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Abstract

Background Excessive lipid accumulation in the adipose tissue in obesity alters the endocrine and energy storage
functions of adipocytes. Adipocyte lipid droplets represent key organelles coordinating lipid storage and mobilization
in these cells. Recently, we identified the small GTPase, Rab34, in the lipid droplet proteome of adipocytes. Herein,

we have characterized the distribution, intracellular transport, and potential contribution of this GTPase to adipocyte
physiology and its regulation in obesity.

Methods 3T3-L1 and human primary preadipocytes were differentiated in vitro and Rab34 distribution and traffick-
ing were analyzed using markers of cellular compartments. 3T3-L1 adipocytes were transfected with expression vec-
tors and/or Rab34 siRNA and assessed for secretory activity, lipid accumulation and expression of proteins regulating
lipid metabolism. Proteomic and protein interaction analyses were employed for the identification of the Rab34 inter-
actome. These studies were combined with functional analysis to unveil the role played by the GTPase in adipocytes,
with a focus on the actions conveyed by Rab34 interacting proteins. Finally, Rab34 regulation in response to obesity
was also evaluated.

Results Our results show that Rab34 localizes at the Golgi apparatus in preadipocytes. During lipid droplet biogen-
esis, Rab34 translocates from the Golgi to endoplasmic reticulum-related compartments and then reaches the surface
of adipocyte lipid droplets. Rab34 exerts distinct functions related to its intracellular location. Thus, at the Golgi, Rab34
regulates cisternae integrity as well as adiponectin trafficking and oligomerization. At the lipid droplets, this GTPase
controls lipid accumulation and lipolysis through its interaction with the E1-ubiquitin ligase, UBA1, which induces

the ubiquitination and proteasomal degradation of the fatty acid transporter and member of Rab34 interactome,
FABPS5. Finally, Rab34 levels in the adipose tissue and adipocytes are regulated in response to obesity and related
pathogenic insults (i.e., fibrosis).

Conclusions Rab34 plays relevant roles during adipocyte differentiation, including from the regulation of the oli-
gomerization (i.e,, biological activity) and secretion of a major adipokine with insulin-sensitizing actions, adiponectin,
to lipid storage and mobilization from lipid droplets. Rab34 dysregulation in obesity may contribute to the altered
adipokine secretion and lipid metabolism that characterize adipocyte dysfunction in conditions of excess adiposity.
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Background

White adipose tissue (WAT) constitutes a highly
dynamic, metabolically active organ, that stores energy
excess and also serves as an important endocrine organ
[1, 2]. The mature cells of WAT, the adipocytes, store
fatty acids from the diet in form of triacylglycerols (TGs)
(i.e., lipogenesis) in lipid droplets (LDs) [3, 4]. In condi-
tions of energy demand, TGs are hydrolyzed (lipolysis)
to fatty acids and glycerol, which are then used as fuel
by other tissues [5]. These fine-tuned processes of lipid
storage and mobilization in adipocytes are essential for
whole-body energy homeostasis and therefore, they
rely on complex regulatory mechanisms involving many
molecular components [6, 7].

Many of these regulatory mechanisms occur at the LDs,
which represent the integrating center of lipid metabo-
lism in adipocytes. LDs also participate in protein degra-
dation [8], and serve as platforms for cell defense against
pathogens [9, 10]. LDs are composed of a TG core sur-
rounded by a phospholipid monolayer that is associated
with a large variety of proteins [3, 11]. Besides lipases
and enzymes involved in TG synthesis, the LD coat also
comprises various members of perilipin (PLIN) and
cell death-inducing DFFA-like effector (CIDE) families,
which regulate LD formation, growth, and maintenance
[3, 12, 13]. The LD surface is also decorated with pro-
teins involved in intracellular trafficking processes and/
or in the interaction of LDs with other organelles, such
as Rab and ADP-Ribosylation Factor (ARF) GTPases, and
soluble N-ethylmaleimide-sensitive factor attachment
proteins receptors (SNAREs) [3, 12, 13]. More recently,
LDs have been shown to associate with components of
the ubiquitin—proteasome system to maintain LD pro-
tein turnover, and to serve as molecular folding platforms
[13-17]. Despite the knowledge gained on LD protein
coat composition, the mechanisms and intracellular
routes by which proteins target the LD surface are still
not fully understood [18].

Among the most represented proteins in the LD coat
is the Rab family of small GTPases [19, 20]. Rab proteins
act as molecular switches that, when activated, associate
with intracellular membranes and recruit specific effec-
tor proteins that translate Rab actions on target mem-
branes [20, 21]. Some LD-associated Rab proteins play
key roles in lipid storage and mobilization [20]. This is the
case of the best characterized Rab protein in adipocytes,
Rab18, which interacts with SNARE complexes on the
endoplasmic reticulum (ER) to regulate LD biogenesis in
adipocyte precursors, namely the preadipocytes [22—-24].
Moreover, studies from our lab have shown that Rab18
promotes LD-ER interactions and participates in both
insulin-mediated lipogenesis and P-adrenergic-induced
lipolysis in adipocytes [24]. These results, together with
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the increased expression levels of Rab18 found in adi-
pocytes from individuals with obesity support a role for
this GTPase in the regulation of lipid homeostasis under
both physiological and pathological conditions [23, 24].
In this line, dysfunctional Rab signaling due to changes
in Rabs or Rab-interacting proteins has been associated
with various diseases such as cancer and neurodegenera-
tive diseases [25].

Our group recently discovered that Rab34, a member of
the Rab family, is present in the LD protein cover in adi-
pocytes [19]. However, its function in these cells remains
unknown. In this study, our objective was to investigate
the trafficking, mechanisms of action, and impact of
Rab34 on adipocyte differentiation (i.e., adipogenesis)
and function, as well as to unveil the role of this GTPase
in lipid turnover.

Methods

Cell culture

3T3-L1 cells [American Type Culture Collection (ATCC),
USA] were differentiated into adipocytes according to
our standard protocols [24, 26]. Briefly, cells were seeded
onto 6-well/15 cm diameter plates or glass coverslips at a
density of 1800 cells/cm? and differentiated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% v/v fetal bovine serum (FBS), 0.5 mmol/L 3-isobu-
tyl-1-methylxanthine, 0.25 mmol/L dexamethasone, and
10 pg/mL insulin for 3 days. Thereafter, the medium
was replaced by DMEM with 10% v/v FBS and 10 mg/
mL insulin and incubated for an additional 3-day period.
Then medium was replaced with fresh DMEM contain-
ing 10% v/v EBS every 3 days until day 10 (D10). Cells
and culture medium were collected on different days of
differentiation and/or after the experimental treatments.
For experiments using three-dimensional (3D) cell cul-
tures, 3T3-L1 cells were cultured and differentiated in
3D-based collagen type I (COL-I) microgels using our
established protocols [19].

Human primary adipocytes (mature adipocytes and
preadipocytes, either freshly isolated or differenti-
ated in vitro) were obtained from subcutaneous (SC)
and omental (OM) adipose tissue samples of individu-
als with obesity [Body Mass Index (BMI)>40 kg/m?]
undergoing bariatric surgery (see “Declarations” sec-
tion) following our standard protocols [27]. Patients
underwent a clinical assessment including medical his-
tory, physical examination, and body composition anal-
ysis (Additional file 1). Biochemical assays were carried
out as previously described [27, 28]. Briefly, following
adipose tissue digestion using 2 mg/mL collagenase
(Sigma-Aldrich, Madrid, Spain), the resulting mixture
was filtered through cell strainer filters with a 100 pm
pore size to eliminate undispersed tissue, and mature
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adipocytes were isolated as described [27]. After wash-
ing, a mixture of 35 uL of mature adipocytes and 35
uL of Matrigel (BD Biosciences, Bedford, USA) was
prepared and quickly placed on a coverslip in a 35 mm
diameter plate. The mixture was carefully spread on
the surface of the coverslip and incubated for 30 min
at 37 °C. Then, 1 mL of dispersion medium was added
to the plate, which was incubated for 1 h at 37 °C, and
washed with phosphate-buffered saline (PBS) before
the mature adipocytes were fixed with 4% w/v para-
formaldehyde (PFA) (15 min). Regarding the preadipo-
cytes, they were obtained and differentiated in vitro as
previously described [27]. Briefly, cells of the stromal-
vascular fraction (SVF) were seeded in preadipocyte-
proliferation medium DMEM/F-12 (1:1) supplemented
with 8 mmol/L biotin, 18 mmol/L d-pantothenate acid,
100 mmol/L ascorbate, 1% v/v penicillin—streptomycin,
and 10% v/v new-born calf serum (NCS) at 37 °C in a
humidified atmosphere with 95% air: 5% CO,. Medium
was replaced every 48 h until confluency. Thereafter,
cells were detached with trypsin—-EDTA solution and
cultured at 4000 cells/cm? three times to purify and
amplify the cell culture following our established meth-
ods [27]. Preadipocytes were seeded onto glass cov-
erslips at a density of 4000 cells/cm* and induced for
adipogenic differentiation. Cells were fixed with 4% w/v
PFA (15 min) at D5 and D10 of differentiation. Immu-
nostaining of preadipocytes and mature adipocytes was
carried out using our standard protocols (see “Immu-
nocytochemistry and Confocal Microscopy” section).

HEK-293 AD cells (ATCC) were cultured in DMEM
medium containing 1 g/L glucose and supplemented with
2 mmol/L L-glutamine, 0.25 pg/mL gentamicin/ampho-
tericin solution and 10% v/v FBS, and kept at 37 °C and
5% CO,. For co-immunoprecipitation studies, cells were
seeded on 15 cm plates at a density of 6000 cells/cm?, and
transfected at 60% confluency.

Animal models

Male wild-type (WT) and leptin-deficient (ob/ob) mice
(C57/BL/6 J; 8-week-old) were used for the experi-
ments. All animals were housed in individual cages
under controlled conditions of illumination (12 h light/
dark cycle), temperature and humidity. The animals
were allowed free access to water and a standard labora-
tory diet (STD) (Scientific Animal Food & Engineering,
proteins 16%, carbohydrates 60% and fat 3%) or high fat
diet (HFD) (Research Diets 12,492; 60% of calories from
fat, 5.24 kcal/g; Research Diets, New Brunswick, NJ) for
12 weeks [29]. The animals were euthanatized, and all the
tissues were removed rapidly, frozen immediately on dry
ice, and kept at — 80 °C until analysis.
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Immunocytochemistry and confocal microscopy

3T3-L1 cells or human (pre)adipocytes were fixed in
4% w/v PFA (15 min), incubated with PBS containing
0.3% w/v saponin and 1% w/v bovine serum albumin
(1 h at RT), and then exposed to the corresponding pri-
mary antibodies (Additional file 2). Thereafter, Alexa
Fluor ™ 594-conjugated secondary antibody, alone or in
combination with Alexa Fluor" 488- and/or an Alexa
Fluor™ 405-conjugated secondary antibody (Additional
file 2) were employed. In some experiments, cells were
counterstained with Oil Red O [for LD quantification]
(Sigma-Aldrich) or ER-Tracker [for ER quantification]
(Invitrogen, Carlsbad, CA, USA). Samples were mounted
on slides with Dako Fluorescence Mounting Medium
(Agilent Technologies, Madrid, Spain) with or without
1 pg/mL 4; 6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich) to visualize the nuclei and examined under a
ZEISS LSM710 confocal laser scanning microscope (Carl
Zeiss AG., Oberkochen, Germany). Confocal images
were processed using the Huygens Essential software
package (SVI, Hilversum, Netherlands). Colocalization
of the fluorescence signals was estimated by determin-
ing the overlapping pixel map of the channels (i.e., mask)
using the Colocalization Finder plugin for Fiji/Image]
(NIH), and the Manders’ coefficient using the Colocali-
zation Threshold plugin for the same software. Negative
controls without primary or secondary antibodies were
included to assess nonspecific staining.

Plasmid expression vectors

Plasmids coding for GFP (pEGFP-N1) and ubiqui-
tin (pHA-ubiquitin) were kindly supplied by Dr. M.A.
Calzado (IMIBIC, Coérdoba, Spain) [30, 31]. Plasmids
coding for wild-type Rab34 (pEGFP-Rab34-WT), con-
stitutively active Rab34 (pEGFP-Rab34-Q111L), and
constitutively inactive Rab34 (pEGFP-Rab34-T66N)
were kindly supplied by Dr. T. Wang (Membrane Biol-
ogy Laboratory, Institute of Molecular and Cell Biol-
ogy, Singapore, Singapore) [32]. Plasmids coding for
Adipose Triglyceride Lipase (ATGL) (pGFP-ATGL),
Hormone-Sensitive Lipase (HSL) (pGFP-HSL) and Per-
ilipin (pGFP-PLIN1) were kindly supplied by Dr. T.
Osumi (Graduate School of Life Science, University of
Hyogo, Hyogo, Japan) [33]. Plasmids coding for Fatty
Acid Binding Protein 4 (FABP4) (pFABP4-GFP) and 5
(FABP5) (pFABP5-EGFP) were kindly supplied by Dr.
N. Noy (Case Western Reserve University, USA) and
Dr. M. Kaczocha (Stony Brook University, USA), respec-
tively [34, 35]. Plasmid coding for biotin ligase BirA
(pcDNA3.1mycBiolD) was purchased from Addgene
(Cambridge, USA). Plasmid coding for E1 Ubiquitin-
Activating Enzyme 1 (UBA1l) (pCMV3-UBA1l-c-Myc)



Lépez-Alcald et al. Journal of Biomedical Science (2024) 31:2

was purchased from SiNo Biological (Diisseldorfer, Esch-
born, Germany). Plasmids coding for Ubiquitin C-Termi-
nal Hydrolase L3 (UCHL3) (pCMV6-UCHL3-c-Myc) and
ISG15 Ubiquitin Like Modifier (ISG15) (pCMV6-ISG15-
c-Myc) were purchased from OriGene (Rockville, USA).
Other plasmids coding for Rab34 (pKate-Rab34-WT and
pcDNA3.1mycBiolD*Rab34) were prepared for this work
following our established protocols [26].

Expression and silencing studies

For expression assays, 3T3-L1 cells, human adipocytes,
and HEK-293 AD cells, were transfected with the corre-
sponding plasmid vectors at 2.5 pg/mL using a 7.5:1000
dilution of Lipofectamine 2000 (Invitrogen), and cultured
for 48 h prior to the experiments. For silencing studies,
cells were transfected with a 7.5:1000 dilution of Lipofe-
tamine RNAIMAX (Invitrogen) and mouse Rab34 siRNA
(Dharmacon), mouse UBA1l siRNA (Dharmacon), or
control siRNA (Sigma-Aldrich) (scrambled-transfected
cells) at 25 nmol/L. Then, cells were kept in culture for
72 h. At the end of the experiments, cells were processed
for confocal microscopy and/or immunoblotting as indi-
cated in the corresponding sections. In another set of
experiments, cells were collected in radioimmunoprecip-
itation assay (RIPA) buffer and intracellular concentra-
tion of TGs was determined using Triglyceride Reagent
(Sigma-Aldrich) and Amplex UltraRed Reagent (Invitro-
gen), while culture media were analyzed for free glycerol
content using Amplex UltraRed Reagent (Invitrogen)
and Free Glycerol Reagent (Sigma-Aldrich) as previously
described [24].

Quantification of adiponectin secretion

Quantification by ELISA of intra- and extracellular adi-
ponectin levels in 3T3-L1 cells expressing GFP-Rab34 or
silenced for this protein by Rab34 siRNA treatment was
carried out using Quantikine ELISA Mouse Adiponectin/
Acrp30 Immunoassay (R&D Systems Europe, Abingdon,
UK) using manufacturer’s instructions.

Experimental treatments

In order to unveil Rab34 traffic route(s) during adipo-
cyte differentiation, 3T3-L1 adipocytes at D2 and D4 of
differentiation were preincubated in serum-free culture
medium (2 h) and then cultured in the absence or pres-
ence of brefeldin A (BFA) (Sigma-Aldrich) (20 pmol/L)
for 1 h. Thereafter, medium was removed and cells were
maintained in fresh culture medium for 48 h, when they
were processed for confocal microscopy.

In another set of experiments, 3T3-L1 cells at D5 (for
expression studies) or D6 (for silencing studies) of dif-
ferentiation were exposed to MG132 (Sigma-Aldrich)
(10 pmol/L, 12 h) for protein turnover studies. Cells were
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collected and processed for immunoblotting studies and/
or analysis of lipogenesis/lipolysis.

Immunoblotting

Protein extracts were obtained from cells lysed in
RIPA buffer containing 50 mmol/L Tris-HCl (pH 7.4),
150 mmol/L NaCl, 1% v/v Triton-X-100, 1 mmol/L EDTA
and 1 pg/mL protease and phosphatase inhibitor cock-
tail (Thermo Fisher Scientific, Barcelona, Spain). Extracts
were resuspended in loading buffer 5X (500 mmol/L
Tris—HCl, 7.5% w/v SDS, 10 mmol/L. EDTA, 50% w/v
sucrose, 5% v/v B-mercaptoethanol, 250 mmol/L DTT,
and 5 mg/mL bromophenol blue, pH 6.8) and heated
at 97 °C for 5 min. For detection of adiponectin oli-
gomers, cell lysate samples or proteins precipitated by
acetone-methanol from the culture media [19] were
mixed with non-reducing loading buffer (without
B-mercaptoethanol) containing 500 mmol/L Tris—HClI,
7.5% w/v SDS, 10 mmol/L EDTA, 50% w/v sucrose, and
5 mg/mL bromophenol blue, pH 6.8.

Samples (20-30 pg) were separated by SDS-PAGE
under denaturing conditions and transferred to nitro-
cellulose membranes (Bio-Rad Laboratories, Inc.) as
described previously [26, 27]. Primary antibodies (Addi-
tional file 2) were dispensed overnight (4 °C) and peroxi-
dase-conjugated secondary antibodies (Additional file 2)
were incubated for 1 h at RT. The immunoreaction was
visualized using Clarity Western ECL Substrate (BioRad,
Hercules). f-Actin or Ponceau S [28] were selected as
loading controls. Densitometric analysis of the immu-
noreactive bands was carried out with Fiji/Image] (NIH)
software. The immunoblots shown in the manuscript
included 3-4 biological replicates corresponding to
the complete set of samples (control and experimental
groups) that were run on the same gel, unless otherwise
indicated in the corresponding figure legend. The original
uncropped blots of specific Figures are provided as sup-
plementary materials (Additional file 3: Figs. S6-S21).

Identification of Rab34 interactome

In order to identify the interacting protein partners of
Rab34, two different techniques were employed: i) Prox-
imity-dependent biotin identification (BioID) studies
and, ii) Immunoprecipitation of protein extracts from
3T3-L1 cells expressing GFP-Rab34 followed by Tandem
Mass Spectrometry (MS/MS) analysis.

Proximity-dependent biotin identification (BiolD) studies

Proximity-dependent biotin identification (BioID) has
been widely used for the identification of candidate pro-
tein—protein interactions [36]. For studies on Rab34,
3T3-L1 cells were transfected at D6 with the plasmid
vectors c-Myc-BirA (mock) or c-Myc-BirA-Rab34. After
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24 h, cells were incubated with complete medium sup-
plemented with 1 pg/mL doxycycline and 50 pumol/L
biotin for another 24 h. Cells were then lysed at 25 °C in
1 mL lysis buffer [50 mmol/L Tris (pH 7.4), 500 mmol/L
NaCl, 0.4% w/v SDS, 5 mmol/L EDTA, 1 mmol/L DTT,
and 1 pg/mL protease and phosphatase inhibitor cock-
tail (Thermo Fisher Scientific)] and then sonicated with
3 pulses of 10 s, in the presence of 2% v/v Triton X-100.
Subsequently, an equal volume of 50 mmol/L Tris (pH
7.4, 4 °C) was added and sonicated again. Cells were cen-
trifuged at 16,000 g (4 °C) and the supernatant (6 mg
protein) was incubated with 6 mg Dynabeads [MyOne
Streptavadin C1 Dynabeads (Invitrogen)] overnight
(4 °C). Beads were collected and washed in 1 mL wash
buffer 1 (2% w/v SDS in H,0O) and then, in wash buffer
2 (0.1% w/v sodium deoxycholate, 1% v/v Triton X-100,
500 mmol/L NaCl, 1 mmol/L. EDTA, and 50 mmol/L
HEPES, pH 7.5, 25 °C), wash buffer 3 (250 mmol/L
LiCl, 0.5% v/v NP-40, 0.5% w/v sodium deoxycholate,
1 mmol/L EDTA, and 10 mmol/L Tris, pH 8.1, 25 °C),
wash buffer 4 (50 mmol/L Tris, pH 7.4 and 50 mmol/L
NaCl, 25 °C), and finally, in 50 mmol/L NH,HCO,
(25 °C). Thereafter, beads were exposed to 20 mmol/L
DTT in vertical shaking (30 min, 37 °C) to reduce pro-
teins. Then, iodoacetamide was added to a final concen-
tration of 20 mmol/L and beads were incubated (40 min,
37 °C) in the dark and vertical shaking for alkylation.
Finally, mass spectrometry grade trypsin (Promega, New
South Wales, Australia) was added in a 1:50 ratio for
overnight digestion at 37 °C. Beads were separated by
magnetic attraction, and formic acid (Scharlab, Barce-
lona, Spain) was added to the peptide solution to a con-
centration of 2% v/v, before MS/MS analysis.

Digested peptides (4 pg of sample) of each sample
were separated using Reverse Phase Chromatography.
Data acquisition was carried out in a Triple quadrupole
Time-Of-Flight (TripleTOF) 6600 System (Ab Sciex,
Madrid, Spain) using a Data dependent workflow. After
MS/MS analysis, data files were processed using Pro-
teinPilot 5.0.1 software (Ab Sciex). False discovery rate
(FDR) was determined using a non-linear fitting method
and only those results with FDR <1% were selected. Only
proteins that were absent in mock-transfected cells were
considered potential interaction partners. Endogenously
biotinylated mammalian carboxylases, nuclear histones
and usual contaminants (keratins, IgGs and proteolytic
enzymes) were also removed [36].

Immunoprecipitation and MS/MS studies

3T3-L1 cells were transfected at D6 with GFP-Rab34 or
mock plasmid vector and immunoprecipitation studies
were carried out as described [26, 31]. Briefly, cells were
lysed 48 h after transfection with lysis buffer [50 mmol/L
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Tris—HCl (pH 7.4), 150 mmol/L NaCl, 5 mmol/L EDTA,
1% Triton X-100, 1% protease inhibitor cocktail]. After
incubation with anti-GFP antibody or anti-IgG (control)
overnight at 4 °C, immune complexes were captured by
mixing with protein G-Sepharose beads (GE Healthcare
Bio-Sciences, Madrid, Spain) for 2 h at RT. After wash-
ing with washing buffer [(20 mmol/L Tris—HCI (pH 7.5),
150 mmol/L NaCl, 1 mmol/L EDTA, 1% v/v Triton-X100
and 1% phosphatase inhibitor cocktail], samples were
eluted and the supernatants resuspended in 150 pL buffer
containing 50 mmol/L Tris-HCI (pH 7.4), 150 mmol/L
NaCl, 1% v/v Triton-X-100, 1 mmol/L EDTA, and 1 pg/
mL protease and phosphatase inhibitor cocktail.

Proteins in the samples were extracted using metha-
nol-chloroform and protein pellets were reconstituted
in 40 pL of RapiGest (Waters Cromatografia, Barcelona,
Spain). Protein content was assessed by microfluorime-
try using Qubit Protein Assay (Thermo Fisher Scientific)
and proteins in the samples were double-digested with
advanced iST (in-Stage-Tip kit) using Trypsin and LysC
as enzymes, according to manufacturer’s instructions
(Preomics, Munich, Germany). Samples (100 ng) were
loaded onto Evotip Pure (Evosep Biosystems, Odense,
Denmark) and then analyzed by Liquid Chromatography
(LC)-MS/MS  (DIAmode/EvosepOne/TIMSTOEF-Flex).
Proteins were subsequently identified and quantified
using DIA-NN software [37].

Co-immunoprecipitation assays

In order to determine the interaction between Rab34 and
the selected proteins, either due to their altered levels or
because they were identified by both BiolD and immu-
noprecipitation studies (ATGL, HSL, FABP4, FABPS5,
ISG15, PLIN1, UBA1, and UCHL3), we employed a
standard protocol for co-immunoprecipitation studies
in HEK-293 AD cells transfected with the corresponding
expression vectors [26, 31]. We also performed co-immu-
noprecipitation studies in HEK-293 AD cells transfected
with wild-type Rab34 (pEGFP-Rab34-WT), constitu-
tively active Rab34 (pEGFP-Rab34-Q111L), or constitu-
tively inactive Rab34 (pEGFP-Rab34-T66N) and FABP5
(pFABP5-EGFP). Details of the antibodies used for pull-
ing down and/or detecting target proteins by Western
blot are listed in Additional file 2.

RNA extraction and real-time PCR

RNA isolation and purification from 3T3-L1 cells were
performed as described [19]. Specific primers for Rab34
(mouse, forward primer 5'-AAGGTCATCGTTGTG
GGAGA-3’, and reverse primer 5 -GTTGGAGAC
TGAAGGGGACA-3"), FABP5 (mouse, forward primer
5-CGAGAGCACAGTGAACACGA-3’, and reverse
primer 5'-CCATTGCTGGTGCTGGA-3'), Fatty Acid
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Synthase (FASN) (mouse, forward primer 5 -ATACAA
TGGCACCCTGAACC-3’, and reverse primer 5 -TTA
CAGAGGAGAAGGCCACAA-3"), Acyl-CoA  Syn-
thetase Long Chain Family Member 1 (ACSL1) (mouse,
forward primer 5 -AGCAGTTCATCGGCCTCTT-3’,
and reverse primer 5 -GTTTGGCTTTTTCTGGCT
TG-3") and Glycerol-3-Phosphate  Acyltransferase
(GPAT) (mouse, forward primer 5 -TTATCACCAGGA
CGGAAAGG-3’, and reverse primer 5 -TCTCTTTGA
AAACCCCGATG-3") were employed for RT-PCR stud-
ies using our established protocols [19]. Specific sig-
nals were normalized with the constitutively expressed
gene, hypoxanthine—guanine phosphoribosyltransferase
(HPRT) [19]. All samples were run in duplicates and the
average values were calculated.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
8 statistical software, (GraphPad Software). Prior to each
analysis, outliers were identified and eliminated using the
ROUT method (Q=1%). The normal distribution of vari-
ables was assessed using the Shapiro—Wilk’s test. One/
Two-Way ANOVA, Kruskal-Wallis’s test, Independent/
Multiple-Samples t-test or Mann—Whitney’s test were
used where appropriate. A post-hoc statistical analysis
using Tukey’s test was performed to identify significant
differences between groups. Values were considered sig-
nificant at P <0.05. For confocal imaging assays, at least 6
micrographs from two individual experiments were ana-
lyzed. For the remaining assays, at least three individual
experiments were analyzed.

Results

Intracellular distribution of Rab34 in preadipocytes

and adipocytes

We recently identified Rab34 as a component of the
LD proteome in differentiated 3T3-L1 adipocytes [19].
In order to study in detail its role during adipocyte dif-
ferentiation, we analyzed Rab34 expression by confo-
cal microscopy in 3T3-L1 cells. As shown in Fig. 1A,
we observed a clear association of Rab34 with the LD
surface from D3 of differentiation onwards, concurrent

(See figure on next page.)
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with the appearance of LDs in the cytoplasm of differen-
tiating preadipocytes [38]. A progressive increase in the
amount of Rab34 throughout the differentiation process
(D0-D10) was also observed (Fig. 1A). Colocalization of
Rab34 with the LD surface marker PLIN1 increased by
11- and fivefold at D6 as compared to DO and D3, respec-
tively, and reached its maximum value at D10 (Fig. 1B).
At early stages of adipocyte differentiation (D0-D3),
i.e., when the cells still display a fibroblast-like appear-
ance and are devoid of LDs, Rab34 accumulated in jux-
tanuclear structures reminiscent of the Golgi apparatus
(Fig. 1A). Double-immunolabeling experiments utilizing
an antibody against the cis-Golgi matrix marker, GM130,
confirmed this observation. Quantitative assessment
of the colocalization rate between Rab34 and GM130
immunosignals revealed an opposite pattern to that of
Rab34-PLINT1 (Fig. 1B).

To validate the results, we examined the distribution of
GFP-Rab34, which displayed a distribution comparable
to that of endogenous Rab34 at both early and late stages
of differentiation, with some labeling persisting at the
Golgi in differentiated cells (Fig. 1C). In fact, a clear over-
lap between endogenous and exogenous Rab34 signals
could be observed (Additional file 3: Fig. S1A). Addition-
ally, we employed two different Rab34 mutant vectors:
i) pEGFP-Rab34-Q111L, and ii) pEGFP-Rab34-T66N
[32]. It has been shown that only the wild-type and the
GTP-restricted Q111L mutant were capable of binding
GTP, whereas the GDP-restricted form failed to interact
with GTP [32]. Interestingly, the intracellular distribu-
tion of the constitutively active variant of Rab34, GFP-
Rab34-Q111L, was similar to the WT version (Additional
file 3: Fig. S1B). In contrast, slightly lower signal inten-
sity was observed for the constitutively inactive variant,
GFP-Rab34-T66N, which was restricted to the Golgi
apparatus (Additional file 3: Fig. S1C). The differences in
intracellular distribution between the WT version and
the constitutively active (GFP-Rab34-Q111L) vs. the con-
stitutively inactive variant (GFP-Rab34-T66N) are con-
sistent with previous reports and have been described
in other cell types [32, 39—41]. In summary, these results
demonstrate that Rab34 exhibits a distinct pattern of

Fig. 1 Rab34 distribution and expression during differentiation of 3T3-L1 cells into adipocytes. A Representative confocal images of 3T3-L1

cells immunostained for Rab34 during differentiation (days 0, 3, 6 and 10), and representative immunoblot and protein quantification of Rab34

in 3T3-L1 cell extracts during differentiation (days 0, 3, 6 and 10). Data are expressed as the ratio of Rab34 immunosignal to -Actin immunosignal
and represent the mean + SEM of n=4 biological replicates. B Representative images of 3T3-L1 cells double-immunostained with antibodies
against Rab34 and the LD marker, PLIN1, or the cis-Golgi marker, GM130, respectively. C Colocalization study of Rab34 with cell compartments
during the process of differentiation of 3T3-L1 cells. 3T3-L1 cells were labeled with anti-Rab34 or GFP-Rab34 and antibodies against different
intracellular markers: STX6 (trans-Golgi), SEC23 (COPII vesicles), ARF1 (COPI vesicles), ERGIC53 (ERGIC), or SECT6A (ERES). Manders' coefficients were
calculated to assess the colocalization between signals. Data are expressed as the mean = SEM (n= 12 cells/differentiation day, 2 replicate studies).

*P<0.05;**P<0.01;***P <0.001. Scale bar: 10 um
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intracellular localization throughout the process of adi-
pocyte differentiation.

Rab34 as a model of protein traffic to LDs during adipocyte
differentiation

The mechanisms by which proteins target the LD coat
represent an active research area [18]. In this line, we
took advantage of the stage-dependent dual localization
of Rab34 during adipocyte differentiation to explore how
this GTPase reaches the LD surface. First, we carried
out double labeling studies in 3T3-L1 cells throughout
differentiation (D0-D10) using the anti-Rab34 antibody
(or GFP-Rab34 when appropriate antisera for double
immunolabeling experiments were not available) in
combination with location markers of different intra-
cellular compartments. The results showed that Rab34
localized to the Golgi apparatus, from the cis side to the
trans-Golgi network (TGN), at early stages of adipocyte
differentiation (Fig. 1C). As observed for GM130, colo-
calization rates of Rab34 and the TGN marker, syntaxin-6
(STX6), were significantly reduced from D6, reaching
the lowest values in differentiated adipocytes (Fig. 1C).
A similar trend was observed for the Coat protein com-
plex II (COPII) marker, SEC23 (Fig. 1C). Notably, while
colocalization of Rab34 with the Coat protein complex
I (COPI) marker, ARF1, also decreased gradually from
DO0-Dé, it significantly increased in differentiated adipo-
cytes, i.e., when Rab34 was mostly associated with the LD
surface (Fig. 1C). Similarly, it has been also proposed that
the function of ARF1 in protein delivery to LDs occurs
in the context of a close apposition of ER-Golgi Inter-
mediate Compartment (ERGIC) and the ER Exit Sites
(ERES) with LDs [42]. Accordingly, we also analyzed the
colocalization rates between Rab34 and markers of these
compartments, ERGIC53 and SEC16A, respectively. The
findings indicate that a peak of colocalization between
Rab34 and ERGIC53 immunosignals occurred at D3 and
then decreased significantly toward the end of the differ-
entiation process. In contrast, the Manders’ coefficient
for SEC16A/GFP-Rab34 exhibited a gradual increase
from DO to D10 (Fig. 1C).

Finally, since the ARF1/COPI vesicular trafficking
machinery is required for ER-to-LD targeting of several
LD-associated proteins [14], we explored whether this
system was also important for Rab34 traffic to LDs in
adipocytes. To this end, 3T3-L1 cells were exposed to
BFA, a reversible inhibitor of ER-to-LD trafficking [43],
at early (D2) and later (D4) stages of differentiation. As
expected, BFA treatment induced Golgi fragmentation
(Fig. 2A). Although BFA treatment reduced the size of
LDs, particularly when given at D2, no changes in LD
number were observed (Fig. 2A). Protein expression
studies indicated that Rab34 content was not altered
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by BFA at any of the time points tested (Fig. 2B). How-
ever, our microscopy studies revealed that BFA admin-
istration to 3T3-L1 cells at either D2 or D4 diminished
the association of Rab34 with LDs, irrespective of LD
size (Fig. 2C). Notably, the inhibitory effect of BFA on
Rab34 binding to LDs was considerably higher when
the drug was administered at early stages of differentia-
tion (50% reduction in cells treated at D2 vs. 23% at D4
with respect to their corresponding controls) (Fig. 2C).

These data collectively support that Rab34 accu-
mulates in the Golgi apparatus in preadipocytes.
Our results also suggest that, when LD biogenesis is
induced, the GTPase migrates to ERGIC or ERES, and
this retrograde transport may involve BFA-sensitive
pathways. During LD formation, Rab34 may reach the
LD surface through the ER mainly via ERGIC, while the
ERES could represent the main Rab34-targeting path-
way from the ER to expanding/mature LDs.

Role of Rab34 in Golgi apparatus organization

Based on the localization of Rab34 in preadipocytes, we
next investigated whether this protein may be involved
in Golgi apparatus organization and membrane traffick-
ing. To this end, the effects of GFP-Rab34 expression or
transient reduction by siRNA-dependent silencing on
the structure of both the Golgi apparatus and the ER
were analyzed (48 or 72 h after transfection for expres-
sion and silencing studies, respectively). For expression
experiments, a vector coding only for GFP (mock) was
used. Consistently with our previous observations [27,
44], mock transfected 3T3-L1 cells showed a diffuse
and non-specific green labeling throughout the cyto-
plasm and the nucleus (Figs. 3A, C). Colocalization of
the GFP empty vector with the Golgi matrix protein,
GM130, and an endoplasmic reticulum (ER) marker
showed a significantly low overlapping in both cellular
compartments when compared to GFP-Rab34 labe-
ling (data not shown). GFP-Rab34 expression caused
a significant increase in the number of fragments of
the Golgi apparatus without affecting its total area
(Fig. 3A). In contrast, Rab34 silencing had no effect on
these two parameters (Fig. 3B). Notably, Rab34 deple-
tion induced ER fragmentation, while its expression
changed neither the number of ER structures nor the
ER total area (Figs. 3C, D). These results suggested that
Rab34 gain-of-function is more important to the Golgi
organization than its loss, and the opposite holds true
for the ER. Together, these results indicated that Rab34
may act as a Class 2 Golgi-associated Rab protein and
relate to Golgi-to-ER transport pathways, as suggested
for other Rab proteins with similar effects on the Golgi
upon activation vs. inactivation [45].
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Fig. 2 Analysis of Rab34 association with LDs upon brefeldin A (BFA) treatment. 3T3-L1 cells were exposed to BFA (20 pmol/L, 1 h) at day 2

or day 4 of differentiation. Forty-eight hours after treatment, cells were processed for confocal microscopy or immunoblotting studies. A Cells
were triple-immunostained with anti-GM130, anti-Rab34 and anti-PLIN1 sera. Graphs show the number and average size of LDs (um?) per cell
and per experimental condition (n=10 cells/experimental condition, 2 replicate studies). Scale bar: 10 um. B Western blot analysis of Rab34
protein content in cells exposed to medium alone (control) or to BFA at D2 or D4. Data are referred to control cultures at day 2 of differentiation
(100%) and expressed as mean +SEM (n=3 biological replicates/experimental condition). C Manders’ coefficient (expressed in arbitrary units,
a.u.) for colocalization of Rab34 and PLINT immunosignals in 3T3-L1 cells, expressed as mean value per cell (upper graph) or according to LD area
(um?) (middle and lower graphs). Data are expressed as mean + SEM (n= 10 cells/experimental condition, 2 replicate studies). *P < 0.05; **P <0.01;
***P <0.001
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Fig. 3 Effects of Rab34 expression/silencing on Golgi/ER structure in 3T3-L1 adipocytes. A-D Representanve images of 3T3-L1 cells transfected
with GFP (Mock) or GFP-Rab34 vectors and Scramble siRNA (Scr) or Rab34 siRNA (siRab34), and stained with anti-GM130 (A, B) or ER-Tracker (C, D).
Cells were transfected at day 3 and collected at day 5 (expression studies) or day 6 (silencing studies) of differentiation. Morphometric analyses were
carried out using ImageJ software. The number of GM130-positive structures and total Golgi area (A, B), and ER-positive structures and total ER area

(C, D) in cells expressing GFP-Rab34 or siRab34 are referred to their corresponding controls (Mock/Scr; 1

(n=10 cells/experimental condition, 2 replicate studies). Scale bar: 10 um

Role of Rab34 on adipocyte function

The presence of Rab34 from early stages of adipocyte dif-
ferentiation (at the Golgi) to fully differentiated mature
adipocytes (at the LDs) suggested the participation of
this GTPase in the regulation of adipocyte functions,
namely: i) as an endocrine cell, and/or ii) as a central hub
for energy storage and release [7].

Rab34 regulates adiponectin secretion and oligomerization

To determine the impact of Rab34 on adipocyte func-
tion, we first analyzed whether changes in its levels could

(See figure on next page.)

00%). Data are expressed as mean + SEM

affect the secretory activity of adipocytes by assessing
the production of adiponectin, a major adipokine with
insulin-sensitizing and anti-inflammatory properties
[46]. Quantification of intra- and extracellular adiponec-
tin levels in 3T3-L1 adipocytes by ELISA showed that
while GFP-Rab34 expression increased the synthesis and
secretion of adiponectin (Fig. 4A), siRab34 treatment
decreased both parameters (Fig. 4B). Furthermore, analy-
sis of intracellular and extracellular protein content using
non-denaturing conditions revealed that GFP-Rab34
expression increased the accumulation of adiponectin

Fig. 4 Effects of Rab34 expression/silencing on the secretory pathway in 3T3-L1 adipocytes. A-F Quantification of adiponectin secretion

and oligomerization in control cells (Mock/Scr) and cells expressing GFP-Rab34 (A, C, D) or siRab34 (B, E, F). A, B Adiponectin content in protein
extracts (intracellular) and the culture media (extracellular) in control cells and cells expressing GFP-Rab34 (A) or transfected with siRab34 (B) were
analyzed by ELISA (n=6 biological replicates). C-F Representative immunoblots and quantification of adiponectin multimers, hexamers, trimers
and dimers in intra- and extracellular extracts from control cells and cells expressing GFP-Rab34 (C, D) or transfected with siRab34 (E, F). Cells
were transfected at day 3 and collected at day 5 (expression studies) or day 6 (silencing studies) of differentiation. Cell samples were collected

and the proteins were resolved in non-reducing SDS-PAGE gels with a 4-20% gradient and subjected to Western blot and densitometric analysis.
Ponceau S was used as loading control. Data are referred to values in control cells (Mock; Scr) (100%) and expressed as the mean +SEM (n=4

biological replicates). *P <0.05; ***P <0.001 vs. Mock/Scr
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multimers (Figs. 4C, D). However, intracellular adiponec-
tin hexamers decreased, an effect that occurred in par-
allel to an increase in the amount of these adiponectin
isoforms in the culture media (Figs. 4C, D). Rab34 deple-
tion decreased intracellular adiponectin trimer con-
tent and both trimer and hexamer release to the culture
medium (Figs. 4E, F).

Rab34 is a regulatory component of the lipid droplet coat
in adipocytes
Based on our results showing the association of Rab34
with LDs from D3 onwards (Fig. 1B), we decided to
explore whether Rab34 up- or down-regulation (Addi-
tional file 3: Fig. S2A) may affect LD number and size
at later stages of differentiation. These studies showed
that LD size increased by 78.9% while no changes were
observed in LD number as compared with mock-trans-
fected cells upon GFP-Rab34 expression (Fig. 5A). In line
with these observations, quantification of intracellular
TGs and free glycerol in the cell culture medium in cells
expressing GFP-Rab34 indicated that intracellular lipid
content was increased by 54.1% and basal lipolysis was
decreased by 20.5% (Fig. 5C). On the other hand, Rab34
down-regulation by siRNA had no significant effects on
LD number though the average size tended to decrease
(Fig. 5B). A deeper look, analyzing the size-frequency
distribution of LDs, showed that siRab34 treatment
increased the number of medium LDs (6-9 mm?) while
decreased that of small LDs (<3 mm?) (Additional file 3:
Fig. S2B), which could account for the down-regulation
of TG content (Fig. 5D). Notably, rescue experiments
returning Rab34 protein levels to basal values (Addi-
tional file 3: Fig. S2C) after expression of GFP-Rab34 in
cells transfected with siRab34, clearly reverted the effects
induced by this GTPase on TG content (Fig. 5E) and
lipolysis (Fig. 5F).

Next, to get insights into the mechanisms mediat-
ing Rab34 action on lipid accumulation in LDs, we

(See figure on next page.)
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examined the effect of Rab34 expression or silencing
(Additional file 3: Fig. S2A) on the regulation of mark-
ers of adipocyte differentiation (PPARy1 and PPARy2),
as well as of proteins involved in TG accumulation
into LDs (ACSL1, GPAT, DGAT2), de novo lipogen-
esis (FASN), lipolysis (p-HSL, HSL, ATGL, the ATGL
coactivator CGI58, and the lipid chaperones, FABP4
and FABP5), and LD growth and/or turnover (PLIN1
and PLIN2) [47] (Fig. 5G, Additional file 3: Figs. S2D,
E). Quantitative immunoblotting analyses revealed
that Rab34 up-regulation increased PLIN1 content and
decreased both ATGL and FABP5 (Fig. 5G, left panel).
On the other hand, Rab34 down-regulation dimin-
ished the expression of PPARy1 and PPARY2 as well as
the protein content of total HSL (Fig. 5G, right panel).
Changes in phosphorylated (i.e., active) HSL levels par-
alleled those of total HSL and consequently, no differ-
ences were observed between control and experimental
groups in p-HSL/HSL ratio (data not shown). Neither
Rab34 overexpression nor silencing evoked changes
in mRNA or protein levels of enzymes involved in TG
storage (Fig. 5G, Additional file 3: Fig. S2D) or de novo
lipogenesis (Additional file 3: Fig. S2E). As observed for
the wild-type Rab34 version, the constitutively active
variant (GFP-Rab34-Q111L) increased TG content and
decreased lipolysis (Additional file 3: Fig. S2F). Expres-
sion of GFP-Rab34-Q111L also reduced ATGL and
FABP5 protein content and increased that of PLIN1
(Additional file 3: Fig. S2G). On the other hand, GFP-
Rab34-T66N modified neither the protein content of
these proteins (Additional file 3: Fig. S2G) nor lipo-
genesis, though lipolysis was increased as compared
to mock-transfected cells (Additional file 3: Fig. S2F).
Altogether, these results strongly support the involve-
ment of Rab34 in lipid accumulation in adipocytes,
likely by regulating lipolysis.

Fig. 5 Effects of Rab34 expression/silencing on lipid accumulation in adipocytes. A, B Representative images of 3T3-L1 cells transfected at day

3 of differentiation with GFP (Mock), GFP-Rab34, Scramble siRNA (Scr) or Rab34 siRNA (siRab34) and stained with Oil Red O at day 5 (expression,

A) or day 6 (silencing, B) of differentiation. Morphometric analyses were carried out using ImageJ software. The number and average area

of LDs was calculated per cell and referred to values in control cells (100%) (Mock, A; Scr, B). Data are expressed as mean +SEM (n=10 cells/
experimental condition, 2 replicate studies). Scale bar: 10 um. C, D Quantification of TG content (lipogenesis) and glycerol release (lipolysis)

in each condition. Data are referred to values in control cells (Mock; Scr) (100%) and expressed as mean + SEM (n =4 biological replicates). E, F
Measurement of triglyceride content (lipogenesis) and glycerol release (lipolysis) in cells expressing GFP-Rab34 or siRab34, alone or in combination
(Rab34 recovery). Data are referred to control cultures (Scr) (100%) and expressed as mean +SEM (n=3 biological replicates). G Quantification

of the protein levels of markers of adipocyte differentiation, lipogenesis, lipolysis, and LD markers in 3T3-L1 cells transfected with Mock (GFP)

or Rab34 (GFP-Rab34) expression vectors (left panel), or Scramble (Scr) or Rab34 siRNA (siRab34) (right panel). Cells were transfected at day 3

and collected at day 5 (expression studies) or day 6 (silencing studies) of differentiation. The 3-Actin immunoreactive band in each membrane
was employed as a reference for quantification of the corresponding proteins that were revealed in the same blot. Data correspond to the ratio

of each immunosignal to 3-actin immunosignal and are referred to values in control cells (Mock; Scr) (100%). Data represent the mean + SEM (n=3

biological replicates). *P < 0.05; **P <0.01; ***P < 0.001



Lépez-Alcala et al. Journal of Biomedical Science

A

(2024) 31:2

O

Page 13 of 28

m

Lipogenesis Lipolysis Lipogenesis
Mock vs. Oil Red O GFP-Rab34 vs. Oil Red O 3 p g p y = p g
150 250 5 2w PREY H
£ £ £
2 H *x 2 H
e g _wo g 5 g
3 L £ £
3¢ 2 £ 10 B 532 =
g %0 g2 £ 82 50 5
z= g~ 5= 50 [ s
z H g 3
Mock  GFP-Rab34 Mock  GFP-Rab34 - Mock  GFP-Rab34 Mock  GFP-Rab34 = sIRab34  GFP-Rab34  siRab34
GFP-Rab34
Lipogenesis Lipolysis Lipolysis
GFP + Scrvs. OilRed O GFP + siRab34 vs. Oil Red O =
150 150- E, 150 £ 150 £
& g 2 2
3 E 2 g H
S5 100 5 5 100 2 5 100 £ 100 €%
50 $6 84 =2} za
59 59 B * Sy Su
22 2% 23 £ 5.
EZ s g€ s0 58 50 88 w0 88 s
2 § El 2 ]
< 8 : 2
£ [ [CH
Ser siRab34 Ser siRab34 - Ser siRab34 Ser siRab34 Ser siRab34  GFP-Rab34 smima
GFPRab34
( ; GFP-Rab34 expression Rab34 silencing
Mock GFP-Rab34 150 150 Scr siRab34 150 150
PPARY2 57 kDa PPARY2
S 1 53kDa PPARYT & 53kDa . PPARY1 10
3
£
o -] R =t :
e
e 50
3
3
=2
]
< Mock GFP-Rab34 Mock GFP-Rab34 Scr siRab34 Scr siRab34
Mock GFP-Rab34 10 Scr siRab34 150
2 45kDa| — e gy s . —— IDGATZ o 45kDa| T Xk ..IDGArz
2 3
2
e @
g 42kDa|- - D S oD D I[irAcun N 42kDa|- —— D e — “I&Aclm
8 £
ol o
Mock GFP-Rab S sRabas
Mock GFP-Rab34 150 150 Scr siRab34 150 150
80kDa| PR Ry IHSL - 80kDa! a8 == = = IHSL 5w T T
b
28
& &
15ma|--- - e -IFABP5 * 15KDa|- —— - -—Imaps
Mock GFP-Raba4 Mock GFP-Raba4 Sa sRavad S sRaoas
L L — B-Actin 42k02 | g w— GNP e w—— O | -Actin
150 200. 200 150
< g 1 £ 10 <
X 8
» Mock GFP-Rab34 | = g5 Scr siRab34 i Ipw T T
2 23 28 i
2 52 8s s go
s 42kDaI - ———— ICG\SE Gy ge"™ 42kDaI T ——— — —Icswsa Feo) B¢
g E3- w82 2z 8
= 5w 3 3
42 kDal — EED et @y D |Mcnn & @ 42kDa| - s G = o _| pActn  © &
Mock GFP-Rabo Mock GFP-Rab34 S sRabas S sRaas
Mock GFP-Rab34 150, Scr siRab34 150
15“,3'_— — —— — -IFABFM T 15kDa|‘ —— . B . IFABPA 5 _'L
T
42koalh - a “ .. o.lﬁ-Acun 42kDa§- -——-al,mm Q¢
= 2 5
&
Mock GFP-Rabod S sRabas
Mock GFP-Rab34 2501 * 150 Scr siRab34 150 150
R .
mna|— -— — - —|PUN1 5 57kDa|- . . - -|pum 5w
<3 <51
1 ° s8
1 = 24
o 42KDEI“ - “ - o ..Iﬁ-Acnn P azknz§~ --—a]p.m Ze
5] - 22w
£ s
=4 g
g1 é
o 1
i .
- Mock GFP-Rab34 Mock GFP-Rab34 Mock GFP-Rab34 Scr siRab34 Scr siRab34 Scr siRab34

48 kDa l E ﬁ - I PLIN2
f2koa _ Fractn

Fig. 5 (Seelegend on previous page.)

46k0a| A —— W - -,.IPLINZ

12100 [ — — - o—| o1




Lépez-Alcald et al. Journal of Biomedical Science (2024) 31:2

Rab34 interactome

Rab GTPases functions depend on their interaction with
specific sets of downstream effector proteins that are
recruited to target membranes [48]. Rab effectors include
molecular motors, tethers, kinases, phosphatases, com-
ponents of membrane contact sites and sorting adaptors,
as well as Rab regulators [GTPase-activating proteins
(GAPs) and Guanine nucleotide exchange factors (GEFs)]
[49].

In order to identify potential effectors of Rab34, we
employed BioID [36] and immunoprecipitation studies
using c-Myc-BirA-Rab34 and GFP-Rab34 as expression
vectors, respectively, both followed by MS/MS analysis
(Additional file 4). Based on our expression and silencing
data suggesting the involvement of Rab34 in the regula-
tion of lipogenesis/lipolysis, we filtered the protein lists
obtained from BioID/MS and IP-MS/MS analyses for
proteins related to “Metabolism of lipids” according to
Reactome Pathways (Additional file 5). After further fil-
tering for matching proteins in the two lists, we found
FABP5, FABP4, and PLIN1 as potential Rab34 interac-
tors. Moreover, the three proteins have been also iden-
tified by our group as components of the LD proteome
from 3T3-L1 adipocytes [19] (Fig. 6A; Additional file 5).
However, none of these proteins but FABP5 were found
to interact with Rab34 in targeted immunoprecipitation
studies in HEK293 cells (Figs. 6B—D). Likewise, none of
the lipolytic enzymes that we found dysregulated in 3T3-
L1 adipocytes in response to Rab34 silencing and/or
expression (i.e., HSL and ATGL) were found to co-immu-
noprecipitate with the GTPase (Fig. 6B).

The interaction between Rab34 and FABP5 was con-
firmed using either c-Myc-Rab34 (Fig. 6C) or GFP-FAPB5
(Fig. 6D) for the pulldown experiments. Interestingly,
when cells were transfected with pEGFP-Rab34-Q111L
or pEGFP-Rab34-T66N and pFABP5-EGFP, only the for-
mer co-immunoprecipitated with FABP5, indicating that
the GTPase needs to be bound to GTP (active) to inter-
act with FABP5 (Additional file 3: Fig. S2H). In addition,

(See figure on next page.)
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confocal microscopy studies showed that FABP5 colocal-
ized with Rab34 at the LDs as soon as these organelles
accumulate in the cytosol (from D3 onwards) (Figs. 6E,
F), suggesting that this interaction would occur at the
LD surface. Altogether, these studies identify FABP5 as a
potential Rab34 interactor in adipocytes. Our studies also
confirmed and extended previous publications on the
interaction between FABP5 and HSL (Fig. 6B) [50].

Rab34 interacts with FABP5 to regulate lipid turnover

in LDs

To get insights into the functional interaction between
Rab34 and FABP5 in the regulation of lipid accumulation,
we examined the effects of the co-expression of these
two proteins on the lipogenic and lipolytic activities of
3T3-L1 adipocytes (Fig. 7A; Additional file 3: Fig. S3A).
As shown in Fig. 7A, expression of GFP-FABP5 alone
increased the amount of glycerol released by adipocytes,
without changing basal TG content, thus confirming the
role of this chaperone in stimulating lipolysis [51]. Our
co-immunoprecipitation studies (Fig. 6B) and previous
reports [50] support the notion that FABP5 effects could
be mediated through its interaction with HSL, as shown
for FABP4 [52].

Notably, the inhibitory effect of GFP-Rab34 expres-
sion on lipolysis was reverted upon co-transfection with
GFP-FABP5 (Fig. 7A) and, conversely, TG accumula-
tion induced by Rab34 up-regulation decreased to con-
trol levels upon FAPB5-GFP expression (Fig. 7A). These
results suggested that Rab34 negative action on lipolysis
and concomitant induction of lipid accumulation would
be mediated, at least in part, through Rab34-mediated
reduction of FABP5 protein content. Interestingly,
Rab34 expression had no effect on FABP5 mRNA levels
(Fig. 7B).

We also analyzed the functional interaction between
Rab34 and HSL. As previously shown for FABP5-GFP,
expression of GFP-HSL in adipocytes increased lipolysis
yet the lipase also caused a concomitant decrease in TG

Fig. 6 Identification of the Rab34 Interactome. A Venn diagram of the proteins participating in the “Metabolism of lipids” pathway from Reactome
Pathways dataset that were identified by the three proteomic approaches analyzed in this study: (i) BiolD/MS (20 proteins); (i) IP-MS/MS (33
proteins); and (iii) Proteome of adipocyte LDs (8 proteins) [19]. Among them, the lipid chaperones, FABP4 and FABP5, and the LD-associated
protein, PLINT, were present in the three proteomic datasets. Spectral counts were adjusted to protein length (per 1000 amino acids). B
Co-immunoprecipitation experiments in HEK-293 AD cells expressing Kate-Rab34 and either GFP-ATGL, GFP-HSL, GFP-PLINT, and GFP-FABP4
using anti-GFP beads. Both lysates and immunoprecipitates (IP) were subjected to immunoblotting with anti-GFP and anti-Rab34; anti-FABP5
antibodies were also used for studies using GFP-HSL. C, D Co-immunoprecipitation experiments in HEK-293 AD cells expressing c-Myc-Rab34

and FABP5-GFP, alone or in combination, using anti-c-Myc-beads (C) or anti-GFP-beads (D). Immunoblotting studies of lysates and IP were carried
out using anti-c-Myc (C) or anti-GFP antibodies (D). E Representative confocal images of 3T3-L1 cells showing the colocalization (merge) of Rab34
(green) and FABPS (red) during differentiation (days 0, 3, 6 and 10). Arrows indicate Rab34/FABP5 colocalization (yellow) at the LD surface. F
Manders’ coefficient between Rab34 and FABP5 was calculated to quantify the degree of colocalization between both signals. Data represent

the mean +SEM (n= 10 cells/differentiation day, 2 replicate studies). ***P <0.001. Scale bar: 10 um
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content (Fig. 7C; Additional file 3: Fig. S3B). Rab34 gene
silencing blocked HSL-induced effects on lipolysis but
not on lipogenesis (Fig. 7C). These observations, together
with our immunoprecipitation studies, suggested a func-
tional interplay between Rab34 and HSL that does rely on
an indirect interaction between the two proteins.

Rab34 regulates FABP5 protein stability

The observation that Rab34 up-regulation reduced
FABP5 protein content (Fig. 5G; Additional file 3: Fig.
S3A), but not FABP5 gene expression (Fig. 7B), prompted
us to investigate whether the GTPase may modulate the
protein stability of this chaperone. To this end, we first
measured the protein levels of FABP5 and other proteins
regulated by Rab34 in cells treated with the proteasome
inhibitor MG132 (Figs. 7D, E; Additional file 3: Figs.
S3C, D). As shown in Figs. 7D and E, MG132 treatment
increased the protein content of FABP5, PLIN1, PPARy],
PPARy2, and ATGL in control cells (either transfected
with GFP alone or scramble siRNA). Among the pro-
teins tested, only FABP5 protein levels increased to con-
trol values in the presence of MG132 in cells expressing
GFP-Rab34 (Fig. 7D), suggesting the involvement of
the GTPase in the regulation of FABP5 turnover. Inter-
estingly, MG132 also reverted both Rab34-mediated
increase in lipogenesis and decrease in lipolysis, while
no changes in these parameters were observed when this
inhibitor was administered to mock-transfected cells
(Fig. 7F). However, MG132 had no effect on the inhibi-
tion of lipogenesis caused by Rab34 siRNA treatment
(Fig. 7@). Lastly, silencing experiments also revealed that
MG132 partially reverted PPARy down-regulation in adi-
pocytes exposed to Rab34 siRNA (Fig. 7E).

E1 Ubiquitin-activating enzyme (UBA1) participates

in Rab34-mediated regulation of FABP5 actions on lipid
storage and mobilization in adipocytes

Our previous results suggested that Rab34 actions on
lipolysis and TG storage might be mediated through

(See figure on next page.)
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the regulation of FABP5 ubiquitination and proteaso-
mal degradation. To address this question, we expressed
FABP5, alone or in combination with Rab34 and/or an
expression vector coding for hemagglutinin (HA)-tagged
ubiquitin (Fig. 8A). These experiments were carried out
in cells exposed to MG132 to prevent FABP5 degrada-
tion. Quantification of the immunoblots stained for an
anti-HA serum revealed that the levels of ubiquitinated
FABPS5 were significantly higher in cells expressing Rab34
(Fig. 8A).

These observations led us to test whether there could
be enzymes involved in ubiquitination or deubiquitina-
tion among the potential effectors of Rab34 action on
FABP5. To be more specific, we checked the protein lists
obtained from our BioIlD and IP-MS/MS studies for the
presence of ubiquitinating (UBs) and/or deubiquitinat-
ing (DUBs) enzymes (Additional file 6). Among the pro-
teins identified, we found: i) UBA1 (BioID and IP-MS/MS
data lists), which catalyzes the first step in ubiquitin con-
jugation to mark cellular proteins for degradation [53],
ii) UCHL3 (BiolID protein list), an ubiquitin C-terminal
hydrolase [54], and iii) ISG15 (IP-MS/MS protein list), an
ubiquitin-like protein [53]. Remarkably, these three pro-
teins were also detected in our previous proteomic study
of isolated LDs from 3T3-L1 adipocytes [19] (Additional
file 6). Thus, we next checked whether these proteins
may interact with Rab34 and/or FABP5 in co-immuno-
precipitation studies. These experiments confirmed that
the three proteins can interact with Rab34, though only
UBAL1 interacted with FABP5, alone or in combination
with Rab34 (Fig. 8B).

Next, to test the possible participation of UBAI in
FABP5 ubiquitination and degradation in response to
Rab34, we evaluated FABP5 levels in protein extracts
from 3T3-L1 adipocytes transfected with UBA1-c-Myc
and/or GFP-Rab34 in the presence or absence of MG132.
Interestingly, UBA1 expression decreased FABP5 con-
tent in a concentration-dependent manner, especially in
the presence of Rab34, and this effect was fully blocked

Fig. 7 Rab34 actions on lipid metabolism are mediated by FABP5 in a proteasome-dependent manner. A Quantification of the lipogenic

and lipolytic activities of 3T3-L1 cells expressing GFP-Rab34, FABP5-GFP or a combination of both expression vectors as compared to cells
expressing the empty GFP vector (Mock). B RT-gPCR analysis of FABP5 mRNA expression levels in 3T3-L1 cells expressing GFP-Rab34. FABP5 mRNA
levels were calculated using the Ct method and HPRT as housekeeping gene, and expressed as the mean + SEM (n =3 biological experiments).

C Quantification of the lipogenic and lipolytic activities of 3T3-L1 cells expressing siRab34, GFP-HSL or a combination of both nucleic acids

as compared to cells transfected with scramble siRNA (Scr). (D, E) Quantitative immunoblotting analysis of Rab34, ATGL, FABPS5, HSL, PLINT, PPARyT,
and PPARY2 in 3T3-L1 cells expressing GFP-Rab34 (D) or siRab34 (E), and exposed or not (Basal) to the proteasome inhibitor, MG132 (10 umol/L,

12 h). Cells transfected with the empty GFP vector (Mock) or scramble siRNA (Scr) were employed as controls. Graphs show the ratio of each
immunosignal to -actin immunosignal. Data are expressed as the mean +SEM (n =3 biological replicates). F, G Lipogenic and lipolytic activities
of 3T3-L1 cells expressing GFP-Rab34 (F) or siRab34 (G) and exposed or not (Basal) to the proteasome inhibitor, MG132 (10 umol/L, 12 h). Data are
expressed as a percentage of values in control cultures and represent the mean + SEM (n=3 individual experiments). All data are referred to values

in control cells (100%) (Basal; Mock/Scr). *P <0.05; **P <0.01; ***P <0.001
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by MG132 treatment (Fig. 8C). Likewise, UBA1 depletion
by siRNA (82.9% with respect to control values) did not
modify the protein content of Rab34 or ATGL (Fig. 8D;
Additional file 3: Figs. S4A—C). On the contrary, UBA1
silencing fully prevented Rab34-mediated decrease in
FABPS5 content (Fig. 8D; Additional file 3: Fig. S4D).

Finally, functional assays in 3T3-L1 adipocytes trans-
fected with siUBA1 and/or GFP-Rab34 demonstrated
that UBA1 down-regulation prevented the effects of
Rab34 on both lipid accumulation and hydrolysis (i.e.,
decreased lipogenesis and increased lipolysis, respec-
tively) (Fig. 8E). Taken together, these findings provide
strong evidence for a functional connection between
Rab34 and UBAL1 in the regulation of FABP5 ubiquitina-
tion and proteasomal degradation. In this line, double
immunolabeling studies using antisera against Rab34 and
UBAL revealed that the two proteins colocalized at the
LD surface, especially in adipocytes at D6 and D10 of dif-
ferentiation (Additional file 3: Fig. S4E).

Rab34 in human adipocytes and disease models

Analysis of published data from transcriptomic stud-
ies of human abdominal SC fat samples [55, 56] showed
that Rab34 transcript content is higher in individu-
als with obesity than in lean individuals (Additional
file 3: Fig. S5A). From this perspective, we then decided
to explore whether the results in the 3T3-L1 cell line
could be also extended to human primary adipocytes
(mature adipocytes and preadipocytes, either freshly
isolated or differentiated in vitro). To this end, we ana-
lyzed Rab34 localization in mature adipocytes isolated
from OM and SC samples obtained from individuals
with obesity during bariatric surgery procedures (Addi-
tional file 1). As shown in Fig. 9A, most of Rab34 immu-
nosignal colocalized with the unilocular LD in mature
adipocytes, although a slight residual signal could be

(See figure on next page.)
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also seen at the Golgi (more visible in OM mature adi-
pocytes). We also explored the distribution of Rab34
in relation to both the ER and the ERGIC domain. We
observed that Rab34 partially colocalized with the ER-
Tracker in SC mature adipocytes and with ERGIC53 in
both OM and SC mature adipocytes (Fig. 9A).

Regarding in vitro differentiation studies, preadipo-
cytes isolated from the SVF of OM and SC fat samples
were cultured and differentiated to mature adipocytes
using standard protocols (Fig. 9B) [27]. In particular,
we analyzed the localization of Rab34 signal in relation
to the LDs and the ER, including the ER subdomains,
ERGIC and ERES, at different stages of differentiation
(D5 and D10) (Fig. 9B). Irrespective of the fat depot,
Rab34 immunosignal overlapped with the LD surface
marker (PLIN1). Notably, Rab34 immunosignal clearly
colocalized with UBA1 and FABP5 signals at the LD
surface in both SC and OM adipocytes (Additional
file 3: Fig. S4F).

In addition, an extensive colocalization of Rab34
immunosignal with the ER-Tracker was observed in
both OM and SC adipocytes throughout differentiation.
As previously observed in 3T3-L1 cells, Rab34 is associ-
ated with ER subdomains in differentiating human adi-
pocytes. Quantitative analysis of colocalization signals
in double labeling experiments showed a higher overlap
between Rab34 and the ERES marker, SEC16A, than with
ERGIC53 at either D5 or D10 in OM adipocytes (Fig. 9B).
In fact, at D10, the colocalization rate of Rab34-SEC16A
was higher than with the ER tracker. In SC adipocytes
at D5, colocalization between Rab34 and ERGIC53 was
almost negligible, and most of the Rab34 immunosignal
overlapped with SEC16A (Fig. 9B). At late stages of dif-
ferentiation, SC adipocytes displayed similar rates of
colocalization between Rab34 and SEC16A or ERGIC53
(Fig. 9B). In GFP-Rab34-transfected cells, the signal was

Fig. 8 UBAT conveys Rab34 action on FABP5 stability to regulate lipid metabolism. A Transfected 3T3-L1 cells with the indicated plasmids
(GFP-Rab34 or FABP5-c-Myc) were treated with MG132 (10 umol/L, 12 h) and lysed under denaturing conditions. c-Myc-tagged FABP5 was purified
by anti-c-Myc immunoprecipitation and ubiquitinated FABP5 was detected by Western Blot. An expression vector coding for hemagglutinin
(HA)-tagged ubiquitin (HA-Ubiquitin) was employed for cotransfection of cells expressing FABP5-c-Myc, alone or in combination with GFP-Rab34.
The graph shows the ratio of Ubiquitinated-FABP5-c-Myc immunosignal to Ponceau S immunosignal. Data are referred to values in non-transfected
cells (100%) and expressed as mean + SEM (n=3 biological replicates). **P <0.01; ***P <0.001. B Co-immunoprecipitation analysis in cells
expressing GFP-Rab34 and vectors coding for LD-associated proteins related to ubiquitination/deubiquitination processes: UBAT-c-Myc

(top panel), UCHL3-c-Myc (middle panel), or ISG15-c-Myc (bottom panel). In each experimental setting, proteins were purified by anti-c-Myc
immunoprecipitation and detected by Western Blot using anti-c-Myc or anti-GFP antibodies. C Representative immunoblots and quantification

of FABPS levels in 3T3-L1 cells transfected with GFP-Rab34 (+, 0.8 ug/uL), UBAT-c-Myc (+, 0.8 pg/uL; + +, 1.6 ug/uL) or both expression vectors

in the absence or presence of MG132 (10 umol/L, 12 h). Data represent the ratio of FABP5 immunosignal to 3-actin immunosignal and referred

to values in non-transfected cells (100%). Data are expressed as mean +SEM (n =3 biological replicates). *P < 0.05; **P <0.01; ***P <0.001 vs.
non-transfected cells. **P < 0.01: **P <0.001 vs. their respective condition treated with MG132. *P <0.05; #P <0.01. D, E Rescue experiments of FABP5
in 3T3-L1 cells expressing GFP-Rab34 and UBAT siRNA (siUBAT1), alone or in combination. At the end of the experiments, cells were processed

for immunoblotting studies (D) (see also Fig. S4) and for measurement of TGs (lipogenesis) and glycerol content (lipolysis) (E). Data are referred

to values in control cells (100%; Scr), and expressed as mean +SEM (n= 3 biological replicates). *P < 0.05; **P < 0.01; ***P <0.001
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also observable in the Golgi apparatus (Fig. 9B), as we
had also observed for 3T3-L1 cells (Fig. 1C).

We also evaluated Rab34 expression in different murine
models of obesity. In this context, we first analyzed
Rab34 protein content in the adipose tissue of diet- or
genetically-induced obese mice (Figs. 9C, D). The quan-
tification showed that Rab34 levels increased by 2.7-fold
in protein extracts from WAT fed a HFD compared to
mice on a STD (Fig. 9C). Similarly, Rab34 levels increased
by 2.8-fold in protein extracts of WAT from ob/ob mice
compared to WT mice (Fig. 9D). These results, together
with those previously depicted showing the role of Rab34
on adipocyte function, indicate that Rab34 expression in
the adipose tissue is directly related to the development
of obesity, behaving as a biomarker of this disease.

Finally, based on the results obtained in human and
animal models, we wanted to test whether, in addition to
changes in Rab34 content, the localization of this GTPase
may be also affected under obesity conditions. To this
end, we employed a 3D culture model of adipocytes pre-
viously validated by us that mimics the fibrotic microen-
vironment found in the adipose tissue of individuals with
obesity and insulin resistance [19]. As shown in Addi-
tional file 3: Fig. S5B, culture of 3T3-L1 adipocytes in
COL-I-based 3D microgels enriched in the proteoglycan,
lumican (i.e., obesity conditions), induced a decrease in
the number of LDs immunostained for Rab34, though no
changes were observed in total Rab34 immunosignal per
cell. Together, these observations suggest that obesity-
related insults may modify Rab34 association with LDs.

Discussion

The initial view of LDs as simple organelles responsible
for energy storage has changed notably in recent years.
In this way, it is currently accepted that they are highly
dynamic and complex organelles involved in important
cellular processes, which necessarily include the storage
and mobilization of TGs in a strictly regulated manner
[57, 58]. This paradigm shift has been largely supported
by the identification of the proteins associated with the
LD coat of adipocytes and other cell types [19, 59-61].
Pioneering proteomic studies of LDs by Brasaemle et al.

(See figure on next page.)
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revealed that stimulation of lipolysis in 3T3-L1 adi-
pocytes by exposure to [-adrenergic agonists induced
the recruitment of proteins such as PLIN2, CAV1, and
Rab GTPases (i.e., Rab18) to the LD surface [62]. More
recently, a proteomic study of LDs isolated from differ-
entiated 3T3-L1 adipocytes allowed us to identify the
presence of an additional Rab family member, Rab34,
associated with the LD cover, both under unstimulated
conditions and upon insulin stimulation [19]. Herein, we
provide experimental evidence supporting a regulatory
role for Rab34 in lipid storage in LDs by modulating the
availability at the LD surface of the lipid chaperone and
regulator of lipolysis, FABP5.

A relevant feature of Rab34 is that it transits from the
Golgi apparatus to the LDs in a differentiation-depend-
ent manner, i.e.,, when LDs appeared in 3T3-L1 preadi-
pocytes (D3). This characteristic has enabled us to unveil
the trafficking route followed by Rab34 to reach the LDs
(Fig. 10). According to our double-staining studies in dif-
ferentiating 3T3-L1 adipocytes, this route would include
Rab34 retrograde transport from the Golgi to ER-related
compartments at early differentiation stages followed by
transfer to LDs (from D3 onwards). Our confocal micros-
copy studies showing high colocalization rates between
Rab34 and ARF1 at early stages of differentiation suggest
that the first phase could be mediated via the COPI retro-
grade transport pathway. This is supported by the results
obtained using BFA, a fungal drug that blocks COPI
vesicle formation by preventing the membrane asso-
ciation of ARF1 [43]. Thus, exposure of 3T3-L1 cells to
BFA before LD formation (i.e., D2) significantly reduced
ulterior Rab34 association with LDs, supporting a rela-
tionship between Rab34 retrograde transport and COPI
trafficking.

Notably, most COPI has been located at the ERGIC
and proposed to participate in the organization of
this compartment [63, 64]. Moreover, a role for COPI
in mediating protein traffic from the ERGIC to LDs
has been proposed [42]. Our findings demonstrating
an increase in the colocalization between Rab34 and
ERGIC53 at D3 of differentiation suggested a role for
an ERGIC-to-LD route in Rab34 targeting LDs, at least

Fig.9 Characterization of Rab34 in human adipocytes and animal models of obesity. A Representative confocal microscopy images of mature
adipocytes isolated from human omental (OM) and subcutaneous (SC) adipose tissue double-immunostained with the anti-Rab34 antibody

and antibodies against PLINT, GM130, and ERGIC53 or labeled with the ER-Tracker. B Representative confocal microscopy images of human OM
and SC preadipocytes at different days of differentiation (day 5 and 10). Cells were incubated with the anti-Rab34 antibody and either antibodies
against ERGIC53 or PLINT or the ER-Tracker. For detection of ERES, cells expressing GFP-Rab34 were incubated with an anti-SEC16A antibody.
Manders’ coefficients were calculated to assess the colocalization between signals. Data are expressed as the mean +SEM (n=13 cells/
differentiation day, 2 replicate studies). C, D Representative immunoblots and quantification of Rab34 levels in white adipose tissue (WAT) samples
from mice fed standard (STD) vs. high-fat diet (HFD) (C), and wild-type (WT) vs. ob/ob mice (D). Data are referred to values in control mice (100%),
and expressed as mean + SEM (n=6). *P < 0.05; **P <0.01; ***P <0.001. Scale bar: 10 um
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Fig. 10 Schematic representation of the proposed trafficking route and mechanisms of action of Rab34 in adipocytes. Rab34 is located at the Golgi
apparatus in preadipocytes (1) and transferred to the LD surface upon LD biogenesis. Specifically, Rab34 is transported from the Golgi to ER-related
compartments via COPl-mediated retrograde transport pathway (2) and targeted to the LD surface via ERGIC (3a) and/or ERES (3b). Once

at the LDs, Rab34 could bind FABP5 (4) and recruit UBA1 (5), which would promote ubiquitination and proteasomal degradation of FABP5 (6). FABPS
clearance from LDs would prevent full activation of phosphorylated HSL (p-HSL) thus reducing lipolysis, which would ultimately result in increased
lipid accumulation in LDs. The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons

Attribution 3.0 unported license

at early stages of LD biogenesis. In this context, the
ER-to-LD pathway represents a major route for protein
targeting LDs [18]. Thus, it is accepted that LDs form
and grow from the ER [65-67]. Upon budding, mature
LDs remain connected to the ER membranes through
membrane bridges [65-67]. In this way, proteins in
ER membranes would reach the LD surface via lateral
diffusion. Interestingly, recent studies in Drosophila
cells have identified a late ER-to-LD targeting pathway
that organizes at ERES and targets LD proteins, such
as GPAT4 and other lipid-metabolizing enzymes [18].
In line with these findings, we observed that Rab34
increasingly colocalized with SEC16A as mature LDs
accumulate in the cytoplasm of differentiating 3T3-L1
adipocytes, indicating that ERES may represent a path-
way for Rab34 entrance into LDs. This late route could
occur at the expense of Rab34 targeting LDs via ERGIC,
as indicated by the progressive decrease in Rab34-
ERGIC53 colocalization that parallels the increase in

the colocalization between Rab34 and SEC16A. These
results are in accordance with our data from primary
human cells indicative of increased Rab34 localization
to ERES over time in both OM and SC adipocytes. Not-
withstanding this, our immunocytochemical results in
freshly isolated mature adipocytes and in vitro differen-
tiated adipocytes (OM and, especially, SC adipocytes)
indicate that the ERGIC might also represent a pathway
for late Rab34 targeting. Altogether, these results sug-
gest the existence of two distinct sites for Rab34 trans-
fer to LDs, ERGIC and ERES, whose relevance may be
regulated in a differentiation- and depot-dependent
manner. According to our current data in adipocytes
cultured in 3D microgels mimicking the fibrotic micro-
environment of the SC in the context of obesity [19],
it is tempting to speculate that Rab34 traffic through
ERES and/or ERGIC is disrupted under these condi-
tions. Further studies are needed to fully establish the
protein traffic routes to LDs in adipocytes as well as
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to unveil whether other obesity-associated insults may
differentially regulate Rab34 distribution at ERGIC,
ERES and LDs.

The observation that Rab34 localized to the Golgi appa-
ratus in preadipocytes at early differentiation and, occa-
sionally, in differentiated adipocytes (i.e., human primary
OM adipocytes), as well as when exogenously expressed,
prompted us to analyze the role of this GTPase at this
compartment. Similar to that reported for other Rab
proteins bound to Golgi membranes [45], exogenously
expressed Rab34 induced Golgi ribbon fragmentation
while Rab34 silencing had no effect on Golgi organiza-
tion. The latter results indicate that Rab34 may be classi-
fied as a Golgi-associated Class 2 Rab protein, as opposed
to Class 1 Rabs (i.e., Rab inactivation induces Golgi
fragmentation) [45]. These findings led us to investigate
whether Rab34 may also have a role in Golgi functions in
adipocytes, which includes the regulation of adiponec-
tin sorting and trafficking for secretion [68, 69]. In this
line, we observed that Rab34 expression increased while
Rab34 silencing decreased adiponectin secretion suggest-
ing that, when associated with the Golgi, the GTPase may
participate in adiponectin trafficking. This would be con-
sistent with the role played by Rab34 in other cell types
wherein this GTPase is also located at the Golgi and
regulates the release of transport vesicles from the TGN
to the secretory pathway [70]. Interestingly, our stud-
ies show that expression of Rab34 in preadipocytes also
increased the amount of intracellular adiponectin mul-
timers, which would be in agreement with the role played
by the Golgi in adiponectin assembly into high order oli-
gomers [71]. As regards to secretion, changes in Rab34
expression seemed to have an effect mainly on medium
and, to a lesser extent, low molecular weight adiponec-
tin isoforms. In all, our results suggest that Rab34, when
located at the Golgi, regulates both cisternae integrity
and adiponectin trafficking and oligomerization, suggest-
ing the participation of this GTPase in the maintenance
of Golgi organization and function. In all, our data sug-
gest that Rab34 function(s) at the Golgi may be relevant
for adipocytes at early stages of differentiation. As adipo-
cytes differentiate, Rab34 action on adiponectin release
would be replaced by other proteins participating in the
secretory pathway. In this line, Rab11 and its downstream
effectors, Rabl1-Family of Interacting Proteins (FIPs),
have been shown to regulate adiponectin trafficking and
secretion from the endosomal compartment in differenti-
ated 3T3-L1 adipocytes [72].

Our studies support the existence of differentiation-
dependent signal(s) that trigger Rab34 dissociation from
the Golgi and relocation to the LD surface. It seems
likely that Rab34 association with each compartment is
regulated by specific binding partners and/or regulators
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whose expression and/or availability at these locations
may, in turn, be regulated during adipogenesis. Avail-
able evidence indicates that Rab membrane targeting
is mainly determined by specific membrane-localized
GEFs [49, 73]. In this scenario, the observation that the
inactive (GDP-loaded) Rab34 mutant (T66N) associ-
ated with Golgi membranes indicates that Rab34 acti-
vation by Golgi GEEF(s) is not a requisite for binding to
this compartment. In contrast to the inactive mutant, the
active (GTP-loaded) mutant (Q111L) was also bound to
LDs, supporting a relationship between Rab34 activa-
tion and LD targeting. In its active form at LDs, Rab34
would interact with specific effectors at this cellular com-
partment. In accordance with our results, similar stud-
ies about the cellular distribution of active and inactive
Rab34 isoforms in other cell types have shown that Rab34
localization is dependent on the activation status [32,
39-41]

Rab GTPase effectors comprise a variety of interact-
ing proteins or protein complexes that convey Rab spe-
cific functions in a spatiotemporally regulated manner
[73]. Regarding Rab34, this GTPase has been shown to
interact with a Rab7 effector, Rab-interacting lysosomal
protein (RILP), to regulate the spatial distribution of mel-
anosomes and lysosomes in melanocytes and NRK cells,
respectively [32, 74]. Though we cannot exclude the pos-
sibility that such interaction also occurs in adipocytes,
neither BioID nor immunoprecipitation studies identified
RILP as a potential Rab34 interacting protein in adipo-
cytes. Indeed, Rab34 association with LDs together with
the observation that Rab34 expression increased both
LD size and intracellular lipid content while decreas-
ing lipolysis, with these effects being counteracted by
Rab34 down-regulation, suggested that the effectors
conveying Rab34 actions on lipid homeostasis in adipo-
cytes should be also related to LDs. Interestingly, neither
Rab34 expression nor silencing modified the expression
of key enzymes regulating lipogenesis, thus suggesting
that Rab34-induced changes in lipid content at LDs may
be related to the regulation of lipid hydrolysis. In this sce-
nario, the fatty acid transporters, FABP4 and FABP5, with
critical roles in regulating lipid transport [52, 75] as well
as lipolysis through their interaction with HSL [52, 75],
could act as Rab34 partners in adipocytes. Nevertheless,
and although FABP4 also associates with LDs in adipo-
cytes [19], we found no interaction between this chaper-
one and Rab34 in immunoprecipitation experiments. In
line with our previous microscopic [26] and proteomic
data [19], our current immunocytochemical studies dem-
onstrated the association of FABP5 with the LD surface,
wherein it colocalizes with Rab34. Moreover, both BiolD
and immunoprecipitation studies identified FABP5 as
part of the Rab34 interactome, an observation that was
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further confirmed by pull-down experiments. To be
more specific, our studies using Rab34 mutant variants
indicated that Rab34-FABP5 interaction would occur
when the GTPase is in its active GTP-bound form. In all,
these results, together with our findings on the modula-
tion of lipolysis by expression of either Rab34 or FABP5,
and the blockade of FABP5-stimulated lipolysis when
co-expressed with Rab34, supported a functional rela-
tionship between these two proteins. Notably, accord-
ing to our data, this GTPase would exert an inhibitory
effect on FABP5 function. The observation that Rab34
expression reduced FABP5 protein content (but not
mRNA) indicated that this inhibition could be accounted
for by an effect of the GTPase on FABP5 protein stabil-
ity, which would be mediated through Rab34-induced
ubiquitination and proteasomal degradation of FABPS5.
Notably, though Rab34 expression also reduced the pro-
tein content of the LD-associated lipase, ATGL, that may
contribute to the net effect of the GTPase on lipid accu-
mulation, this effect was not prevented by MG132 and a
direct interaction between these two proteins could not
be demonstrated. Likewise, a direct interaction between
Rab34 and HSL was no detected in our immunoprecipi-
tation studies. According to our studies, it is reasonable
to propose that the LD-associated El-ubiquitin ligase,
UBAL, which colocalizes with Rab34 at the LD surface,
acts as the Rab34 effector that conveys the action of the
GTPase on FABP5 and, thus, on the regulation of lipoly-
sis and lipid accumulation in adipocytes (Fig. 10). To the
best of our knowledge, this is the first study reporting a
potential role for a Rab protein in the regulation of pro-
tein ubiquitination and degradation. In the case of Rab34,
this notion is reinforced by our studies demonstrating
that this GTPase interacts not only with UBA1 but also
with other LD proteins related to the ubiquitin system
(i.e.,, UCHL3, ISG15). Whether Rab34-UBA1 action is
exclusively exerted at the LDs or other cellular locations
occupied by the GTPase (i.e., Golgi) remains to be inves-
tigated. In this line, Rab effectors are spatial and tem-
porarily regulated [76] and thus, it seems plausible that
the protein composition of the Rab34 interactome varies
depending on the cellular compartment.

Conclusions

Our studies indicate that Rab34 acts as a multipurpose,
differentiation-dependent regulator of adipocyte func-
tionality. Thus, Rab34 at the LDs would regulate TG
lipolysis and lipid accumulation by directing FABP5
for destruction by the proteasome system. In addi-
tion, it may also control the oligomerization (ie., bio-
logical activity) and secretion of a major adipokine with
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insulin-sensitizing actions, adiponectin. In this scenario,
dysregulation of Rab34 levels and/or localization, as dem-
onstrated herein for obesity conditions, could contribute,
at least in part, to both the changes in the secretory pro-
file and impaired lipid metabolism that characterize adi-
pocyte dysfunction in obesity.
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3D Three-dimensional

ACSL1 Acyl-CoA Synthetase Long Chain Family Member 1

ARF1 ADP-Ribosylation Factor 1

ATCC American Type Culture Collection

ATGL Adipose Triglyceride Lipase
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COL Collagen type |

COPI Coat protein complex |

COPII Coat protein complex I

DO-D10 Day 0 to Day 10

DAPI 4, 6-Diamidino-2-phenylindole
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Additional file 1. Clinical characteristics of the obese subjects included
in the study.

Additional file 2. List of antibodies employed in this study.

Additional file 3: Figure S1. Localization of exogenously expressed
Rab34 variants in 3T3-L1 adipocytes. A Colocalization study of endog-
enous Rab34 and GFP-Rab34 in 3T3-L1 cells. Representative confocal
microscopy images of 3T3-L1 cells transfected with the GFP-Rab34 vector
and stained with anti-Rab34 (red). B, C Representative confocal images of
3T3-L1 cells transfected with expression vectors coding for the
constitutively active (GFP-Rab34-Q111L; B) or inactive (GFP-Rab34-T66N;
C) Rab34 mutant proteins. The insets show high-magnification images of
LDs. Scale bar: 10 um. Figure S2. Validation of Rab34 expression and
silencing experiments and characterization of Rab34 variants (related to
Figure 5). A Quantitative immunoblotting analysis of Rab34 protein levels
in 3T3-L1 cells expressing GFP-Rab34 or Rab34 siRNA (siRab34). Data are
expressed as a percentage of values in control groups: GFP alone (Mock)
or Scramble siRNA (Scr) (100%). B Histogram of percentage of LD size
distribution in 3T3-L1 cells expressing Rab34 siRNA (siRab34) vs. scramble
SIRNA. C Representative immunoblots and quantification of Rab34 in
rescue experiments. Cells were transfected with Rab34 siRNA (siRab34),
alone or in combination with GFP-Rab34 (Rab34 recovery). At the end of
the experiments, cells were processed for immunoblotting studies. D, E
RT-gPCR analysis of ACSL1 and GPAT (D) or FASN mRNA (E) expression
levelsin 3T3-L1 cells expressing or silencing Rab34. ACSL1, GPAT and FASN
mRNA levels were calculated using the Ct method and HPRT as the
housekeeping gene. F Quantification of lipogenic and lipolytic activities in
3T3-L1 cells expressing wild-type Rab34 (WT), the constitutively active
(Q111L) or the inactive (T66N) Rab34 variants. G Representative
immunoblots and quantification of proteins related to lipid metabolism in
3T3-L1 cells expressing wild-type Rab34 (WT), the constitutively active
(Q111L) or the inactive (T66N) Rab34 variants. H Co-immunoprecipitation
experiments in HEK-293 AD cells expressing FABP5-c-Myc and either
GFP-Rab34-WT, GFP-Rab34-Q111L or GFP-Rab34-T66N using anti-GFP
beads. Both lysates and immunoprecipitates (IP) were subjected to
immunoblotting with anti-GFP and anti-c-Myc antibodies. Data are
referred to values in control cells expressing GFP alone (Mock) or Scramble
SIRNA (Scr) (100%), and expressed as mean + SEM (n=3 biological
replicates). *P<0.05; **P<0.01; ***P<0.001. Figure S3. FABP5 and HSL
rescue experiments and analysis of Rab34 expression regulation by the
proteasome (related to Fig. 7). A Representative immunoblots and
quantification of protein extracts from 3T3-L1 cells transfected with
expression vectors coding for GFP-Rab34 or FABP5-GFP, alone or in
combination (FABP5 recovery group). B Representative immunoblots and
quantification of protein extracts from 3T3-L1 cells transfected with Rab34
SiIRNA (siRab34) or GFP-HSL, alone or in combination (HSL recovery group).
Data are expressed as a percentage of values in control groups (GFP alone,
Mock; Scramble siRNA, Scr) (100%). €, D Quantification of Rab34 protein
levelsin 3T3-L1 cells expressing GFP-Rab34 (C), or Rab34 siRNA (siRab34)
(D) and exposed or not (Basal) to MG132 (10 umol/L, 12 h). Basal cells
transfected with GFP alone (Mock) or scramble siRNA (Scr) were employed
as controls. Graphs show the ratio of each immunosignal to B-actin
immunosignal. Data are referred to values in control cells (Mock; Scr)
(100%) and expressed as the mean + SEM (n=3 biological replicates).
*P<0.05; **P<0.01; ***P<0.001. Figure S4. Immunoblot quantifications of
protein extracts from 3T3-L1 cells silenced for UBA1, and Rab34-FABP5/
UBAT colocalization in 3T3-L1/human cells (related to Fig. 8). Quantifica-
tion of UBAT (A), Rab34 (B), ATGL (C) and FABPS (D) protein levels in
3T3-L1 cells transfected with UBA1 siRNA (siUBAT1) or GFP-Rab34, alone or
in combination. Cells transfected with scramble siRNA (Scr) were
employed as controls. Graphs show the ratio of each immunosignal to
B-actin immunosignal. Data are expressed as a percentage of values in
control cells (Scr) (100%) and expressed as the mean + SEM (n=3
biological replicates). E Representative confocal images of 3T3-L1 cells
showing the colocalization (merge) of Rab34 (green) and UBAT (red)

during differentiation (days 0, 3, 6 and 10). Arrows indicate Rab34/UBA1
colocalization (yellow) at the LD surface. Manders' coefficient between
Rab34 and UBA1 was calculated to quantify the degree of colocalization
between both signals. Data represent the mean + SEM (n=6 cells/
differentiation day, 2 biological replicates). F Representative confocal
microscopy images of human OM and SC preadipocytes at different days
of differentiation (day 5 and 10). Cells were incubated with the anti-Rab34
antibody and either antibodies against FABP5 or UBAT. Manders'
coefficients were calculated to assess the colocalization between signals.
Data are expressed as the mean + SEM (n=6 cells/differentiation day, 2
biological replicates). Scale bar: 10 pm. *P<0.05; **P<0.01; ***P<0.001.
Figure S5. Rab34 expression levels in human adipose tissue and
regulation of Rab34 in response to obesity insults. A Rab34 expression
levels in subcutaneous (SC) adipose tissue samples from individuals with
normal weight (lean; n=>5) or obesity (n=12). The graph represents
manually curated transcriptomic data from previously published works [1,
2].***P<0.001. B Analysis of Rab34 binding to LDs in 3T3-L1 adipocytes
differentiated in 3D cultures mimicking adipose tissue fibrosis. Representa-
tive confocal images of 3T3-L1 cells grown on collagen I-based matrices in
the absence (Control) or presence of lumican (30 ng/ml) (Lum) and
immunostained for Rab34 (green) and counterstained with DAPI (blue) for
nuclei identification. Morphometric analysis of the number of Rab34-
labeled LDs and the intensity of Rab34 immunolabeling per cell were
carried out using ImageJ. *P<0.05. Scale bar: 10 um. Figure S6.
Uncropped scans of all the western blots from Figs. 1, 2 and 4. The red
dashed boxes indicate the regions of interest shown in the corresponding
figures. Biological replicates in Fig. 1A were run in two gels. Figure S7.
Uncropped scans of all the western blots from Fig. 5. The red dashed
boxes indicate the regions of interest shown in the corresponding figure.
Figure S8. Uncropped scans of western blots from Fig. 6 (part 1 of 4). The
red dashed boxes indicate the regions of interest shown in the
corresponding figure. Figure S9. Uncropped scans of western blots from
Fig. 6 (part 2 of 4). The red dashed boxes indicate the regions of interest
shown in the corresponding figure. Figure S10. Uncropped scans of
western blots from Fig. 6 (part 3 of 4). The red dashed boxes indicate the
regions of interest shown in the corresponding figure. Figure S11.
Uncropped scans of western blots from Fig. 6 (part 4 of 4). The red dashed
boxes indicate the regions of interest shown in the corresponding figure.
Figure S12. Uncropped scans of all the western blots from Fig. 7. The red
dashed boxes indicate the regions of interest shown in the corresponding
figure. Figure $13. Uncropped scans of western blots from Fig. 8 (part 1 of
6). The red dashed boxes indicate the regions of interest shown in the
corresponding figure. Biological replicates in Fig. 8A were run in three gels.
Figure S14. Uncropped scans of western blots from Fig. 8 (part 2 of 6).
Figure S15. Uncropped scans of western blots from Fig. 8 (part 3 of 6).
Figure S16. Uncropped scans of western blots from Fig. 8 (part 4 of 6).
The red dashed boxes indicate the regions of interest shown in the
corresponding figure. The blue dashed boxes indicate the regions of
interest shown in the corresponding figure when it was necessary to
increase the exposure time to improve the band observation. Figure S17.
Uncropped scans of western blots from Fig. 8 (part 5 of 6). The red dashed
boxes indicate the regions of interest shown in the corresponding figure.
The blue dashed boxes indicate the regions of interest shown in the
corresponding figure when it was necessary to increase the exposure time
to improve the band observation. Figure S18. Uncropped scans of
western blots from Figs. 8 (part 6 of 6) and 9. The red dashed boxes
indicate the regions of interest shown in the corresponding figure.
Biological replicates in Fig. 8C were run in three gels. Figure $19.
Uncropped scans of western blots from Figures S2A, S2C and S2G. The red
dashed boxes indicate the regions of interest shown in the corresponding
figure. Figure $20. Uncropped scans of western blots from Figure S2H.
The red dashed boxes indicate the regions of interest shown in the
corresponding figure. Biological replicates were run in three gels. Figure
S21. Uncropped scans of western blots from Figures S3. The red dashed
boxes indicate the regions of interest shown in the corresponding figure.

Additional file 4. Proteins found (352) in our BiolD of c-Myc-BirA-Rab34
study.

Additional file 5. Proteins found (20) in our Bio-ID of Rab34 study,
belonging to the "Metabolism of lipids” pathway of Reactome database.
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Additional file 6. Proteins found (7) in our BiolD of c-Myc-BirA-Rab34
study, belonging to the “Protein ubiquitination”and “Deubiquitination”
pathways of Reactome database.

Additional file 7. Raw Western blot data of Fig. 1.
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