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SUMMARY

There is growing evidence that alterations in metabolism may contribute to tumorigenesis. Here,
we report on members of families with the Li—-Fraumeni syndrome who carry germline mutations
in TP53, the gene encoding the tumor-suppressor protein p53. As compared with family members
who are not carriers and with healthy volunteers, family members with these mutations have
increased oxidative phosphorylation of skeletal muscle. Basic experimental studies of tissue
samples from patients with the Li—-Fraumeni syndrome and a mouse model of the syndrome
support this in vivo finding of increased mitochondrial function. These results suggest that p53
regulates bioenergetic homeostasis in humans. (Funded by the National Heart, Lung, and Blood
Institute and the National Institutes of Health; ClinicalTrials.gov number, NCT00406445.)

CASE REPORT

The Li—Fraumeni syndrome is caused by the transmission of germline TP53 mutations that
result in a variety of early-onset sarcomas and carcinomas — there are about 600 such
mutations, but not all are known to cause the Li—Fraumeni syndrome (International Agency
for Research on Cancer [IARC] TP53 Database, version R15).12 It is well known that p53
plays an essential role in regulating various cellular activities that are directly related to
tumor suppression, such as cell-cycle control and DNA repair, but there is accumulating
evidence that p53 also regulates other activities, such as mitochondrial respiration and
glycolysis.3# This protein can regulate mitochondrial function by means of both
transcriptional activation of mitochondrial biogenesis genes and post-translational protein—
protein interactions.>® A recent study elegantly showed that the retention of the metabolic
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activities of p53 (but not its cell-cycle and apoptotic activities) is sufficient to suppress
tumors in mice, highlighting the critical role of these less-studied metabolic functions of p53
in tumorigenesis.” On the basis of these observations, we hypothesized that members of
families with the Li—-Fraumeni syndrome who carry germline mutations in p53 may have
evidence of altered mitochondrial function.

Although the results of treadmill exercise testing can be used as an indirect marker of
mitochondrial function, many factors can contribute to aerobic fitness. To avoid the effects
of variables such as physical fitness, lifestyle, diet, and even motivation, we used a more
sensitive, noninvasive technique to directly measure mitochondrial function in the skeletal
muscle of study participants.8 This method relies on the regeneration of phosphocreatine,
which normally shuttles high-energy phosphate from the mitochondria to the cytosol in
order to maintain ATP levels in skeletal muscle during physical activity. The measurement
of phosphocreatine regeneration after exercise-induced depletion with phosphorus-31
magnetic resonance spectroscopy (3!P-MRS) can therefore provide a unique and sensitive
gauge of in vivo oxidative phosphorylation capacity.® To support these in vivo findings, we
concurrently examined mitochondrial function and biogenesis in cells isolated from family
members with the Li-Fraumeni syndrome and in an established mouse model of the
syndrome.

Study Participants

We enrolled both noncarriers and carriers of the TP53 mutation from families with the Li—
Fraumeni syndrome, as well as healthy volunteers who served as additional controls in our
pilot clinical study. The study was approved by the National Institutes of Health internal
review board, and all participants were enrolled after providing written informed consent.
Before enrollment in our clinical protocol, the members of families subject to inheritance of
the Li—Fraumeni syndrome underwent TP53 genotyping in consultation with their
physicians and genetic counselors (a list of genetic testing sites appears in the
Supplementary Appendix, available with the full text of this article at NEJM.org). A medical
history was obtained and a physical examination and basic laboratory tests were performed
to ensure that all study participants were in good health. None of the participants with the
Li—Fraumeni syndrome who carried the TP53 mutation had received a diagnosis of cancer
within 1 year before enrollment in the study. (Table S1 in the Supplementary Appendix lists
the following characteristics of TP53 mutation carriers: type of mutation, family
identification number, age at enrollment, type of cancer, age at diagnosis, and chemotherapy
history.)

Measurement of Phosphocreatine Levels and Other Tests

We developed a foot-exercise apparatus (Fig. 1A) that, when used, would deplete
phosphocreatine levels in the tibialis anterior, a muscle in the superficial anterior lateral
aspect of the leg mainly composed of oxidative type | and type I1A fibers enriched in
mitochondria (Fig. 1A).° Each participant engaged in submaximal exercise by dorsiflexing
one foot against 30% of the maximum weight lifted before testing. The phosphocreatine
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level was measured with the use of 3lPMRS during a 3minute rest period, a 2minute
exercise period, and a 6minute recovery period, from which the single exponential recovery
time constant (T.) was calculated with data obtained during the postexercise recovery period
(Fig. 1A). In accordance with the protocol, 31P spectra were obtained at rest and during
exercise and recovery, and the results were analyzed with the use of SAGE 7 (GE
Healthcare) and IDL, version 6.4 (Exelis Visual Information Solutions), software (see the
Supplementary Appendix).19 The study timeline for testing (i.e., the total number of months
to complete testing of all participants) did not differ significantly between the control group
and the participants carrying a TP53 mutation (Fig. S1 in the Supplementary Appendix).

The validity of our technical protocol was confirmed as follows. In the control group,
recovery T.s for phosphocreatine levels were tightly clustered around previously reported
values for healthy subjects.8 In the group of participants with a TP53 mutation, there was a
significant correlation between the recovery T, for phosphocreatine levels and oxygen
consumption at the ventilatory threshold (i.e., the point during exercise at which significant
anaerobic metabolism ensues), an independent measure of oxidative metabolic capacity (r =
-0.73, P = 0.01) (Fig. S2A in the Supplementary Appendix).1!

Detailed descriptions of myoblast preparations from biopsy specimens of skeletal muscle,
tissue culture, and studies in the mouse model of the Li—-Fraumeni syndrome are available in
the Supplementary Appendix. Standard techniques were used for purifying mitochondria
from tissue samples and for measuring mitochondrial oxygen consumption, as detailed in the
Supplementary Appendix. Information on the antibodies used and on sample preparation
and Western blotting techniques is provided in the Supplementary Appendix.

Statistical Analysis

Results

Data were analyzed with the use of a two-tailed Student’s t-test. The normality of the
phosphocreatine recovery T, data obtained with 31P-MRS was not assumed, and the
unpaired, nonparametric Mann-Whitney test was used to analyze these data (GraphPad
InStat, version 3.06).

Study Families and Controls

The control group comprised 9 healthy volunteers and 11 members of families with the Li-
Fraumeni syndrome who did not have TP53 mutations. The carrier group comprised 20
members of families with the Li—Fraumeni syndrome who carried a variety of TP53
mutations but were otherwise healthy, without a diagnosis of active cancer (Table S1 in the
Supplementary Appendix). Controls were approximately matched with the TP53 mutation
carriers with respect to age, sex, body-mass index, and physical activity level (Table 1).

Recovery of Phosphocreatine

During exercise, the amount of weight lifted by the two groups was similar (Table 1), but
the median recovery T, for phosphocreatine levels in the carrier group was 28.7 seconds
(mean [£SD], 31.1+6.7 seconds), which was significantly shorter than that for the noncarrier
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group, at 36.7 seconds (mean, 36.7+6.6 seconds) (P = 0.01 by the Mann-Whitney test) (Fig.
1B).

Mitochondrial Function

Mitochondrial function was examined in cultured lymphocytes and myoblasts from the
members of families with the Li—-Fraumeni syndrome. As compared with noncarriers (who
had wild-type TP53), carriers of TP53 mutations had increased oxygen consumption (Fig.
1C). In one family with the Li—-Fraumeni syndrome, multiple members had the same
mutation (TP53 codon R181C); mitochondrial respiration was significantly increased in
R181C myoblasts and was associated with increased levels of mitochondrial respiratory
complex proteins (Fig. S3 in the Supplementary Appendix). In other studies, p53 has been
shown to regulate mitochondrial biogenesis by means of several factors, including
mitochondrial transcription factor A (TFAM) and the synthesis of cytochrome ¢ oxidase 2
(SC02).56 Notably, both TFAM and SCO2 were detected at consistently higher levels in
myoblasts from family members who carried the TP53 R181C mutation or the hotspot
R273H mutation than in myoblasts from noncarrier family members (Fig. 1D).

Mouse Model

Although the data from the study participants indicated that the TP53 mutations associated
with the Li—-Fraumeni syndrome can promote oxidative metabolism by means of increased
mitochondrial biogenesis in a cell-autonomous manner, we sought to substantiate the
metabolic phenotype in a homogeneous genetic background, using an established mouse
model of the syndrome.12 Treadmill testing of mice that were heterozygous (RH) or
homozygous (HH) for the p53 R172H mutation (which is homologous to the human hotspot
R175H mutation in the Li—-Fraumeni syndrome) revealed a gene dose-dependent increase in
endurance during exercise as compared with wild-type (RR) mice with a similar body-mass
composition (Fig. 1E, and Fig. S4A in the Supplementary Appendix). Basal metabolic
measurements revealed a lower respiratory exchange ratio during periods of increased
activity in the homozygous mice (Fig. S4B in the Supplementary Appendix), indicating a
propensity for metabolizing fatty acids that not only contributes to endurance during
exercise but is also thought to play a role in tumorigenesis.13-15 Mitochondrial oxygen
consumption and levels of respiratory-complex proteins in skeletal muscle were increased in
the mice with the p53 R172H mutation, as compared with the wild-type mice (Fig.1F and
1G), findings that were consistent with those in the study participants. The messenger RNA
levels of the mitochondrial biogenesis genes TFAM and SCO2 were also increased in cells
from mice with the Li— Fraumeni syndrome, suggesting the presence of a transcriptional
regulatory mechanism (Fig. S5 in the Supplementary Appendix).

Discussion

The major finding of our study is that in persons with a germline mutation in TP53, the
recovery T, for phosphocreatine levels in skeletal muscle after exercise is significantly
shorter than it is in controls. This finding is consistent with an increased capacity for
oxidative phosphorylation in mutation carriers. Our in vivo data from members of families
with the Li—-Fraumeni syndrome are supported by mitochondrial studies of cells isolated
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from family members and studies in a mouse model of the syndrome. Our findings contrast
with the slower recovery of phosphocreatine levels observed in patients with primary
mitochondrial myopathies but are consistent with the role of p53 in regulating mitochondrial
respiration.38 Alterations in normal p53 activity have been associated with increased
oxidative stress, largely attributable to the mitochondria, which could result in oxidative
DNA damage, possibly leading to genomic instability and, ultimately, the development of
cancer.16-18 |t has recently been reported that in human carriers of the TP53 R337H
mutation who have the Li—-Fraumeni syndrome or a similar syndrome, there is evidence of
increased oxidative damage in plasma, which is thought to be due to deregulated cell
bioenergetics, inflammation, or both.19

Whether this metabolic phenotype contributes to tumorigenesis in persons with the Li-
Fraumeni syndrome remains to be determined. Our study was not designed to demonstrate a
causal linkage between the gain of function in oxidative metabolism and tumorigenesis in
the Li—Fraumeni syndrome. However, our study does show that TP53 mutations in persons
with the Li—-Fraumeni syndrome can increase oxidative metabolism through the
mitochondria in a cell-autonomous manner. Recent studies of the role of oxidative
substrates, TFAM, and other mitochondrial proteins in tumorigenesis have in fact
highlighted the importance of mitochondrial metabolism.1520-23 Thus, such a gain-of-
function mutation could provide cancer cells with survival and proliferative advantages.
Nonetheless, it will be challenging to isolate this metabolic effect of mutated p53 from its
many other cellular activities to show that it has a direct effect on tumorigenesis, especially
in light of the cellular complexities introduced by factors such as mitochondrial signaling
through reactive oxygen species and the metabolic environment of cancer cells.20.24

In the group of study participants who carried the TP53 mutation, we were not able to detect
a significant difference in the recovery T. of phosphocreatine levels between persons with
and those without a history of cancer, but the interpretation of this result could be limited by
the small size of our exploratory study (Fig. S6 in the Supplementary Appendix). The small
number of participants also precluded our ability to draw conclusions about a close
correlation between the recovery T for phosphocreatine levels and TP53 mutations, since
there were only two families with more than two carriers (Table S1 in the Supplementary
Appendix). Larger studies examining a variety of mutations related to the Li—Fraumeni
syndrome in multiple families with the same mutation are needed to address these important
questions. In light of the expanding role of the mitochondria in tumorigenesis, it is tempting
to speculate that patients with the Li—Fraumeni syndrome may have a good response to
metabolic interventions because of their increased mitochondrial respiration. For example,
metformin, which has been shown to prevent cancer, inhibits mitochondrial activity.2>

The increase in oxidative metabolic capacity caused by germline mutations in TP53 has
implications not only for tumorigenesis but also for normal physiology. The presence of
p53-like sequences has been reported in simple life forms and in a number organisms that
are normally not subject to tumor development.26 Thus, it has been proposed that before its
co-option as a tumor suppressor, p53 may have served basic adaptive functions for cell
survival. The abundance of different germline TP53 mutations reported to date makes it still
more tempting to speculate that they may have provided thermogenic or bioenergetic
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advantages for survival in adverse climates or in environments with a limited supply of
nutrients. Given the crucial role of p53-regulated metabolism in tumorigenesis, beyond its
cell-cycle activities,” the current finding of the metabolic gain of function in the Li-
Fraumeni syndrome provides impetus for continuing to explore metabolic strategies directed
at cancer prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oxidative Metabolic Capacity in Study Participants with TP53 Mutations and
Controls, and in Mice with the Li—-Fraumeni Syndrome

In Panel A, the inset shows the apparatus used to assist 20 TP53 mutation carriers and 20
controls in exercising the highly oxidative tibialis anterior muscle for 2 minutes in order to
produce data on the phosphocreatine (PCr) recovery time constant (T¢), shown in the graph
(circles indicate raw data). The y-axis shows PCr levels relative to the pre-exercise baseline.
Panel B shows the PCr recovery T, in controls (36.7 seconds) and carriers (28.7 seconds).
The horizontal lines indicate the median values. The P value was determined with the use of
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the Mann-Whitney test. Panel C shows the rates of oxygen consumption by lymphocytes
(from 10 controls and 14 carriers with seven different TP53 mutations) and skeletal- muscle
myoblasts (from 4 controls and 7 carriers with seven different TP53 mutations). Basal and
uncoupled respiration rates are shown. Panel D shows the levels of two mitochondrial
biogenesis regulators — mitochondrial transcription factor A (TFAM) and synthesis of
cytochrome ¢ oxidase 2 (SCO2) — in myoblasts obtained from 5 male carriers of the TP53
codon R181C mutation and 5 male noncarriers (wild type) in a family with the Li-Fraumeni
syndrome (Family 1). Data are also shown for 2 female members of Family 2 who had the
R273H hot-spot mutation. Quantification of the relative change in expression (the ratio of
the value in carriers to the value in noncarriers) was performed by means of densitometry
(6). As expected, mutated p53 protein was overexpressed as compared with wild-type
protein. Tubulin is shown as a loading control. Panel E shows the endurance capacity
(measured with treadmill exercise) of male mice with the p53 R172H mutation (which is
homologous to the human TP53 R175H hot spot mutation in patients with the Li—-Fraumeni
syndrome). Results are shown for heterozygous mice (RH), homozygous mice (HH), and
wild-type mice (RR). The horizontal lines indicate the mean value (humber of mice, >15).
Panel F shows oxygen consumption of mitochondria purified from mouse skeletal muscle,
measured with glutamate, malate, and adenosine diphosphate (state 3 respiration) (number
of mice, =3). The ratio of state 3 to state 4 respiration (respiratory control rate,
approximately 8) did not significantly differ among the three genotypes (RR, RH, and HH).
Panel G shows levels of mitochondrial protein expression in Western blots and the relative
change in expression (the ratio of expression in HH mice to expression in RR mice), with
quantification obtained by densitometry (number of mice, =4). MTCO1 and MTCQO?2 denote
mitochondrial cytochrome c oxidase subunits 1 and 2, respectively; SDHA denotes
succinate dehydrogenase A, and VDACL1 voltage-dependent anion channel 1 (the protein-
loading control). Values for relative change in Panels D and G and the T bars in Panels C
and F are means +SE, and the asterisks indicate significant differences (P<0.05).
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Table 1

Baseline Characteristics of Controls and TP53 Mutation Carriers.”

Controls  Carriers

Variable (N=20) (N=20) P Value
Age (yr) 40+15 38+13 0.57
Female sex (%) 55 60 1.00

Body-mass index’ 26.9+42 27.2¢453  0.83

Physical-activity level* 31#12 3312 059

Weight lifted in foot exercise (kg)§ ~ 3-4¥1.2  3.3%15 0.88

*
Plus—minus values are means +SD. The control group consisted of 9 healthy volunteers and 11 members of families with the Li—Fraumeni
syndrome who were not carriers of the TP53 mutation.

TBody-mass index is the weight in kilograms divided by the square of the height in meters.

iPhysical-activity level was self-rated by each study participant and ranged from 1 (inactive, with no regular physical activity) to 5 (vigorously
active, with physical activity at least 4 days a week for 60 minutes or more each time).

§The weight lifted represented 30% of the maximum weight against which a participant could dorsiflex one foot before testing.
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