significance is shown above the level for the control. *, P � 0.05; **, P � 0.001; ***, P � 0.0001;
two-tailed Student’s t test.
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tion, exhibited significantly lower cellular ROS (Fig. 6B). However, this was not observed
in the stable mutant H1299 cells. Furthermore, given that cells displaying high mito-
chondrial activity often counterbalance ROS by an enhanced antioxidant capacity (27,
28), we could show an increase in the expression of the p53-inducible central
mitochondrial antioxidant MnSOD2 in the p53R175H and p53R273H mutants com-
pared to null p53 cells (Fig. 6C). The MnSOD2 level was unchanged in the stable
mutant H1299 cells as well as in mutant p53R175H MCF-10A cells (Fig. 6C). This
suggests a more efficient electron transport machinery in the inducible mutants
than in stable cells. Hence, the inducible p53R175H and p53R273H mutants may
have a more efficient electron transport machinery, protected from ROS by in-
creased levels of antioxidants like MnSOD2, and therefore display increased mito-
chondrial respiration (Fig. 2C, OCR).

A further explanation for enhanced oxidative phosphorylation in the inducible
mutant p53 cells could be that they contain more mitochondria or have an increase in
their biogenesis. To interrogate this, we measured mitochondrial content (Fig. 6D),
mitochondrial DNA copy number (Fig. 6E), and the expression of key factors that affect
mitochondrial respiration at different layers (Fig. 6F), including TFAM (mitochondrial
biogenesis), SCO2 (complex I-IV assembly), and FDXR (initiates electron transfer within
the electron transport chain). Combined, these analyses reveal that while both induc-
ible p53R175H and p53R273H mutants displayed a slight increase in mitochondrial
content, as shown by MitoTracker staining (Fig. 6D), only the inducible p53R175H
displayed higher mitochondrial DNA copy number, whereas there were no major
differences in mitochondrial biogenesis (TFAM) or complex assembly (SCO2) between
the stable and inducible H1299 cells. In addition, FDXR (initiates electron transfer within
the electron transport chain), which contributes to electron transfer within the respi-
ratory complexes, seems to be enhanced in the inducible p53R175H and p53R273H
mutants (Fig. 6F). Thus, a more efficient electron transfer ultimately can lead to a more
efficient electron transport chain.

DISCUSSION

Altered metabolism is a characteristic of cancer and a key contributor to tumor
development (29). Thus, metabolic characterization is essential for better understand-
ing of the phenotypic changes induced by tumorigenic mutations. Studies have already
reported the effect of mutant p53 regulation in cancer cell metabolism compared to
that of wt p53 (30). However, descriptions of potential metabolic differences of mutant
p53 protein variants have been relatively limited. In this study, we have used assays to
metabolically characterize individual mutant p53 proteins by measuring glycolytic and
mitochondrial metabolic functions in various cell types that express different p53
mutants. We found that mutant p53 proteins have differential phenotypic impacts on
these central metabolic pathways, and p53 mutants differentially regulate metabolism
in different cellular contexts.

Metabolic regulation by mutant p53 proteins has been linked to the promotion of
glycolysis through distinct mechanisms as a novel gain of function (12). While our data
support this notion in general, not all mutants tested in this study displayed increased
glycolysis in cultured cells. Furthermore, our data demonstrate that even the same
amino acid substitutions at the same position in the p53 protein can have dramatically
different phenotypic effects in terms of glycolysis. For example, in line with previous
findings, while the hot-spot p53R175H and p53R273H mutants (both of which are
common tumor-derived mutants) are able to confer enhanced glycolysis when in-
duced, overexpressed (in p53-null cells), or endogenously expressed in cancer cells,
when expressed in nontumorigenic human cell lines these mutants displayed dramat-
ically different properties, which is highlighted by the lessened glycolytic phenotypes.
Thus, our findings demonstrate that the metabolic activity of mutant p53-harboring
cancer cells, either tumor-derived p53 mutants or by induced expression in cancer cells,
differ in normal cells with ectopic expression of the same mutant p53 variant. This
suggests that p53 mutants do not acquire and possess the same metabolic GOF and do
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not display biological effects equally in all cultured cells. Correspondingly, while our
study supports the generality of the mutant p53 metabolic GOF in cancer cells, our data
further indicate that different aspects of metabolism are regulated in different cell or
tissue types (cancer versus normal), and some metabolic GOFs of mutant p53 might be
cancer cell type specific and not a general response.

Another major metabolic difference we observed between the mutant p53 proteins
was their effect on mitochondrial energy metabolism. When stably expressed, most p53
mutant cells showed suppressed basal mitochondrial respiration. To some extent, these
mutants have lost wt p53 tumor-suppressive activity, and since wt p53 enhances
mitochondrial oxidative phosphorylation and mutant p53 proteins often regulate the
same cellular biological processes with opposite effects, it is easy to think that these
metabolic changes are not truly neomorphic or GOF activities. We should also keep in
mind that constitutive activation of oncogenes may change the adaptive capabilities;
thus, it is likely that in stable mutant cancer cells the GOF effect of some mutant p53
variants is masked by compensatory mechanisms, which may have drastically sup-
pressed p53’s effect on metabolism. Accordingly, similar to our observations in cancer
cells with endogenous mutants, when the same p53 mutant protein was transiently
expressed, OxPhos was significantly stimulated by the p53R175H and p53R273H mu-
tants, indicating that the OxPhos effects were not caused by loss of wt activity. This
shows that some mutant p53 proteins not only positively stimulate glycolytic functions
but also significantly enhance the OxPhos in cancer cells, which is in line with exper-
imental studies of tissue samples from patients with the Li-Fraumeni syndrome who
carry germline mutations in TP53 and in a mouse model of the syndrome that support
this finding of increased mitochondrial function in vivo (31, 32). This is in line with the
idea that beyond elevated glycolytic rates, most cancer cell lines similarly have the
capacity to sustain high fuel oxidation and ATP production in mitochondria (21).
However, not all mutants stimulated OxPhos. This indicated that while glycolytic
changes opposed by mutant p53 can be kept consistent in cancer cells, the mitochon-
drial energy metabolism pathways may be affected by the type of mutant p53. Thus,
based on the mutant’s mitochondrial effects, it is tempting to speculate that there is a
metabolic heterogeneity in terms of mutant p53 metabolic GOF with mutants with
increased (p53R175H and p53R273H) or decreased (p53H179R, p53R181H, and
p53S241F) OxPhos in cancer cells.

Furthermore, our findings demonstrate that the hot-spot mutants display increased
metabolic activity in cancer cells, but when they are induced in normal cells they can
display contrasting effects. This may be caused by another GOF activity of mutant p53,
such as promoting EMT. Although cancer cells may display other oncoproteins that can
cooperate with mutant p53 proteins, our data show that even the exact same p53
mutants can have opposing impacts on metabolism in different cell models. Mutant
p53 proteins are likely to drive changes through distinct metabolic pathways, and some
of their GOF effects might be cancer cell specific and not a general response seen in
nontransformed cells.

Altogether, our findings highlight the importance of recognizing that not all p53
mutants are alike. Keeping in mind that analysis of human breast cancer patients to
evaluate the prognostic impact of TP53 mutations in breast cancer showed that specific
missense mutations actually correlated with a significantly poorer prognosis compared
with those of other missense mutations (39), it is of great importance to recognize that
not all p53 mutations are equivalent. This distinction is important to avoid making
generalizations about mutant p53 proteins, not only as a conceptual distinction but
also for clinical implications, as multiple studies involving cancer patients revealed that
different p53 mutations were associated with diverse prognostic values. Targeting
cancer bioenergetics is a promising and rapidly rising direction for anticancer therapy.
The differential effect on metabolism of mutant p53 proteins might provide prognostic
information and a foundation for development of more effective targeted clinical
implications.
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MATERIALS AND METHODS
Cell lines and culture conditions. The human non-small-cell lung carcinoma H1299 cell lines, colon

cancer HCT116 cell lines, and breast cancer MDA-MB-231 cell lines were cultured as previously described
(33) in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% (vol/vol) heat-
inactivated fetal bovine serum (FBS) (Gibco), 100 U/ml penicillin and 100 U/ml streptomycin (Sigma-
Aldrich), and 2% (wt/vol) glutamine (Sigma-Aldrich). The normal lung fibroblast WI-38 cell line was
cultured in the same medium as that mentioned above but supplemented with 1% MEM nonessential
amino acid solution (Sigma-Aldrich). The normal epithelial breast MCF-10A cells were cultured in
DMEM–F-12 (Gibco) supplemented with 5% (vol/vol) horse serum (Gibco), 20 ng/ml epidermal growth
factor (EGF) (Peprotech), 0.5 mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-
Aldrich), 10 �g/ml insulin (Sigma-Aldrich), and 100 U/ml penicillin and 100 U/ml streptomycin (Sigma-
Aldrich). The ovarian cancer ES-2 cell line was cultured in RPMI 1640 medium (Sigma-Aldrich) supple-
mented with 10% (vol/vol) heat-inactivated FBS (Gibco), 100 U/ml penicillin and 100 U/ml streptomycin
(Sigma-Aldrich), and 2% (wt/vol) glutamine (Sigma-Aldrich). Cells were grown in a humidified 5% CO2

atmosphere at 37°C and maintained in logarithmic growth phase.
siRNAs and plasmids. All siRNAs (scramble control, or nontargeting [NT], and p53) were purchased

from Shanghai GenePharma Co., Ltd. Forty nanomolar siRNA was used, and the transfection was
performed using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instructions.
The expression level of p53 protein was monitored 48 to 72 h posttransfection by Western blotting. The
following oligonucleotides (5= to 3=) were used for siRNA experiments: NT siRNA sense, UUCUCCGAAC
GUGUCACGUTT; antisense, ACGUGACACGUUCGGAGAATT; siRNA p53 #1 sense, CCCGGACGAUAUUGAA
CAATT; siRNA p53 #1 antisense, UUGUUCAAUAUCGUCCGGGTT; siRNA p53 #2 sense, CCACCAUCCACUA
CAACUATT; siRNA p53 #2 antisense, UAGUUGUAGUGGAUGGUGGTT.

Transient transfections were performed with Lipofectamine 2000 reagent (Invitrogen) or ViaFect
reagent (Promega), as recommended by the manufacturer, and protein expression was allowed for 24 to
48 h before experimental procedures. An empty vector, pcDNA3.1 (Invitrogen), was used as a negative
control. p53 mutant vectors exhibited the following single-amino-acid substitutions: R175H, R181H,
R249S, and R273H. For the generation of stable H1299, cells were transfected with an empty vector
(PCB6�) or constructs expressing the single-amino-acid substitutions R175H, H179R, R181H, S241F,
R249S, R273H, C275Y, R280K, and D281G, with Effectene reagent (Qiagen). Cells were selected by
medium containing 600 �g/ml G418. p53 mutants were created using site-directed mutagenesis, as
previously described for p53175H or p53273H (5) or using the following oligonucleotides: 179H-R Fw,
GTGAGGCGCTGCCCCCACCgTGAGCGCTGCTCAGATAGC; 179H-R Rev, GCTATCTGAGCAGCGCTCACGGTGG
GGGCAGCGCCTCAC; 181R-H Fw, GCGCTGCCCCCACCATGAGCaCTGCTCAGATAGCGATGG; 181R-H Rev,
CCATCGCTATCTGAGCAGTGCTCATGGTGGGGGCAGCGC; 249R-S Fw, GCATGGGCGGCATGAACCGGAGtCCC
ATCCTCACCATCATC; 249R-S Rev, GATGATGGTGAGGATGGGACTCCGGTTCATGCCGCCCATGC; 241S-F Fw,
TACATGTGTAACAGTTtCTGCATGGGCGGCATGAACCGG; 241S-F Rev, CCGGTTCATGCCGCCCATGCAGAAAC
TGTTACACATGTA; 248 R-Q Fw, TGCATGGGCGGCATGAACCaGAGGCCCATCCTCACCATC; 248R-Q Rev, GA
TGGTGAGGATGGGCCTCTGGTTCATGCCGCCCATGCA; 280 R-T Fw, GTTTGTGCCTGTCCTGGGAcAGACCGGC
GCACAGAGGAAG; 280 R-T Rev, CTTCCTCTGTGCGCCGGTCTGTCCCAGGACAGGCACAAAC; 275 C-Y Fw,
GAGGTGCGTGTTTGTGCCTaTCCTGGGAGAGACCGGCGC; 275 C-Y Rev, GCGCCGGTCTCTCCCAGGATAGGCA
CAAACACGCACCTC; 281 D-E Fw, GTGCCTGTCCTGGGAGAGAGCGGCGCACAGAGGAA; 281 D-E Rev, TTCC
TCTGTGCGCCGCTCTCTCCCAGGACAGGCAC.

SNAI1 (NM_005985) human cDNA was used (OriGene). MCF-10A cells stably expressing an empty
vector (PCB6�) or constructs expressing p53175H (in PCB6�; 72R polymorphism) with Effectene reagent
(Qiagen) were created as described in reference 5. HCT116 cell lines express the inducible pcDNA4-Flag-
HA-p53(R175H) or pcDNA4-Flag-HA-p53(R273H) vector.

Cell expansion and cell death assay. Cell proliferation was assessed by monitoring the number of
cells over time through cell counting using a hemocytometer. A total of 10,000 cells/well were seeded
in 6-well plates in triplicates on day one, and cell numbers were monitored every 24 h for up to 3 days.
Cell number/survival was measured using the ToxiLight bioassay (Thermo Fisher Scientific) or the
CellTiter-Glo luminescent cell viability assay according to the manufacturer’s instructions.

Measurements of mitochondrial parameters. ROS measurements were performed using the
ROS-Glo H2O2 assay (Promega) according to the manufacturer’s instructions. Luminescence was deter-
mined with a GloMax multiluminometer. The average relative light units (RLU) and standard deviations
from triplicate samples (SD) were calculated. Hydrogen peroxide (400 �M) and 5 mM N-acetylcysteine
(NAC) were used as positive and negative controls, respectively. For mitochondrial content of the cells,
cells were stained with MitoTracker green (Molecular Probes) according to the manufacturer’s instruc-
tions for 30 min using 200 nM, washed, and analyzed using a plate reader (excitation wavelength, 490
nm; emission wavelength, 516 nm). Mitochondrial membrane potential was determined using tetra-
methylrhodamine ethyl ester (TMRE), and cells were stained with 25 nM TMRE, subsequently washed
with phosphate-buffered saline (PBS), and analyzed using a plate reader (excitation wavelength, 549 nm;
emission wavelength, 575 nm).

Determination of glycolytic function. The extracellular acidification rate (ECAR) was determined as
previously described (34–36) and measured in real time using the XFp extracellular flux analyzer
(Seahorse Bioscience), which allows the measurement of all relevant glycolysis parameters (glycolysis,
glycolytic capacity, and glycolytic reserve). Cells were seeded in an XFp cell culture miniplate at a
concentration of 8,000 to 20,000 cells per well in their specified growth media. The next day, cells were
washed twice with 180 �l of XF base medium (Seahorse Bioscience), followed by a 15-min incubation in
the same medium. Cells were analyzed using the Seahorse XFp glycolysis stress test kit (Seahorse
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Bioscience) by following the manufacturer’s instructions. Briefly, after baseline measurement, the fol-
lowing injections were made: 10 mM glucose, 1 �M oligomycin, and 50 mM 2-deoxyglucose.

Mitochondrial respiration measurements. The oxygen consumption rate (OCR) was determined, as
previously described (34, 35), in real time using the XFp extracellular flux analyzer (Seahorse Bioscience),
which allows the measurement of many relevant parameters (total respiration, basal mitochondrial
respiration, ATP-linked respiration, proton leak, maximal respiration, and spare respiratory capacity). Cells
were seeded in an XFp cell culture miniplate at a concentration of 8,000 to 20,000 cells per well in their
specified growth media. The next day, cells were washed twice with 180 �l of XF base medium (Seahorse
Bioscience), followed by a 15-min incubation in the same medium. Cells were analyzed using the
Seahorse XFp Cell Mito stress test kit according to the manufacturer’s instructions. Briefly, after baseline
measurement, the following injections were made: 1 �M oligomycin, 0.5 �M carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 �M rotenone/antimycin A.

Glucose uptake assay. Glucose uptake was performed as previously described (37), with some
modifications. Cells were seeded at a density of 1 � 105 cells/well overnight and then starved for 5 h in
DMEM without glucose, glutamine, pyruvate, and FBS for 5 h. The medium then was replaced with 1 ml
of medium per well containing 10 �M 2-deoxyglycose (Sigma-Aldrich) and 1 �Ci (20 nM) [3H]2-deoxyglucose
(American Radiolabeled Chemicals, Inc.). Cells were incubated with labeled 2-deoxyglucose for 20, 60, and 120
min, and then they were rinsed three times with chilled PBS and lysed in ice-cold 0.4N NaOH. The lysates were
mixed with Emulsifier-Safe scintillation liquid (Perkin-Elmer), and 2-deoxyglucose uptake was quantified using
a scintillation counter. Data were determined as counts per minute (cpm) and normalized by total amount of
protein galactose.

RNA extraction and cDNA synthesis. Total RNA was extracted using the RNAqueous phenol-free
total RNA isolation kit (Ambion, Life Technologies) according to the manufacturer’s instructions. One
microgram of RNA was used to synthesize cDNA with the IScript cDNA synthesis kit (Bio-Rad) according
to the manufacturer’s instructions. Approximately 200 ng of the cDNA sample was analyzed by quan-
titative PCR (qPCR) using Maxima qPCR SYBR green master mix (Thermo Fisher Scientific, Waltham, MA)
and amplified using the 7500 real-time PCR system (Applied Biosystems, Foster City, CA). The ΔΔCT

method (where CT is threshold cycle) was used to determine the relative mRNAs expression after
normalization with �-actin as a reference gene. The following oligonucleotides were used: total PGC-1a
Fw, 5=-CAGCCTCTTTGCCCAGATCTT-3=; total PGC-1a Rv 5=-TCACTGCACCACTTGAGTCCAC-3=; TFAM Fw,
5=-ATTCCAAGAAGCTAAGGGTG-3=; TFAM Rv, 5=-CAGAGTCAGACAGATTTTTCC-3=; SCO2 Fw, 5=-TGGGTGC
TGATGTACTTTGGC-3=; SCO2 Rv, 5=-ACAGTCTTGGGTGGAAGTCCTG-3=; FDXR Fw, 5=-GTCCGTCTGAGTGGG
ACTTT-3=; FDXR Rv, 5=-GAGGAGAGACGCTGGAAGAG-3=; �-actin Fw, 5=-GCAAGCAGGAGTATGACGAG-3=;
�-actin Rv, 5=-CAAATAAAGCCATGCCAATC-3=.

Mitochondrial/genomic DNA assay. DNA was extracted with the QIAamp DNA minikit (Qiagen)
according to the manufacturer’s instructions. Two nanograms of total DNA input was loaded into a plate
with prealiquoted PCR primer pairs from NovaQUANT human mitochondrial and nuclear DNA ratio kit
(Merck) to perform reverse transcription-PCR (RT-PCR) using Maxima qPCR SYBR green master mix
(Thermo Fisher Scientific, Waltham, MA). The relative copy number of each gene was estimated based on
differences in the CT (ΔCT) values of four targets (ND1, BECN1, ND6, and NEB).

Antibodies. The following primary antibodies were used: anti-p53 (DO-1) (sc-126; Santa Cruz
Biotechnology), anti-E-cadherin (24E10) (3195; Cell Signaling Technology), anti-vimentin (D21H3) (5741;
Cell Signaling Technology), anti-�-actin (ACTBD11B7) (sc-81178; Santa Cruz Biotechnology), anti-LC3
(L7543; Sigma-Aldrich), and anti-p21 (F-5) (sc-6246; Santa Cruz Biotechnology). Secondary antibodies
used for Western blotting were Pierce goat anti-mouse IgG (H�L), peroxidase conjugated, and Pierce
goat anti-rabbit IgG (H�L), peroxidase conjugated (both from Thermo Scientific). All antibodies were
diluted according to the manufacturer’s recommendations.

Gel electrophoresis and Western blotting. Cells were harvested, washed in PBS (Sigma-Aldrich),
and lysed for 30 min on ice in radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with
complete mini protease inhibitor cocktail (Roche Diagnostics). The lysates were centrifuged at 10,000
rpm for 10 min to separate the insoluble material, followed by a measurement of protein concentration
using the bicinchoninic acid (BCA) assay (Pierce). Equal amounts of protein from each sample were mixed
with Laemmli loading buffer, boiled for 5 min, and subjected to SDS-PAGE. Ten to 15% acryl amide gels
were used to separate proteins of different molecular masses. Membranes were blocked for 1 h with 5%
nonfat milk in PBS at room temperature and subsequently probed with the primary antibody of interest
overnight at 4°C. Blots were revealed by enhanced chemiluminescence (ECL) (Bio-Rad). The level of
mutant p53 proteins stably expressed in H1299 cells was quantified by Image J (version 1.42q).

Statistical analyses. All graphs were designed using GraphPad Prism 6. Quantitative data, repre-
sented by bar graphs from at least three independent experiments in triplicates, are shown and
expressed as means � SD followed by analysis of variance (38). Some results are presented as fold
change over control levels (dimethyl sulfoxide). In all experiments, treatment groups (mutants) were
compared with a control group (CV) unless otherwise shown.
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