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Depletion of the novel p53-target gene carnitine
palmitoyltransferase 1C delays tumor growth in the
neurofibromatosis type | tumor model

N Sanchez-Macedo'’, J Feng'”’, B Faubert?, N Chang', A Elia**, EJ Rushing®, K Tsuchihara®*%, D Bungard®, SL Berger®,
RG Jones?, TW Mak***” and K Zaugg*'>*’

Despite the prominent pro-apoptotic role of p53, this protein has also been shown to promote cell survival in response
to metabolic stress. However, the specific mechanism by which p53 protects cells from metabolic stress-induced death is
unknown. Earlier we reported that carnitine palmitoyltransferase 1C (CPT1C), a brain-specific member of a family of
mitochondria-associated enzymes that have a central role in fatty acid metabolism promotes cell survival and tumor growth.
Unlike other members of the CPT family, the subcellular localization of CPT1C and its cellular function remains elusive. Here, we
report that CPT1C is a novel p53-target gene with a bona fide p53-responsive element within the first intron. CPT1C is
upregulated in vitro and in vivo in a p53-dependent manner. Interestingly, expression of CPT1C is induced by metabolic stress
factors such as hypoxia and glucose deprivation in a p53 and AMP activated kinase-dependent manner. Furthermore, in a murine
tumor model, depletion of Cptic leads to delayed tumor development and a striking increase in survival. Taken together, our
results indicate that p53 protects cells from metabolic stress via induction of CPT1C and that CPT1C may have a crucial role in
carcinogenesis. CPT1C may therefore represent an exciting new therapeutic target for the treatment of hypoxic and otherwise
treatment-resistant tumors.
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Hypoxia is an important chronic stress on tumor cell growth
and has been shown to correlate with poor disease-free and
reduced overall survival in a variety of carcinomas and
sarcomas.! To enhance survival in an altered environment
such as hypoxia cancer cells undergo a so-called metabolic
transformation.2™* The best-known aspect of metabolic
transformation is the Warburg effect, whereby cancer cells
upregulate glycolysis to limit their energy consumption.
However, there is increasing evidence that not only glucose
metabolism, but also fatty acid oxidation (FAO) is involved in
metabolic transformation. Although glucose seems to be the
major energy source for tumor growth and survival, there is
increasing evidence that alternative energy sources such as
fatty acid metabolism are altered in cancer cells, even under
hypoxic conditions. Indeed, fatty acid synthase has been
found to be upregulated in many human cancers,® and
inhibitors of the fatty acid synthase show antitumor activity.®

As recently published, we identified carnitine palmitoyl-
transferase (CPT) 1C (CPT1C) as a potential novel p53-target
gene.” By their restriction of fatty acid import into mitochon-
dria,* the CPT 1 (CPT1) family of enzymes represent key
regulatory factors of FAO. There are three tissue-specific
isoforms of CPT1: CPT1A that is found in liver, CPT1B in
muscle and CPT1C in brain and testes. Loss-of-function of
CPT1C was generated in mouse embryonic stem cells
(Cpt1c®9t ES cells). Importantly, Cpt1c®/St ES cells readily
succumbed to cell death under hypoxic conditions, whereas
control cells were resistant. ES cells deficient for CPT1C
showed a spontaneous induction in cell death through the
mitochondrial apoptosis pathway. Using transient knock-
down models for Cptic, we reported that Cptic promotes
tumor growth in response to metabolic stress.” These results
suggest that cells can use a novel mechanism involving
CPT1C to protect against metabolic stress.
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Cpt1c-deficient mice show a complex metabolic phenotype
characterized by decreased food intake and lower body
weight when fed a normal diet. However, the mice show a
higher tendency to obesity on a high-fat diet when compared
with wild-type mice.®® Conversely, using a transgenic mouse
model, Cptic gain-of-function results in postnatal microce-
phaly and when fed a high-fat diet, these mice are protected
from weight gain.'® These data suggest a role for CPT1C in
feeding behavior or metabolic sensing in the brain. Metabolic
stress stimulates the activation of intracellular sensors, which
mediate cellular adaptation in order to evade apoptosis. The
tumor suppressor gene p53 is a well-studied transcriptional
factor that is activated and stabilized by many cellular insults
such as DNA damage, hypoxia, starvation and oncogenic
activation. The AMP activated kinase (AMPK) is a cellular
energy sensor activated by conditions of metabolic stress
characterized by an increase in the intracellular AMP/ATP
ratio."” AMPK is now known to be activated by multiple
factors, including AMP and ADP, as well as many nucleotide
independent factors acting through upstream kinases. 2
Starvation or low energy levels initiate activation of AMPK,
which results in the induction of p53.'® Depending on the
intensity and duration of the stress, p53 activation either leads
to cell-cycle arrest, ROS clearance or survival signals or
induces apoptosis and cell death signals. There is increasing
evidence that p53, which has a key role in determining
apoptotic cell fate, is involved in metabolic reprogramming,
one of the key alterations in tumorigenesis.

Recent studies showed that CPT1C is localized both in the
endoplasmic reticulum (ER) and mitochondria, but predomi-
nantly in ER.'* However, the exact subcellular localization of
CPT1C and its cellular function remains unclear. Here, we
show that CPT1C is upregulated in vitro and in vivo in a p53-
dependent manner. We also demonstrate that CPT1C
expression is induced by metabolic stress in an AMPK- and
p53-dependent manner. Furthermore, we show that CPT1C
can protect cells from cell death induced by hypoxia.
Interestingly, CPT1C depletion increases survival and sup-
presses tumor development in the Nf1 '~ :p53*/~ tumor
model. Analysis of these tumors confirms an activated AMPK/
p53 signaling pathway. In addition, depletion of CPT1C leads
to decreased proliferation. Our findings have implications for
the cell survival effects of p53 under conditions of metabolic
stress and might have a key role in carcinogenesis. Under-
standing the roles of CPT1C as a key downstream target in
the AMPK/p53 pathway via regulation of metabolism may
provide interesting potential targets for the development of
new cancer therapies.

Results

CPT1C is a p53-target gene. We previously reported on a
cDNA microarray screen designed to identify novel p53
transcription targets and identified CPT1C as a potential
novel p53-target.” This screen employed Friend virus-
transformed mouse erythroleukemia cells that lack endogen-
ous p53 and express a temperature-sensitive form of p53
(DP16.1/p53ts cells). At the permissive temperature of 37 °C,
mutated p53 protein is inactive and cells continue to
proliferate. At the restrictive temperature of 32 °C, mutated
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p53 becomes active and cells are induced to undergo
apoptosis. To identify genes differentially regulated upon
p53 activation, we compared microarray mRNA expression
patterns of DP16.1/p53ts cells cultured at 37°C or 32°C.
Additionally, we recently published that upon p53 activation
in DP16.1/p53ts cells, mRNA for EST AA050178.1, which
represents a partial cDNA for Cptic, was increased 1.9-fold
and 2.8-fold after 3 and 6h at 32°C, respectively.” There
were no significant changes in CPT1C mRNA in the parental
DP16.1 cells (—1 and 1-fold change at 3 and 6h after
temperature shift, respectively (data not shown). We next
examined whether CPT1C regulation was truly an effect of
p53 activation. Real-time RT-PCR in a variety of cancer cell
lines revealed that CPT1C is upregulated in multiple cell lines
in a p53-dependent manner in response to several different
stress stimuli such as ionizing radiation (6 or 12 Gray),
ultraviolet (UV) radiation, etoposide and 5-fluorouracil
(5-FU) (Figures 1a and b). Moreover, in U87 cells, CPT1C
was the only CPT family member regulated by p53
(Figure 1c). Similar results were obtained using A549 and
other human cancer cell lines (data not shown). Owing to the
fact that the current available commercial antibodies were
unable to detect endogenous level of human CPT1C in
the tested cells, we could not confirm these results at the
protein level.

p53 directly activates CPT1C transcription. We analyzed
the promoter of the murine CPT1C gene'® and identified
two putative p53-responsive elements (p53-RE)'® in the
first intron that were 330bp apart: p53-RE-A, +174-219;
p53-RE-B, +504-533 (Figure 2a). To investigate whether
p53 could bind directly to either of these sites, we performed
ChlIP analyses on DP16.1/p53ts cells grown at 37 °C or 32°C
for 8 h. Using immunoprecipitation with anti-p53 antibody and
PCR with primers specific for the two potential p53-binding
sites, we observed a specific amplification of p53-RE-A at
32 °C under which p53 was activated (Figure 2b). It should be
pointed out that the non-specific bands were also observed
for p53-RE-B at all conditions. The proximity of p53-RE-A
and p53-RE-B (330bp) and the use of sonication, which
allows analysis of 700 bp fragments make it difficult to clearly
separate p53 binding. To further determine the specificity of
these two binding sites, we cloned the p53-RE-A and p53-
RE-B sequences into separate luciferase reporter vectors to
test transcriptional activity. These constructs were co-
transfected into p53~/~ mouse embryonic fibroblasts
(MEFs) with either WT p53 or p53 bearing a mutation in its
DNA-binding domain. Only the luciferase vector containing
p53-RE-A and not p53-RE-B showed increased luciferase
activity in the presence of WT p53 (Figure 2c). This p53-
dependent luciferase activity was blocked by a point mutation
at position 42 (G->T) of p53-RE-A (p53-RE-A*) (Figure 2c).
Co-transfection of p53-RE-A with the DNA-binding domain
p53 mutant showed no increase in luciferase activity
(data not shown), demonstrating that luciferase activation
associated with p53-RE-A is dependent on the DNA-binding
activity of p53. Taken together, these data suggest that
the p53-consensus motif p53-RE-A is both sufficient
and necessary to drive the p53-dependent transcription of
CPT1C.
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Induction of endogenous CPT1C by stress stimuli in a p53-dependent manner. (a and b) AML (p53 WT), K562 (p53 mutant) and p53 WT and mutant HCT116

cells were subjected to different stress stimuli known to activate p53 and RT-PCR was performed using SYBR Green to detect CPT1C mRNA. p21 served as a positive control
for p53 activation. All values shown were normalized to GAPDH expression. Results shown are one trial representative of at least three experiments. (c) The U87 cell line was
treated with the indicated DNA-damaging stimuli and real-time RT-PCR was performed to detect upregulation of expression of the indicated CPT family members. 6 Gy, 6 Gray
of irradiation; UV240, 240 uJiem? of UV; 5-FU, 50 ug/ml of Fluorouracil; Etoposide, 10 uM of Etoposide. p21 was used as positive control. All values shown were normalized to
GAPDH and the response level was calculated relative to the untreated control. Results shown are one trial representative of at least three experiments

p53 upregulates CPT1C in vivo. To determine whether
CPT1C could be upregulated in response to p53 activation
in vivo, we performed in situ hybridization to detect CPT1C
mRNA in irradiated mouse embryos. At day 12.5 post coitum,
embryos of C57BL/6 p53*/~ and p53~/~ mice were
subjected in utero to 5 Gy irradiation. At 8 h post-irradiation,
various tissues were excised and fixed for detection of
CPT1C mRNA by in situ hybridization. Consistent with
previous reports, the highest base levels of CPT1C mRNA
were detected in neuronal tissues of non-irradiated embryos
(Figure 3, midbrain). Irradiated p53+7/~ embryos showed a
strong upregulation of CPT1C mRNA in most tissues
examined, including the midbrain (Figure 3c) and heart
(data not shown). This CPT1C upregulation was not detected
in irradiated p53~/~ embryonic midbrain (Figure 3d). These

data indicate that CPT1C expression can be transcriptionally
activated by p53 in vivo in response to DNA-damaging
stimuli.

CPT1C expression is induced by hypoxia and glucose
deprivation in a p53-dependent manner. Key targets of
p53 under hypoxic conditions are of special interest, as p53 is
mutated in over 50% of all solid tumors. Rapidly growing
cancer is often associated with hypoxia. Therefore, we
investigated whether CPT1C is upregulated in response to
hypoxia. We exposed transformed wild-type and mutant p53
MEFs to 0.2% O, over 7 h and measured the expression levels
of all CPT family members by real-time PCR. As shown in
Figure 4a, CPT1C is the only family member upregulated in
response to hypoxia in a p53-dependent manner.

Cell Death and Differentiation
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Figure 2 CPT1Cis a p53-target gene. (a) p53-binding sites. Computational analysis revealed two putative p53-RE, p53-RE-A and p53-RE-B, located in intron 1 in the
CPT1C promoter region as indicated. (b) p53 binding to p53-RE-A. ChiP analysis was performed on DP16.1/p53ts cells cultured at 37 or 32 °C. The p53-RE of p21 was used
as positive control, unprecipitated genomic DNA was the loading control. NA: no p53 antibody. Results shown are one result representative of three trials. (¢) p53-RE-A binds

to p53 and activates transcription. The indicated luciferase reporter constructs were transfected into E 1A/ras-transformed p53 '~

MEFS, with or without co-transfection of WT

p53. Relative luciferase activity was taken as the relative transcriptional activity. pGL3-SV40, vehicle control; p53-RE-A*, mutated p53-RE-A (G — T at position (42); p21 was

used as positive control for p53 transcription

We reported earlier that CPT1C depletion confers sensitiv-
ity to metabolic stress including hypoxia and glucose with-
drawal.” To investigate whether p53 directly binds to the
verified p53-RE of Cpt1c upon hypoxia or glucose withdrawal,
we performed ChIP analyses on p53 wild-type MEFs treated
with either glucose-free DMEM (Figure 4b) or low oxygen
(Figure 4c) using anti-p53 antibodies. Using immunoprecipi-
tation with anti-p53 antibody and PCR with primers specific for
the p53-binding sites of Cptic, we observed a strong
amplification of the Cpt1c p53-RE (p53-RE-A) under hypoxia
and glucose withdrawal conditions (Figures 4b and c). Primers
specific for the p53-RE in the Bax gene were used as a
positive control for p53 activation.

CPT1C is induced by energetic stress in an AMPK- and
p53-dependent manner. AMPK activation leads to
increased catabolic metabolism, which can activate a
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p53-dependent cell-cycle checkpoint.'® Our observation that

glucose withdrawal induces Cpt1c expression and regulates
cell proliferation suggests that Cptic may be a target
of AMPK, the major sensor of cellular energy levels."" We
treated control or AMPKau-deficient MEFs (AMPKx1~/~:
22" MEFs expressing Cre recombinase) with 1 mM Metfor-
min and found that increased endogenous CPT1C levels
parallel increased phosphorylation of AMPKx and its down-
stream targets (acetyl-CoA carboxylase (ACC) and p53)
(Figure 5a). These results indicate that CPT1C is upregu-
lated by Metformin in an AMPK-dependent manner. To verify
whether upregulation is dependent on p53, we examined by
western blotting the endogenous level of CPT1C in 3T3
MEFs wild-type and p53-deficient cells. Western blotting
analysis revealed that CPT1C protein levels in p53~/~ cells
was much lower than that in p53*/* cells (Figure 5b, left).
The CPT1C level was significantly elevated after Metformin
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Figure 3 p53 upregulates CPT1C in vivo. E12.5 C57BL/6 embryos from p53 ™ /= and p53~'~ mice were subjected to 5 Gy ionizing radiation (Irrad) in utero. Embryos
were harvested and prepared for in situ hybridization at 8 h post irradiation. Incubation of midbrain sections with a CPT1C riboprobe showed that CPT1C mRNA was
upregulated in irradiated p53*/~ cells (c) but not in irradiated p53 '~ cells (d) compared with sham-irradiated controls (a and b)

treatment, where AMPK was activated in p53*/* cells, but
not in p53~7 cells. (Figure 5b, right). These data strongly
support the observation that CPT1C is upregulated in a p53
and AMPK-dependent manner. We previously showed that
CPT1C depletion in mouse ES cells leads to activation of the
intrinsic mitochondrial apoptosis.” Moreover, AMPK-deficient
cells display increased sensitivity to apoptosis induced by
metabolic stress.'” Interestingly, the ectopic expression of
CPT1C protects AMPK-deficient cells from apoptosis
induced by the metabolic stressor 2-deoxyglucose (Figures
5¢ and d). These data suggest that CPT1C is a key
downstream mediator of AMPK signaling, important for
mediating cell survival in response to metabolic stress.

CPT1C depletion increases survival and suppresses
tumor development in the Nf1*/~ : p53*/~ tumor model.
Based on our results that show upregulation of Cptic after
activation of the tumor suppressor p53, we hypothesize that
CPT1C has a crucial role in carcinogenesis by protecting
tumor cells from hypoxic and metabolic stresses. To verify
this hypothesis, we used the neurofibromatosis type | tumor
model.'®1® Nf1*/~ :p537/~ mice, which are prone to
develop soft tissue sarcomas, were crossed with Cpt1ce/s!
mice to generate Nf1*/~:p53*~:Cpt1c®% mice in a
C57BL/6 background. Survival as well as tumor incidence
was compared with C57BL/6, Cpt1c®/9t and Nf1+/~:
p53"'~ mice (Figure 6a). Similar to previous reports,'®2°
we observed that Nff ™/~ :p53*/~ mice developed soft
tissue sarcomas of the limbs and abdomen as well as

lymphomas at around 3-6 months of age and with a
penetrance of over 70%. CPT1C depletion in this murine
tumor model highly increases the median survival time from
5-15 months (P<0.0001). Sarcomas developed in 59.9%
of Nf1*/~:p537/~ mice, and metastases in 29.4%. In
contrast, depletion of Cptic in Nft*/~:p53*/~ mice
significantly decreased the incidence of sarcomas and
metastases to 13.89% and 19.44%, respectively,
(Figure 6b). Similarly, splenic hyperplasia was also signifi-
cantly less in Nft ™/~ : p53*'~ : Cpt1c8¥St mice (25%) com-
pared with that in Nff™'~:p537/~ mice (41.2%). In our
cohort, there was no obvious difference in the onset of brain
tumors. The reason why our Nff /'~ : p53"/~ mice devel-
oped fewer brain tumors than previously reported is probably
owing to the different C57BL/6 background.'®

Histological analysis reveals less proliferation in tumors
from Nf1 "/~ : p53+7/~ : Cpt1c®¥9" mice. It has been shown
that hypoxia in solid tumors is associated with rapid disease
progression and poor outcome. As CPT1C protects tumor
cells from apoptotic cell death, we hypothesize that CPT1C
depletion in our murine tumor model reduces markers of
tumor aggressiveness such as proliferation and apoptosis.
In order to analyze the proliferative and apoptotic rate in
Nf1*™'~:p53*/~ and Nft™'~ :p53*~ : Cpt1c99 tumors,
we performed immunohistochemistry with Ki67 and cleaved
caspase-3 in paraffin-embedded tumor samples. As shown
in Figure 6c, positive staining for Ki67 was significantly
reduced in Nf1*/~:p53*/~:Cpt1c®/® tumor samples
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Figure 4 Cptic is induced by hypoxia and glucose deprivation in a
p53-dependent manner. (a) Mouse embryo fibroblasts from p53+/ * and
p53~'~ mouse embryos at day 135 were treated with either normoxia
(20% Oo,) or hypoxia (0.2% O,) for 7h, then the cells were harvested for total
RNA isolation. The CPT1A, B, C and CPT2 mRNA levels were measured using real-
time PCR. RNA levels were normalized to GAPDH. VEGF was used as positive
control. Using ChIP analysis and PCR with primers specific for the p53-binding sites
of Cptic, amplification of p53-RE was tested in p53 WT MEFs treated with either
glucose deprivation (b) or hypoxia (c). Bax was used as positive control

compared with Nff '~ : p53*/~ . There is also an apparent
tendency towards reduced cleaved caspase-3-positive stain-
ing in Nf1*/~:p537'~ : Cpt1c®¥®" tumors when compared
with Nf1 /= :p53*/~ though no significant difference was
observed between those two groups. Taken together, Cptic
depletion significantly decreases the incidence of sarcomas
and metastases in the murine neurofibromatosis type | tumor
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Figure 5 Cpticisinduced by energetic stress in an AMPK and p53 dependent
manner. (a) AMPKx1~'~, «2"" MEFs +/— Cre cells were treated for 16h in
1mM Metformin. Cells were lysed with CHAPS buffer, and immunoblotted with
antibodies indicated. (b) p53*/* and p53~'~ 3T3 MEF cells were treated for 16 h
in 1mM Metformin, Cells were lysed with CHAPS buffer and immunoblotted with
antibodies indicated. (c) Cell lines stably expressing CPT1C protein were generated
in control (Cre —) and AMPKa-deficient (Cre +) MEFs. Clones of each cell type
were immunoblotted with antibodies indicated. (d) A Pl-exclusion apoptosis assay
was performed with AMPKx1~'~, o.2"" MEFs (Cre —, open bar; Cre +, closed
bar) expressing either Flag-CPT1C ( + ) or control vector ( — ) MEFs were treated
with 2-deoxyglucose. Data expressed in Mean + S.E.M.

model Nf1+/~:p537/~, which might be caused by the
cumulative effects of altered metabolism, an increase in
sensitivity to hypoxia, and downregulation of proliferation.

Cptic is overexpressed in Nfi*’~ :p53*/~ sarcomas.
Previous studies'®?' performed with the murine Nf1*/~:
p53"/~ tumor model revealed that the majority of sarcomas
are malignant peripheral nerve sheath tumors and malignant
triton tumors that arise within peripheral nerves. We next
investigated whether Cptic is overexpressed in the tumors
extracted from Nf1*/~:p53*/~ mice. We performed real-
time PCR and western blotting to analyze the expression
level of CPT1C in normal muscle tissue and tumor samples
from Nf1/~:p537/~ mice that developed soft tissue
sarcomas (Figure 7). Even though CPT1C is mainly
expressed in brain,® #2223 we found high expression levels
of Cptic in sarcomas extracted from Nf1 ™/~ : p53*/~ mice.
In contrast, no Cpt1c expression was found in normal muscle
tissues by performing real-time PCR and immunoblotting
experiments. Motivated by our in vitro results that Cptic is
regulated by p53 and AMPK, we next analyzed whether
increased Cptic expression in tumors correlates with p53
and AMPK activation. p53 and p21 protein
levels, and AMPK phosphorylation at T172 were highly
upregulated in sarcomas, which showed elevated expression
of Cptic (Figure 7b). It is worth noting that we observed
p53 expression in all Nf1*/~ :p537/~ sarcomas tested by
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Figure 6 Cptic depletion in the murine neurofibromatosis type | tumor model significantly increases their survival rate and suppresses tumor transformation and
metastasis. (a) Kaplan-Meier survival curve. The survival of the Nf1*'~ :p53*/~ : Cpt1c®'®' mice (green, n=53) was compared with the Nft ™'~ :p53*'~mice
(blue, n=53), the Cpt1c®%" mice (red, n=>54) and a wild-type control (C57BL/6 strain, black, n=33). The survival of the mice was plotted on a Kaplan-Meier curve for
individual genotypes against the animal age in months. (b) Nf1 /= : p53™/~: Cpt1c®%" mice showed less metastasis cases and fewer cases of spleen hyperplasia and
sarcomas. There is no variation in the brain tumor cases when compared with Nff ¥/~ : p53™'~ mice. (c) Histological analysis of tumor phenotypes in Nf1 = ps3t
and NF1 /'~ : p53/ = Cot1 ™ mice. NFT*/~ : p53™/~ (n=6)and Nff */~ : p53*+/~ : Cpt1c®%" (n= 4) sarcomas were analyzed using immunohistochemistry staining
as indicated. Paraffin sections were stained with Ki67 (brown) and cleaved caspase-3 (CC-3, red) to analyze the proliferation and the apoptotic rate respectively.
Data expressed is Mean + S.D.
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Figure 7 CPT1C is upregulated in tumor tissues. Sarcomas and normal muscle tissues were isolated from Nf{ +/=: p53*'~mice. RT-PCR analysis (a) and western
blot (b) showed that Cpt1ic is upregulated in sarcomas. Data represents at least three independent experiments. The brain tissues from Nf1 ™'~ : p53*/~ and Nff */~ :
p53” T Cpt1c‘/ ~ mice were used as Cptic positive and negative controls as indicated

western blotting (Figure 7b) and by PCR (data not shown)
indicating that the Nf1*/~ : p53*/~ tumors did not undergo
loss of heterozygosity of p53. These results imply that Cptic
may give a p53-dependent growth advantage in tumors.

Discussion

Here, we have shown that CPT1C is a bona fide p53 target
and has a crucial role in sensitizing tumor cells to hypoxia and
glucose withdrawal. In a murine tumor model, depletion of
Cpt1c significantly reduces tumor development and increases
survival of tumor bearing mice. These results suggest that
CPT1C may act as an oncogene to promote cell survival in
response to metabolic stress.

p53is a tumor suppressor activated in response to a variety
of cellular stresses.?*2®> Up to now, activation of p53 by
hypoxia®®?” has been commonly considered a death-inducing
strategy of the cell because of its pro-apoptotic role in cancer
cells. Alternatively, under acute cellular stress p53 is known to
signal DNA repair, cell-cycle arrest or senescence to maintain
the viability of the cell.?® Intriguingly, there is increasing
evidence that p53 can promote cell survival by activating
pathways of metabolic adaptation that seem to be crucial for
successful cancer progression.?® Matoba et al.*° reported that
p53 directly stimulates oxidative phosphorylation by activating
the synthesis of cytochrome c oxidase 2 (SCO2). Interest-
ingly, disrupting SCO2 in cancer cells with wild-type p53 leads
to glycolytic metabolism in p53-deficient tumor cells.
In addition, Bensaad et al.®' demonstrated that expression
of TIGAR (TP53-induced glycolysis and apoptosis regulator)
attenuates glycolysis. The ability of p53 to suppress glycolysis
and to promote oxidative phosphorylation might help
to prevent the unrestrained glycolytic flux that is associated
with malignant cell growth, which represents another
manifestation of the tumor suppressive activity of p53.%2

Although alterations in glucose metabolism seem to
represent a major source for metabolic transformation in
cancer cells, there is increasing evidence that fatty acid
metabolism has a crucial role. Fatty acid synthesis (FAS) is an
energy-depleting process required for cell growth and
proliferation, while FAO is an oxygen-dependent catabolic
process that occurs in the lumen of mitochondria. Cytokines
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cause cells to activate FAS and concurrently reduce FAO.33In

conditions of ATP depletion, FAS is turned off in favor of FAO
by AMPK-dependent inactivation of ACC.3* In light of energy
and oxygen use implications, it is likely that the hypoxic
response tightly regulates the balance between FAS and
FAO. Thus far, the mechanism by which cells regulate a
potential switch between FAS and FAO under hypoxic
conditions has not been suggested. To date, no correlation
has been found between CPT family members, which are key
regulators of FAO, and metabolic adaption in tumor cells.

The CPT1 family (see review Bonnefont et al.®°) consists of
three members encoded by separate genes that appear to be
expressed in a tissue-specific manner: CPT1A (liver isoform),
CPT1B (muscle isoform) and CPT1C (brain isoform). CPT1A
and CPT1B function to translocate free fatty acids to the
lumen of mitochondria, where they can be degraded by beta-
oxidation as source of energy. Although CPT1C appears to
represent a more distant family member by homology,®®
database searches suggest that CPT1C arose from a
relatively recent gene duplication event.® Indeed, unlike other
CPT1 family members, two separate biochemical studies
have failed to show palmitoyltransferase activity for
CPT1C.>22 CPT1C has been recently demonstrated to be
expressed in pyramidal neurons of hippocampus and is
located in the ER. Sierra et al.'* demonstrated that CPT1C
possessed CPT activity, while Carrasco et al.%® indicated that
CPT1C may regulate ceramide levels in neurons. Never-
theless, it has been reported that CPT1C conserves the
affinity for Malonyl-CoA, which inhibits all the CPT1 family
members.3® However, it is still not clear whether the binding of
Malonyl-CoA to CPT1C causes a decrease in food intake and
weight loss. Current experiments in our laboratory are
directed at elucidating the exact subcellular localization
and molecular mechanism of CPT1C to better understand
the functions of this protein.

The present study demonstrates that transcription of the
mouse CPT1C gene emanates from a putative p53-RE in the
first intron that is sufficient and necessary to drive the
p53-dependent transcription of CPT1C. We were able to
detect an increase of the levels of CPT1C mRNA in human
cancer cells cultured under DNA damage conditions known to
activate p53 (Figure 1). Interestingly, we found that CPT1C,
but not p21, was induced by Staurosporin and UV240 stimuli



in MCF7 cells (data not shown). This observation indicates
that CPT1C is also regulated by certain unknown mechan-
isms apart from the p53 pathway. Unfortunately, it was not
possible to confirm the increased CPT1C expression at the
protein level owing to lack of a good quality antibody to detect
endogenous levels of human CPT1C protein.

AMPK activation stimulates a number of biological path-
ways in order to conserve cellular energy. AMPK achieves this
by two main mechanisms: (1) by limiting cellular energy usage
through the inhibition of anabolic pathways such as mTOR-
dependent mRNA translation or ACC-mediated FAS (2) or by
activating pathways of catabolic metabolism to generate ATP.
Recent results suggest that AMPK-dependent inhibition of
anabolic growth has a key role mediating cell survival under
nutrient limitation. Abrogating lipid synthesis by inhibiting ACC
activity rescues AMPK-deficient cells from glucose depriva-
tion.%” The data presented here suggest that AMPK- and
p53-dependent activation of lipid catabolism via Cptic has an
important role in this process as well. We show here that
CPT1C protein levels accumulate in cells under energy stress
conditions and its expression is dependent on AMPK« and
p53 (Figure 5). Moreover, ectopic expression of Cptic is
sufficient to rescue AMPKu-deficient cells from apoptosis
induced by glycolytic inhibition. Together our data indicate that
Cptic, the newest member of the CPT family, is a down-
stream target of the AMPK/p53 pathway, and provides a direct
link between AMPK, p53 signaling and metabolic adaption in
tumor cells.

The current literature together with our results suggests that
CPT1C may have a unique function in the tumor milieu.
Current targeting strategies against cancer mainly focus on
specifically blocking molecular signals, which promote cell
proliferation, hinder cell death, modulate the immune
response or enhance neoangiogenesis. However, most of
these signaling pathways are either redundant or essential in
healthy tissue. A further strategy is to target the altered
metabolism of cancer cells. The metabolic transformation that
occurs in cancer cells and in response to hypoxia seems to
represent an intrinsic part of carcinogenesis and might be
altered by modulating CPT1C. Evidence that hypoxia-
resistant tumors are highly aggressive and have a worse
prognosis underscores that overcoming hypoxia is a major
hurdle for viability in the tumor microenvironment.’

Material and Methods
cDNA microarray screen. The screen was conducted as previously
described.”%®

Cell lines. DP16.1 and DP16.1/p53ts cell lines were maintained in a-modified
Eagle’s medium (x-MEM) containing 10% fetal calf serum (FCS). p53*'* and
p53~'~ MEFs were derived from 14-day-old embryos, transformed with E1A/ras
and cultured in a 5% CO2 atmosphere in Dulbecco’s MEM containing 10% FCS.
XL823, a gene trap ES cell line targeting CPT1C (BayGenomics, San Francisco,
CA, USA), was maintained on 1% gelatin-coated dishes in DMEM supplemented
with leukemia inhibitory factor, 15% FCS, L-glutamine and f-mercaptoethanol.
AMPKo1=' =, 22"/Cre ™/~ MEF cells were maintained in DMEM supplemented
with 10% FCS, 100 1U penicillin, 50 wg/ml streptomycin, and transfected with flag-
tagged CPT1C or vector control using Lipofectamine 2000 (Invitrogen, New York,
NY, USA) as described previously.”

Prediction of promoter and p53-binding sites. Mouse genomic
DNA sequence was obtained from National Center for Biotechnology Information
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Entrez Gene (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene). Promoter
sequence was predicted using WWW Promoter Scan program (http:/www-
bimas.cit.nih.gov/molbio/proscan/). Potential p53-RE were sought using TFBIND
(http://tfbind.hgc.jp/).

ChIP analysis. Chromatin immunoprecipitation was carried out as previously
described.®® Cells were cross-linked in formaldehyde and sonicated with 6 x 10
pulses at 50 Watt, 50% max power (Vibra Cell TM, Sonics and Material Inc,
Newtown, CT, USA). Extracts were subjected to ChIP assays using the acetyl-
histone H3 ChIP assay kit (Upstate Biotechnology, New York, NY, USA) and anti-
mouse p53 antibody (FL-393; Santa Cruz Biotechnology, Dallas, TX, USA). PCR
amplification was performed using primers specific for the two regions in CPT1C
intron 1 that contained consensus p53-binding sequences. The primers used were
as follows: p53-RE-A, forward primer (GTACTAGTACCAGGTACAGGAGGGGC)
and reverse primer (GAAGCACCCTACTGCGCATGCCC); p53-RE-B, forward primer
(GCCTGGCAATTGGAAATGAACAG,) and reverse primer (AGTTGGAGAGGGCTTTG
GGACC).

Luciferase Assay. The two potential p53-binding sites in CPT1C intron 1
were individually PCR-amplified from murine E14K ES cells and cloned into a
pGL3-promoter vector (Promega, Madison, WI, USA). These constructs were co-
transfected with WT p53 or a DNA-binding mutant of p53 into p53~'~ MEFs
using Lipofectamine 2000 (Invitrogen). Luciferase activity was measured in the
presence or absence of p53 and normalized to f-galactosidase activity. A
luciferase construct containing the p21 promoter region and a p53 construct with a
mutation in the DNA-binding site were used as positive and negative controls,
respectively.

Real-time PCR. Cells were treated with various stress stimuli (sham
treatment, 12Gy of irradiation, UV 240 uJ/cmz, 1uM staurosporine for 8h,
10 uM etoposide for 8h, and 50 ug/ml 5-FU for 8h). Total RNA was extracted
using the Qiagen Mini Kit (Sigma, St Louis, MO, USA). RNA was reverse
transcribed using Superscript (Invitrogen). Specific primers for mouse GAPDH,
CPT1A, CPT1B, CPT1C, CPT2 and p21 were generated using either Oligo 5 or
PrimerBank. Primer sequences are available upon request. Real-time PCR was
performed using an SDS 7900 (Becton Dickinson, Franklin Lakes, NJ, USA) with
SYBR green fluorescence (Applied Biosystems, Bedford, MA, USA). The samples
were normalized to the stably expressed reference gene GAPDH.

From tumor samples RNA was isolated from frozen tumor samples using the
Trizol method (Invitrogen) and the PureLink RNA Mini kit (Ambion, Austin, TX,
USA). The RNA was quantified with NanoDrop (Thermo Scientific, Asheville, NC,
USA). Two microgram of total RNA were reverse transcribed using the SuperScript
1l CellsDirect cDNA Synthesis kit (Invitrogen). Real-time PCR was performed using
a LightCycler 480 System and SYBR Green | Master mix (Roche, Indianapolis, IN,
USA). Raw Ct values were normalized against control housekeeping genes
(GAPDH, beta actin and HPRT) and analyzed using the AACt method.

In situ hybridization. In situ hybridization was performed as previously
described.***" Briefly, E12.5 embryos of C57BL/6 p53*'~ and p53~'~ mice
were sham-irradiated or subjected in utero to 5Gy X-ray irradiation. At 8h
post-irradiation, recovered embryos were dissected, fixed in 4% paraformalde-
hyde, processed and embedded in paraffin. Tissue sections (4 — 6 mm) were cut,
deparaffinized, acetylated and exposed to **P-UTP-labeled riboprobes. The
CPT1C cDNA template (from which the riboprobes were made) was a 700-bp
fragment cloned into pBluescript SK (Invitrogen). The p21 cDNA template was a
full-length fragment. Sense and antisense probes were synthesized from
linearized templates using T3 or T7 RNA polymerase, labeled with [a*P]-UTP
(Amersham, Arlington Heights, IL, USA), and processed as previously described.

Mouse models and animal care. Cis Nf1*'~ :p53*/~ mice'®'® were

kindly provided by K. Cichowski,2' Dana-Farber/Harvard Cancer Center, USA, and
mice depleted in Cptic were generated using a gene trap approach as described
(BayGenomics).” Both mouse models were inbred in the C57BL/6 background.
All mice were maintained within the Biologisches Zentrallabor barrier facility,
University Hospital Zirich and all the experiments were approved by the Zurich
Kantonales Veterindramt (license number 161/2007, 15/2011).

We crossed Cpt1c®" mice into the Nff*'~ :p53*/~ background. The mice
were monitored three times per week. As soon as the animals showed signs of
tumors and distress, they were euthanized and the tumors were isolated.
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Statistical analysis and survival studies. The survival of Nff ™'~ :
p53+'~ : Cpt1c*® mice was compared with Nff ™'~ :p53*/~ mice, Cpt1c®®
and wild-type control (C57BL/6). The number of mice per group is indicated in the
legend. The survival of the mice was plotted on a Kaplan-Meier curve for individual
genotypes against the animal age in months. The survival probabilities
were calculated using a public survival calculator (http://www.hutchon.net/
Kaplan-Meier.htm) and GraphPad Prism 5. The results were analyzed with the
log-rank (P<0.0001) test using Graphpad Prism 5.

Histological analysis of tumors. Tumors were fixed in 4% formalin for
1 week at 4 °C. Then, they were embedded in paraffin, sectioned and stained with
haematoxylin and eosin. Immunohistochemistry was performed to test for
apoptosis and proliferation using a rabbit polyclonal anti-cleaved caspase-3
(Cell Signaling Technology, Beverly, MA, USA) and a rabbit monoclonal anti-Ki67
(clone SP6, Thermo Scientific). The samples were analyzed with Adobe
Photoshop and Imaged and the histological scores were obtained by calculating
the ratio between the number of positive-stained cells and the total cell number/
field.

Protein lysates and immunoblotting. Frozen tumor samples were
thawed, washed in PBS and minced in extraction buffer containing 50 mM
NaHCO3 pH 8.3, 0.25M NaCl, 1mM EDTA, 1 mM EGTA, 1% Triton X100 and
protease inhibitors. The tissues were then disrupted by Polytron homogenization
and incubated on ice for 30 min. The homogenates were then centrifuged at
10000 x g for 30min at 4 °C to remove the cell debris. The supernatant was
analyzed by western blotting. Fifty microgram of protein lysates we subjected to
SDS-PAGE and immunoblotted with antibodies indicated. Antibody sources are as
follow: mouse monoclonal anti-mouse CPT1C antibody (clone 1E11, generated in
our Laboratory); mouse monoclonal anti-p53, rabbit polyclonal anti-Pan-actin,
anti-AMPKo, anti-phospho-AMPKa (Thr172) and anti-phospho-ACC (Ser79) (Cell
Signaling Technology); mouse monoclonal anti-p21 (Santa Cruz Biotechnology).
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