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Vacuolar protein sorting 13C is a novel lipid
droplet protein that inhibits lipolysis in brown
adipocytes
Vanesa D. Ramseyer 1, Victoria A. Kimler 2, James G. Granneman 1,*
ABSTRACT

Objective: Brown adipose tissue (BAT) thermogenesis depends on the mobilization and oxidation of fatty acids from intracellular lipid droplets
(LD) within brown adipocytes (BAs); however, the identity and function of LD proteins that control BAT lipolysis remain incomplete. Proteomic
analysis of mouse BAT subcellular fractions identified vacuolar protein sorting 13C (VPS13C) as a novel LD protein. The aim of this work was to
investigate the role of VPS13C on BA LDs.
Methods: Biochemical fractionation and high resolution confocal and immuno-transmission electron microscopy (TEM) were used to determine
the subcellular distribution of VPS13C in mouse BAT, white adipose tissue, and BA cell culture. Lentivirus-delivered shRNA was used to determine
the role of VPS13C in regulating lipolysis and gene expression in cultured BA cells.
Results: We found that VPS13C is highly expressed in mouse BAT where it is targeted to multilocular LDs in a subspherical subdomain. In
inguinal white adipocytes, VPS13C was mainly observed on small LDs and b3-adrenergic stimulation increased VPS13C in this depot. Silencing of
VPS13C in cultured BAs decreased LD size and triglyceride content, increased basal free fatty acid release, augmented the expression of
thermogenic genes, and enhanced the lipolytic potency and efficacy of isoproterenol. Mechanistically, we found that BA lipolysis required
activation of adipose tissue triglyceride lipase (ATGL) and that loss of VPS13C greatly increased the association of ATGL to LDs.
Conclusions: VPS13C is present on BA LDs where is targeted to a distinct subdomain. VPS13C limits the access of ATGL to LD and loss of
VPS13C elevates lipolysis and promotes oxidative gene expression.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Brown adipose tissue (BAT) plays a key role in nonshivering thermo-
genesis in rodents and certain newborn mammals, including humans,
by mobilizing and oxidizing fatty acids. In adult humans, the prevalence
of BAT correlates with improved glucose homeostasis and energy
metabolism [1e5], suggesting that activation of BAT thermogenesis
might be a therapeutic target for obesity and diabetes. A defining
feature of brown adipocytes (BAs) is the presence of multiple small
lipid droplets (LDs) that integrate triglyceride storage and mobilization
[6]. LDs are often closely associated with other organelles including
neighboring LDs, the endoplasmic reticulum (ER) and mitochondria
[7,8], and it is thought that these contacts allow efficient coupling of
lipid synthesis, mobilization, and oxidation.
1Center for Metabolic Medicine and Genetics, School of Medicine, Wayne State Univers

*Corresponding author. Center for Molecular Medicine and Genetics Wayne State Univ
Fax: þ001 313 972 8025. E-mail: jgranne@med.wayne.edu (J.G. Granneman).

Abbreviations: VPS13C, Vacuolar Protein Sorting 13C; BAT, brown adipose tissue; BAs,
hydrolase domain-containing protein 5; PLIN1, perilipin 1; GAPDH, Glyceraldehyde 3-ph
DNA fragmentation factor, alpha subunit-like effector A; Cox8b, Cytochrome c oxidas
receptor alpha; Ppargc1a, Peroxisome proliferator-activated receptor gamma coactiva
A thiolase/enoyl-Coenzyme A hydratase (trifunctional protein); beta subunit, Acadl; Long
related receptor, alpha

Received August 25, 2017 � Revision received October 23, 2017 � Accepted October

https://doi.org/10.1016/j.molmet.2017.10.014

MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
The LD proteome is unique among organelles and can vary across
tissues. For example, perilipin 1 is an LD scaffold protein in both brown
and white adipocytes that suppresses lipolysis in the basal state and
facilitates lipolysis during beta-adrenergic receptor activation [9e11].
In contrast, perilipin 5 is present in oxidative tissues like BAT, heart,
and soleus muscle, where it links LDs to mitochondria and likely fa-
cilitates fatty acid trafficking for oxidation [12,13]. Thus, the LD pro-
teome often reflects the specialized tissue function as it relates to fatty
acid trafficking and LD interactions with other organelles.
Proteomic analysis of BAT subcellular fractions demonstrated that
vacuolar protein sorting 13C (VPS13C) segregates with known LD
proteins under basal and stimulated conditions, suggesting it is a bona
fide LD protein. VPS13C is the mammalian ortholog of the yeast Vps13
and belongs to a family of genes involved in vacuolar function.
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Relatively little is known about mammalian VPS13C, but recent studies
found that mutations in VPS13C cause early-onset Parkinson’s disease
in humans [14]. Interestingly, gene wide association studies have also
linked VPS13C with diabetes, glucose levels and pro-insulin release
[15e17]. In the study described below, we used a combination of
mass spectrometry analysis, biochemical fractionation, confocal and
transmission electron microscopy as well as metabolic assays to
examine the role of VPS13C in BAs.

2. MATERIALS AND METHODS

2.1. Animals
All protocols involving animals were approved by the Institutional
Animal Care and Use Committee of Wayne State University and fol-
lowed the National Institutes of Health Guide for the care and use of
Laboratory Animals (NIH Publications No. 8023, revised 1978). Male
and female mice 129S1/SvImJ (129S1; stock number 002448),
Tg(Ucp1-cre)1Evdr (stock number 024670), C57BL/6J (C57B/6; stock
number 000664), and td-tomato (R26-LSL-tdTomato; stock number
007909) were purchased from Jackson Laboratory and bred in house.
Mice were fed regular chow and kept at a 12 h light/dark cycle.
For b3-adrenergic receptor agonist studies, vehicle (phosphate-buff-
ered saline, PBS) or CL 316,243 (SigmaeAldrich) was infused at a
dose of 0.75 nmol/h using osmotic minipumps (Durect-ALZET;
Cupertino, CA) for 3 days. For mass spectrometry analysis, CL 316,243
was infused at the same dose for 1 day.

2.2. Cell culture
Unless specified, chemicals used were obtained from SigmaeAldrich
(St. Louis, MO). BAs were grown as pre-adipocytes in Dulbecco’s
Modified Eagles Medium (DMEM) (HyClone GE Lifesciences; Pitts-
burgh, PA) containing 10% fetal bovine serum (FBS) (Atlanta Bi-
ologicals; Flowery Branch, GA), penicillin/streptomycin (Hyclone, GE
Lifesciences), 20 nM insulin and 1 nM 3,30,5-triiodo-L-thyronine (T3;
differentiation media) for 3 days until confluent [18,19]. Adipocyte
differentiation was induced by incubating cells in differentiation media
containing 2 ug/mL dexamethasone, 0.5 mM isobutylmethylxanthine
(IBMX) and 0.25 mM indomethacin for 1 day. The following day,
medium was replaced with differentiation media (day 1) and after that
media was changed every day (days 2e6). Unless specified, cells were
harvested at day 4 after induction.
In experiments where free fatty acids were measured, cells were
incubated in KrebseRinger Bicarbonate Buffer containing HEPES (H-
KRBB) or Hanks Balanced Salt Solution (HBSS) (Gibco, Thermo Fisher
Scientific) supplemented with 1% Bovine Serum Albumin (BSA) (Alkali
Scientific Inc. Pompano Beach, FL). Cells were treated for 1 or 2 h and
media was collected. Non-esterified fatty acids were measured using a
fluorescence kit (WAKO Diagnostics; Richmond, VA) using the fluoro-
genic substrate amplex red (Cayman Chemical; Ann Arbor, MI) and
glycerol was measured by colorimetry using free glycerol reagent
(Sigma; St. Louis, MO). For pharmacological inhibition of ATGL, cells
were pre-incubated with 50 mM atglistatin (N0-[40-(dimethylamino)
[1,10-biphenyl]-3-yl]-N,N-dimethyl-urea; (Cayman Chemical; Ann Ar-
bor, MI) or vehicle (dimethyl sulfoxide, DMSO) for 30 min before
treatment with vehicle (PBS) or isoproterenol.
Triglyceride was extracted from BAs using a modified method from
Barkley et al. [20]. Briefly, BAs were collected and homogenized in
PBS. Neutral lipids were extracted three times with isooctane: ethyl-
acetate (1:9) (Fisher Scientific). The organic layer containing neutral
lipids was collected and dried for 2 h under N2. Triglycerides were
resuspended in 5% NP-40 by sonication. Triglyceride content was
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measured using triglyceride determination kit (Sigma; St. Louis, MO).
BA cells grown in parallel were used to measure protein content using
bicinchoninic acid assay (BCA; Pierce, Thermo Fisher Scientific Grand
Island, NY).

2.3. Lentivirus production
Lentiviruses were produced by transfecting 293T cells using VPS13C
shRNA-containing vector (Sigma cat# TRCN0000246772) or control
(Sigma cat# SHC216), packaging psPAX2 plasmid (from Didier Trono
to Addgene plasmid# 12260) and envelope plasmid pMD2.G (from
Didier Trono to Addgene plasmid# 12259) at a ratio 1:0.75:0.25
respectively. Media containing lentiviruses was collected 40 h and 64 h
after transfection, combined, filtered and centrifuged at 35,000�g for
2 h. Lentiviruses were resuspended in OptiMEM (Gibco). BAs were
infected with lentiviruses, in the presence of OptiMEM and Polybrene
(Millipore). Thirty hours later, media was replaced for regular media
(DMEM) containing 10% FBS.

2.4. Subcellular fractionation
Cells were washed with PBS (Gibco; Thermo Fisher Scientific Grand
Island, NY) and scraped in 20% sucrose solution containing 20 mM 4-
(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES), 1 mM
ethylenediaminetetraacetic acid (EDTA) and EDTA-free proteases in-
hibitor cocktail (Thermo Fisher Scientific). Cells were homogenized by
10 passages through a 26 1/2G needle. Homogenates were spun
5 min at 1000�g and the supernatant or post-nuclear fraction (PN)
was recovered. The PN fraction was layered with 10 and 0% sucrose
solution respectively (containing HEPES, EDTA and proteases in-
hibitors) and centrifuged at 100,000�g (Beckman TL-100 ultracen-
trifuge) for 30 min. Floating LDs were transferred to another tube and
proteins were precipitated using acetone (Fisher Scientific). Precipi-
tated proteins were resuspended in 2% sodium dodecyl sulfate (SDS)
and heated at 70 �C for 10 min. The cytoplasmic fraction was
recovered from the upper portion of 20% sucrose layer. Proteins were
measured by bicinchoninic acid assay (BCA; Pierce, Thermo Fisher
Scientific Grand Island, NY) in all the fractions.
In experiments where nuclei, mitochondria and membrane fractions
were collected, PN fraction was spun at 10,000�g to pellet mito-
chondria. The resultant supernatant was centrifuged at 100,000�g for
30 min. LD and cytosol fractions were collected as described above
and pellet was collected as membrane fraction. Nuclei, mitochondria
and membrane pellets were then resuspended in Buffer A (20 mM
HEPES, 100 mM KCl, 2 mM MgCl, pH ¼ 7.4), passed through a 26G
needle 10 times and spun again at their corresponding speed. Pellets
were resuspended in 2% SDS and protein measured in each fraction
by BCA assay.

2.5. Mass spectrometry
For mass spectrometry analysis BAT LD fractions from sham-operated
or CL 316,243 treated mice were obtained as described above. LD
fractions and total lysate were run on PAGE and gel was stained with
Sypro Ruby. The whole lane was cut and submitted for mass spec-
trometry analysis to the Proteomics Core of Wayne State University.

2.5.1. In-gel digestion
Washed gel slices were reduced with Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), alkylated with iodoacetamide and digested with
sequencing-grade trypsin (Promega) overnight at 37 �C. Peptides were
eluted from the gel slices using 0.1% formic acid and acetonitrile and
dried. Peptides were separated by reverse phase chromatography by
HPLC using a C18 column and analyzed with an LTQ-XL mass
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: VPS13C is highly expressed in mouse BAT and concentrates in LDs. A) Mass spectrometry results from subcellular BAT fractions were analyzed using hierarchical
clustering analysis. BAT from mice treated with vehicle (ctrl) or 0.75 nmol/h CL 316,243 for 24 h (CL) were used to collect total lysates (total) and LD fractions. Colors in the
heatmap represent row Z score calculated from normalized spectral counts that were converted to a log scale. Insert shows that the cluster where VPS13C is present includes well
established LD proteins. B) VPS13C tissue distribution was assessed by Western blot, left panel: representative Western blot for VPS13C, tubulin and UCP1 (BAT marker); right
panel: cumulative data (n ¼ 4; *p < 0.05 vs BAT, ANOVA one way followed by Dunnett’s multiple comparison test). C) VPS13C subcellular distribution, left panel: Western blot for
VPS13C, perilipin 1 (PLIN1), GAPDH and prohibitin of BAT subcellular fractions; right panel: correlation between VPS13C and PLIN1, VPS13C and GAPDH and VPS13C and prohibitin
expression levels (AU ¼ arbitrary units).
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Gene Name Forward Primer (5’->30) Reverse Primer (5’->30)

Vps13c GAAGCTAAAGTAAAAGCCCACGA ACACATCAGAGGTGTTGACAATG
Ppara CGGGTAACCTCGAAGTCTGA CTAACCTTGGGCCACACCT
Ppargc1a TTCACGGGTGTCAGCTTTGC GGTCGCCCTTGTTCGTTCTG
Ebf2 GCTGCGGGAACCGGAACGAGA ACACGACCTGGAACCGCCTCA
Esrra CTCAGCTCTCTACCCAAACGC CCGCTTGGTGATCTCACACTC
Ucp1 TGGCCTCTCCAGTGGATGTG CGTGGTCTCCCAGCATAGAAG
Cidea TGCTCTTCTGTATCGCCAGT GCCGTGTTAAGGAATCTGCTG
Cox8b TGCGAAGTTCACAGTGGTTC CTCAGGGATGTGCAACTTCA
Hadhb TTCGCGGACTCTAAGATTTCA GCAGAGTGCAGTTGGGAAGA
Acadl CGATTGCAAAAGCTTACGTG AGAATCCGCATTAGCTGCAT
Ppia GTGGTCTTTGGGAAGGTGAA TTACAGGACATTGCGAGCAG

Original Article
spectrometer (Thermo). Abundant ions were fragmented by MS/MS
using collision-induced dissociation (CID).

2.5.2. Data analysis
Peak lists from MS2 spectra were generated with Proteome Discoverer
(ver 1.1; Thermo) and scored using Mascot (Matrix Science) and
SEQUEST algorithms. A mouse protein sequence database was used
(UniProt; downloaded on 2010-07-28 containing 16,358 entries).
Parent and fragment tolerances were 3.5 and 0.7 kDa, respectively. A
fixed modification of þ57 (alkylation) on C, and variable modifications
ofþ16 (oxidation) on M, and�17 (pyro cmC) andþ42 (acetylation) on
peptide N-termini were included in the searches. Data was imported in
Scaffold (ver 3.0; Proteome Software) and subset database searches
were performed with X!Tandem. Proteins were scored as positive
identifications if they achieved a �99% protein probability, and with at
least 2 unique peptide identifications with �80% probability.
The top 100 LD proteins in control samples were selected, spectral
counts were normalized for total counts and converted to a log scale.
Hierarchical clustering was performed using Heatmapper [21] using
Pearson complete linkage.

2.6. VPS13C antibody production
Mouse VPS13C cDNA corresponding to peptide amino acids 3189 to
3708 (accession number NP_796158.2) was cloned and sent to
Proteintech (Rosemont, IL) for peptide synthesis and antibody pro-
duction. Affinity-purified rabbit polyclonal antibodies against VPS13C
were used in Western blot and immunostaining experiments.

2.7. Protein isolation and Western blot analysis
Mice were euthanized by CO2 and cervical dislocation, tissue collected
and immediately frozen in liquid Nitrogen. Frozen tissues were dis-
rupted using a Polytron homogenizer in RIPA buffer (Teknova; Hollister,
CA) containing EDTA-free proteases inhibitor cocktail (Pierce, Thermo
Fisher Scientific). BAs from cell cultures were scraped and lysed in
RIPA buffer with EDTA-free proteases inhibitor cocktail. In experiments
for phospho-HSL, 1/100 Halt� phosphatase inhibitor cocktail was
added to the lysis buffer (Thermo Scientific). Protein levels were
determined by bicinchoninic acid assay (Thermo Fisher Scientific,
Grand Island, NY).
Equal amounts of proteins were heated at 70 �C for 10 min in the
presence of 1M urea and 5.7% b-mercaptoethanol then loaded in
wells of a 5% SDS-Tris polyacrylamide gel or 3e8% Tris-acetate
polyacrylamide gradient gel (Invitrogen) for detection of VPS13C, or
NuSep 4e20% Tris-HEPES gels (NuSep; New South Wales, Australia)
for ATGL, HSL and perilipin 1. Samples were transferred to PVDF
membranes overnight at 4 �C for VPS13C (transfer buffer containing
4% SDS) or 90 min for others. Membranes were blocked in blocking
solution (5% non-fat milk in Tris buffer saline containing 0.05% Tween
(TBS-T)) and antibodies were diluted in blocking solution and incubated
for 2 h at room temperature for VPS13C or overnight 4 �C for other
proteins. Antibodies used were: rabbit anti UCP1 1/10,000 (Alpha
Diagnostic International; San Antonio, TX) rabbit anti-perilipin 1 1/2500
[24], rabbit anti-GAPDH 1/2000 (Santa Cruz; Dallas, TX; cat#
sc25778), rabbit anti-prohibitin 1/5000 (Abcam; Cambridge, MA; cat#
ab28172), goat anti-mouse ATGL 1/1000 (Everest Biotech; Upper
Heyford Oxfordshire, UK; cat#EB8403); rabbit anti-mouse ATGL [22] 1/
3000; rabbit anti-HSL 1/2000 (Cell Signaling; Danvers, MA;
cat#4107S) [23], rabbit anti-phospho-HSL (S563) 1/2000 (Cell
Signaling; Danvers, MA; cat#4139S) rabbit anti-a/b tubulin 1/5000
(Cell Signaling, Danvers, MA; cat# 2148S). Because of the large size
difference between VPS13C, GAPDH and prohibitin, blots from
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Figure 1C correspond to two gels that were run in parallel. Membranes
were incubated with horseradish peroxidase-labeled secondary anti-
bodies (Jackson ImmunoResearch Laboratories; West Grove, PA) for
1 h at room temperature. Super signal west-dura extended duration
substrate (Thermo Fisher) was used for detection of secondary anti-
bodies. Blots were imaged using the Azure c600 imaging system
(Azure Biosystems; Dublin, CA) and quantified using ImageJ [25].

2.8. Real-time quantitative PCR
RNA was extracted from cells using Qiagen (Valencia; CA) RNeasy mini
kit and was reverse transcribed by using Superscript III (Invitrogen) and
random or oligo dT primers. qPCR reaction was done using ABsolute
Blue QPCR SYBR (Thermo Fisher Scientific) in Stratagene Mx3000P
qPCR. Primers used were
2.9. Confocal microscopy
Mouse adipose tissues were fixed in 4% paraformaldehyde overnight
and embedded in paraffin. Five-micrometer sections were obtained,
deparaffinized and rehydrated using xylene, ethanol and ethanol/wa-
ter. Antigen retrieval was carried out by three 5 min incubations at
95 �C in 10 mM citrate buffer. Tissue sections were blocked in 5%
normal donkey or normal goat serum (NDS or NGS respectively)
(Jackson ImmunoResearch Laboratories) in PBS for 1 h. Primary an-
tibodies or their respective isotype-matched control antibodies were
incubated at equivalent concentrations in blocking buffer overnight at
4 �C in a humidified chamber. Secondary antibodies were incubated in
blocking buffer for 2 h at room temperature and protected from light.
Antibodies used: rabbit VPS13C (custom made, Proteintech, Rose-
mont, IL) 1/250, goat anti-perilipin 1 (Everest Biotech; cat#EB 07728)
1/300. Secondary antibodies were obtained from Invitrogen and used
at 1/1000 dilution, Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 594
donkey anti-rabbit, Alexa Fluor 488 donkey anti-rabbit, Alexa Fluor 488
donkey anti-goat and Alexa Fluor 594 donkey anti goat (Invitrogen).
Sections were incubated with 40,6-diamidine-20-phenylindole dihy-
drochloride (DAPI) 0.5 mg/mL for 15 min and mounted using Perma-
fluor Paramount (Thermo Fisher Scientific).
BA cells were grown and differentiated on glass coverslips. Cells were
washed with PBS and fixed with 4% paraformaldehyde at different
time points during differentiation. In some experiments, cells were
trypsinized and replated on glass coverslips one day after induction to
avoid cell clumping and obtain clearer images. Cells were blocked with
PBS containing 0.04% saponin and 5% NDS or NGS and incubated
with rabbit anti-VPS13C, (1/250), rabbit anti-ATGL [22] 1/250, rabbit
anti-perilipin 1 (1/250) or rabbit IgG at matching concentrations, then
incubated with secondary antibodies and DAPI as above. Cells were
post-fixed with 1% paraformaldehyde for 15 min and washed in PBS.
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Lipids were stained with LipidTOX deep red (Invitrogen; Thermo Fisher
Scientific) 1/1000 for 30 min before imaging.
Fluorescence and brightfield microscopy were performed using an
Olympus IX-81 microscope equipped with a spinning disc confocal
unit and 40� (0.9NA) and 60� (1.2NA) water immersion objectives,
using standard excitation and emission filters (Semrock; Rochester,
New York) for visualizing DAPI, FITC (Alexa Fluor 488), Rhodamine
(Alexa Fluor 594), and Cherry (LipidTOX) as described [9]. Raw data
were acquired using IPLab and processed using ImageJ software [25]
and image sets belonging to the same experiment were equally
adjusted.

2.9.1. LD number and size
BA treated with control and VPS13C shRNA were trypsinized and re-
plated on glass coverslips 2 days after induction. At day 4 after in-
duction cells were fixed and stained with DAPI 0.5 mg/mL for 15 min
and incubated with LipidTOX (1/2000) overnight. LDs and nuclei were
imaged by confocal microscopy. Raw data was acquired and decon-
volved using CellSens Software (Olympus; Waltham, MA). LD images
were then thresholded and analyzed using ImageJ “analyze particles”
plugin. Nuclei were manually counted. A total of 30 images per cell line
from 3 independent experiments were analyzed (>3800 cells total). LD
size distribution was calculated using GraphPad Prism software
(Version 5.0; San Diego, CA).

2.10. Transmission electron microscopy (TEM)

2.10.1. Tissue preparation for embedding
Mice were euthanized by CO2 and cervical dislocation. BAT was
removed and placed in H-KRBB with 4% BSA for dissection into 1e
2 mm3 pieces and fixed in 4% paraformaldehyde and 0.05% glutar-
aldehyde in 0.12 M sodium phosphate buffer (sPBS) or 0.1 M Sor-
ensen’s buffer, pH 7.2 on ice at 4 �C for several hours. Tissues were
either stored in phosphate buffer or 7% sucrose-containing Sorensen’s
buffer. Samples were dehydrated in a graded series of ethanol and
embedded in LR White e medium hardness with en bloc staining by
70% ethanolic 2% uranyl acetate. After tissue infiltration, gelatin
capsules were polymerized overnight at 70 �C. LR White ultrathin
sections were cut at 70e90 nm on carbon-coated Formvar 200-mesh
nickel grids by ultramicrotomy.

2.10.2. Immunogold TEM
Sections were blocked in sPBS containing 5% NGS, 5% BSA and
0.15% glycine for 1 h at 4 �C or in aqueous 100 mM glycine followed
by incubation in 5% NGS and 1% egg albumin in sPBS-Tween 20 for
1.5 h at RT. Sections were incubated with rabbit anti-VPS13C (1:100)
antibody or rabbit IgG (equivalent concentration) in sPBS containing 5%
NGS, 5% BSA and 0.15% glycine overnight at 4 �C or in 5% NGS and
1% egg albumin in sPBS-Tween for 1 h at 37 �C and then overnight at
4 �C. Sections were incubated with either secondary goat anti-rabbit
FluoroNanogold-Alexa Fluor 594 (1:25; Nanoprobes; Yaphank, NY,
1.4 nm) in 5% BSA and 0.15% glycine in sPBS, or (1:50) in 1% NGS in
sPBS-Tween for 1.5 h at RT. Labeled sections were post-fixed in 3%
glutaraldehyde and 1% tannic acid, pH 7.4, in 0.1 M sodium caco-
dylate buffer or in 2% glutaraldehyde in sPBS for 10 min at RT, the
latter followed by an aqueous 100 mM glycine incubation for 15 min.
Gold probes were enhanced with HQ silver (Nanoprobes) and gold
toned with 0.05% aqueous gold chloride for 10 min at 4 �C, followed
by 0.5% aqueous oxalic acid and 1% aqueous sodium thiosulfate
treatment or not gold toned. Thereafter, grids were either post-fixed in
0.5% or 0.1% aqueous osmium tetroxide at 4 �C for 25 min. Finally,
MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. This is an open
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grids were post-stained with saturated 4 or 5% aqueous uranyl acetate
and then post-stained with Reynolds lead citrate. Samples were
imaged on a JEOL 2010 TEM at 200 kV or a Morgagni 368 TEM at
80 kV.

2.11. Statistical analysis
Statistical analyses were conducted using GraphPad Prism software
(Version 5.0; San Diego, CA). Pairwise comparisons were analyzed
using two-ways Student’s t-test. When more than two groups were
compared one or two-way analysis of variance (ANOVA) was used and
when significant differences were detected (p < 0.05), individual
comparisons were made using Dunnett’s or Sidak’s multiple com-
parison tests. All results are presented as mean � S.E.M.

3. RESULTS

3.1. VPS13C is highly expressed in mouse BAT and concentrates
on LDs
To identify potentially novel LD proteins in BAT, we performed mass
spectrometry analysis of BAT subcellular fractions in control mice
and mice treated with the b3-adrenergic receptor agonist CL
316,243 for 24 h. Hierarchical cluster analysis of the top 100 pro-
teins identified in LDs indicated that the distribution of VPS13C
across different conditions and tissue fractions mirrored that of bona
fide LD proteins like perilipin 1, perilipin 4, a-b hydrolase domain-
containing protein 5 (ABHD5) and carboxylesterase 3 (Figure 1 A,
Fig. S1 and Supplemental Tables 1 And 2), strongly suggesting that
VPS13C is a BAT LD protein. To explore this possibility, we generated
affinity purified polyclonal antibodies against VPS13C and examined
its tissue distribution by immunoblotting. We found that VPS13C
levels were the highest in the brain and BAT. Among adipose tissues,
VPS13C levels were 3e4-fold higher in BAT compared to visceral
(gonadal) and subcutaneous (inguinal) white adipose depots
(Figure 1B).
To confirm VPS13C subcellular distribution we performed immunoblot
analysis of fractionated mouse BAT. As expected from the proteomic
analysis, VPS13C was highly enriched in LD fractions and its subcel-
lular distribution correlated highly with perilipin 1 (r2 ¼ 0.96,
Figure 1C) whereas there was no correlation with the cytosolic marker
GAPDH (r2¼ 0.008) or the mitochondrial marker prohibitin (r2¼ 0.03).
Altogether, these data indicate that VPS13C is abundantly expressed in
BAT and it concentrates on LDs.
Proteins binding LDs directly contain a-amphipathic helix or hydro-
phobic hairpin domains. Analysis of VPS13C protein sequence using
Amphipaseek [26,27] identified two regions around amino acids 2550
and 3535 with high amphipathic score that were predicted to be
inserted in the membrane parallel to the membrane plane (in-plane),
suggesting that VPS13C could possess an in-plane membrane anchor
sequence (Supplemental Table 3). However, whether VPS13C attaches
to the LD membrane is not known.

3.2. VPS13C is targeted to a unique LD subdomain
We next performed confocal microscopy of VPS13C in histological
sections of mouse BAT. Double-label immunofluorescence imaging
demonstrated that both VPS13C and perilipin 1 are targeted to LD
surfaces (Figure 2A). However, whereas perilipin 1 appeared on
virtually all LDs, the distribution of VPS13C was far more heteroge-
neous. High-resolution imaging clearly demonstrated that unlike per-
ilipin 1, VPS13C did not surround large LDs uniformly, but rather
localized in a unique subspherical pattern, while in smaller LDs
VPS13C was more evenly distributed. Three-dimensional confocal
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 61
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Figure 2: VPS13C is targeted to a unique LD subdomain. Immunofluorescence images were obtained by confocal microscopy. Arrows show VPS13C subspherical distribution,
arrowheads show VPS13C homogeneous distribution in small LDs. From left to right: composite image, magnified section and separate fluorescence channel images from
magnified section. A) Mouse BAT paraffin sections immunostained for VPS13C and perilipin 1 (PLIN1). B) Mouse BAs from cell cultures were stained for VPS13C and lipids were
stained with LipidTOX deep red (3D projection). C) Mouse inguinal white adipose tissue (IWAT) and D) Mouse gonadal white adipose tissue (GWAT) paraffin sections immunostained
for VPS13C and perilipin 1 (PLIN1). E) Transmission electron micrographs of mouse BAT LR-White sections stained with VPS13C primary and anti-rabbit FluoroNanogold secondary
antibodies; a- VPS13C concentrates in subspherical domain; b- VPS13C is homogeneously distributed in smaller LDs; c and d-sections enhanced with HQ Silver.
M ¼ mitochondria, LD ¼ lipid droplets; black arrows show VPS13C on LDs; red arrows show VPS13C at LD-mitochondria interface; red arrowheads show VPS at LDeLD interface.

Original Article
imaging of cultured mouse BA cells further confirmed the heteroge-
neous subspherical targeting of VPS13C to larger LDs indicating that
this is a cell-autonomous property (Figure 2B).
62 MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. Thi
Although inguinal and gonadal adipose tissues expressed lower levels,
VPS13C was also targeted to small LDs or restricted to a subspherical
subdomain in unilocular mouse adipocytes (Figure 2C,D), supporting
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


the notion that the targeting of VPS13C is conserved in different adi-
pose depots.
Immunoelectron microscopy confirmed that VPS13C was present in
some LDs and was strongly targeted to a sub-region of larger LDs,
whereas the distribution on smaller LDs appeared more uniform
(Figure 2E a-b). Interestingly, we found that VPS13C formed clusters and
was often found at LD-mitochondria and LDeLD interfaces (Figure 2E).

3.3. VPS13C levels increase during BA differentiation
Many adipocyte proteins are differentially expressed during differen-
tiation, often reflecting the role of those proteins in adipocyte function.
As shown in Figure 3A,B, VPS13C mRNA and protein were low in
undifferentiated mouse pre-adipocytes and then rose sharply by 4 and
6 days following induction of differentiation. While VPS13C mRNA
peaked on the 3rd day of differentiation, VPS13C protein levels
continued to increase, peaking at 4 days after induction of differenti-
ation. Cell fractionation and confocal microscopy analyses demon-
strated that VPS13C selectively accumulates on LDs as BAs
differentiate and that the upregulation of cellular VPS13C coincided
with the appearance of intracellular LDs (Figure 3C,D).

3.4. VPS13C increases in response to sustained adrenergic
stimulation in inguinal white adipose tissue
Sustained adrenergic activation of subcutaneous adipose tissue can
induce the appearance of multilocular adipocytes, many of which
Figure 3: VPS13C levels increase during BA differentiation. Brown pre-adipocytes wer
(n ¼ 4) and B) VPS13C mRNA (n ¼ 3) were measured by Western blot and qt-PCR respec
(memb), mitochondrial (mito) and nuclear (nuclei) fractions were collected at 2 and 4 day
staining of VPS13C in BAs at 0e4 days after induction of differentiation. VPS13C ¼ gree

MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. This is an open
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express UCP1, which is the prototypic marker of thermogenic BA [28e
31]. Our results demonstrate that VPS13C is highly expressed in BAs,
so it was of interest to examine in detail the expression of VPS13C in
inguinal subcutaneous adipose tissue and its possible regulation by
adrenergic stimulation. As shown in Figure 4 A, treatment with the b3-
adrenergic receptor agonist CL 316,243 for 3 days more than doubled
VPS13C levels in mouse inguinal white adipose tissue, and confocal
microscopy demonstrated its targeting to numerous fragmented LDs
within multilocular adipocytes.
Because VPS13C levels are higher in BAs than in white adipocytes and
because some adipocytes in inguinal adipose tissue exhibit a BA
phenotype following adrenergic stimulation, we tested whether
VPS13C was restricted to brown/beige adipocytes. Brown/beige adi-
pocytes were identified by tracing cells with histories of UCP1
expression using the UCP1-Cre/td-tomato reporter system. Double
label immunofluorescence experiments demonstrated that VPS13C
expression was independent of UCP1 expression (Figure 4B). These
results indicate that VPS13C expression is most closely associated
with adipocytes having a multilocular, but not necessarily brown,
phenotype.

3.5. VPS13C promotes lipid accumulation in BAs
Lipolysis occurs on the surface of LDs and involves the interaction and
trafficking of lipases, lipase activators and inhibitors, and resident LD
proteins [11,32]. To test whether VPS13C has a role on BA lipolysis we
e grown in cell culture and harvested at 1e6 days after differentiation. A) protein levels
tively (ND ¼ non-differentiated). C) BAs Postnuclear (PN), cytosol (cyto), LD, membrane
s after differentiation. VPS13C was detected by Western Blot. D) Immunofluorescence
n, lipids stained with LipidTOX deep red.
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Figure 4: VPS13C increases in response to sustained adrenergic stimulation in inguinal white adipose tissue. A) Western blot and immunofluorescence analysis of total
VPS13C levels in inguinal adipose tissue (IWAT) in control and mice infused with CL 316-243 (0.75 nmol/h) for 3 days (CL 3d). B) Inguinal white adipose tissue (IWAT), BAT, BAT-
WAT intersection, sections from UCP-1-Cre td-tomato mice were stained for VPS13C. VPS13C is found in cells with (arrows) and without (arrowheads) a history of UCP-1 indicating
that VPS13C is not restricted to brown adipocytes.

Original Article
generated a mouse stable cell line knocked down for VPS13C using
shRNA. As shown in Figure 5 (A, B, and C), VPS13C shRNA decreased
VPS13C protein by 96%, demonstrating efficient silencing and con-
firming the specificity of our antibody. VPS13C knock down did not
impair brown adipocyte differentiation, as indicated by similar levels of
the transcription factors peroxisome proliferator-activated receptor
gamma (Pparg) and CCAT/Enhancer Binding Protein Alpha (Cebpa)
(Fig. S2). This contrasts with a recent report suggesting the involvement
of VPS13C in the differentiation of 3T3-L1 cells [33]. Interestingly,
VPS13C depletion affected LD size distribution, increasing the percent-
age of smaller LDs (<1.5mm2) and reducing the proportion of bigger LDs
(>10 mm2) (Figure 5D and Fig. S2C) without significantly affecting the
total number of LDs (ctrl shRNA ¼ 870 � 68 vs VPS13C
shRNA ¼ 1066 � 62 LDs/100 cells n ¼ 3). Therefore, even when
correcting by LD number, the average area occupied by LDs per cell was
lower in cells knocked down for VPS13C than in control cells (ctrl
shRNA¼ 45.3� 2.9mm2/cell vs VPS13C shRNA¼ 36.3� 1.7mm2/cell,
64 MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. Thi
n¼ 3, p< 0.025). Consistent with imaging results, triglyceride content
was significantly decreased in cells silenced for VPS13C (Figure 5E).
Altogether these data suggest that lack of VPS13C reduces steady state
LD triglyceride levels in BAs.

3.6. VPS13C inhibits lipid hydrolysis in BAs
Given its targeting to LD and the reduced triglyceride content in cells
lacking VPS13C we examined the effect of VPS13C silencing on BA
lipolysis. As shown in Figure 6 AeC, VPS13C knock down increased
basal free fatty acid release, as well as the relative release of free fatty
acids to glycerol. We also found that knock down of VPS13C increased
the sensitivity (as shown by lower EC50) and maximal activation of
lipolysis induced by b-adrenergic receptor activation (Figure 6D,E).

3.7. VPS13C knock down increases targeting of ATGL to LDs
Together, ATGL and hormone sensitive lipase (HSL) account for>90%
of adipocyte triglyceride lipase activity [34e36]. ATGL activity is
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: VPS13C knock down decreases LD size and triglyceride content. Characterization of control and cells silenced for VPS13C: A) Representative Western blot for
VPS13C at different differentiation stages (ND ¼ non-differentiated, 1d-6d ¼ 1e6 days after induction). B) Cumulative data at day 4 after differentiation (n ¼ 3). C) Immu-
nostaining for VPS13C at day 4 after differentiation, green: VPS13C, red: lipids stained with lipidTOX deep red. D) LD size distribution as percentage of total, quantified using
confocal images in cells stained with LipidTOX and DAPI (n ¼ 3). Insert shows magnified areas of the graph. E) Triglyceride (TG) content (n ¼ 4).
directed specifically to triglyceride substrate, releasing free fatty acids,
but not glycerol, and the greater release of free fatty acids relative to
glycerol suggested that cells lacking VPS13C might exhibit greater
ATGL activity. Accordingly, we found that atglistatin abolished
isoproterenol-induced fatty acid release in both control and knock
down cell lines (Figure 6E), indicating the central role of ATGL in
mediating fatty acid release. Analysis by immunoblotting indicated that
knock down of VPS13C did not alter total levels of ATGL or HSL.
However, loss of VPS13C led to a more than 2-fold increase in the
targeting of ATGL to LDs without affecting HSL phosphorylation or
subcellular distribution (Figure 7A and 7B). Consistent with cell frac-
tionation results, confocal microscopy demonstrated a striking in-
crease in the targeting of ATGL to LDs in cells lacking VPS13C.
(Figure 7C).
Lastly, we addressed the impact of VPS13C loss on metabolic gene
expression in BA cells. Previous work has shown that lipolytic
products promote the expression of genes involved in adipocyte
oxidative metabolism and “browning,” in part through activation of
nuclear receptors such as peroxisome proliferator-activated receptor
alpha (Ppara) [19,37e39]. We found that cells lacking VPS13C
MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. This is an open
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upregulated mRNA expression of the nuclear receptors Ppara and
Esrra, as well as the coactivator protein Ppargc1a and the BA
determination factor Ebf2. Downstream targets of these pathways,
including Ucp1, Cidea, Cox8b, Hadhb, and Acadl were also upregu-
lated (Figure 8). These data indicate that VPS13C suppresses lipolysis
and oxidative gene expression, likely by reducing ATGL targeting to
LDs.

4. DISCUSSION

VPS13C is a widely-expressed protein whose function in mammalian
cells is poorly understood. Using immunochemical and mass spec-
trometry proteomic approaches we found that VPS13C is highly tar-
geted to small LDs of both brown and white adipocytes.
While highly expressed in BAs, our results indicate that this expression
pattern more closely reflects the structure of intracellular LDs in that
multilocular white adipocytes also exhibit high levels of VPS13C that
are independent of UCP1 expression.
Although VPS13C targets LDs, it is presently unclear whether this
association represents a direct interaction with the LD surface or is
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Figure 6: VPS13C knock down increases free fatty acid release in BA. A) Free fatty acid release in media (n ¼ 5), B) Glycerol release in media (n ¼ 4) C) Free fatty acid/
glycerol ratio (n ¼ 4). D) Free fatty acid release in response to isoproterenol. From left to right: representative experiment, sensitivity (EC50) and maximal response to isoproterenol
(n ¼ 4). E) Free fatty acid release in response to 1 nM isoproterenol in the presence and absence of the ATGL inhibitor atglistatin (n ¼ 4).
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indirectly mediated by close interactions with other LD proteins or even
closely-associated organelles. Proteins targeted to LDs do not have
typical transmembrane domains but rather amphipathic a-helices or
hydrophobic hairpin domains [40]. Interestingly, analysis of VPS13C
sequence using Amphiseek showed the presence of a couple
amphipathic sections in-plane with the membrane, suggesting the
possibility that VPS13C could have an in-membrane anchor domain
and bind LDs directly as it has been hypothesized for yeast Vps13 and
human VPS13A [41]. Alternatively, VPS13C could bind LDs by inter-
acting with other LD proteins like galectin 12 [33,42], which has also
been observed in LD fractions [43].
Interestingly, the targeting of VPS13C to larger LDs (>1 mm diameter)
was not uniform, as demonstrated by immunofluorescence and
immunoelectron microscopy. In physical or optical sections VPS13C
exhibited a unique subspherical distribution in tissue, whereas this
structure appeared as a partial cap-like structure in three-dimensional
confocal projections in BA cell culture. In addition, we observed that
VPS13C was present in small vesicles or micro LDs decorating larger
LDs in inguinal and gonadal white adipose tissue. The unique targeting
66 MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. Thi
to LD subdomain and the elevation of VPS13C expression following
activation of lipolysis all suggest potential involvement in LD trafficking,
fragmentation, or fusion.
VPS13C LD subspherical targeting contrasts with other known LD
proteins like perilipin 1 and suggests that VPS13C might act as a tether
between LDs and other organelles. Indeed, immunoelectron micro-
scopy analysis showed that clusters of VPS13C were often observed on
LD surfaces that apposed other organelles. The idea that VPS13C could
mediate LD-organelle interaction is consistent with findings on the
yeast VPS13C ortholog, in which Vps13 is present at membrane
contact sites like vacuole-mitochondria patches (vCLAMP), nuclei-
vacuole junctions (NVJ1) and endosome-mitochondrion contacts
[44,45]. Interestingly, some of the Vps13-containing contact sites act
in parallel to the ER-mitochondria encounter structures (ERMES) [45]
and in some cases gain of function Vps13 mutations phenotypically
compensate for the loss of ERMES [44,46]. Since orthologues of the
yeast ERMES complex have not been described in metazoans, it is
possible that Vps13-containing contact sites serve a similar function
and that VPS13C could have a role in LD-organelle interaction. In
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: VPS13C knock down increases targeting of ATGL to LDs. A) Western blot for ATGL in BA cell fractions. Left panel: representative Western blot; right panel: cu-
mulative data (n ¼ 4). KD¼ BA knocked down for VPS13C; PN ¼ post-nuclear; cyto ¼ cytoplasm; LD ¼ lipid droplets. B) Western blot for phospho-HSL and HSL in total lysates
from cells treated with control shRNA (ctrl) or shRNA against VPS13C (KD). Left panel: representative Western blot; right panel cumulative data (n ¼ 4) C) Immunostaining for ATGL
in control and VPS13C-silenced BAs.
addition, human VPS13C has been shown to interact with vesicle-
associated membrane protein-associated protein A and B (VAPA and
VAPB) [42], an ER protein known to mediate ER-organelle interactions
and lipid transfer [47e49] supporting the hypothesis that VPS13C
could mediate LD-ER contact. However, further analysis is needed to
confirm the preferential localization of VPS13C at LD-organelle contact
sites.
VPS13C protein levels increased in mouse BAs during differentiation,
similar to what was found in 3T3-L1 cells [33], indicating that either
VPS13C has a role in adipogenesis or that VPS13C function becomes
more relevant as BAs differentiate. On one hand, VPS13C knock down
in 3T3-L1 cells has been reported to inhibit adipocyte differentiation
[33], suggesting that VPS13C could be necessary for BA differentiation
as well. On the other hand, changes in cellular metabolism as cells
progress from pre-adipocytes to fully differentiated BAs, such as
higher free fatty acid mobilization and oxidation, may result in
increased demand for VPS13C function and therefore augmented
protein levels. Interestingly, the localization of VPS13C yeast ortholog,
MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. This is an open
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Vps13, varies with changes in both metabolism (induced by changes in
carbon source) and developmental stage [44,45,50]. However, unlike
in 3T3-L1 cells, we found no significant decreases between control
and VPS13C knockdown BA cells in Peroxisome Proliferator-Activated
Receptor Gamma (Pparg) and CCAT/Enhancer Binding Protein Alpha
(Cebpa) mRNA levels as well as HSL protein levels. The discrepancies
between brown adipocytes and 3T3-L1 cells may be due to differences
in the cell type studied or growth conditions used, but is not likely due
to inefficient VPS13C knock down since in our study VPS13C
expression was reduced by more than 95%.
VPS13C knock down in mouse BAs decreased average LD size,
increased basal and b-adrenergic-stimulated free fatty acid release
and reduced triglyceride content. This increased fatty acid release
was dependent on ATGL, as shown by pharmacological inhibition.
Furthermore, knock down of VPS13C did not enhance HSL phos-
phorylation; however, it increased the targeting of ATGL, but not
HSL, to LDs. It is possible that VPS13C and/or the LD subdomain it
defines restricts the access of ATGL LD triglyceride. This is
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Figure 8: VPS13C knock down increases oxidative gene expression in BAs. Analysis of thermogenic gene expression by qRT-PCR in control and VPS13C knockdown cells 4
days after differentiation.

Original Article
consistent with greater translocation of ATGL and its non-uniform
targeting to the LD surface in cells lacking VPS13C. More specula-
tively, it is possible that loss of VPS13C disrupts fatty acid chan-
neling to mitochondria and ER, resulting in greater fatty acid efflux
and nuclear signaling. In this scenario, enhanced ATGL targeting to
LDs could be a compensatory response. Regardless, our results
indicate that VPS13C function is important for suppression of lipol-
ysis and proper fatty acid trafficking.
In mammals, there are four Vps13 orthologues that are products of
distinct genes. In humans, mutations in VPS13 A, B, and C result in
neurodegenerative diseases, namely chorea-acanthocytosis [51],
Cohen Syndrome [52], and autosomal recessive early-onset Parkin-
son’s disease [14], respectively. Interestingly, gene-wide association
studies have also linked single nucleotide polymorphisms near VPS13C/
C2CD4A/C2CD4B to variations on fasting plasma glucose (lead SNP
rs11071657) [15], glucose disposal (lead SNP rs17271305) [16] and
glucose-stimulated insulin release (rs7172432 A allele) [17]. Alto-
gether, these data suggest that VPS13C may have multiple functions
depending on the tissue expressed and that the role of VPS13C on lipid
homeostasis could impact glucose metabolism in mammals.

5. CONCLUSIONS

We have found that VPS13C is present on BA LDs where it occupies a
unique LD subdomain. Deletion of VPS13C augments basal and b-
adrenergic-induced lipolysis and this is likely due to increased ATGL
68 MOLECULAR METABOLISM 7 (2018) 57e70 � 2017 The Authors. Published by Elsevier GmbH. Thi
trafficking to LDs. The targeting of VPS13C to a distinctive LD subdomain
suggests a specialized role in the subcellular control of lipolysis and the
trafficking of lipolytic products between LDs and other organelles.
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