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esters) into mitochondria and their further oxidation, and they show differences in their kinetics and tissue ex- 19
pression. Although CPT1C exhibits high sequence similarity to CPT1A and CPT1B, it is specifically expressed in 20
neurons (a cell-type that does not use fatty acids as fuel to any major extent), it is localized in the endoplasmic 21
reticulum of cells, and it has minimal CPT1 catalytic activity with L-carnitine and acyl-CoA esters. The lack of an 22

35 Keywords:

36 Carnitine palmitoyltransferase 1C easily measurable biological activity has hampered attempts to elucidate the cellular and physiological role of 23
37 Lipid metabolism CPT1C but has not diminished the interest of the biomedical research community in this CPT1 isoform. The ob- 24
38 Cognition servations that CPT1C binds malonyl-CoA and long-chain acyl-CoA suggest that it is a sensor of lipid metabolism 25
39 Energy homeostasis in neurons, where it appears to impact ceramide and triacylglycerol (TAG) metabolism. CPT1C global knock-out 26
40 Hereditary spastic paraplegia mice show a wide range of brain disorders, including impaired cognition and spatial learning, motor deficits, and 27
41 Cancer a deregulation in food intake and energy homeostasis. The first disease-causing CPT1C mutation was recently de- 28

scribed in humans, with Cptic being identified as the gene causing hereditary spastic paraplegia. The putative 29
role of CPT1C in the regulation of complex-lipid metabolism is supported by the observation that it is highly 30
expressed in certain virulent tumor cells, conferring them resistance to glucose- and oxygen-deprivation. There- 31
fore, CPT1C may be a promising target in the treatment of cancer. Here we review the molecular, biochemical, 32
and structural properties of CPT1C and discuss its potential roles in brain function, and cancer. 33
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1. Introduction in contrast to the membrane-impermeant acyl-CoA esters from which

they are derived (Fig. 1). Classically, it is considered that CPTs facilitate

Carnitine palmitoyltransferase 1C was the last of the family of three the inter-compartmental transfer of acyl moieties between cellular
carnitine long-chain acyltransferases (CPTs) to be identified [1] (the compartments, with the retention of the particular characteristics of
others being CPT1A and CPT1B and CPT2), and in many respects it has the acyl-CoA pools within individual compartments (e.g. mitochondrial
proved to be the most enigmatic. In addition to CPTs, other carnitine matrix, peroxisomes, nucleus); however, they are also central to the
acyltransferases also include the short-chain acyl-CoA-specific carnitine control of esterified/non-esterified CoA levels in individual cellular
acetyltransferase (CrAT) and the medium chain-specific carnitine compartments [2].
octanoyltransferase (COT). These molecules catalyze the reversible
transesterification of acyl-CoA esters and carnitine to form acylcarnitine 1.1. CPT1A and CPT1B enzymes
esters and coenzyme A. Therefore, these reactions result in the forma-
tion of molecular species (acylcarnitines) that can be transported Membrane-impermeant long chain acyl-CoAs require CPT1A and
through membranes by specific carnitine-acylcarnitine translocases, CPT1B in order to enter mitochondria and undergo (-oxidation.

carnitine LCFA-carnitine

ENDOPLASMIC
RETICULUM

MITOCHONDRIA

Fig. 1. Carnitine acyltransferases. The carnitine palmitoyltransferases (CPTs) CPT1 and CPT2, carnitine acetyltransferase (CrAT) and carnitine octanoyltransferase (COT) catalyze the
reversible transesterification of acyl-CoA esters and carnitine to form acylcarnitine esters and coenzyme A. CPT1A and CPT1B are located in the outer mitochondrial membrane and are
specific for long-chain fatty acids (LCFA). Peroxisomal COT is specific for medium-chain FA, and CrAT (located in the mitochondria, peroxisomes and the ER) is specific for short-chain
FA. COT and CrAT are soluble enzymes located in the lumen of the above mentioned organelles. The acylcarnitines formed are transported through membranes by specific carnitine-
acylcarnitine translocases and finally, in the mitochondria, they undergo 3-oxidation. Malonyl-CoA, usually derived from glucose metabolism and the product of the first committed
step in the FA biosynthetic pathway, regulates FAO by inhibiting CPT1A and CPT1B. This makes CPT1A and CPT1B the gate-keepers in mitochondrial FAO. CPT1C is located in the ER
membrane and has minimal activity.
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Malonyl-CoA, the product of the first committed step in FA synthesis
and usually derived from glucose, is the physiological inhibitor of
CPT1A and CPT1B and thus turns them into enzymes exhibiting strong
flux control on fatty acid oxidation (FAO). CPT1A (present in the liver
and other tissues capable of high rates of FA synthesis) and CPT1B
(expressed mainly in tissues characterized by high rates of FAO, such
as muscle and brown adipose tissue) [3] were initially identified as
separate proteins on the basis of distinct kinetic characteristics. In
particular, the sensitivity of these two enzymes to their inhibitor
malonyl-CoA differs greatly (CPT1A has a 10-fold higher K; for
malonyl-CoA). Subsequently, cloning experiments and sequencing
revealed that they show considerable sequence similarity [4]. No crystal
structures are available for these two enzymes owing to the fact that
they are integral membrane proteins and they lose catalytic function
when solubilized. However, homology analysis of their sequences
compared to those of the globular, soluble members of the carnitine
acyltransferase family (CrAT, COT, CPT2) for which crystal structures
have been obtained at a high resolution as well as homology modelling
and docking using highly similar sequence motifs identified in other
proteins have allowed in silico models of CPT1A tertiary structure
[5-7]. Moreover, extensive structure-function relationship studies of
CPT1A have provided evidence of intricate interactions between a rela-
tively small (47 residues) regulatory N-terminal domain and a large
(approx. 610 residues) catalytic C-terminal domain, which are separat-
ed by two transmembrane domains and a short connecting loop. This
tertiary structure is thought to be adopted by all three isoforms of
CPT1 (Fig. 2). In CPT1A, it provides an intricate molecular mechanism
for the modulation of malonyl-CoA sensitivity. Key residues within the
N-terminal regulatory domain act as positive or negative determinants
of the sensitivity of CPT1A to this metabolite [8-15]. In addition, chang-
es in the malonyl-CoA sensitivity of the enzyme have also been associat-
ed with homo-oligomerization [16,17] or heteroassociation with other
proteins [18], and they also depend on the composition and curvature
of the membrane in which CPT1A lies [15,19].

The molecular properties of CPT1A allow it to adapt its catalytic func-
tion to the pathophysiological cellular and subcellular requirements, e.g.
in the liver, of the normal fed state and the fasted or diabetic condition

A
' Malonyl-CoA
Np
- Malonyl-CoA
Malonyl-CoA insensitive
sensitive
B

Malonyl-CoA
sensitive

[20-22]. Although CPT1B is also an integral protein of the mitochondrial
outer membrane, it does not undergo physiologically induced changes
in malonyl-CoA sensitivity and has a permanently low K; for this
enzyme [19].

1.2. The discovery of CPT1C

CPT1C is both similar and different from CPT1A and CPT1B. It was
discovered when searches of expressed sequence tag (EST) data using
the human CPT1A cDNA nucleotide of protein sequences were
performed using BLASTn and tBLAST searches, respectively [1]. Partial
Cpt1c cDNA was assembled into contiguous sequences, and a particular
mouse sequence yielded the full-length Cptic code [1]. It immediately
became apparent that the sequences were restricted predominantly to
brain- and tumor-derived ESTs. Although CPT1A was known to be
expressed in the brain, and its distribution and sensitivity to malonyl-
CoA in the hypothalamus had been implicated in the control of food
intake [23,24], CPT1C was the first CPT1 found to be expressed exclu-
sively in neurons, in addition to tumor cell lines [1].

The primary nucleotide sequence for the protein-coding region of
Cptic shares 86% or 85% identity with those of CPT1A or CPT1B, respec-
tively, with a short C-terminal extension in the translated protein [1].
Indeed, the CPT1C sequence contains all the motifs necessary for bind-
ing acyl-CoA and carnitine and for the catalysis of the carnitine
acyltransferase reaction [1]. However, surprisingly, using a range of
acyl-CoA esters and carnitine as substrates, when the protein was
expressed in Pichia pastoris it had no detectable acyltransferase activity
[1,25]. Moreover, it was localized exclusively to a fraction that com-
prised mostly microsomes, with no protein being detected in the
‘heavy’ mitochondrial fraction [1]. This initial characterization made it
evident that the function of CPT1C was not likely to be the same as
that of CPT1A and CPT1B in controlling the rate of FAO.

Recently, a human CPT1C point-mutation in the N-terminal domain
has been associated with spastic paraplegia [26]. Importantly, it is the
first CPT1C mutation-associated pathology described in humans. The
unique features of CPT1C are not only scientifically intriguing, but may
also provide the biological basis for the experimental and clinical

Mitochondrial
Outer

Space Membrane
é)«Q
e
% Endoplasmatic
©> Reticulum
- )

Fig 2. CPT1A and CPT1C structures. CPT1 proteins have a short N-terminal domain and a long C-terminal domain separated by two transmembrane domains and a short connecting loop.
The C-terminal domain encompasses the catalytic core and the interaction with malonyl-CoA. A) The N-terminal domain of CPT1A is mobile and switches between the Now (malonyl-CoA
sensitive) and the Not (malonyl-CoA insensitive) conformations. CPT1A can form oligomeric complexes (hexamers and trimers) that may be involved in its sensitivity to malonyl-CoA
[16,17]. B) CPT1C N-terminal domain is always in the Now conformation. The C-terminal domain of CPT1C is around 30 residues longer that the other isoforms.
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evidence of its relevance in brain functions such as appetite control,
motor function, and cognition, and also in cancer cell survival, which
will be discussed below.

2. Molecular and biochemical properties of CPT1C

The distinct molecular and biochemical properties of CPT1C com-
pared to the other CPT1 isoforms are important clues to its distinctive
cellular function. A detailed description of these characteristics is
presented in this section.

2.1. Tissue expression

The initial data from EST suggested that CPT1C was expressed
predominantly in mammalian brain, which was later confirmed by a de-
tailed study of its expression in a range of human and mouse tissues [1].

A detailed analysis of CPT1C expression by in situ hybridization and
immunohistochemistry on coronal mouse sections showed widespread
expression of this protein in the central nervous system (CNS), with a
major concentration in discrete areas like the hippocampus (involved
in learning and cognition), hypothalamic nuclei (involved in feeding
behavior and body energy expenditure), and amygdala (a center that
coordinates the autonomic and endocrine responses to emotional
state) [1,27]. Recently, it has been demonstrated that CPT1C is
expressed in mouse motor neurons and dorsal root ganglia, thereby
indicating that it is also present in the peripheral nervous system [26]
(Table 1).

Interestingly, co-localization studies with cell-specific markers
demonstrated that CPT1C is expressed only in neurons, and no co-
localization of this protein with endothelial or glial cells was detected
[27,28]. Neurons do not use FAs as fuels to any significant extent, thus
indicating that CPT1C may have functions other than the canonical
carnitine acyltransferase activity. The observation that CPT1C is
expressed only in mammalian neurons points to it having a specific
role in mammalian brain.

2.2. Physiological regulation of CPT1C expression

Few studies have focused on the regulation of CPT1C expression in
neuronal tissues. Lavrentyey et al. found no differences in CPT1C
mRNA expression in fasted or diabetic mice compared to controls in
any of the brain regions analyzed [29]. However, CPT1C expression is
regulated during development in various brain regions of the mouse
(cerebellum, motor cortex and striatum) [30] (Table 1). CPT1C protein
levels were very low at birth but increased progressively with develop-
ment, peaking at postnatal day 21, just before weaning. After weaning,
the expression of this protein remained high compared to birth values.
The physiological meaning of this increase towards a peak in CPT1C at
weaning is unknown, but the hormonal (e.g. low insulin/glucagon
ratio pre-weaning) and nutritional changes (high fat to high carbohy-
drate diet) that occur at this age may be key factors in its regulation.

Table 1

Regions in the nervous
system that express CPT1C

Regulators of CPT1C
expression

Hippocampus Postnatal development

Cortex Glucose depletion
Hypothalamic nuclei Palmitate
Amygdala Hypoxia
Cerebellum lonizing radiation
Striatum AMPK

Motor neurons P53

Dorsal ganglia

Interestingly, Zaugg's group has demonstrated that CPT1C expres-
sion in embryonic tissues is induced by different metabolic stress factors
such as glucose deprivation or hypoxia [31,32], and also by other kinds
of stress stimuli such as ionizing irradiation [32] (Table 1). They found
that mouse embryonic fibroblasts maintained under glucose depriva-
tion and/or hypoxia had a 3-4 fold upregulation of CPT1C mRNA levels
mediated by the energy sensor AMP-activated protein kinase (AMPK).
They also found that ionizing radiation of 12.5 post coitum mouse em-
bryos raised CPT1C mRNA levels in neuronal tissues and non-neuronal
tissues such as heart, and that this upregulation was mediated by the
transcription factor p53. It remains to be determined whether this
regulation also occurs in postnatal tissues.

In mammalian cell lines, it has been demonstrated that CPT1C is
post-transcriptionally regulated [33]. CPT1C mRNA has a long 5’ un-
translated region (5’UTR) that contains an upstream open reading
frame (uORF). uORFs codify for short peptides lacking known physio-
logical activity. The presence of an uORF in the 5’UTR usually inhibits
the translation of the main ORF because eukaryotic ribosomes normally
only initiate once per mRNA. This is the case of the uORF of CPT1C
mRNA, which, therefore, appears to act as translation repressor. Inter-
estingly, the activity of the CPT1C uORF is regulated by various cellular
energy stress stimuli. Specifically, glucose depletion, and exposure of
cells to palmitate relieve the repression of translation exerted by
CPT1C uOREF, resulting in a 3-fold increase in protein levels. However,
other FAs, like oleate and octanoate, do not have any effect on the
regulation of CPT1C translation, perhaps because, unlike palmitate
[34], they do not induce cellular stress. Given that these studies were
performed in vitro (using CPT1C 5'UTR/Iuciferase construct in mamma-
lian cell lines) confirmation of the translational regulation of CPT1C
in vivo is required.

In summary, it seems that CPT1C expression is induced by different
cellular stress stimuli, suggesting a role of CPT1C in the adaptation of
neuronal and non-neuronal tissues to metabolic stress (Table 1).

2.3. Subcellular localization

In the first article published on CPT1C [1], Price et al. reported its
presence in the microsomal fraction obtained from mouse brain and
from yeast overexpressing CPT1C, with no protein being detected in
pure mitochondria. Later, overexpression of CPT1C fused to GFP in
cultured mammalian cells and co/localization with specific markers
confirmed the distribution of this protein in the ER and its absence in
mitochondria and peroxisomes [28]. Moreover, the interchange of the
first 153 amino acids of CPT1C (containing both the N-regulatory
domain and the two transmembrane domains) between CPT1A
and CPT1C made these proteins switch location, confirming that the
N-terminal region of CPT1 protein is responsible for the subcellular
location [28]. The presence of CPT1C in the ER and not in mitochondria
is the clearest indication that this protein has a cellular function that
differs from that of the two other isoforms.

24. Catalytic activity

Much research effort has been channeled into determining CPT1C
catalytic activity. The protein was first expressed in the yeast Pichia
pastoris, which lacks endogenous CPT1 activity [1]. This system has
been extensively used to study the catalytic properties of CPT1 enzymes.
Although CPT1C has all the motifs required for catalytic activity (the
catalytic histidine and the putative carnitine and fatty acyl-CoA binding
sites), it has very low catalytic efficiency with carnitine and acyl-CoA as
substrates. Several acyl-CoA esters known to be substrates for CP'T1A
and CPT1B isoforms (palmitoyl-CoA, arachidonoyl-CoA, or linoleoyl-
CoA) or to be abundant in brain (nervanoyl-CoA and lignoceryl-CoA)
were tested. CPT1C showed no activity with shorter-chain FAs such as
octanoyl-CoA or decanoyl-CoA [1].

dx.doi.org/10.1016/j.plipres.2015.11.004
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In order to perform experiments in a more physiological cellular
environment, CPT1C activity was assayed in eukaryotic HEK293T cells
overexpressing CPT1C, and the analysis was extended to acyl-CoA esters
of various chain lengths and saturations, and modifications (like
hydroxyl-acyl-CoAs or methyl-acyl-CoAs). Several acceptor substrates
other than carnitine, such as ethanolamine, serine, choline and sphingo-
sine, were also tested; however, none gave rise to catalytic activity
in vitro [35,36]. Of note, these activity measurements were performed
in crude mitochondria which may not have expressed CPT1C (see
above). Therefore, Sierra et al. measured CPT1C activity in microsomes
of CPT1C-overexpressing PC12 cells and used the HPLC-MS/MS method
to measure the acyl-carnitine species formed in the reaction. Although
they found an increase of 40% in CPT1 activity in cells over-expressing
CPT1C compared to control cells [28], when this is compared with the
20-fold increase in expression of the heterologous CPT1C protein itillus-
trates the very low catalytic activity of the heterologously expressed
protein. As PC12 cells highly express CPT1A, results should be
interpreted with caution because of possible residual contamination of
microsomal fractions with mitochondria. Later, similar results were ob-
tained by Hada et al. [37]. They over-expressed the three CPT1 isoforms
in COS7 cells and obtained values of specific CPT1 activity normalized by
expression levels. The CPT1C specific activity was 2% of CPT1A and 5% of
CPT1B specific activities, using palmitoyl-CoA and carnitine as sub-
strates. All together, these data indicate that CPT1C has minimal activity
which is probably of minor physiological relevance, certainly with re-
spect to acylcarnitine formation in neurons. It could be hypothesised
that CPT1C requires a neuron-specific modification for its activity as
carnitine acyltransferase or that an allosteric activator is absent in the
heterologous expression system. However, the observation that no rel-
evant differences in acyl-CoA and acyl-carnitine levels were found in
brain regions of fed and fast CPT1C knock-out (KO) and wild-type
(WT) mice [36,38] does not support this concept.

However, another possible interpretation of the results is that CPT1C
uses a unique acyl donor or acceptor substrate that has not been tested
in any of the assays performed to date. Other classes of lipids (e.g. the
newly described fatty acid esters of hydroxy fatty acids [39]), remain
to be tested.

2.5. Malonyl-CoA binding

Malonyl-CoA is an intermediate in the FA biosynthetic pathway that
is able to bind to CPT1 enzymes (and inhibit the activities of CPT1A and
1B, thus down-regulating FAO). There has been great interest in the role
of malonyl-CoA as a regulator of metabolism, in addition to its reciprocal
regulation of FAO and synthesis. In fact, malonyl-CoA expression in
various brain regions (hippocampus, cortex, hypothalamus, etc.) in fed
mice is 3-4 times higher than that found in the same regions in fasted
counterparts [40]. There is physiological, pharmacological, and genetic
evidence that hypothalamic malonyl-CoA is a major regulator of food
intake and energy homeostasis (see [41] for a review), and CPT1C has
been hypothesized to be its downstream target. Malonyl-CoA binding
affinity assays were performed both in microsomal fractions of yeast
expressing CPT1C and in crude mitochondria (subcellular fraction
encompassing mitochondria and large microsomes) of HEK293T cells
overexpressing the same protein. These assays demonstrated that
CPT1C binds to malonyl-CoA with the same affinity as CPT1A [1,35].
Importantly, the Ky for CPT1C in HEK293T cells was 0.3 puM, which is
within the dynamic range of neuronal malonyl-CoA. Thus, fluctuation
in malonyl-CoA content in neurons is likely to play an important role
in CPT1C function.

2.6. Spatial structure of the N-terminal domain
The N-terminal domain of the CPT1A isoform makes a critical contri-

bution towards the integration of the response of the protein to cytosol-
ic malonyl-CoA levels, and membrane curvature and composition into

one regulatory signal. The three-dimensional structure of the CPT1C
N-terminal domain encompassing Met1-Phe50 shows crucial sequence
differences from that of CPT1A, and was studied by Ulmer et al. using
NMR spectroscopy and micellar folding scaffolds [42]. The authors
performed the experiments under the same conditions as those used
in a previous study on the three-dimensional structure of the CPT1A
N-terminal domain [15]. They observed that the CPT1C N-terminal
domain adopted an inhibitory Na state that structurally matches that
observed for CPT1A. The Na state is characterized by the formation
of two a-helix secondary structures, and it promotes malonyl-CoA
inhibition of CPT1A enzyme. In contrast, the authors found that the N-
terminus of CPT1C cannot attain the Nf conformation, also called the
malonyl-CoA non-inhibitory state (previously described for CPT1A).
These authors proposed that N structural destabilization makes its
association with the C-terminal domain unlikely, and that this may con-
tribute to the low catalytic activity of CPT1C (Fig. 2). They concluded
that while the switch between Na and NP states or the No/NP ratio
confers CPT1A with a highly sophisticated regulatory mechanism that
determines its sensitivity to malonyl-CoA and the enzymatic response
to the properties of the outer mitochondrial membrane in different
metabolic states, this mechanism appears to be missing in CPT1C
because of the lack of the N state. This interpretation implies that the
protein is constitutively inactive even in the absence of malonyl-CoA.
Further studies are required to answer the many questions still
surrounding the regulatory mechanisms of CPT1C by the N-terminal
domain and malonyl-CoA.

2.7. Regulation of long-chain fatty acid oxidation

Although CPT1C has only minimal CPT1 activity in vitro, a number of
authors have tested the capacity of CPT1C to facilitate long-chain FAO in
a cellular context [3,9]. In this regard, they measured the formation of
14C_CO, from 'C-palmitate or from '“C-oleate in PC12 and in COS-1
cells overexpressing CPT1C. They proved that CPT1C is unable to in-
crease FAO, even when activators such as 8-Br-cAMP or AICAR, known
to induce CPT1A activity through the lowering of cellular malonyl-CoA
levels, were added to the media. Moreover, FAO was measured in corti-
cal and hypothalamic explants from CPT1C KO and WT mice, and no
differences were found between genotypes. The inability of CPT1C to
enhance FAO in intact cells is consistent with the previous observation
that this protein is present in the ER, not in the mitochondria, and that
it lacks catalytic activity.

2.8. Alternative roles for CPT1C in lipid metabolism

2.8.1. Metabolism of TAGs

An interesting potential new role for CPT1C in lipid metabolism has
recently come to light, namely its involvement in lipid droplet (LD) syn-
thesis [26]. LDs are the main organelles storing FAs in the form of TAG,
the ER network being a major regulator in LD generation and expansion
[43,44]. The size of LDs varies in response to changes in nutrient avail-
ability, increasing with nutrient overload and decreasing during starva-
tion. In cortical cultured neurons, the enhanced LD synthesis induced
by oleic acid treatment was attenuated in CPT1C KO cells. Moreover,
overexpression of human CPT1C in COS7 cells increased the number
and size of LDs, while human CPT1C with the mutation Arg37Cys in
the N-terminal region did not. These results indicate that CPT1C facili-
tates the storage of acyl-CoAs in TAGs rather than facilitating their mito-
chondrial oxidation. As TAG synthesis occurs on the ER the subcellular
location of CPT1C may be relevant. It is also plausible that the CPT1C ef-
fect on TAG metabolism is indirect, i.e. that CPT1C affects the expression,
mobility or specific location of TAG metabolizing enzymes in the ER
membrane. It is noteworthy that brain neurons, in contrast to in vitro
cultured neurons, do not usually show LDs in their cytoplasm although
they have all the enzymes for their synthesis. In fact, the only case of LD
being visualized in brain slices was in the DDHD2 ~/~ mouse, which was
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deficient in a protein with TAG hydrolase activity [45]. Therefore, the
physiological relevance of CPT1C involvement in LD synthesis in
neurons needs to be interpreted with caution.

It has also been proposed that CPT1C participates in the elongation
of unsaturated long-chain fatty acids (FAs). The cerebral cortex of trans-
genic mice overexpressing CPT1C in neurons showed a depletion of
total saponified very long-chain FAs, mainly unsaturated C24, C20, C22
and C26 species. Notably, these differences were rescued when animals
received a high-fat diet (HFD) [46]. These results suggest that CPT1C
attenuates the elongation of unsaturated very long-chain species,
although the mechanism involved is completely unknown.

2.8.2. Metabolism of ceramides

When ceramide levels were analyzed in various regions of the brain
(hippocampus, motor cortex, cerebellum, and striatum), the content
of the most abundant ceramide in brain (C18:0), and its derivative
sphingosine was lowered in fasted CPT1C KO mice [30,47]. Moreover,
overexpression of CPT1C in the arcuate (Arc) nucleus increased
ceramide levels in this nucleus, while CPT1C KO mice did not show
the expected increase in ceramide in response to fasting or to ghrelin
treatment. These findings thus established a relationship between
CPT1C expression and ceramide levels [48,49)].

To confirm that CPT1C-induced ceramide modulation occurs in neu-
rons and not in other brain cells, an in vitro model of pure neurons was
used in following experiments [47]. CPT1C overexpression in cultured
hippocampal neurons increased ceramide almost two-fold, while cul-
tured neurons from CPT1C KO mice showed a notable reduction.
Given that the de novo synthesis of ceramide takes place in the ER,
cultured neurons were treated with labelled serine, a precursor of
ceramide, and labelled ceramide was measured along time. The results
showed no effect of CPT1C overexpression on serine utilization for
de novo ceramide synthesis, thus suggesting that it may affects another
ceramide metabolic pathway, such as sphingomyelin hydrolysis,
glycosphingolipid hydrolysis, or the salvage pathway from sphingosine.
Although results clearly demonstrate that CPT1C is involved in ceramide
metabolism, the acting molecular mechanism is completely unknown.
Proteomic studies might be useful to explore the possibility that
CPT1C is interacting with some enzyme or some regulator of the
ceramide metabolism.

Taking into account that CPT1C is able to modulate TAG and cer-
amide content in neurons, as well as the chain length of unsaturated
FA (Fig. 3), a more extensive lipidomic analysis would be of great
value to elucidate whether other lipid species are also influenced by
CPT1C expression.

CPT1C EFFECTS ON
NEURONAL METABOLISM

Malonyl-CoA

binding No effect on FAO

1 Ceramides

long chain FA

ER of neurons

4 Lipid droplets (TAG)

2.9. Metabolomics of brain extracts obtained from CPT1C KO mice 445
An unbiased metabolomic profile of CPT1C KO brains extracts com-
pared to those from WT mice revealed the following: a) a small decrease
in carnitine and its precursors betaine and glutaroylcarnitine; b) an in-
crease in oxidized glutathione; and c) a decrease in the endogenous
endocannabinoids palmitoylethanolamine and eicosapentaenoate [38].
However, the authors did not find any significant variation in any spe-
cies of acyl-carnitines or acyl-CoAs, thus confirming the insubstantial
role of CPT1C in the formation of acylcarnitine esters from acyl-CoA.
Glutathione is the major endogenous anti-oxidant compound pro-
duced by cells, preventing damage caused by reactive oxygen species
such as free radicals, peroxides, lipid peroxides, and heavy metals [50].
Under normal conditions, more than 90% of the total cellular glutathi-
one pool is in the reduced form (GSH), while the rest is present in the
oxidized form (GSSG). An increased GSSG-to-GSH ratio is considered in-
dicative of oxidative stress and has been associated with neurological
diseases [50]. The increase in GSSG in CPT1C KO brains suggests an im-
paired redox homeostasis system, resulting in an increased oxidative
environment and a reduced capacity to protect cells from oxidative
damage. Moreover, betaine, in addition to being a precursor in carnitine
biosynthesis, also has anti-oxidant properties in the brain [51]. All
together, these data suggest that CPT1C may participates in neural
oxidative metabolism and that CPT1C KO cells are more prone to oxida-
tive stress (Fig. 3). 468
The reduction in endogenous endocannabinoids is also interesting 469
because these molecules are involved in the hypothalamic control of 470
food intake. Thus, it cannot be ruled out that the reduction of 471
endocannabinoids in CPT1C KO brains contributes to the decrease in 472
food intake observed in these mice (see Section 3 below). 473
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3. CPT1C involvement in the physiological functions of the brain 474

Although the molecular function of CPT1C is not completely under- 475
stood, numerous lines of experimental evidence demonstrate that it is 476
involved in various physiological functions of the brain, such as energy 477
homeostasis, cognition, and motor function (Fig. 3). This diversity of 478
functions is consistent with the widespread expression of CPT1C in 479
the nervous system. 480

3.1. Control of appetite and body weight 481

When discovered in 2002, CPT1C generated much interest in the 482

research field addressing the control of food intake because this protein 483

CPT1C PHYSIOLOGICAL
FUNCTIONS IN THE BRAIN

No effect on CPT1 activity

Control of food intake

Regulation of peripheral
metabolism

»

Spatial learning

4 Elongation of unsatured

Motor function

1 Endocannabinoids

Involvement in redox

homeostasis

Fig. 3. CPT1C roles at the molecular, cellular, and physiological levels. At the molecular level, CPT1C is located in the ER and is able to bind malonyl-CoA. At the cellular level, CPT1C is
involved in various lipid metabolic pathways and the redox homeostasis system. At the physiological level, CPT1C is involved in several brain functions.
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is highly expressed in appetite regulation nuclei, such as the Arc nucle-
us, the paraventricular nucleus, and the ventromedial hypothalamus
[1], and it also binds malonyl-CoA [2,3], a key indicator of energy status
in hypothalamic neurons. An increase in malonyl-CoA in the hypothal-
amus caused by pharmacological inhibition or genetic knock-down
of FAS (fatty acid synthase) expression suppresses food intake and
adiposity. Conversely, a decrease by means of ectopic expression of
malonyl-CoA decarboxylase (MCD) is sufficient to promote feeding
and adiposity (see [52] for a review). Since CPT1C retains the ability to
bind malonyl-CoA, it has been proposed to act as a malonyl-CoA sensor
in hypothalamic neurons [41] and, therefore, in appetite control.

In order to elucidate the role of CPT1C in food intake, a CPT1C KO
mouse was developed by Wolfgang et al. in 2006 [35]. These mice
showed no apparent developmental abnormalities but did manifest a
reduction in body weight and a decrease in daily food intake, thus
pointing to an involvement of CPT1C in appetite control. However, no
changes were detected in malonyl-CoA levels in the hypothalamus of
both genotypes [35]. Subsequently, the involvement of CPT1C in the
orexigenic signaling pathway of ghrelin was reported. Intracerebroven-
tricular (i.c.v.) injection of pharmacological doses of ghrelin to satiated
mice increased food intake and promoted food-seeking behavior, both
effects being blunted in CPT1C KO mice [49]. Moreover, ghrelin injection
failed to increase the mRNA levels of the orexigenic neuropeptides
agouti-related protein (AgRP) and neuropeptide Y (NPY) in these
animals, thereby indicating that CPT1C is necessary for ghrelin-
induced expression of these two peptides. Interestingly, further experi-
ments on ghrelin showed that CPT1C modulates ceramide levels in the
mediobasal hypothalamus (MBH). Thus, i.c.v. injection of ghrelin
induced a CPT1C-dependent transitory increase in ceramide. CPT1C
KO mice or mice pre-treated with an inhibitor of ceramide synthesis
did not respond to the orexigenic effect of ghrelin.

The opposite trends were observed in the anorectic effects of leptin
[48]. In wild-type animals, a decrease in ceramide levels in the Arc
nucleus was necessary for leptin to induce satiating effects and to
down-regulate the expression of NPY and its transcription factor,
brain-specific homeobox (BSX). Arc overexpression of CPT1C and also

ghrelin
Qo

W

~N
L

Malonyl-CoA

pAMPK \—

i.c.v. injection of soluble ceramide (c6-ceramide) attenuated the
leptin-induced reduction of BSX and NPY expression and diminished
the anorectic action of leptin [48]. All these data demonstrate that the
CPT1C/ceramide axis is involved in the regulation of orexigenic neuro-
peptide expression in response to hormonal cues (Fig. 4). Although
the mechanisms by which ceramide regulates BSX expression are un-
clear, two sets of observations are relevant: i) ceramide forms gel-
phase platforms in the plasma membrane and recruits target proteins
for specific signaling that can regulate gene expression [53,54[; and ii)
ceramides or their soluble derivatives, such as ceramide-1-phosphate
and sphingosine, bind transcription factors and modulate target gene
expression [55-58].

Of note, neither CPT1C overexpression in the Arc nucleus nor i.c.v.
injection of ceramide into fed rats was able to induce food intake or to
up-regulate NPY and AgRP expression [48,49]. Such effects were trig-
gered only in fasted rats. Therefore, the putative CPT1C/ceramide axis
in the Arc nucleus is necessary but not sufficient to induce food intake.
This observation suggests that other hypothalamic changes induced
by fasting or ghrelin, concomitantly to the CPT1C/ceramide signal, are
required to promote feeding. One of these other ghrelin-induced path-
ways is the AMPK/ACC/CPT1A-mediated modulation of FAO in the ven-
tromedial nucleus (VMN) [59]. It is well known that pharmacological or
genetic inhibition of hypothalamic CPT1A reduces food intake while
CPT1A overexpression in the VMN induces hyperphagia [23,24,60].
We conclude that both brain isoforms of CPT1 (CPT1A and CPT1C)
have combined or synergistic roles in hypothalamic control of food
intake.

3.2. Regulation of peripheral lipid metabolism

Although CPT1C KO mice show a reduced food intake, when fed a
HFD they are more susceptible to obesity [35,36]. After two weeks on
a HFD, these animals have a higher rate of body weight gain than WT
mice. Consistent with a decrease in the expression of FAO genes and
CPT1A or CPT1B activities, oleic acid oxidation in liver and muscle was
markedly decreased in CPT1C KO mice on a HFD compared to WT

leptin
" |

&)

—) Food

intake

Fig. 4. CPT1C involvement in the control of food intake by ghrelin and leptin. When the AMPK/ACC pathway is activated and malonyl-CoA expression decreases, CPT1C induces a transitory
increase in ceramide levels that regulate the expression of the transcription factor BSX, which triggers an increase in the orexigenic neuropeptides agouti-related protein (AgRP) and

neuropeptide Y (NPY).

dx.doi.org/10.1016/j.plipres.2015.11.004

Please cite this article as: Casals N, et al, Carnitine palmitoyltransferase 1C: From cognition to cancer, Progress in Lipid Research (2015), http://

520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546


http://dx.doi.org/10.1016/j.plipres.2015.11.004
http://dx.doi.org/10.1016/j.plipres.2015.11.004

576

8 N. Casals et al. / Progress in Lipid Research xxx (2015) XXx-XXx

mice. As aresult, TAG content in these tissues was increased [61]. More-
over, CPT1C KO mice exhibited more severe insulin resistance, with ele-
vated hepatic gluconeogenesis and decreased glucose uptake in skeletal
muscle [61]. In contrast, adenovirus-induced overexpression of CPT1C
in the ventral hypothalamus was sufficient to attenuate body weight
gain in HFD mice [27], a finding that confirms the protective role of
CPT1C against obesity induced by fats. Later, a novel mouse model with
exogenous expression of CPT1C in the brain was generated [22]. Interest-
ingly, when fed a HFD, mice were protected from weight gain and adi-
posity [22], thus demonstrating the potential beneficial effects of CPT1C
in the control of body weight. These observations suggest that CPT1C is
involved in hypothalamus-peripheral tissue communication to regulate
FAO in liver and muscle in response to a HFD (Fig. 5).

The molecular hypothalamic mechanisms that regulate FAO in
peripheral tissues are not well understood. Some data suggest that
hypothalamic malonyl-CoA plays a significant role in the regulation of
muscle and liver FAO [62-67], although the downstream factor remains
elusive. In this context, we would like to suggest that CPT1C could be
that factor, and act as a malonyl-CoA sensor in the hypothalamus to
regulate FAO in peripheral tissues.

3.3. Cognition

As mentioned above, CPT1C expression is restricted to the CNS.
In situ hybridization on mouse coronal brain sections showed high ex-
pression of this protein in the hippocampus [1], thereby suggesting
thatit s likely to play a role in this brain region. Therefore, the repercus-
sion of the CPT1C KO genotype on memory consolidation and learning
processes was evaluated [47]. In the hippocampal-dependent Morris
water maze test, CP'T1C KO mice showed significantly higher escape
latency (delayed learning) during the acquisition period. This poorer
performance was not associated with motor deficits because swimming
speed remained unaltered in 3-month old animals. Platform removal
(to test visuospatial memory) and platform relocation (to test cognitive
flexibility) revealed that CPT1C KO deficits were limited to the learning
phase [47].

Furthermore, brain-specific exogenous over-expression of CPT1C
displayed a reduction in the brain weight and severe growth retardation
in the postnatal period [46]. Histological examination of these brains
showed that all of the major brain structures were present, but were
smaller. Moreover, the conditional ubiquitous expression of CPT1C in
adult mice, a model that bypasses the developmental impact of CPT1C
overexpression, did not result in a remarkable phenotype at least with
respect to the regulation of cellular bioenergetics and FA metabolism.
Further research is needed to analyze the effect of CPT1C overexpres-
sion on cognition.

The behavioral impairment observed in CPT1C KO mice has been as-
sociated with poor maturation of dendritic spines [47]. In fact, CPT1C is
located in the ER of hippocampal pyramidal neurons, including the ER

| FAO

inside the dendritic spines. Morphological analysis demonstrated that
CPT1CKO neurons have a strong increase in immature filopodia number
and a marked reduction of mature mushroom and stubby spines. How-
ever, the spine-head area in mature spines in these animals was the
same as in WT mice. The requirement of CPT1C for efficient spine mat-
uration was related to its ability to regulate ceramide levels, because ex-
ogenous ceramide treatment rescued the CPT1C KO phenotype on spine
morphology, while treatment of cultured neurons with an inhibitor of
ceramide biosynthesis resulted in the same phenotype as that
observed in CPT1C KO cells. However, this novel role of CPT1C in the
maturation of dendritic spines and spatial learning could also be associ-
ated with its capacity to interact directly with a-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionate-type glutamate receptors (AMPARs)
[68-70].

During synaptogenesis, AMPARs are recruited to dendritic sites of
contact with axons to promote synaptic formation and maturation
[71,72]. In established synapses, AMPARs mediate fast excitatory synap-
tic transmission, activity-dependent plasticity and maintenance of
synapsis, underlying memory, and learning processes [73,74]. At the
molecular level, the complexity of AMPARs lies in the number of distinct
protein constituents present in different locations and times. A high-
resolution proteomic analysis identified CPT1C as one of the 34 proteins
that form the native AMPAR complexes in the rodent brain [68]. Recent-
ly, it has been described that CPT1C is abundant in the periphery of
native AMPARs and displays a very similar distribution across all
brain regions [69,70]. Moreover, as an ER-resident protein, CPT1C co-
localized with AMPARs only at the ER, not at the Golgi apparatus or at
the plasma membrane [75].

Unlike other auxiliary proteins of AMPAR complexes, which have
been extensively demonstrated to influence AMPAR kinetics and gating
properties [76], CPT1C controls AMPAR synthesis and trafficking to the
postsynaptic membrane [75,77]. CPT1C deficiency causes a decrease in
total levels of GluA1 and GluA2, the most abundant AMPAR subunits
in hippocampal neurons, due to a reduction in the rate of their transla-
tion. As a result, AMPAR levels at synaptic puncta are decreased and
synaptic transmission reduced [77]. Moreover, CPT1C overexpression
in an heterologous system increased whole-cell currents of GluA1-
containing AMPARs as a consequence of increased trafficking of GluA1
to the surface [75], revealing that CPT1C not only controls the synthesis
of AMPAR but also their export from the ER. It is well known that GluA1
trafficking to the plasma membrane is regulated by palmitoylation at
two conserved cysteine residues (C585 and C811) [78]. Given that
palmitoyl-CoA is a putative CPT1C substrate, the potential involvement
of CPT1C in the post-translational modification of AMPARs was consid-
ered, but no evidence for its implication were found [75]. The high
abundance of CPT1C in hippocampal AMPAR complexes suggests that
this protein operates as a chaperone during the synthesis and mobility
of AMPARs through the ER and in their export from the ER to the cell
surface (Fig. 6).

1 gluconeogenesis

o -4
+HFD
CPT1C KO mice — 1 Obesity
1 Insulin resistance
| FAO

| glucose uptake

Fig. 5. CPT1C involvement in the regulation of peripheral metabolism. CPT1C KO mice fed a HFD show reduced FAO in muscle and liver and impaired glucose homeostasis, resulting in an

obese phenotype with insulin resistance.
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Fig. 6. CPT1C and cognition. Correlation between CPT1C deficiency, immature filopodia in hippocampal neurons, and impaired cognition (left). Requirement of CPT1C expression for
efficient spine maturation, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunits GluA1 and GIuA2 synthesis, GluA1 trafficking to the plasma
membrane, and enhanced cognition (right). CPT1C is not involved in N-methyl-p-aspartate receptor (NMDAR) synthesis.

Further studies are needed to elucidate the mechanism by which
CPT1C controls AMPAR protein synthesis and trafficking and to deter-
mine whether the suggested role of CPT1C as a regulator of ceramide
metabolism is involved in this function. It is unknown whether
ceramide itself modulates AMPAR trafficking; however, the disruption
of GM1 ganglioside biosynthesis (a sialic acid-containing oligosaccha-
ride attached to a ceramide lipid) reduces the synaptic expression
of GluA2-containing AMPARs [79]. Moreover, ceramide regulates the
activity of signaling proteins, such as kinases like PI3K and some iso-
forms of PKC, and also phosphatases, like PP2A [80], which are involved
in AMPAR phosphorylation and synaptic trafficking (reviewed by
Bassani et al.) [76]. Furthermore, metabolic hormones such as ghrelin
and leptin also contribute to the synaptic incorporation of AMPARs
and learning processes. It has been demonstrated that ghrelin increases
memory retention in rodents [81], enhances long-term potentiation in
the hippocampus [82], and increases the delivery of AMPARs to
synapses [83]. In addition, leptin regulates AMPAR trafficking [84]
and synaptic plasticity [85]. We propose that CPT1C, which has been
proved to be a downstream factor of leptin and ghrelin in the hypothal-
amus [48,49], could be a key link between hippocampal energy metab-
olism and learning through the direct regulation of AMPAR synthesis
and trafficking. Since the disruption of AMPAR function is a major
causative agent of synaptic dysfunction and cognitive decline in neuro-
degenerative diseases [86], CPT1C-enhanced AMPAR synthesis and traf-
ficking may provide a therapeutic strategy to prevent the AMPAR
decline and learning deficits associated with aging processes and
neurodegeneration.

3.4. Motor function

In addition to the involvement of CPT1C in the hypothalamic control
of energy homeostasis and in hippocampus-dependent spatial learning,
deficiency in this protein has recently been associated with motor func-
tion impairment and hypoactivity [30]. A battery of neurological tests
on CPT1C KO mice revealed impaired coordination and gait, severe
muscle weakness, and reduced daily locomotor activity [30]. Although
observational tests did not show significant differences in general

health, sensory reflexes, or autonomous function, these mice presented
significant hypoactivity and delayed touch scape compared to WT coun-
terparts. A detailed analysis of motor function indicated impairment in
all parameters measured in CPT1C KO mice. The key observations
were: i) A shorter latency-to-fall in the rotarod test at fixed rotational
speeds and in the accelerating test, indicating impaired motor coordina-
tion and therefore disturbances in cerebellar function; ii) significant
reduction in stride- length when evaluating the walking pattern, indic-
ative sign of ataxia; iii) shorter latency-to-fall in the bar-hang test, and
(iv) greater time required to climb the bar using hind limbs, both results
suggesting reduced muscle strength.

Interestingly, this study also revealed that motor deficiencies in
CPT1C KO mice are already present in young animals (6 weeks old)
and that this impairment progressively increased with age. The authors
suggested a potential association between CPT1C deletion and progres-
sive neurodegeneration. It is important to mention that incoordination
and hypoactivity appeared at earlier ages than muscle weakness, sug-
gesting that neuronal deterioration developed in a specific timeframe
that varied depending on the type of neurons. In addition, analysis of
CPT1C expression in brain motor regions during development revealed
that CPT1C levels were low at birth and then rapidly increased, peaking
at postnatal day 21, at weaning [30]. This observation suggests that
CPT1C plays a key role in motor function during and after weaning. On
the basis of these data, the authors hypothesized that the onset of
motor disorders observed in CPT1C KO mice occurred between 3 and
7 weeks of life.

The impaired motor function and hypoactivity caused by CPT1C de-
ficiency has been associated with the role of the protein in ceramide
metabolism in neurons [30]. Ceramide and its metabolite sphingosine
are lipidic factors necessary for the development and survival of neu-
rons [87-89]. The findings that ceramide and sphingosine levels were
reduced in brain motor regions of CPT1C KO mice [47] led the authors
to propose this alteration as a potential cause of motor impairment in
these animals. These deficits in CPT1C KO mice are consistent with the
symptoms associated with human CPT1C mutation recently observed
in hereditary spastic paraplegia, a human disorder affecting motor
function [90].

dx.doi.org/10.1016/j.plipres.2015.11.004

Please cite this article as: Casals N, et al, Carnitine palmitoyltransferase 1C: From cognition to cancer, Progress in Lipid Research (2015), http://

685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
7
718
719
720
721


http://dx.doi.org/10.1016/j.plipres.2015.11.004
http://dx.doi.org/10.1016/j.plipres.2015.11.004

722

723
724
725
726
727
728
729
730

732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
47
748
749
750
751
752
753
754
755
756
757
758
759

10 N. Casals et al. / Progress in Lipid Research xxx (2015) XXx-XXx

4. A novel human Cpt1c mutation: Hereditary spastic paraplegia

Hereditary spastic paraplegias (HSPs) are a group of inherited
neurological disorders characterized by length-dependent axonopathy
of corticospinal motor neurons, resulting in lower-extremity spasticity
and weakness [91]. These disorders have been traditionally classified
as pure or complicated, based on the absence (pure) or the presence
(complicated) of associated features (i.e. cognitive dysfunction, distal
amyotrophy, retinopathy, thin corpus callosum, and neuropathy) [92,
93].

More recently, a genetic classification scheme has been considered,
with HSPs commonly identified by their spastic gait loci. To date, nearly
75 distinct loci and more than 50 spastic paraplegia genes (SPGs) have
been identified [93]. Despite this extensive genetic heterogeneity, the
functions of the encoded proteins are converging on a small number
of common aspects, such as alterations in ER morphogenesis, lipid
metabolism disturbances, mitochondrial regulation, myelination, and
endosomal trafficking (Fig. 7) [94].

A recent study by Rinaldi et al. [90] identified a mutation in Cpt1c as
the genetic cause of a pure form of autosomal dominant HSP (AD-HSP),
termed hereditary spastic paraplegia type 73 (SPG73). This is the first
disease-causing Cptlc mutation described in humans to date. Re-
searchers found three generations of a family from southern Italy with
dominantly inherited, adult onset, and pure spastic paraplegia of un-
known genetic cause. Whole-exome sequencing on genomic DNA
from the affected individuals allowed identification of a single-
nucleotide substitution c.109C>T (p.Arg37Cys) in exon 3 of CPT1C,
not present in unaffected individuals, which was, therefore, considered
to be the cause of SPG73. The authors hypothesized that the Arg37Cys
mutation alters the interaction between the N-terminus and ‘catalytic’
C-terminal domain of CPT1C.

This study also confirmed the expression of CPT1C in soma and den-
dritic and axonal projections of motor neurons, as well as its localization
to the ER and not to mitochondria. A relevant finding from this study
was the interaction between CPT1C and atlastin-1 (SPG3A), one of the
most frequently mutated proteins causing HSP [95]. Given that
atlastin-1 is a GTPase involved in ER morphogenesis and microtubule
dynamics [96,97], it has been suggested that CPT1C may participate in
a network of ER proteins involved in ER morphology. In addition to

atlastin-1, CPT1C has been also identified as a potential protein associat-
ed with protrudin (SPG33) [98], another ER protein that interacts with
atlastin-1 and whose gene is mutated in several HSP patients [99].

The Cptl1c mutation in HSPs was related to changes in LD biogenesis
[90]. LDs are the main organelle for storing FAs in the form of TAG and
are thought to contribute to cell repair. LD-associated proteins are abun-
dantly expressed in the brain and neurons and are especially susceptible
to oxidative stress induced by lipid peroxidation [100]. In recent years,
several ER-resident proteins mutated in HSPs were found to be involved
in the regulation of LD size and formation [101-103]. For instance,
depletion of atlastin-1 or expression of a dominant-negative mutant
resulted in LD size reduction, whereas atlastin-1 overexpression had
the opposite effect [101]. Therefore, it may be particularly relevant
that Rinaldi et al. [90] found that mutated Cptic notably reduced the
number and size of LDs in transfected COS7 cells and also in primary
cortical neurons isolated from CPT1C KO mice compared to WT counter-
parts. These results were in line with those previously described by
Carrasco et al. [30], who found that motor function abnormalities in
CPT1C KO mice were related to alterations in lipid metabolism (specifi-
cally, ceramide levels) in brain motor regions.

Therefore, the association of Cpt1C with a HSP phenotype highlights
the relevance of lipid metabolism in the pathogenesis of HSPs and
possibly also in other motor neuron disorders (Fig. 7). These findings
are consistent with the emerging view that ER lipid metabolism is
critical for long-term axonal maintenance. Despite these strong lines
of evidence, further studies are required to describe the exact mecha-
nisms underlying the interaction between CPT1C with other ER-
associated proteins, such as atlastin-1 and protruding [90,104], and to
determine how CPT1C alters LD expansion and size.

5. CPT1C in tumor cells

The metabolic demands of the neoplastic cell are significantly higher
than those of other tissues, and cancer cells adapt their energy metabo-
lism to the requirement for increased growth and proliferation. This
adaptive process includes the following: i) an increased rate of glucose
uptake and glycolysis to compensate the diminished efficiency of pro-
duction of ATP caused by defective oxidative phosphorylation (Warburg
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glucose into the pentose phosphate pathway to produce NADPH and
regenerate the reduced anti-oxidant glutathione [107] and to promote
the diversion of glycolytic intermediates into various biosynthetic path-
ways, including those generating nucleosides and amino acids; this
facilitates, in turn, the biosynthesis of the macromolecules and organ-
elles required for the assembly of new cells; ii) a change of glutamine
metabolism by redirecting glutamine carbon to also support biosynthet-
ic pathways such as nucleosides and amino acids and to maintain redox
homeostasis [108]; and iii) a change in lipid metabolism (for general re-
views see [109-111]). The cancer cell develops a lipogenic phenotype
that increases de novo FA synthesis [109,112,113]. In addition, under
conditions of metabolic stress, some tumors scavenge lipids from their
environment to maintain viability and growth [114,115]. Both de novo
and FA scavenging pathways are sources of FAs, which are required
for the production of phosphoglycerides, which, together with other
complex lipids and cholesterol, can be used not only for building cell
membranes but also signaling pathways [116]. However, some cancer
types develop a lipolytic phenotype. To maintain cellular energy
homeostasis, these cancer cell increases FA catabolism through FAO
either from de novo synthesis or from monoglyceride reserves [117].
In fact, certain types of tumors, including prostate tumors, leukemia,
and large B-cell lymphomas, display increased dependence on the FAO
of FAs as their main source of energy for proliferation and survival
[118-120].

Given that FA entry into mitochondria is regulated by CPT1A or
CPT1B, these long-chain acylcarnitine acyltransferases have emerged
as new potential therapeutic targets in types of cancer that depend
on continued FAO for proliferation. The liver isoform, CPT1A, is
overexpressed mainly in cancers affecting blood cells, such as chronic
myeloid leukemia and acute myeloid leukemia [121]. It has been pro-
posed that CPT1A contributes to cell survival, not only by increasing
FAO [122] but also stimulating histone acetylase activity in the nucleus
[123]. Interestingly, Cpt1c has also emerged as a key gene in tumor cell
survival in certain types of cancer [124]. Zaugg et al. [31] first showed
that the expression of CPT1C is unusually increased in many human
breast and lung cancers. Furthermore, the study performed by Reilly
and Mak [124] in a wide array of human tumor types revealed an in-
creased expression of CPT1C in brain cancers such as neuroblastoma
and an unusual expression in several sarcomas of soft-tissues and
lung. Interestingly, cells with unlimited availability of nutrients, e.g ma-
lignant blood cells, do not overexpress CPT1C.

The specific role of CPT1C in cancer cells remains unknown. Since
this protein is located in the ER of normal neuronal cells and it shows
very low carnitine acyltransferase activity [28], it is not thought to par-
ticipate in the regulation of mitochondrial FAO. However, Zaugg et al.
showed that MCF-7 breast cancer cells constitutively overexpressing
CPT1C increased FAO, ATP production, and resistance to glucose depri-
vation or hypoxia [31]. Conversely, the depletion of CPT1C by Cptic-
specific ShRNA had the opposite effect [32]. These findings suggest
that CPT1C may be a regulator of FA homeostasis and might be involved
in the modulation of bioenergetics that occurs in tumor cells under met-
abolic stress. The fact that CPT1C is involved in ceramide metabolism in
normal neuronal cells [47] and that CPT1C deficiency in embryonic stem
cells causes the accumulation of specific species of long-chain FAs,
among them arachidonic acid [31], suggest that CPT1C affects addition-
al, as yet undefined, pathways. Moreover, recent studies performed by
Wakamiya et al. [125] showed that a truncated form of CPT1C is located
in the nuclei of diffuse gliomas of surgical human specimens. Confirma-
tion of these new data would provide new perspectives on the role and
regulation of CPT1C expression in cancer cells.

5.1. Regulators of CPT1C expression in response to metabolic stress
CPT1Cexpression is induced in conditions of extra ATP requirements

and under metabolic stress factors such as hypoxia and glucose depriva-
tion. Tumor cells treated with metformin, an inhibitor of electron

transport chain, and therefore with an increased AMP/ATP ratio, overex-
press CPT1C[31]. This expression might be induced by mechanisms that
include direct and indirect effects of AMPK activation (Fig. 8). Zaugg
et al. proposed that AMPK de-represses the CPT1C uORF resulting in in-
creased CPT1C expression [126]. Under glucose deprivation, AMPK
might also activate CPT1C expression in a p53-dependent manner
[32]. AMPK is known to link glucose availability to the p53 pathway, a
central regulator of cell proliferation and survival [126]. The tumor sup-
pressor gene p53 is a transcriptional factor that directly activates Cptic
transcription in vitro and in vivo through the p53-consensus motif
present in the first intron of Cptic [32]. A recent study also indicates
that CPT1C might be induced by the indirect action of activated AMPK
in the MCF-7 breast cancer cell line [127]. This study showed that 2-
deoxyglucose (2-DG), a glycolytic inhibitor, decreased ATP levels,
leading to AMPK activation, thus contributing to intracellular ATP recov-
ery in MCF-7 cells. AMPK activation stimulated cAMP response
element-binding protein (CREB) phosphorylation and activity and pro-
moted nuclear peroxisome proliferator-activated receptor gamma
coactivator-13 (PGC-13) and estrogen-related receptor oo (ERRat)
protein expression, leading to augmented mitochondrial biogenesis
and expression of genes related with FAO, including peroxisome
proliferator-activated receptor o (PPARa), malonyl-CoA dehydroge-
nase (MCAD), and aconitase (ACO), in addition to increased CPT1C ex-
pression. Conversely, the inhibition of AMPK and PGC-1(3 by genetic or
pharmaceutical approaches attenuated 2-DG-stimulated increases in
PPARa, MCAD, ACO, and CPT1C expression. These results demonstrated
that CPT1C is a downstream target of ERR« activated by 2-DG via the
AMPK/PGC-1p pathway. Although AMPK emerges as the major contrib-
utor to the increase in CPT1C expression in cancer cells, other less
explored mechanisms, such as epigenetic alterations by changes in
DNA methylation, cannot be disregarded [128].

5.2. CPT1C as a potential target in cancer therapy

Several genetic and pharmacological strategies have been designed
to decrease cancer cell viability. The capacity of inhibitors of glycolysis,
the electron transport chain, and FAO to reduce intracellular ATP have
been tested. Approaches aimed at inhibiting the PI3K/Akt/mTOR
pathway have also been assayed. Furthermore, many Phase III clinical
trials are underway, including mTOR inhibitors and electron transport
chain inhibitors such as metformin. Nevertheless, new strategies

Glucose deprivatio

l glucose
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AMPK amivaneg)
| ATPIAMP—> o

Mitochondrial

Fig. 8. Regulators of CPT1C expression in cancer cells. Glucose deprivation induces
metabolic stress and activation of AMPK. CPT1C expression might be activated via the
AMPK/PGC-1p3 pathway and in a p53-dependent manner, thus contributing to metabolic
adaptation and cancer cell survival. cAMP response element-binding protein (CREB);
Peroxisome proliferator-activated receptor gamma, coactivator 1 beta (PGC-1pR),
Estrogen receptor-related receptor alpha (ERRat); Peroxisome proliferator-activated
receptor alpha (PPARa).
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based on the inhibition of FAO have recently emerged as a new potential
strategy in the pharmacological treatment of cancer.

Several drug development programs have targeted the inhibition of
CPT1A and CPT1B in vitro and in vivo [129]. These inhibitors impair the
viability of tumor cells [119,130]. However, given the wide tissue distri-
bution of these two isoforms, the major drawback of their inhibition is
the undesired effects in non-tumor cells. In contrast, suppressing
CPT1C in peripheral cancers, which show increased CPT1C expression,
provides a remarkable advantage over the use of other CPT1 isoforms
because neuronal cells are protected by the blood-brain barrier. Unfor-
tunately, to date, none of the small organic molecules used as CPT1 in-
hibitors have shown significant selectivity towards the different CPT1
isoforms. Neither is it known whether these inhibitors also act on
CPT1C. Given the similarity in sequence and probably tertiary structure
of the three CPT1 isoforms, the synthesis of selective CPT1C inhibitors is
an exciting possibility.

Genetic tools have become an alternative strategy to treat peripheral
cancers. The use of shRNA to decrease CPT1C expression is effective in
reducing breast cancer xenografts [31]. However, this strategy cannot
be applied to neuronal tumors because shRNA will decrease CPT1C pro-
tein in the ER, thus producing alterations in normal brain function. The
confirmation that CPT1C may be involved in FA homeostatic pathways
in tumor cells has the potential to result in novel therapeutic opportuni-
ties. The identification and understanding of these mechanisms will
lead to the future design of strategies to fight neuronal tumors by
means of CPT1C silencing.

6. Concluding remarks and future perspectives

CPT1C was the last member of the CPT1 family of proteins to be iden-
tified and have its gene cloned. It has also proved to be the most difficult
to characterize functionally, primarily because it does not display a mea-
surable catalytic activity, in spite of its similarity in primary structure to
CPT1A and CPT1B. However, as evidence builds for its major role in
many different physiological processes (appetite and motor control,
cognition, and the response of certain cancer cell types to hypoxia and
hypoglycemia), it is apparent that, from its intracellular location in the
endoplasmic reticulum, it is capable of exerting a wide range of influ-
ences, and to interact with different proteins, including those involved
in the maintenance of endoplasmic reticular integrity (e.g. atlastin-1).
It would be sensible, therefore, not to overlook the importance of the
one biological activity which it clearly demonstrates, namely its binding
of malonyl-CoA (with the same affinity as CPT1A). This was the proper-
ty that was demonstrated in the first publication on the protein [1], and
suggested at the time to constitute its functional raison d'étre.

The binding of malonyl-CoA by CPT1C might regulate the local
concentration of the metabolite in specific microenvironments within
the cell; and it could explain many of the observations that have been
discussed in this review. For example, the stimulation of FAO after over-
expression in cancer cells, while unlikely to be related to its intracellular
location (not mitochondrial) or catalytic activity (it has minimal carni-
tine palmitoyltransferase activity) may be due to its ability to sequester
malonyl-CoA and lower its cytosolic concentrations, thus de-inhibiting
the endogenous CPT1A or CPT1B expressed by the cells.

Similarly, in light of the observation that malonyl-CoA is a direct and
specific inducer of FapR, a conserved and transcriptional repressor that
regulates expression of genes involved in de novo lipogenesis and phos-
pholipid synthesis in bacteria [131,132], it is plausible that sequestra-
tion of malonyl-CoA by CPT1C may affect gene expression, and
therefore, alter ceramide synthesis and/or fatty acid composition in
neurons. Thus, some effects of CPT1C may be related to its putative
role of regulating malonyl-CoA concentration, which is not only the
product of the first reaction of fatty acid synthesis, but may also be a
modulator of gene expression.

As discussed above, CPT1C also interacts directly with other proteins,
notably Atlastin-1, which is important in the formation and stabilization

of the endoplasmic reticulum, and in axon function in neurons. It is
possible that this interaction is affected by the binding of malonyl-CoA
to CPT1C (which would change its conformational state), thus linking
cellular metabolism to cell structure and function. Similarly, the obser-
vation that CPT1C affects AMPAR trafficking in neurons suggests that
it may also achieve this through protein-protein interactions, which
would be modulated by its (malonyl-CoA-dependent) conformational
state. Evolutionarily, CPT1C could have retained the core property of
malonyl-CoA-binding, which it shares with the other members of the
CPT1 family of proteins, as a specific trait to sense the metabolic status
of neurons, and regulate specific functions, including synaptic activity
(through AMPAR interaction) or ER-mediated axon transport (through
atlastin-1 interaction).

Therefore, at a time when the first disease shown to be specifically
caused by a CPT1C point mutation has been described [90], a role for
CPT1C in the integration of acute metabolic status and longer-term
gene transcription/protein interaction effects, especially in neurons,
will need to be considered in future studies.
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