Received: 15 April 2020 Revised: 9 November 2020

DOI: 10.1111/bph.15377

Accepted: 13 November 2020

BRITISH
PHARMACOLOGICAL
SOCIETY

RESEARCH PAPER

Carnitine palmitoyltransferase 1C negatively regulates the
endocannabinoid hydrolase ABHDé6 in mice, depending on

nutritional status

Cristina Miralpeix?
Jaume Lillo* |
Stephen P.H. Alexander’

| Ana Cristina Reguera® | AnnaFosch! |
Gemma Navarro? |

Maria Casas'?
Rafael Franco® | Josefina Casas®® |

Ndria Casals’® | Rosalia Rodriguez-Rodriguez?

1Basic Sciences Department, Faculty of Medicine and Health Sciences, Universitat Internacional de Catalunya, Sant Cugat del Vallés, Spain

2INSERM, Neurocentre Magendie, University of Bordeaux, Bordeaux, France

3Department of Physiology and Membrane Biology, University of California, Davis, Davis, California, USA

“Molecular Neurobiology Laboratory, Department of Biochemistry and Physiology, Faculty of Biology, University of Barcelona, Barcelona, Spain

5Department on Biomedical Chemistry, Research Unit of BioActive Molecules, Institut de Quimica Avancada de Catalunya (IQAC), Barcelona, Spain

Centro de Investigacion Biomédica en Red de Enfermedades Hepéticas y Digestivas (CIBEREHD), Instituto de Salud Carlos I1l, Madrid, Spain

7School of Life Sciences, University of Nottingham, Nottingham, UK

8Centro de Investigacion Biomédica en Red de Fisiopatologia de la Obesidad y la Nutricién (CIBEROBN), Instituto de Salud Carlos IIl, Madrid, Spain

Correspondence

Rosalia Rodriguez-Rodriguez and Nuria Casals,
Departamento de Ciencias Basicas, Facultat de
Medicina i Ciéncies de la Salut, Universitat
Internacional de Catalunya, Josep Trueta s/n,
Sant Cugat del Vallés 08195, Spain.

Email: rrodriguez@uic.es; ncasals@uic.es

Funding information

Fundacié La Maraté de TV3, Grant/Award
Numbers: 87/C/2016, Grant 87/C/2016 to
N.C.; Agéncia de Gestié d'Ajuts Universitaris i
de la Recerca (AGAUR) in Catalonia; Joint
Bilateral Project Japan-Spain/AEl, Grant/
Award Number: PCI2018-092997/AEl to R.R.-
R.; Fondo Europeo de Desarrollo Regional
(FEDER), Grant/Award Number:
SAF2017-83813-C3-3-R to N.C. and RR.-R;
Agencia Estatal de Investigacion (AEI);
Ministerio de Economia, Industria y
Competitividad (MINECO); Department of
Psychological and Brain Sciences, Indiana
University Bloomington (USA); Research Unit
of BioActive Molecules (Institut de Quimica
Avancada de Catalunya, IQAC)

Background and Purpose: The enzyme o/B-hydrolase domain containing 6 (ABHD6),
a new member of the endocannabinoid system, is a promising therapeutic target
against neuronal-related diseases. However, how ABHD®é activity is regulated is not
known. ABHDé6 coexists in protein complexes with the brain-specific carnitine
palmitoyltransferase 1C (CPT1C). CPT1C is involved in neuro-metabolic functions,
depending on brain malonyl-CoA levels. Our aim was to study CPT1C-ABHD6 inter-
action and determine whether CPT1C is a key regulator of ABHD6 activity depending
on nutritional status.

Experimental Approach: Co-immunoprecipitation and FRET assays were used to
explore ABHDé6 interaction with CPT1C or modified malonyl-CoA-insensitive or
C-terminal truncated CPT1C forms. Cannabinoid CB; receptor-mediated signalling
was investigated by determining cAMP levels. A novel highly sensitive fluorescent
method was optimized to measure ABHDé6 activity in non-neuronal and neuronal
cells and in brain tissues from wild-type (WT) and CPT1C-KO mice.

Key Results: CPT1C interacted with ABHDé6 and negatively regulated its hydrolase

activity, thereby regulating 2-AG downstream signalling. Accordingly, brain tissues of

Abbreviations: 2-AG, 2-arachidonoylglycerol; 4-MUH, 4-methylumbelliferyl-heptanoate; ABHDé, «/p-hydrolase domain containing 6; ACEA, arachidonyl-2'-chloroethylamide; CPT1C, carnitine

palmitoyltransferase 1C; ER, endoplasmic reticulum; MAGL, monoacylglycerol lipase; OEA-d,, N-Oleylethanolamine-d,.
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In this article, we demonstrate how CPT1C, a neuron-specific protein, interacts and regulates the activity of ABHD6, a new member of the endocannabinoid system. The interplay between these
two proteins is key to the treatment of neuron-related diseases.
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1 | INTRODUCTION

The enzyme o/p-hydrolase domain containing 6 (ABHD6) is one of
the most recently recognized members of the endocannabinoid
system that regulates levels of the endocannabinoid,
2-arachidonoylglycerol (2-AG), by hydrolyzing 2-AG to arachidonic
acid and glycerol (Cao et al., 2019). 2-AG, a key signalling lipid in the
CNS, acts as a retrograde messenger in activating presynaptic canna-
binoid CB; receptors to regulate neurotransmitter release and, conse-
quently, a wide range of physiological processes. From its main
localization at the postsynaptic neurons, ABHD6 is responsible for
~4% of 2-AG hydrolysis in mouse brain homogenates (Blankman
et al., 2007). Although monoacylglycerol lipase (MAGL) is the major
enzyme in 2-AG degradation, the subcellular distribution of ABHD6 is
such that it regulates a different 2-AG pool. This would suggest that
ABHD6 and MAGL affect different physiological functions (Marrs
et al., 2010; van Esbroeck et al., 2019).

ABHD6 has emerged as a promising therapeutic target against
neuron-related diseases (Cao et al., 2019), in particular, in combatting
traumatic brain injury (Tchantchou & Zhang, 2013), multiple sclerosis
(Manterola et al., 2018; Wen et al., 2015), GABA, receptor activity in
epilepsy (Naydenov et al., 2014; Sigel et al., 2011), and neuronal dif-
ferentiation (van Esbroeck et al., 2019). ABHD6 is also physically
associated with AMPA receptors in the CNS (Erlenhardt et al., 2016),
in negatively regulating their delivery to the cell surface and synaptic
functions in a hydrolase activity-independent fashion (Wei
et al., 2016, 2017). In obesity, ABHDé regulates metabolic flexibility
by controlling 2-AG levels in the ventromedial nucleus of the hypo-
thalamus (Fisette et al., 2016). In addition to 2-AG as a substrate,
ABHDé is able to hydrolyse in brain and liver non-cannabinoid lipids
such as bis (monoacylglycero)phosphate (Pribasnig et al., 2015), a lipid
enriched in late endosomal/lysosomes. This would suggest its partici-
pation in lipid sorting machinery (Grabner et al, 2019; Pribasnig
et al., 2015). Although many pathophysiological functions have been
related to ABHD6, how its enzymic activity is regulated remains
unknown.

High-resolution proteomics has recently revealed that ABHDé6

and the brain-specific carnitine palmitoyltransferase 1C (CPT1C) are

CPT1C-KO mice showed increased ABHDé6 activity. CPT1C malonyl-CoA sensing
was key to the regulatory role on ABHDé activity and CB; receptor signalling.
Fasting, which attenuates brain malonyl-CoA, significantly increased ABHDé activity
in hypothalamus from WT, but not CPT1C-KO, mice.

Conclusions and Implications: Our finding that negative regulation of ABHD6 activ-
ity, particularly in the hypothalamus, is sensitive to nutritional status throws new light
on the characterization and the importance of the proteins involved as potential tar-

gets against diseases affecting the CNS.

ABHDé, CPT1C, endocannabinoid signalling, fasting, hippocampus, hypothalamus, malonyl-CoA

What is already known

e ABHD6, a new member of the endocannabinoid system,
is a promising target against neuron-related diseases.

e Proteomic data indicates that the neuron-specific protein
CPT1C interacts with ABHD6.

What this study adds

¢ |dentification of the neuron-specific protein CPT1C as a
functional interactor in ABHD6 activity.

¢ In vivo, negative regulation of ABHDé activity by CPT1C
is sensitive to nutritional status.

What is the clinical significance

o New insights regarding the characterization of CPT1C
and ABHDé as therapeutic targets against neuron-related
diseases.

part of the AMPA receptor macromolecular complexes (Brechet
et al, 2017; Schwenk et al., 2019, 2012), with CPT1C acting as a
potential interactor with ABHDé6. CPT1C is the most enigmatic of the
CPT1 isoforms as, in contrast with the canonical mitochondrial
isoforms, CPT1A and CPT1B, it is localized in the endoplasmic reticu-
lum (ER) (Sierra et al., 2008). Furthermore, although it has minimal cat-
alytic activity, it still binds malonyl-CoA, a metabolic intermediate
that acts as an energy sensor (Price et al., 2002; Wolfgang
et al., 2006). CPT1C plays a critical role in energy homeostasis, cogni-
tion, and motor function (Casals et al., 2016). We have previously
demonstrated that CPT1C is involved in synaptic plasticity and learn-
ing via AMPA receptor trafficking (Carrasco et al., 2012; Fadé
et al., 2015; Gratacos-Batlle et al., 2018) and in axonal growth regula-
tion (Palomo-Guerrero et al., 2019). In addition, CPT1C within the
hypothalamus is crucial in fasting conditions for fuel selection (Pozo
et al., 2017), food preference determination (Okamoto et al., 2018),
and activation of brown fat thermogenesis (Rodriguez-Rodriguez
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et al, 2019). To perform those neurometabolic functions, CPT1C
seems to interact with other proteins (Casas et al., 2020; Palomo-
Guerrero et al., 2019; Schwenk et al., 2019) and to be sensitive to
malonyl-CoA levels (Casals et al., 2016; Casas et al., 2020; Fadd
et al., 2021; Palomo-Guerrero et al., 2019; Rodriguez-Rodriguez
et al., 2019). Levels of malonyl-CoA, a precursor of fatty acid synthe-
sis, fluctuate greatly depending on cell energy status, increasing after
feeding and falling during fasting (Tokutake et al., 2012, 2010).

In this study, we have investigated the role of CPT1C as a regula-
tor of ABHDé6 hydrolase activity in cells and the brain and explore
whether this regulation is subject to a metabolic challenge that
involves brain malonyl-CoA fluctuations. Results show that CPT1C
negatively regulates ABHDé6 and that this regulation depends on
nutritional status. Our investigation, in underscoring a novel link
between CPT1C and the endocannabinoid system, sheds light on the
therapeutic potential of both CPT1C and ABHDé6 against diseases
affecting the CNS.

2 | METHODS

21 | Cell culture and expressing vectors

Primary cortical mouse neurons were prepared from E16 wild-type
(WT) or CPT1C-KO embryos and cultured and maintained as
described previously (Fadé et al., 2015) in Neurobasal supplemented
with B27, glutaMAX (Gibco, Thermo Fisher, Massachusetts, USA) and
antibiotics. HEK-293T and hypothalamic neuronal GT1-7 cell lines
were grown according to the American Type Culture Collection
(ATCC). HEK-293T cells (RRID:CVCL_0063) were maintained in high-
glucose DMEM (Sigma-Aldrich, Madrid, Spain) containing 10% FBS
(Sigma-Aldrich, Madrid, Spain), 1% antibiotics (penicillin/streptomycin)
and 1% glutamine. GT1-7 cells (RRID:CVCL_0281) were maintained in
pyruvate- and glutamine-enriched DMEM containing 10% FBS and
1% antibiotics. Cell cultures were incubated at 37°C in a humidified
atmosphere of 5% CO,/95% air. Cell lines were authenticated by
genotyping (ATCC Cell Line Authentication, STR Profiling Results,
Manassas, VA, USA) and were regularly tested for mycoplasma

contamination.

TABLE 1 Primers obtained for
recombination of plasmids

Plasmid

GIluA1-CFP

ABHD6-YFP

ABHD6-CFP

M589S-YFP

ACter-YFP

Mouse CPT1C was cloned in pWPI-IRES-GFP (empty vector,
EV), generating pWPI-CPT1C-IRES-GFP. To assess the role of
malonyl-CoA, we generated a CPT1C mutated form insensitive to
malonyl-CoA by side-directed mutagenesis, pWPI-CPT1CM589S-
IRES-GFP (Rodriguez-Rodriguez et al., 2019), referred to as M589S in
this study. The role of the CPT1C C-terminal motif was analysed using
a form that substitutes its last 39 amino acids (772-810) for the FLAG
epitope  (DYKDDDDK), = pWPI-CPT1CACter-FLAG-IRES-GFP,
referred to as ACter in this study. Human CPT1C-SYFP2 was kindly
supplied by Dr. Dolors Serra (University of Barcelona, Spain).
mTurquoise-ER-5 (RRID:Addgene_55550, Addgene, Teddington, UK)
was used to express the turquoise protein fused to KDEL (lysine [K],
aspartic acid [D], glutamic acid [E], and leucine [L]), an ER retaining
sequence. mTurquoise-Calnexin-N-14 was purchased from Addgene
(RRID:Adggene_55539). The mTurquoise2-N1 and pSYFP2-C1 vec-
tors (RRID:Adggene_54843 and 22878, respectively) were used as
EVs and cloned at BamHI (Table 1) to obtain the following fusion pro-
teins: GIuAl-mTurq2, ABHD6-mTurq2, ABHD6-SYFP2, M589S-
SYFP2, and ACter-SYFP2. cDNA for the human version of CB4R was
cloned in pRluc-N1 (PerkinElmer, Wellesley, MA) plasmid, as previ-
ously described (Reyes-Resina et al., 2018), obtaining CB;R-Rluc.
These constructs were used for FRET (FRET) assays, co-immunopre-

cipitation, the ABHDé6 activity assay and cAMP determination.

2.2 | Animals and sample collection
All animal care and experimental procedures were carried out in strict
accordance with European directive 2010/63/EU and Spanish legisla-
tion (BOE 252/34367-91, 2005) regulating animal research and were
approved by the Clinical Research Ethics Committee of the University
of Barcelona (Procedure Ref. 9659, Generalitat de Catalunya). All
efforts were made to minimize animal suffering and to minimize the
number of animals used. Animal studies are reported in compliance
with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the
recommendations made by the British Journal of Pharmacology (Lilley
et al,, 2020).

Male or female (8-10 weeks old) CPT1C-KO mice and their WT
littermates with the same genetic background (C57BL/6J) were used

Primers

F: 5 GCGACCGGTGGATCCAACAATCCTGTGGCTCCCAAGGGCATCC &
R: 5 CGCGGGCCCGGGATCCATGCCGTACATCTTTGCCTTTTTCTGC 3

F: 5 CGCGGGCCCGGGATCCATGGATCTCGATGTGGTTAACATGT 3’
R: 5 GCGACCGGTGGATCCAAGTTCAGCTTCTTGTTGTCTGTGTT 3

F: 5 CGCGGGCCCGGGATCCATGGATCTCGATGTGGTTAACATGT 3’
R: 5 GCGACCGGTGGATCCAAGTTCAGCTTCTTGTTGTCTGTGTT 3

F: 5 CGCGGGCCCGGGATCCATGGCTGAGGCACACCAGGCCTCGA 3
R: 5 GCGACCGGTGGATCCAACAAGTTGGTGGAGGATGTAGGGGT 3

F: 5 CGCGGCCCGGGATCCATGGCTGAGGCACACCAGGC &
R: 5 GCGACCGGTGGATCCAAAACCCGGAACAGGGAGGCTACATCC 3’
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for the experiments. All animals were housed according to a
12-h/12-h light/dark cycle (from 8 a.m. to 8 p.m.) in a temperature-
and humidity-controlled room and were allowed free access to water
and standard laboratory chow diet. For the fasting experiments, ani-
mals were randomly assigned to a food-deprived overnight group or
an ad libitum feeding group (fasted and fed groups, respectively). Ani-
mals were killed by cervical dislocation under isoflurane anaesthesia
during the light phase, and the hypothalamus and hippocampus were
quickly removed, weighed, and stored at —80°C.

23 | Co-immunoprecipitation

HEK-293T cells were transfected according to a calcium-phosphate
standard protocol with 4.5 pg of cDNA on a 100-mm plate for 48 h.
Two different co-immunoprecipitation protocols were used, as
described below.

G-Sephadex beads. Cells were transfected with pWPI-CPT1C-
IRES-GFP and pWPI-CPT1CM589S-IRES-GFP in combination with
ABHD6-mTurg2 and scraped using 500 pl for 60-mm plates of
ComplexiolLyte-47 buffer (CL-47, Logopharm, Freiburg, Germany). CL-
47 was diluted 1/4 with its buffer solution, sonicated for 5 min, sup-
plemented with protease and phosphatase inhibitor cocktails and
homogenates (1 mg of total protein) and kept for 30 min at 4°C in an
orbital shaker for solubilization of the membrane proteins. Samples
were processed as previously described (Casas et al., 2020; Fadd
et al., 2015; Palomo-Guerrero et al., 2019). CPT1C antibody (Sierra
et al., 2008) was coupled to the sepharose beads (G-Sephadex, GE
Healthcare Life Science, Barcelona, Spain) for 1 h at 4°C in an orbital
shaker. ABHD6 fraction bound to CPT1C or M589S was co-immuno-
precipitated. The amount of antibody used was 2 pg.

GFP-Trap assay. Cells were collected after transfection with
pWPI-CPT1C-IRES-GFP and pWPI-CPT1CACter-FLAG-IRES-GFP
in combination with ABHD6-mTurq2. ABHDé was immuno-
precipitated from the supernatant of the cellular lysates using the
GFP-Trap assay following the manufacturer's protocol (GTA-100,
Chromotek, Planegg, Germany). An additional ultra-centrifugation of
100,000 x g was performed, before the immunoprecipitation, to elimi-
nate non-solubilized proteins from the supernatant of the cellular
lysates. CPT1C or ACter fraction bound to ABHDé was co-
immunoprecipitated.

Finally, immunoprecipitated proteins and their interactors were
detected by western blot in whole lysates (input) and the immuno-

precipitated samples.

24 | Western blotting

The antibody-based procedures used in this study comply with the
recommendations made by the British Journal of Pharmacology
(Alexander et al., 2018). Western blots was carried out as previously
described (Pozo et al., 2017). For the co-immunoprecipitation, precipi-

tated complexes were washed three times in solubilization buffer and

eluted with 2 x SDS/DTT sample buffer. Whole cell lysates were
eluted with 1 x SDS sample buffer. Protein extracts were heated for
5 min at 95°C, separated on 10% SDS-PAGE, and transferred into
PVDF membranes. Proteins were probed with antibodies against rab-
bit anti-CPT1C produced in our laboratory (Sierra et al., 2008), rabbit
anti-GFP (1/500; Cell Signaling Cat#2956, RRID:AB_1196615), anti-
FLAG (Sigma-Aldrich Cat# F3165, RRID:AB_259529), rabbit anti-
ABHD6 (1/1000; Abcam Cat#ab87532, RRID:AB_1951400), and
anti-GAPDH  (1/10.000; Abcam Cat#ab36845, RRID:
AB_732650). Each membrane was then incubated with the
corresponding secondary antibody and developed using Luminata
Forte Western HRP substrate (Merck Millipore, Madrid, Spain).
Images were captured using Gene Tools software (Syngene,

mouse

Cambridge, UK) and quantified by densitometry using ImageJ-1.33
software (NIH, Bethesda, MD, USA). The results were expressed as
the target protein/housekeeping protein ratio and normalized to the
control group, if applicable (with the Y axis representing “fold mean of
the control values™).

2.5 | FRET assays

For FRET sensitized emission saturation curves, HEK-293T cells were
transiently co-transfected with the plasmid cDNA corresponding to
ABHD6-mTurg2 or mflurg2-KDEL (donor proteins) and CPT1C-
SYFP2 (acceptor protein) using the donor to acceptor ratio specified
in Figure le. Cell suspension (20 pg of protein), distributed between
96-well black microplates, was read in a fluorescence microplate
reader (BioTek Synergy H1, Bad Friedrichshall, Germany), using an
excitation filter at 420/50 or 485/20 and emission filters
corresponding to 485/20-nm filter (Ch 1) and 530/25-nm filter (Ch 2).
Gain settings were identical for all experiments to keep constant the
relative contribution of the fluorophores to the detection channels for
spectral unmixing. The contribution to the two detection channels
(spectral signature) of the mTurg2 and SYFP2 proteins alone was mea-
sured in experiments with cells expressing only one of those proteins
and was normalized to the sum of the signals obtained for the two
detection channels. FRET quantification was performed as described
elsewhere (Navarro et al., 2010).

The saturating interaction CPT1C-ABHDé6 was also analysed by
FRET sensitized emission after cell treatment with an inhibitor of
malonyl-CoA synthesis, TOFA (20 pg~m|‘1, incubation 2 h)
(ab141578; Abcam) or vehicle DMSO.

For FRET imaging experiments, HEK-293T cells were cultured on
24-well plates on coverslips pre-coated with poly-L-lysine for 1 h at
37°C. The day after seeding, cells were transiently transfected, apply-
ing a calcium-phosphate standard protocol, with 0.5 pg per well of
donor plasmids containing mTurquoise (mTurq) or 0.75 pg per well of
acceptor plasmids containing SYFP2. cDNAs encoding for EV, mTurg-
KDEL, mTurg-Calnexin, GIluAl-mTurg2, CPT1C-SYFP2, M589S-
SYFP2, ACter-SYFP2 and ABHD6-mTurg2 were used. Twenty-four
hours after transfection, cells were fixed with 4% paraformaldehyde.

Coverslips were mounted with Fluoromount Mounting Medium
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FIGURE 1 ABHD6 interacts with CPT1C. (a) Co-immunoprecipitation of ABHD6-SYFP2 in HEK-293T cells using CPT1C antibody for CPT1C
and M589S (n = 4). (b) Co-immunoprecipitation of CPT1C and ACter in HEK-293T cells using GFP-Trap for ABHD6-mTurg2 (n = 4). Proteins
were detected in whole lysate (input) and immunoprecipitated (IP) samples. (c) Representative pictures of FRET efficiency. (d) FRET efficiency of
CPT1C-SYFP2 interaction with mTurq2-KDEL and mTurg2-Calnexin as negative FRET interactions, and CPT1C-SYFP2 with GIuA1-mTurg2 as a
positive FRET interaction. ABHD6-mTurqg2 interaction with CPT1C-SYFP2, M589S-SYFP2, and ACter-SYFP2. Percentage of FRET was
measured by the increase in donor intensity after photobleaching (n = 25). (e) FRET sensitized emission of CPT1C with either ABHDé or KDEL in
living cells. Assays were performed 48 h post transfection in HEK-293T cells expressing ABHD6-mTurg2 or mTurq2-KDEL and with increasing

amounts of the cDNA for CPT1C-SYFP2. FRET saturation curves for both protein pairs were obtained by monitoring SYFP2 fluorescence
emission at 530 nm after excitation of mTurg2 at 420 nm and subtracting values obtained with cells expressing the same amount of donor
protein. Means * SD (n = 5). *P < 0.05, significantly different from KDEL-CPT1C; *P < 0.05, significantly different from Calnexin-CPT1C; one-way

ANOVA followed by Bonferroni's post hoc correction

(Thermo Fisher Scientific, Madrid, Spain). All FRET imaging experi-
ments were performed using a Leica TCS SP2 microscope following a

previously described protocol (Palomo-Guerrero et al., 2019).

2.6 | 4-MUH-based activity assay

The ABHDé activity assay is based on its natural capacity to hydrolyse
4-methylumbelliferyl-heptanoate (4-MUH), a fluorogenic substrate
whose  hydrolysis  produces the fluorescent compound
4-methylumbelliferone (4-MU) (dex = 355 nm and ., = 460 nm;
Figure 2a). 4-MUH was dissolved in ethanol at 20 times and kept at
—20°C. For the 4-MUH assay carried out in cell homogenates, HEK-
293T cells were seeded on six-well plates and transiently transfected
with 1.2 pg per well of cDNAs encoding EV-SYFP2, ABHD6-SYFP2,

CPT1C-SYFP2, M589S-SYFP2, or ACter-SYFP2, alone or in

combination, using FUGENE HD (Promega, Madrid, Spain). To main-
tain the same ratio of DNA in co-transfections, we used EV-SYFP2 to
equilibrate the amount of total cDNA transfected. After 48 h, cells
were washed twice with ice-cold PBS, scraped, and centrifuged for
collection. Pellets were then homogenized with 100 pl of Tris-EDTA
50:1-mM buffer at pH 7.4 and briefly sonicated. The same protocol
was applied to cells endogenously expressing ABHD6 and CPT1C,
GT1-7 cells and cortical primary neurons. In both neuronal and non-
neuronal cell cultures, ABHDé6 activity was calculated after sub-
tracting the curve in the presence of the ABHD6 inhibitor WWL70
(concentration ranges are specified in the figure legends) (Blankman
et al., 2007; Cao et al., 2019). Some of these experiments were per-
formed after cell treatment with an inhibitor of malonyl-CoA synthe-
sis, TOFA (20 pg-ml’l, 1 or 2 h of incubation) or vehicle DMSO.

For the 4-MUH assay carried out in tissue homogenates, tissue

from hypothalamus (6-8 mg) and hippocampus (11-12 mg) was
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FIGURE 2 ABHD6é assay based on 4-MUH hydrolysis in HEK-293T cells overexpressing ABHDé. (a) ABHD6 hydrolyses 4-MUH producing
4-MU, a highly florescent compound (excitation 355 nm; emission 460 nm). (b) 4-MUH hydrolysis by cells expressing empty vector (EV) or
ABHD®6 (n = 7). (c) ABHD6 activity dependent on 4-MUH concentration at t = 10 min (n = 6). (d) ABHDé activity inhibition by WWL70 at

t = 10 min (n = 8). (e) 2-AG competition with 4-MUH in cells expressing ABHD6 (n = 6). Data shown are means + SD. *P < 0.05, significantly
different from EV; two-way ANOVA followed by Bonferroni's post hoc correction

quickly removed and dounce-homogenized in 200 pul of Tris-EDTA
50:1-mM buffer at pH 7.4 and briefly sonicated. The assay was per-
formed in black 96-well plates using 1 pg per well of protein in a total
volume of 100 pl per well. Cell homogenates were incubated with
either 5 pl of WWL70 (Blankman et al., 2007; Cao et al., 2019), in a
final concentration range from 1 nM to 50 pM, or 2-AG in a final con-
centration range from 25 to 100 pM for 20 min at 37°C. In hypotha-
lamic homogenates, dose-response inhibition of either WWL70 or
KT-182 (another specific ABHDé inhibitor) was also assessed
(Blankman et al., 2007; Cao et al., 2019) (Figure S4). Subsequently,
5 ul of 4-MUH were added (50-uM final concentration) and fluores-
cence was immediately measured in 5-min intervals for 60 min or
120 min using a Synergy HT Reader (BioTek, Bad Friedrichshall,
Germany). In brain tissue homogenates, ABHDé activity was calcu-
lated after subtracting the curve in the presence of 10-uM WWL70.
4-MU was used to conduct a standard curve to express ABHD6

activity as nmol-mg~>.

2.7 | cAMP determination

HEK-293T cells were seeded on six-well plates and transfected for
48 h using polyethyleneimine (Sigma, Madrid, Spain), as previously
described (Carriba et al., 2008), with 1.5 pg per well of plasmids
encoding for CB4R-Rluc, ABHD6-SYFP2, CPT1C-SYFP2, M589S-
SYFP2, and ACter-SYFP2, alone or in combination. To maintain the
same ratio of DNA in co-transfections, we used EV-SYFP2 to equili-
brate the amount of total cDNA transfected. Two hours before adding

reagents, HEK-293T cells were placed in serum-free medium. Cells

were then detached by suspension in a medium containing 50 uM of
zardaverine and were placed on white 384-well plates (2,500 cells per
well), treated for 15 min with 1 pM of rimonabant (Sigma, Madrid,
Spain)—a CB, receptor antagonist—and stimulated, for 15 min, with
100 nM of arachidonyl-2'-chloroethylamide (ACEA)—a highly selec-
tive CB, receptor agonist —or increasing concentrations of 2-AG
(from 100 nM to 1 pM). Cells transfected only with CB; receptors
were next treated with 0.5-pM forskolin for 15 min to increase intra-
cellular cAMP levels. Cells transfected with CB;R-ABHD6, CB;R-
ABHD6-CPT1C, CB;R-ABHD6-M589S, and CB;R-ABHDé6-ACter
were not incubated with forskolin. The non-treated condition in these
combinations of plasmids is referred as basal. Homogeneous time-
resolved fluorescence energy transfer (HTRF) measurements were
made, as previously described (Reyes-Resina et al., 2018), using the
Lancer Ultra cAMP Kit (PerkinElmer, Waltham, MA, USA), after 1 h of
plate incubation at room temperature, protected from light. Fluores-
cence at 665 nm was analysed using a PHERAstar Flagship plate
reader equipped with an HTRF optical module (BMG Lab technolo-
gies, Offenburg, Germany).

2.8 | Endocannabinoid extraction and analysis

HEK-293T cell endocannabinoids were extracted and measured by
HPLC-MS/MS, as previously described (Miralpeix et al., 2019), but
with some modifications. Briefly, cells were seeded on a six-well plate
and transfected with EV-SYFP2, ABHD6-SYFP2, and CPT1C-SYFP2
using FUGENE HD (Promega, Madrid, Spain). Forty-eight hours after

transfection, cells were washed twice with ice-cold PBS and
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centrifuged (10,000 x g, 5 min, 4°C). Cells were then immediately
suspended in 200 pl of ice-cooled deionized water containing a final
concentration of 0.362 pM of N-oleylethanolamine-d, (OEA-d,) as
internal standard, 100 uM of PMSF and 0.01% of butylated hydro-
xytoluene and were then homogenized in a brief sonication. Next,
50 pl of the homogenized sample were kept at —20°C for protein
quantification, and the remaining 150 pl were mixed with 600 pl ethyl
acetate/n-hexane (9:1 v/v) and vortexed for 5 min. After centrifuga-
tion (14,000 x g, 5 min, 4°C), the upper layer was collected, evapo-
rated in a nitrogen stream and analysed by HPLC-MS/MS, as
described previously (Miralpeix et al., 2019).

2.9 | Data and statistical analysis

The data and statistical analysis comply with British Journal of Pharma-
cology recommendations on experimental design and analysis (Curtis
et al, 2018). Mice were randomly assigned to the treatment and
experimental groups and data was analysed in a manner completely
blind to experimental groups. All results are expressed as mean + SD.
Student's t test was used to compare two groups and multiple com-
parisons were analysed by one- or two-way ANOVA followed by
Bonferroni's post hoc correction. The normality of populations and
homogeneity of variances were tested prior to the ANOVA. Post hoc
tests were run only if F achieved P < 0.05, and there was no significant
variance in homogeneity. Kinetics parameters were analysed using
nonlinear regression with variable slope and the Michaelis-Menten
model. Sample size was determined via an a priori calculation based
on the assumption that SD was less than 20% of variance. Statistical
analysis was undertaken only when each group size was at least n = 5
independent variables (not including technical replicates). Used excep-
tionally, even though the number of experiments was less than 5, were
inclusion data obtained in immunoprecipitation assays, as only experi-
ments in which the bands were appropriately observed in the studied
fractions were considered; the results were then considered to be pre-
liminary until confirmed by other experimental approaches.

While the experiments were designed to generate groups of
equal size, unequal group size in the experimental approach with
transgenic mice under fasting or feeding conditions were due to the
limited availability of CPT1C-KO mice.

The threshold for statistical significance was P < 0.05 throughout.
Statistical analysis was performed using GraphPad Prism 6 Software
(RRID:SCR_002798; GraphPad Software, La Jolla, CA, USA). Outlier
tests were not used.

2.10 | Materials

AG, KT-182, N-oleylethanolamine-d, (OEA-d,) and WWL70 were
supplied by Cayman Chemicals (Ann Arbor, MI, USA) and 4-MUH,
4-MU, ACEA, butylated hydroxytoluene and zardaverine by
Sigma-Aldrich (Madrid, Spain). TOFA was supplied by Abcam
(Cambridge, UK).

211 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY (http://www.guidetopharmacology.org) and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander, Christopoulos, et al., 2019; Fabbro,
et al., 2019; Alexander, Mathie et al., 2019).

Alexander,

3 | RESULTS

3.1 | CPTi1C interacts with ABHDé6 and the
interaction is maintained with modified forms of
CPT1C (malonyl-CoA-insensitive or without the
C-terminal region)

Both CPT1C and ABHDé were recently described, using a proteomic
approach, as constituents of the AMPA receptor proteome and
ABHD6 as an interactor with CPT1C in brain homogenates (Brechet
et al., 2017; Schwenk et al., 2019). We aimed to demonstrate that
CPT1C and ABHDé6 may interact outside the AMPA receptor complex
and to explore the importance of malonyl-CoA sensing and the
C-terminal region of CPT1C in this interaction. These two features of
CPT1C are interesting as malonyl-CoA is a within-cell energy sensor
important for CPT1C function and also because the last 39 residues
of CPT1C (the C-terminal region) are not present in the canonical
CPT1 isoforms (CPT1A and CPT1B). We therefore used a heterolo-
gous system consisting of HEK-293T cells co-expressing ABHD6 and
either CPT1C—the mutated form M589S, insensitive to malonyl-CoA
(Morillas et al., 2003; Rodriguez-Rodriguez et al., 2019)—or the trun-
cated form ACter—in which the last 39 amino acids were replaced by
the FLAG tag. We first performed a co-immunoprecipitation assay
using CPT1C antibodies, observing that ABHDé interacted with
CPT1C and that this interaction was still maintained with the mutated
M589S form (Figure 1a). We then immunoprecipitated ABHDé using
the GFP-Trap system, observing that this too was able to interact with
ACter (Figure 1b).

The preliminary co-immunoprecipitation results were confirmed
by FRET assays, performed in HEK-293T cells (Figures 1c-e, S1, and
S2). Plasmids encoding for the mTurquoise-ER, KDEL, and calnexin
were used as negative interaction controls and, as a positive interac-
tion control, we used GIuA1, a subunit of AMPA receptors that is
known to interact with CPT1C (Brechet et al., 2017; Fadé et al., 2015;
Schwenk et al., 2019). Results showed that, as expected, the FRET
efficiency of the positive control pair CPT1C/GIuAl was significantly
different from that for the negative control pairs CPT1C/KDEL and
CPT1C/calnexin (Figure 1c,d). Moreover, FRET efficiency for CPT1C/
ABHD6 was similar to that found for CPT1C/GIluA1l, indicating a posi-
tive interaction (Figures 1c,d and S1). Similar percentages of FRET
efficiency were observed for the pairs M589S/ABHDé6 and ACter/
ABHD6 compared to CPT1C/ABHDé (Figures 1c,d and S1),
suggesting that both malonyl-CoA sensing and the presence of the
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C-terminal region of CPT1C are not critical to the interaction with
ABHD®, corroborating Figure 1a,b.

These results were supported by FRET sensitized emission assays
of CPT1C, with either ABHD6 or KDEL, in living cells expressing
ABHD6-mTurg2 or mTurg-KDEL and with increasing amounts of the
cDNA for the CPT1C-SYFP2 acceptor. The positive interaction was
confirmed by a FRET curve for the ABHD6-CPT1C protein pair that
was saturating—unlike the curve for the KDEL-CPT1C protein pair,
which was non-saturating (Figure 1e). Under the same experimental
conditions, the positive and saturating curve of the ABHD6-CPT1C
pair was not altered after TOFA treatment (Figure S2), supporting the
finding that the interaction of both proteins does not depend on
malonyl-CoA levels.

In summary, co-immunoprecipitation and FRET approaches con-
firm that CPT1C interacts with ABHDé6. Neither the CPT1C mutation
affecting malonyl-CoA sensing or the C-terminus region is essential

for this interaction.

3.2 | Optimization and validation of a 4-MUH-
based ABHD6 activity assay in non-neuronal and
neuronal cells and mouse brain tissue homogenates

The CPT1C-ABHDé6 interaction raised the question of whether
CPT1C was regulating ABHD6 activity. To answer this question, we
optimized a rapid, direct, and highly sensitive fluorescent activity
assay for ABHDé, based on hydrolysis of a 4-MUH fluorogenic sub-
strate (Figure 2a). HEK-293T cell lysates expressing ABHD6 showed a
higher accumulation of fluorescence over time than cells expressing
EV when 50 uM of MUH was added as substrate (Figure 2b). The
fluorescence progression curve for ABHD6 displayed linear kinetics
from 5 up to 20 min, after which the fluorescence signal plateaued,
while the background signal continued to increase (Figure 2b). Unless
otherwise stated, further experiments described below use the
10-min point within the linear increase of fluorescence.

ABHDé activity depending on 4-MUH concentration also showed
that, up to 50 pM of 4-MUH, the formation of 4-MU was constant,
whereas a plateau was reached at higher 4-MUH concentrations
(Figure 2c). Nonlinear regression analysis was used to calculate the
apparent kinetics (Vimax and Ki,) of ABHDé6 for 4-MUH as substrate
(Table 2). To validate the ABHD6 activity assay, we tested the effec-
tiveness of a specific ABHD6 inhibitor, WWL70 (Blankman
et al., 2007; Cao et al., 2019). We observed that WWL70 dose-
dependently inhibited ABHDé6 activity with an ICsq of 274 nM
(Figure 2d). Moreover, to corroborate the specificity of 4-MUH as a
substrate for ABHDé, we performed a competitive substrate assay by
adding increasing concentrations of the natural substrate 2-AG
(Figure 2e). We found that 2-AG decreased 4-MUH hydrolysis with
an ICsg value of 10 pM (Figure 2e).

Previous ABHDé6 activity assays were unable to detect that activ-
ity in systems endogenously expressing ABHDé6 (Navia-Paldanius
et al., 2012; van der Wel et al., 2015). For this reason, we validated

our new fluorescent assay in mouse hypothalamic neuronal cell line

TABLE 2V, and K, values of the time course of 4-MUH
hydrolysis by cells overexpressing EV and ABHD6 alone or in
combination with CPT1C, M589S, and Acter

Vmax (Nnmol-mg=2-min~?) Ko (M)
ABHD6 322.3+153 18.8+ 3.5
ABHD6-CPT1C 111.8 £ 4.6 4614
ABHD6-M589S 230.3 £+ 11.2°# 13.6 £2.97*
ABHD6-ACter 224.3 +15.8"* 7.3+30"1

These values were obtained by Michaelis-Menten analysis and are
means = SD (n = 9).

‘P <0.05, significantly different from ABHD®é;

#p < 0.05, significantly different from ABHD6-CPT1C;

P < 0.05, significantly different from ABHD6-M5895.

GT1-7 (Figure 3a,b) and in primary cortical neurons (Figure 3c,d). In
both models, we were able to measure and to inhibit ABHDé6 activity
by treating the cells with 1-10 pM of WWL70 and 50 pM of
WWL70, which inhibited around 25-30% and 50% of hydrolase activ-
ity, respectively (Figure 3).

We also confirmed that the 4-MUH-based assay was useful in
determining enzyme activity in murine hypothalamus and hippocam-
pus homogenates (Figures 3e,f and S3). The fluorescent progression
curve displayed linear kinetics up to 60 min in tissue homogenates
(Figure 3e). Dose-response inhibition of ABHDé activity by WWL70
showed that ABHDé achieved up to 20-25% of 4-MUH hydrolysis by
brain tissue homogenates (Figure 3f). WWL70 is a selective early-
generation carbamate-based ABHDé6 inhibitor that has been widely
used to study this hydrolase (Bottemanne et al, 2019; Cao
et al.,, 2019). Our use of this inhibitor is therefore supported by the lit-
erature ruling out the activity of other hydrolases. Since next-
generation carbamate-based ABHD6 inhibitors have been generated
with a better in vivo profile and capacity to reach the brain, for exam-
ple, KT-182 (Hsu et al, 2013; Manterola et al., 2018), we also
inhibited ABHD6 activity in hypothalamic homogenates using KT-182
(Figure S4), finding that the percentage inhibition, using the range of
concentrations as recommended in previous studies, was similar to
that observed for WWL70 and even higher at the maximum tested
dosage. The use of both inhibitors in brain tissue sustains our findings
attributed to ABHD®6 activity.

In summary, the 4-MUH-based activity assay is a suitable and reli-
able method to study ABHD6 activity in both heterologous and natu-

ral systems.

3.3 | CPTiC regulates ABHDé6 activity depending
on malonyl-CoA sensing

Once we set up the ABHD6 activity assay, we were interested in eval-
uating whether CPT1C was able to regulate ABHDé activity. ABHD6
activity was assessed in HEK-293T cells co-expressing ABHDé6 and
CPT1C, M589S, or ACter. We observed that CPT1C significantly
depressed ABHD6 activity (Figure 4a). When ABHDé6 was expressed
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alone, the activity curve displayed linear kinetics from 5 to 20 min,
after which a plateau was reached (Figure 4a). In contrast, when
CPT1C was present, ABHD6 activity plateaued much later, after
45 min of reaction (Figure 4a). Normalization of ABHD6 activity by its
protein expressing levels (Figure S5A) showed that CPT1C reduced
ABHDé activity by almost 60% (Figure 4b). Furthermore, nonlinear
regression analysis of ABHDé activity as a function of 4-MUH con-
centration demonstrated that CPT1C decreased ABHD6 maximal
activity almost threefold and substrate affinity fourfold (Figure 4c and
Table 2).

Interestingly, cells co-expressing ABHD6 and the CPT1C mutant
insensitive to malonyl-CoA, M589S, showed a lower reduction of
ABHD6 activity (35%, Figure 4a,b) compared to CPT1C, while both
maximal velocity and substrate affinity were partly restored (Figure 4c
and Table 2). In line with these results, ABHDé activity in the hypo-
thalamic cell line GT1-7 was significantly increased after inhibition of
malonyl-CoA synthesis with TOFA (Figure S6). The expression of
ACter in HEK-293T cells also attenuated ABHDé activity (27%,
Figure 4), but to a lesser extent than CPT1C. Cells expressing CPT1C,
M589S, or ACter alone showed similar fluorescent accumulation as
EV transfected cells, demonstrating that CPT1C and its modified
forms had no 4-MUH hydrolysis activity per se (Figure S5B). In sum-
mary, our results demonstrate that CPT1C negatively regulates
ABHD6 activity, that malonyl-CoA sensing by CPT1C is required for
this regulation and that the presence of the C-terminal region of
CPT1C is important for its inhibitory effect.

Levels were also measured of endogenous 2-AG (a substrate of
ABHD®6) and AEA (anandamide; an endocannabinoid not metabolized
by ABHD6) in HEK-293T expressing ABHD6 alone or in combination
with CPT1C. Under these conditions, no changes in 2-AG and AEA
levels were found (Figure S5C), indicating that ABHDé expression in
HEK-293T cells is not enough to produce changes in endogenous
2-AG levels.

200+

cAMP (% relative to basal)

FIGURE 5

It is known that 2-AG is the main ligand of CB; receptors, GPCRs
that, upon G; coupling, inhibit adenylyl cyclase (AC) and thus modu-
lates the CcAMP/PKA signalling pathway (Busquets-Garcia
et al., 2018). To elucidate whether CPT1C regulation of ABHDé could
modulate a physiological response in living cells—such as intracellular
cAMP levels depending on 2-AG availability—we measured this regu-
lation in HEK-293T cells transiently expressing CB, receptors in com-
bination with ABHD6 and CPT1C or M589S or ACter.

We first set up cAMP detection in cells expressing CB; receptors
alone (Figure S7A) and incubated with forskolin, an activator of
AC. As expected, ACEA, a CB4 receptor agonist, along with increasing
concentrations of 2-AG decreased forskolin-induced cAMP levels
(Figure S7A). In contrast, rimonabant, a CB; receptor antagonist, was
able to block the 2-AG-induced decrease in cAMP levels (Figure S7A).
We also tested the effects of products derived from 2-AG hydrolysis,
namely, arachidonic acid and glycerol. Surprisingly, arachidonic acid
was able to increase cAMP levels in the cells, while no effect was evi-
dent for glycerol (Figure S7A). Moreover, when CB; receptors and
ABHD6 were co-expressed, the addition of 2-AG significantly
increased forskolin-induced cAMP levels above the forskolin levels
(data not shown), probably due to the accumulation of arachidonic
acid derived from ABHDé6-mediated hydrolysis of 2-AG. That fact led
us to postulate that treating cells expressing ABHDé with forskolin
could influence the increase in cAMP levels. Subsequent experiments
were therefore performed without forskolin (Figures 5 and S7B),
assessing the effects of increasing concentrations of 2-AG,
arachidonic acid, and glycerol (Figure S7B).

Under these conditions, results showed that 2-AG hydrolysis by
ABHDé6 (CB;R-ABHD®) increased intracellular cAMP levels, whereas
CB; receptor activation via ACEA reduced those levels (Figure 5).
Interestingly, expression of CPT1C in combination with ABHDé
(CB4R-ABHD6-CPT1C) restored cAMP levels to baseline and was sig-
nificantly different from that for CB;R-ABHDé (Figure 5)—in line with

mm CB;R-ABHD6
mm CB,R-ABHD6-CPT1C
@= CB;R-ABHD6-M589S
== CB;R-ABHD6-ACter

Effect of ABHD6 and CPT1C on the CB{R/cAMP signalling pathway in HEK-293T cells. cAMP baseline levels in cells expressing

CB4R and ABHDé6 in combination with CPT1C, M589S, or ACter and treated with ACEA and with increasing concentrations of 2-AG (n = 8). Data
shown are means + SD. *P < 0.05, significantly different from baseline; # P < 0.05, significantly different from corresponding treatment in CB4R-

ABHDé6; two-way ANOVA followed by Bonferroni's post hoc correction
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the fact that CPT1C is an inhibitor of ABHDé6 activity. When M589S
was expressed (CB;R-ABHD6-M589S), cAMP levels were similar to
those for the CB;R-ABHDé condition (Figure 5), indicating that
CPT1C binding of malonyl-CoA is necessary to blunt ABHDé activity.
The C-terminal region of CPT1C, furthermore, seems not to be essen-
tial for the regulatory role of CPT1C in ABHD6-mediated cAMP levels,
since expression of ACter (CB;R-ABHDé6-ACter) did not alter cAMP
levels, compared to those for CB;R-ABHD6-CPT1C (Figure 5).

3.4 | Brain tissue homogenates of CPT1C-KO
mice show higher ABHD6 activity than control mice

To study the ability of CPT1C to regulate ABHD6 activity in a physio-
logical system, we measured 4-MUH hydrolysis in both hypothalamic
and hippocampal homogenates of WT and CPT1C-KO mice. Hydro-
lase activity was measured in the absence or presence of the ABHDé
inhibitor, WWL70, in order to determine ABHDé6-dependent hydro-
lase activity (Figure S8).

Corroborating the results for neuronal and non-neuronal cells, the
hypothalamus from CPT1C-deficient male mice showed higher
ABHD6 activity than that of the hypothalamus from WT mice
(Figure 6a,b). Hippocampal homogenates of CPT1C-KO mice only
exhibited increases in ABHD6 activity, compared to WT mice, at the
last time of the activity assay (Figure 6c); however, the AUCs for both
KO- and WT-derived hippocampus were not significantly different

(Figure 6d). These results suggest a more prominent role for CPT1C in

the regulation of ABHDé activity in the hypothalamus than in the
hippocampus.

3.5 | ABHDSé activity is increased in brain
homogenates after fasting conditions

ABHD®6 activity was analysed in fasted mice, because fasting provides
a metabolic challenge in which brain malonyl-CoA levels are signifi-
cantly decreased (Tokutake et al., 2012, 2010) and, in such conditions,
the CPT1C effect on ABHDé6 activity may be compromised. Fasting
also increases endocannabinoid levels (Kirkham et al., 2002). Over-
night deprivation of food induced a significant increase in ABHDé
activity in both hypothalamic (Figure 7a-c) and hippocampal
(Figure 7d-f) homogenates for the control male mice, whereas no dif-
ferences were apparent in brain tissues from the CPT1C-KO mice,
indicating that CPT1C inhibition of ABHD®é is blunted when malonyl-
CoA levels drop. The effect of fasting on ABHDé6 activity is more
evident in the hypothalamus than in the hippocampus (Figure 7).
Noteworthy is the fact that no significant differences were observed
between fed and fasted conditions for CPT1C or ABHDé protein
expression levels in hypothalamus or hippocampus from control mice
(Figure S9).

Tissue samples from female mice were also assayed, with results
similar to those for male mice, that is, the fasting-induced increase in
ABHDé6 activity was only apparent in hypothalamic but not in hippo-

campal homogenates (Figure S10).
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homogenates of (a) WT mice (n = 13) and (b) CPT1C-KO mice (n = 5) and (c) AUCs for hypothalamic activity in fed and fasted mice. (d-f) ABHD6
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fasted mice. Data shown are means + SD. *P < 0.05, significantly different from WT-fed; two-way ANOVA followed by Bonferroni's post hoc

correction

4 | DISCUSSION

ABHDé is one of the newest 2-AG hydrolases to be incorporated into
the so-called endocannabinoid system, which includes endo-
cannabinoids, cannabinoid receptors, and the enzymes that produce
and degrade endocannabinoids. Since its discovery, ABHDé6 has been
linked to important neural functions (Cao et al., 2019), but it is not
known how its activity is regulated. We identified CPT1C as the first
protein to interact with ABHD®, also observing that it acts as a nega-
tive regulator of activity depending on the nutritional state (fed or
fasted). These results are relevant as inhibiting ABHDé activity has
emerged as an important therapeutic approach in preclinical models
of neuron-related, devastating diseases (Cao et al., 2019). Our study
also throws light on the interplay between those two proteins and the
physiological relevance of their interaction.

Our finding that CPT1C directly interacts with ABHDé6 in trans-
fected HEK-293T cells is in line with previous proteomic studies that
identified both CPT1C and ABHDé as interacting components in
AMPA receptor complexes (Brechet et al., 2017; Casas et al., 2020;
Schwenk et al., 2019). Within these complexes, ABHDé stabilizes
pore-forming GIuA monomers, while the FRRS1I/CPT1C proteins pro-
mote GIuA oligomerization and trafficking to the cell surface
(Schwenk et al., 2019). Moreover, ABHD6 is able to interact with
GIuA1-3 and to negatively regulate its surface delivery, independently
of its hydrolase activity (Wei et al., 2017, 2016). We have shown that
CPT1C and ABHDé are able to interact in cells, such as HEK-293T,
that do not express AMPA receptors, using immunoprecipitation and
FRET-based approaches. This finding may be of relevance to cancer

research as both proteins are involved in tumour proliferation and in

metastasis (Casals et al., 2016; Tang et al., 2020; Zaugg et al., 2011).
CPT1C has attracted interest because it can bind malonyl-CoA, an
important nutritional sensor in the brain, and has a longer tail at the
C-terminus, compared to other CPT1 forms. Our group recently dem-
onstrated that both characteristics of CPT1C are important to regu-
late activity or interaction for other proteins (Casas et al., 2020;
Palomo-Guerrero et al., 2019). We consequently used two versions of
CPT1C: the M589S mutant that is insensitive to malonyl-CoA and
ACter, which FRET and
immunoprecipitation assays revealed that CPT1C and ABHDé interac-

lacks the C-terminal region. co-
tion is not modified when using the malonyl-CoA insensitive or the
C-terminal truncated form of CPT1C. The effects of malonyl-CoA on
CPT1C-ABHDé6 interactions were further underpinned by FRET
experiments in the presence of TOFA.

The activity of endocannabinoid system enzymes has been com-
monly studied using laborious or expensive assays, specifically, radio-
labelled substrates (Dinh et al., 2002; Gopapaju et al., 1999; Karlsson
et al., 2000; Sakurada & Noma, 1981; Somma-Delpéro et al., 1995;
Tornqyvist et al., 1974) or mass spectrometry-based assays (Blankman
et al, 2007) and HPLC detection of arachidonic acid (Saario
et al., 2005). Assays have also been developed for the study of differ-
ent hydrolases using chromogenic (Imamura & Kitaura, 2000) and
fluorogenic (Wang et al., 2008; Zvonok et al., 2008) substrates, includ-
ing ABHD6 (Navia-Paldanius et al., 2012; Shields et al., 2019). How-
ever, those assays require multiple-enzymic steps or long incubation
times. To address these problems, we have optimized an easy, rapid,
inexpensive, and highly sensitive fluorescent ABHDé activity assay
using 4-MUH as the substrate. 4-MUH has been used to study lipase

activity for decades. As it is hydrosoluble, 4-MUH is not easily
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hydrolysed by non-lipolytic esterases, and its hydrolysis produces
a highly fluorescent compound, 4-MU (Dolinsky et al., 2004,
Gilham et al, 2005). The
Vinax ~ 322 nmol-mg~*min~! and K, ~ 19 uM, demonstrate that
4-MUH is a high-affinity substrate that is rapidly hydrolysed by
ABHDAé. In fact, those parameters were better than those previously
reported for 2-AG (Vpax ~ 45 nmol-mg~t:min~! and K, ~ 159 pM;
2012) and for another fluorogenic
substrate, the  arachidonoyl AHMMCE
(Vinax ~ 67 pmol-mg~tmin~* and K., ~ 26 pM; Shields et al., 2019).
To validate our method, we inhibited ABHDé activity using WWL70
(IC50 = 274 nM) and performed substrate competition with 2-AG
(ICso = 10 uM). The constant of inhibition obtained for WWL70 was
higher than in previous assays using activity-based protein profiling
(IC50 = 70 nM; Li et al., 2007) or 2-AG as substrate (ICso = 85 nM,;

Navia-Paldanius et al., 2012). However, assays using the other fluo-

apparent kinetic parameters,

Navia-Paldanius et al.,

coumarin ester

rogenic substrate obtained an inhibition constant (ICso = 285 nM,;
Shields et al., 2019) that was similar to that for our method. Using this
enzymatic assay, we demonstrated that CPT1C acts as an inhibitor of
ABHD6 activity by reducing ABHDé activity in cells simultaneously
expressing both proteins by more than 50%. In a more physiological
environment, ABHDé activity was assessed in cultured cells endoge-
nously expressing both ABHDé and CPTA1C (primary neurons and a
hypothalamic neuronal cell line GT1-7) and, for the first time, in brain
tissue homogenates of WT and CPT1C-KO mice in the presence of
WWL70 or KT-182. The results regarding ABHDé activity in brain
homogenates of WT and CPT1C-KO mice demonstrate that brain tis-
sues, and particularly hypothalamic tissue, for CPT1C-deficient mice
show more ABHDé activity than WT mice, in accordance with the
results obtained for heterologous cells.

Although ABHDé activity was successfully measured in neuronal
and brain tissue models, the ability of WWL70 to inhibit ABHDé
activity was less (by 25-30%) than that shown in cell models over-
expressing ABHD®6. This finding might be related to the fact that
4-MUH is not a specific substrate for ABHDé6 and can be hydrolysed
by other enzymes with lipase activity. Therefore, 4-MUH in HEK-
293T cells overexpressing ABHD6 is mainly hydrolysed by ABHDé, as
observed for the low 4-MUH activity reported for cells transfected
with EV. However, in brain tissue homogenates and cells endoge-
nously expressing ABHD®6, other enzymes can hydrolyse 4-MUH.
Therefore, the inhibitory effect of WWL70 in brain homogenates
might be partly masked for the 4-MUH-hydrolysing activity of other
lipases in the sample. Note that this finding is in line with previous lit-
erature pointing to low hydrolase activity of ABHDé6 in neurons com-
pared to other hydrolases such as MAGL (Blankman et al., 2007; Cao
et al., 2019).

In recent years, it has been postulated that the neuron-specific
CPT1C acts as a regulator of other interacting proteins in response to
changes in malonyl-CoA levels (Casals et al., 2016; Casas et al., 2020;
Palomo-Guerrero et al, 2019; Wolfgang & Lane, 2011)and such
effects have also been demonstrated for two interacting proteins,
protrudin and SAC1
et al.,, 2019). Our results show that CPT1C sensing of malonyl-CoA is

(Casas et al, 2020; Palomo-Guerrero

necessary for regulation of ABHDé activity, which is inhibited only
when CPT1C detects malonyl-CoA. These results are relevant since
malonyl-CoA acts as a nutritional-sensing mechanism in the brain and
is crucial for CPT1C regulation of energy expenditure (Rodriguez-
Rodriguez et al., 2019; Wolfgang & Lane, 2011) and food intake (Gao
et al.,, 2011; Ramirez et al., 2013). We have also demonstrated that
CPT1C in the hypothalamus is crucial for the proper adaptation to a
fasting situation, when malonyl-CoA levels drop (Pozo et al., 2017).
Interestingly, brain tissue homogenates from fasting control mice
showed a significant increase in ABHD6 activity in both male and
female mice, especially in the hypothalamus. Thus, when malonyl-
CoA levels are low, the inhibitory effect of CPT1C on ABHDé6 activity
is blunted—a hypothesis that fits with the lack of any effect on fasting
in CPT1C-KO mice. Note that under fasting conditions, not only
malonyl-CoA levels, but also those of 2-AG, increase in brain tissues
(Kirkham et al., 2002). This increase may also contribute to increased
ABHDé6 activity, as there are more 2-AG levels to hydrolase. Fasting
not only decreases intracellular malonyl-CoA levels but also produces
a profound rewiring of brain metabolism and function. As this conse-
quence suggested the effects we observed could be a non-specific
response, to partly address this limitation of our study, we demon-
strated that fasting did not induce differences in CPT1C and ABHDé
expression levels in either hypothalamic or hippocampal homoge-
nates. The changes in ABHDé activity observed under fasting condi-
tions are therefore not a consequence of alterations in ABHD6
expression level, but possibly a consequence of the negative regula-
tion of CPT1C in ABHDé. Our findings are coherent with ABHD6
activity being under the control of sensing malonyl-CoA by CPT1C;
that is, cell energy status can regulate ABHD6 activity through the
malonyl-CoA/CPT1C axis. Further in vivo experiments are needed,
however, to demonstrate that malonyl-CoA is the only metabolic
intermediary regulating ABHDé activity in fasting conditions.

We observed no significant change in endogenous endo-
cannabinoid levels in cells expressing ABHD6 or ABHD6-CPT1C, a
finding in line with the fact that ABHDé6 only hydrolyses 2-AG when
it is produced on demand (Marrs et al., 2010). Levels of 2-AG and
AEA in HEK-293T cells expressing ABHDé after stimulation of 2-AG
production need to be measured, as the specific effects of ABHDé6 on
2-AG levels depend on the cell type and the experimental setting.
Recent data suggest that ABHD6 is a dual DAG/MAG-lipase that pro-
duces 2-AG in Neuro-2a cells during differentiation and neurite out-
growth (van Esbroeck et al., 2019).

Although we did not observe changes in endogenous levels of
2-AG in HEK-293T cells, we explored whether CPT1C regulation
of ABHDé activity could influence intracellular response in the form
of cCAMP levels. The canonical intracellular pathway for 2-AG produc-
tion starts by activating CB; receptors, which leads to AC inhibition
and, consequently, to reduced intracellular cAMP levels (Busquets-
Garcia et al., 2018). Our results show that ABHD6 hydrolysis of 2-AG
raised cAMP intracellular levels due to accumulation of the 2-AG
hydrolysis product arachidonic acid, which increases cAMP in a CB,
receptor-independent manner. In contrast, CPT1C nullifies that

increase, in line with its inhibitory effect on ABHDé activity.
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Moreover, the effect of CPT1C on ABHD6-dependent cAMP levels
requires malonyl-CoA sensing, but not the presence of the C-terminal
region. This is undoubtedly an intriguing result as the C-terminal
region in our study was important for its regulatory effect of CPT1C
on ABHDé6-mediated 4-MUH hydrolysis, but not on cAMP response.
This finding may be related to the fact that the cAMP determination
assay is a more sensitive and more physiological assay than the
4-MUH-based assay and also that malonyl-CoA sensing is much more
crucial to CPT1C regulation of other enzyme activities, than the pres-
ence of the C-terminal region (Casas et al., 2020). Therefore, CPT1C
control of ABHDé6 modifies cCAMP levels in a malonyl-CoA-dependent
manner, confirming ABHDé activity assay results for both cells and
mouse brain homogenates.

CPT1C regulation of ABHD6 activity may be an important player
in CNS-related ABHDé functions. For instance, both proteins have
been reported to play an important role in regulating energy homeo-
stasis in the hypothalamus under fasting and high-fat diet conditions
(Fisette et al, 2016; Pozo et al, 2017; Rodriguez-Rodriguez
et al, 2019). Interestingly, ABHD6é can hydrolyse other mono-
acylglycerols in the brain, for example, bis (monoacylglycero)phos-
phate, the amount and composition of which is sensitive to a high-fat
diet (Grabner et al., 2019; Pribasnig et al., 2015). We suggest that it
might be interesting to study the role of the CPT1C-ABHDé6 complex
in regulating levels of bis (monoacylglycero)phosphate in response to
metabolic challenges. CPT1C regulation of ABHD6 could also be of
interest for epilepsy, since inhibition of ABHDé activity has been
reported to attenuate seizure development (Naydenov et al., 2014;
Sigel et al., 2011). Finally, although our study strongly demonstrates
that CPT1C is a physiological inhibitor of ABHDé depending on
malonyl-CoA sensing, the exact molecular mechanisms mediating this
inhibition remain unclear. Bearing in mind that CPT1C can modulate
palmitoylation in other proteins such as GluAl (Gratacos-Batlle
et al., 2018), potential palmitoylation of ABHDé could not be ruled
out and, consequently, the localization and activity of ABHDé.

As far as we are aware, our study describes, for the first time, a
link between CPT1C and the endocannabinoid system, thereby yield-
ing valuable information on the characterization of both CPT1C and
ABHD6. We report CPT1C as the first physiological inhibitor of
ABHDé activity, with the sensing of cell nutritional status playing a
key role in this regulatory role of CPT1C. These findings are notable,
as blocking ABHDé6 activity may have therapeutic benefits for epi-
lepsy, traumatic brain injury, multiple sclerosis and obesity (Cao
et al, 2019). CPT1C, therefore, as a negative regulator of ABHDé,

might be an interesting target in combating these pathologies.
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