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Abstract

Adipocyte dysfunction in obesity is commonly associated with impaired insulin sig-
nalling in adipocytes and insulin resistance. Insulin signalling has been associated
with caveolae, which are coated by large complexes of caveolin and cavin proteins,
along with proteins with membrane-binding and remodelling properties. Here, we
analysed the regulation and function of a component of caveolae involved in growth
factor signalling in neuroendocrine cells, neuroendocrine long coiled-coil protein-2
(NECC2), in adipocytes. Studies in 3T3-L1 cells showed that NECC2 expression
increased during adipogenesis. Furthermore, NECC2 co-immunoprecipitated with
caveolin-1 (CAV1) and exhibited a distribution pattern similar to that of the compo-
nents of adipocyte caveolae, CAV1, Cavinl, the insulin receptor and cortical actin.
Interestingly, NECC2 overexpression enhanced insulin-activated Akt phosphoryla-
tion, whereas NECC2 downregulation impaired insulin-induced phosphorylation of
Akt and ERK2. Finally, an up-regulation of NECC2 in subcutaneous and omental adi-
pose tissue was found in association with human obesity and insulin resistance. This
effect was also observed in 3T3-L1 adipocytes exposed to hyperglycaemia/hyperin-
sulinemia. Overall, the present study identifies NECC2 as a component of adipocyte
caveolae that is regulated in response to obesity and associated metabolic complica-
tions, and supports the contribution of this protein as a molecular scaffold modulat-

ing insulin signal transduction at these membrane microdomains.
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1 | INTRODUCTION

Type 2 diabetes (T2D) is characterized by the progressive deteriora-
tion of glycaemic control. The first recognizable abnormality
detected in individuals destined to develop T2D is insulin resistance,
in which insulin action is impaired in skeletal muscle, liver and adi-
pose tissue.>? Insulin exerts its physiological actions upon binding to
the insulin receptor (IR), leading to the activation of two major sig-
nalling pathways: the phosphatidylinositol 3-kinase (PI3K)-protein
kinase B (PKB)/Akt pathway, which is responsible for the metabolic
actions of insulin, and the Ras-MAPK pathway, which regulates gene
expression and interacts with the PISK pathway to control cell
growth and differentiation.>* Despite an ever-growing list of mole-
cules that appear to be required for insulin signalling, numerous gaps
remain in our understanding of the precise molecular mechanisms
that control these signal transduction pathways.

Caveolae are plasma membrane microdomains enriched in
cholesterol and sphingolipids that act as signalling platforms contain-
ing a variety of signalling receptors and enzymes.>® They have been
also involved in endocytosis, cholesterol homeostasis, apoptosis and
proliferation.”*° On their cytoplasmic side, caveolae are coated with
large complexes of caveolin and cavin proteins, along with several
other proteins with membrane-binding and -remodelling properties
such as dynamin, the dynamin-like ATPase EHD2 or the BAR-domain
protein-containing protein PACSIN2.”*! Caveolae are particularly
abundant in adipocytes.'? Evidence suggesting that caveolae and
caveolins may play a role in IR signalling came from experiments
demonstrating that the scaffolding domain of caveolin-1 (CAV1)
binds to a small specific motif in the tyrosine kinase domain of the
IR essential for tyrosine kinase activity (residues 1193-1200).*3
Besides caveolins, other proteins with scaffolding properties may
represent additional relevant organizers of signal transduction at the
caveolae.’® Nevertheless, the molecular components of the caveo-
lae-associated insulin signalling system remain to be fully elucidated.

Long alpha-helical coiled-coil proteins represent highly versatile
molecules that have been proposed to act as molecular scaffolds
and/or tethers that stabilize and organize membrane systems.*> Fur-
thermore, these proteins have been suggested to integrate signals
and transduction pathways through their ability to interact with

multiple signalling components.'> We recently identified a long

coiled-coil protein, referred to as neuroendocrine long coiled-coil
protein-2 (NECC2),*%'7 which associates with caveolae in neuroen-
docrine cells, wherein it colocalizes with the nerve growth factor
(NGF) receptor, TrkA, and regulates TrkA-mediated NGF signalling.'®
Remarkably, the presence and function of NECC2 in caveolae in adi-
pocytes has not been yet documented.

The aim of the present study was to investigate the regulation and
function of NECC2 in adipocytes and to establish its relationship to
obesity and insulin sensitivity. Confocal microscopy studies showed
that NECC2 immunosignal colocalized with that of CAV1, Cavinl, p-
actin and IR at the cell surface of 3T3-L1 adipocytes. We also show
that overexpression of NECC2, which co-immunoprecipitated with
CAV1, enhanced insulin-activated Akt phosphorylation, whereas
NECC2 silencing impaired IR-dependent activation of extracellular-
regulated kinase 2 (ERK2) and Akt. Moreover, we observed that
NECC2 expression in human omental and subcutaneous adipose tissue
increased in obesity and, in particular, in relation to insulin resistance.
Furthermore, in vitro induction of insulin resistance by chronic expo-
sure of 3T3-L1 adipocytes to high concentrations of glucose and insu-
lin also increased NECC2 content. Taken together, our data indicate
that NECC2 is a component of adipocyte caveolae that is regulated in
response to obesity and associated metabolic complications, and sup-
port a role for this protein as a molecular scaffold modulating insulin

signal transduction at these membrane microdomains.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

A polyclonal rabbit antiserum against rat NECC2 (residues 2-17), anti-
NECC2, was produced and affinity-purified as described.?® All other
antibodies and dilutions employed are shown in Table S1. Phalloidin
was from Invitrogen (Carlsbad, CA, USA) and latrunculin B from Cal-
biochem (Darmastadt, Germany). Unless otherwise indicated, all other

reagents were purchased from Sigma-Aldrich (Madrid, Spain).

2.2 | Cell culture and in vitro experimental setups

3T3-L1 cells (ATCC; Manassas, VA, USA) were differentiated into
adipocytes.’” NECC2 expression and protein content was assessed
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at days 0, 3, 6, 10 and 12 of differentiation. For experimental treat-
ments, 3T3-L1 adipocytes at day 8-10 of differentiation were prein-
cubated in serum-free culture medium (2 hours) and then cultured in
the absence or presence of the following test substances: insulin
(100 nmol/L, up to 40 minutes), latrunculin B (5 pmol/L, 30 minutes),
methyl-p-cyclodextrin  (BMCD; 10 mmol/L, 90 minutes), palmitate
(500 pmol/L, 18 hours), (500 pmol/L, 18 hours), TNF-a
(5 nmol/L, 24 hours) or a combination of high glucose (25 nmol/L)
and high insulin (100 nmol/L) (HGHI) for 24 hours.

At the end of the experiments, cells were harvested for RNA

oleate

and/or protein determination or processed for confocal microscopy.

2.3 | Human studies

Samples of omental and subcutaneous adipose tissue were obtained
from the abdominal region of 45 Caucasian individuals (22 males, 23
females) undergoing diverse laparoscopic surgery procedures after
ethics committee approval was obtained at the Clinica Universidad
de Navarra (Pamplona, Spain). The study was conducted according
to the principles of the Declaration of Helsinki. All participants pro-
vided written informed consent.

Patients underwent a clinical assessment including medical his-
tory, physical examination and body composition analysis (Table S2).
Obese subjects (>30 kg/m?) were sub-classified into three groups
[normoglycemic (NG), impaired glucose tolerance (IGT) or T2D] fol-
lowing the criteria of the Expert Committee on the Diagnosis and
Classification of Diabetes.?® T2D subjects were not on insulin ther-
apy or on medication likely to influence endogenous insulin levels.
Biochemical and hormonal assays were carried out as previously
described.?*

Tissue samples were immediately frozen in liquid nitrogen and
stored at —80°C until use.

2.4 | RNA isolation and expression analysis by
RT-PCR

Total RNA from 3T3-L1 cells was extracted using the TRIzol method
(Tri® Reagent) following the manufacturer’s instructions.'® RNA iso-
lation and purification from human adipose tissue samples were per-

formed as described.??

The expression levels of NECC2 gene, and of
18s ribosomal RNA (rRNA) as a housekeeping gene, were measured
by real-time PCR using an iCycler”™ Real-Time PCR System (Bio-Rad
Laboratories, Hercules, CA, USA). Primers are listed in Table S3. For
cDNA quantification, a standard curve-based method for relative
real-time PCR data processing was used. All measurements were
performed in duplicate and the average values were calculated. Con-
trols consisting of reaction mixture without cDNA were negative in

all runs.

2.5 | Immunocytochemistry

3T3-L1 adipocytes were fixed in 4% w/v paraformaldehyde (15 min-
utes), incubated with PBS containing 0.3% w/v saponin and 1% w/v
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BSA (1 hours at RT), and then exposed (overnight, 4°C) to rabbit
anti-NECC2 antibody,*® alone or in combination with antibodies
against CAV1, Perilipin1, Cavinl or IR (Table S1). After incubation,
an Alexa594-conjugated secondary antibody alone or in combination
with an Alexa488-conjugated secondary antibody was added. Actin
filaments were visualized by phalloidin staining (0.15 pmol/L, 30 min-
utes). Samples were visualized under a TCS-SP2-AOBS (Leica Corp.,
Heidelberg, Germany) or ZEISS LSM700 (Carl Zeiss AG., Oberko-
chen, Germany) confocal laser scanning microscope. Confocal images
were processed using the Huygens Essential software package (SVI,
Hilversum, The Netherlands). The degree of colocalization of the flu-
orescence signals was estimated by determining an overlapping pixel
map of the channels (ie, a mask) using the Colocalization Finder plu-
gin for ImageJ (NIH, Bethesda, MA, USA) and Manders’ coefficient
(MC) using Imaris software (Bitplane, Zurich, Switzerland). Negative
controls without primary antibodies were included to assess non-
specific staining.

2.6 | Immunoprecipitation assay

A standard protocol was used for co-immunoprecipitation of NECC2
and CAV1 in HEK-293 AD cells transfected with c-Myc-Necc2 and
CFP-Cav1 as described previously.?®

2.7 | Subcellular fractionation studies

Post-nuclear supernatant (PNS), cytosolic (S2) and crude mem-
brane (P2) fractions of 3T3-L1 adipocytes at baseline and after
30 minutes of insulin treatment (100 nmol/L) were obtained by sub-

cellular  fractionation.*®

Protein distribution was analysed by
immunoblotting.

Caveolin-enriched membrane fractions were isolated from 3T3-
L1 adipocytes using a detergent-free method and sucrose gradient

fractionation analysis as previously described.'®

After ultracentrifuga-
tion, 9 fractions (450 uL) were collected from the top of the sucrose

gradient and analysed by SDS-PAGE.

2.8 | Immunoblotting

Protein extracts were obtained from cells lysed in buffer containing
50 mmol/L Tris-HCI (pH 7.40), 150 mmol/L NaCl, 1% v/v Triton-X-
100, 1 mmol/L EDTA and 1 pg/mL anti-protease cocktail. 3T3-L1 adi-
pocytes from overexpression and silencing studies were lysed in
SDS-DTT.%*

Protein extracts were separated by SDS-PAGE. Antibodies
against NECC2, CAV1, IR, Adiponectin, Cavini, Perilipin, B-actin, A-
tubulin, Akt, pAkt, ERK1/2, p44/42 MAPK, c-Myc and GFP were dis-
pensed overnight (4°C) and peroxidase-conjugated secondary anti-
bodies were administered for 1 hour (RT). The immunoreaction was
visualized using ECL plus (GE Healthcare, Buckinghamshire, UK). B-
actin, A-tubulin and Ponceau $%°2® were selected as loading con-
trols. Densitometric analysis of the immunoreactive bands was car-

ried out with Image J software.
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2.9 | Overexpression and silencing studies

3T3-L1 adipocytes were electroporated (Gene PulserXcell, Bio-Rad) as
previously described.’ For overexpression analysis, cells were electro-
porated with a phrGFP-N1 expression vector (mock-transfected cells)

or a GFP-Necc2 construct 8

and cultured for 48 hours prior to the
experiments. For silencing studies, a specific ShRNA for Necc2 silenc-
ing (5'-GGAGGAGATAAGATTTAAA-3') was cloned using the Bglll and
Hindlll sites in front of the H1-RNA promoter of the pEGFP-RNA]
plasmid as described earlier.*® Cells expressing pEGFP-shRNA (control
shRNA) or pEGFP-Necc2-shRNA plasmid (NECC2 shRNA) were kept
in culture for 72 hours before performing the experiments.

For colocalization analysis of NECC2 and cavinl, cells were
transfected with Lipofectamine 2000 (Invitrogene, Barcelona, Spain)
and the expression vector coding for GFP-Necc2, cultured for
48 hours and then immunostained for cavinl. For Cavl silencing
studies, 3T3-L1 adipocytes were transfected with Lipofetamine
RNAIMAX (Invitrogen) and Cavl siRNA (Dharmacon, Lafayette, CO,
USA) and cultured for 72 hours before NECC2 immunostaining.

2.10 | Statistical analysis

Statistical analysis was carried out using SPSS statistical software,
version 19.0 for WINDOWS (SPSS Inc., Chicago, IL, USA). The nor-
mal distribution of variables was assessed using the Kolmogorov-
Smirnov test and log-transformed if appropriate. Repeated measures
ANOVA (RM-ANOVA), One-Way ANOVA, Independent-Samples t
test and paired-samples t test were used where appropriate. A Bon-
ferroni correction was applied for multiple testing. A post-hoc statis-
tical analysis using the Tukey or Games-Howell’s test was used to
identify significant differences between groups. The contrast statistic
used when the sphericity assumption was not satisfied was Huynh-

Feldt. Values were considered significant at P < 0.05.

3 | RESULTS

3.1 | NECC2 expression increases during
differentiation of 3T3-L1 cells

We quantified Necc2 mRNA content in 3T3-L1 cells at O, 3, 6, 10
and 12 days of differentiation by RT-PCR. Necc2 expression
increased throughout adipogenesis, reaching a peak at day 10
(P = 0.041) (Figure 1A). Adiponectin and Oil Red O were used as
controls of adipogenesis (Figure S1a).

Immunoblot analysis of NECC2 using a polyclonal antibody raised
against the N-terminal of NECC2 (anti-NECC2) ® revealed an
immunoreactive band of approximately 110 kg/mol in protein
extracts from 3T3-L1 adipocytes. Immunoreaction was abolished
after preadsorption of the antibody with the purified antigen and in
Necc2 shRNA transfected cells (Figure S1b). NECC2 protein content
also increased throughout differentiation, reaching a peak at day 10
(P =0.045) (Figure 1B). Immunostaining of 3T3-L1 cells with anti-
NECC2 antibody revealed that NECC2 immunosignal was distributed

diffusely throughout the cytoplasm and in close apposition to the
plasma membrane, both in undifferentiated and differentiated 3T3-
L1 adipocytes (Figure 1C). NECC2 immunolabeling was significantly
reduced in cells expressing Necc2 shRNA (Figure Sic).

3.2 | NECC2 is localized to caveolae in 3T3-L1
adipocytes

Previous studies demonstrated the colocalization of NECC2 with
CAV1 in caveolae in neuroendocrine PC12 cells.'® Likewise, examina-
tion of double immunostained 3T3-L1 adipocytes by confocal micro-
scopy showed a high degree of overlap between NECC2 and CAV1
immunosignals, as well as between those of NECC2 and Cavinl at
the cell surface (MC = 0.1168 + 0.011 (n = 10) and MC = 0.7407 +
0.0796 (n = 6), respectively) (Figure 2A). No colocalization was found
between NECC2 and the lipid droplet-associated protein, Perilipinl
(Figure S3a). The localization of NECC2 to caveolae was confirmed
after disruption of these membrane domains by cholesterol depletion
with methyl-p-cyclodextrin. This treatment reduced the intensity of
both NECC2 and CAV1 immunosignals at the plasma membrane, lead-
ing to a loss of colocalization between the two markers (MC = 0.1277
+ 0.1549 vs 0.0913 + 0.1805 (n = 10), P = 0.006) (Figure 2A).

We also explored the colocalization of NECC2 and actin given
the association of this cytoskeletal component with caveolae in adi-
pocytes.?” This showed that NECC2 immunosignal partially over-
laped with phalloidin at the cell cortex (MC = 0.2026 + 0.00014,
n = 10) (Figure 2B). Pretreatment of 3T3-L1 adipocytes with latrun-
culin B, an F-actin dissembler, reduced the overlapping degree for
NECC2 and cortical actin at the plasma membrane (MC=0.2026 +
0.00014 vs 0.0637 + 0.0084 (n = 10), P = 0.039), without modifying
NECC2 distribution at the plasma membrane (Figure 2B). Indeed,
latrunculin B-induced actin depolymerization in 3T3-L1 adipocytes
did not modify the colocalization index for NECC2 and CAV1 at the
cell surface (MC = 0.1004 + 0.0098 vs 0.1240 + 0.004 (n = 10),
P = 0.153) (Figure 2C). Additionally, 3T3-L1 adipocytes were trans-
fected with a Cav1 siRNA, which reduced CAV1 content by 88% but
had no effect on NECC2 content (Figure S3b). However, down-regu-
lation of CAV1 expression reduced by 30% NECC2 immunosignal
intensity at the adipocyte surface (Figure 2D).

We further examine the association of NECC2 with CAV1 by co-
immunoprecipitation analysis, which revealed the interaction
between these two proteins (Figure 3A and Figure S2). However,
when we employed a detergent-free method to isolate caveolin-
enriched membrane fractions,'®?® we found that endogenous
NECC2, at least the variant identified by the anti-NECC2 antibody
employed herein, did not co-migrate with CAV1, Cavinl or IR to
“buoyant” fractions (Figure 3B). Notably, the Na,CO5 lysis buffer
employed in this protocol for protein isolation maintains integral but
not soluble and peripheral membrane proteins.2® In all, these results
suggested that NECC2 may be peripherally bound to cell mem-
branes. However, immunoblot analysis of post-nuclear supernatant
(PNS), cytosolic (S2) and crude membrane (P2) fractions from 3T3-L1
adipocytes indicated that NECC2 is present in the soluble fraction



TRAVEZ ET AL

WILEY—2

-
(&
1

—x
(=]
1

T

e
(4}
1

Ratio NECC2/18s rRNA
(Relative expression x10‘7)

o
=

T

0 3

6

10

12

Differentiation days

B

B-actin '--—“‘

0 3

6

10

12

Differentiation days

NECC?2

0 3 6 10

2.0 -

15 T
1.0 - T

0.5 -

Ratio NECC2/B-actin (a.u.)

0 3 6 10 12
Differentiation days

Differentiation days

FIGURE 1 NECC2 expression and distribution during differentiation of 3T3-L1 cells into adipocytes. A, Quantitative RT-PCR analysis of
Necc2 mRNA levels in 3T3-L1 cells exposed to a hormonal differentiation cocktail for O, 3, 6, 10 and 12 d. Gene expression was represented
as ratio of target gene concentration to the concentration of a housekeeping gene, the 18s rRNA. Data represent the mean + SEM of four
independent experiments. Data were analysed for significance using paired-samples t test. #*P < 0.05 vs O d. B, Representative immunoblot of
NECC2 protein content in 3T3-L1 cell extracts during differentiation. B-actin immunosignal was used as reference for protein charge. The
graph shows the mean + SEM from 5 independent experiments. Data were analysed for significance using paired-samples t test. *P < 0.05 vs
0 d. C, Representative confocal images of 3T3-L1 cells immunolabeled for NECC2 during differentiation. Scale bar 10 pm

(Figure 3C). These observations partially differ from those obtained
in PC12 cells, wherein a low amount was also detected in associa-
tion with membrane fractions, likely corresponding to an alternative
NECC2 variant & that seems to be absent in 3T3-L1 adipocytes.
Indeed, the cytosolic distribution of NECC2 was observed in 3T3-L1
adipocytes both under basal conditions and after short-term expo-

sure (30 minutes) to insulin (Figure 3C).

3.3 | Insulin regulates NECC2 distribution in 3T3-L1
adipocytes

We also investigated the intracellular distribution of NECC2 in 3T3-
L1 adipocytes after insulin stimulation. Interestingly, exposure to
insulin (100 nmol/L, 30 minutes) increased NECC2 accumulation at
the adipocyte surface (P = 0.023) (Figure 3D and E).
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FIGURE 2 Subcellular localization of
NECC2 in 3T3-L1 adipocytes. (A) Confocal
microscope images of 3T3-L1 adipocytes
under basal conditions (top panels) or
challenged with 10 mmol/L methyl-p-
cyclodextrin (BMCD) (middle panels) for
90 min, and co-immunostained for NECC2
(red) and the caveolae marker caveolin-1
(CAV1) (green). Bottom panels represent
confocal microscope images of 3T3-L1
adipocytes expressing GFP-Necc2 (green)
and immunostained for Cavin1 (red).
Colocalization of the two immunosignals
can be observed in the two most right
panels [magnified insets (zoom) and binary
mask]. Scale bar 10 um (B) Confocal
microscope images of 3T3-L1 adipocytes
under basal conditions (top panels) or
challenged with 5 pmol/L latrunculin B
(LatB) (bottom panels) for 30 min, and
double-stained with NECC2 (red) and actin
marker phalloidin (green). Significant
overlap between markers at the cell

NECC2 CAV1 Mera periphery is shown in the magnified insets

(zoom) and binary mask at the most right
. . panels. Scale bar 10 pm (C) Confocal
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microscope images of 3T3-L1 adipocytes
under basal conditions (top panels) or
challenged with 5 pmol/L latrunculin B
(LatB) (bottom panels) for 30 min, and co-
immunostained for NECC2 (red) and the
caveolae marker CAV1 (green).
Colocalization of the two immunosignals
can be observed in the two most right
panels [magnified insets (zoom) and binary
masks]. Scale bar 10 um. (D) Cell surface
NECC2 labelling after Cav1 silencing.
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Given the localization of the IR to adipocyte caveolae,?’ we next by confocal microscopy revealed a high degree of overlap between
explored the distribution of both NECC2 and IR at basal conditions NECC2 and IR immunosignals at the plasma membrane under basal

and after a 30-minute exposure to insulin (100 nmol/L). Examination conditions (Figure 3D). Short-term stimulation with insulin did not alter
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FIGURE 3 Association of NECC2 with
caveolae and its regulation by insulin in
3T3-L1 adipocytes. A, Direct interaction
between NECC2 with CAV1 revealed by
co-immunoprecipitation assay. Both lysates
and immunoprecipitates (IP) were
subjected to immunoblotting with anti-
cMyc and anti-GFP antibodies. For each
antibody, lanes were run on the same gel
but were not contiguous (Figure S2). B,
Caveolae-enriched membranes from 3T3-
L1 adipocytes were isolated by using a
detergent-free method based on a
discontinuous sucrose gradient (5-35-45%
w/v). Distribution of endogenous NECC2,
insulin receptor (IR), Cavinl, CAV1 and B-
actin were assayed by immunoblot. C,
Post-nuclear supernatant (PNS), cytosolic
(S2) and crude membrane (P2) fractions
from 3T3-L1 adipocytes under basal
conditions and treated with insulin

(100 nmol/L) for 30 min were obtained by
subcellular fractionation as described in
Methods. Distribution of endogenous
NECC2, IR, Cavinl, CAV1 and A-Tubulin
were analysed by immunoblot. All the
experiments were repeated at least twice
to confirm the results. D, Confocal
microscope images of 3T3-L1 adipocytes
under basal conditions (top panels) or
treated with insulin (100 nmol/L) for

30 min (bottom panels). After treatment,
cells were co-immunostained for NECC2
(red) and insulin receptor (IR) (green).
Magnified insets (zoom) and binary masks
are shown at the two most right panels.
Scale bar 10 pm. E, Quantification of
NECC2 immunosignal at the membrane
level in untreated cells (Control) and in
cells exposed to 100 nmol/L insulin (Ins
30 min). NECC2 immunolabeling was
quantified for each experimental condition
in at least 8 cells (n = 2), and expressed as
arbitrary units (a.u.). (F) Mander’s
coefficient (between NECC2 and IR) was
calculated to quantify the degree of
colocalization and represented as the mean
+ SEM of at least 12 cells per experimental
group (n = 2), and expressed as arbitrary
units (a.u.). The graphs represent the
mean = SEM. Data were analysed for
significance using paired-samples t test.
*P < 0.05 vs untreated cells (Control)
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the colocalization rate between NECC2 and IR (MC = 0.135 + 0.005
vs 0.125 + 0.055, P = 0.876) (Figure 3F).

3.4 | NECC2 regulates insulin signalling in
adipocytes

Based on our microscopic observations and given the role of caveo-
lae as platforms for insulin signalling, we next investigated the effect
of manipulating NECC2 expression levels on insulin intracellular
mediators (ie ERK1/2 and Akt®) at different times after insulin expo-
sure. These were selected on the basis of our previous studies on
PC12 cells showing that NECC2 acts on ERK after long-term expo-
sure to NGF.*® To increase NECC2 expression, 3T3-L1 adipocytes
were electroporated with an expression vector coding for GFP-Nec-
c2, which enhanced NECC2 content by 59% (Figure S4a). In prelimi-
nary time-course experiments, we observed that expression of GFP-
Necc2 in 3T3-L1 adipocytes resulted in a more sustained Akt phos-
phorylation rate as compared to mock-transfected cells (Figure 4A).
Indeed, analysis of Akt activation (pAkt/total Akt) upon insulin treat-
ment revealed that the Akt phosphorylation rate was above baseline
levels in both GFP-Necc2- and mock-transfected cells at 10 minutes
(P < 0.05). However, though Akt remained phosphorylated in both
experimental groups after 15 minutes of insulin stimulation, pAkt/to-
tal Akt ratio in GFP-Necc2 expressing cells was twice that observed
in insulin-treated, mock-transfected cells at 15 minutes (P = 0.007)
(Figure 4A). On the other hand, insulin-induced ERK1/2 phosphoryla-
tion was not modified at any time point analysed in cells with
increased expression of NECC2 compared to mock-transfected cells
(Figure 4B and Figure S4b for ERK2; Figure S5a to ¢ for ERK1).

We also examined the effect of NECC2 silencing on Akt and
ERK1/2 using an expression vector coding a shRNA for Necc2, which
decreased NECC2 protein content by 44% (Figure S1b-c). Down-reg-
ulation of NECC2 diminished both Akt and ERK2 phosphorylation
(Figure 5). Specifically, Akt activity was significantly lower at 5 and
10 minutes of exposure to insulin in Necc2-silenced cells than in
control cells (P < 0.05) (Figure 5A). ERK2 phosphorylation rate was
also decreased in silenced cells at all the time points tested, although
differences between NECC2 shRNA- and control shRNA-treated
cells reached statistical significance after 20 and 40 minutes of insu-
lin stimulation (P < 0.05) (Figure 5B). No differences were observed
for ERK1 in these experiments (Figure S5d).

Neither NECC2 overexpression nor silencing modified CAV1 or
IR content in 3T3-L1 cells (Figure S6).

3.5 | NECC2 expression in adipocytes is modulated
in response to obesity and metabolic disturbances

We next assessed the expression of NECC2 in both omental and
subcutaneous adipose tissue from lean and obese subjects. Obese
subjects were stratified into NG, IGT or T2D groups. RT-PCR analy-
sis showed that NECC2 gene is expressed in both fat depots, and
that transcript levels of this protein were significantly higher in
obese than in lean subjects irrespective of the fat depot and sex of

the individual (data not shown). When the mRNA data from the
three groups of obese individuals were analysed separately, we
observed that both obese women and men with T2D exhibited sig-
nificantly higher NECC2 mRNA levels in omental adipose tissue than
lean subjects (P < 0.05) (Figure 6A). Furthermore, IGT obese women
showed increased NECC2 transcript content with respect to lean
women (P = 0.033) (Figure 6A). In subcutaneous fat, IGT obese
women and men showed significantly greater NECC2 gene expres-
sion than lean subjects (P < 0.05) (Figure 6B). Moreover, obese men,
but not women, with T2D exhibited higher NECC2 mRNA levels
than their lean counterparts (P = 0.001) (Figure 6B).

To further characterize NECC2 expression regulation in adipo-
cytes, we performed in vitro studies including exposure of cells to
fatty acids to induce adipocyte hypertrophy without (oleate; Fig-
ure 7A, Figure Séa-c) or with accompanying insulin resistance (palmi-
tate; Figure 7B), to hyperglycemia/hyperinsulinemia (high glucose/
high insulin) (Figure 7C) or to inflammatory conditions (TNF-«) (Fig-
ure 7D) as previously described by our group.?® These experiments
revealed that long-term exposure to high-glucose/high-insulin condi-
tions increased by 2.5-fold NECC2 protein levels in 3T3-L1 adipo-
cytes (Figure 7C).

4 | DISCUSSION

Caveolae are distinctive membrane invaginations of particular rele-
vance in adipocytes,>® where they comprise 50% of the cell sur-
face.3' These specialized membrane domains are involved in a wide
variety of cellular processes including vesicular transport, endocyto-
sis and transcytosis %2 and act as cellular centres important in coordi-
nating signalling complex formation.>® Caveolae are composed of
structural and cytoskeletal proteins, scaffolding factors, cholesterol
and sphingolipids and a number of signalling molecules [eg IR, MAPK
cascade members, glucose transporter-4 (GLUT-4)], which are essen-
tial for caveolae formation, maintenance and functional organiza-
tion.9-34-39

Our experiments in 3T3-L1 cells revealed that NECC2 mRNA
and protein content progressively increased during differentiation,
reaching a maximal level in mature adipocytes. These data indicate
that, as previously suggested for other long coiled-coil proteins
induced during adipogenesis, such as golgin-160 and p115,*° NECC2
may play a role in adipocyte-specific function.

We have previously shown that NECC2 associated to caveolae
in neuroendocrine PC12 cells.*® Given this observation and the dis-
tribution of NECC2 immunosignal to the cell surface of 3T3-L1 cells,
we investigated the potential interaction between NECC2 and CAV1
by both confocal microscopy and immunoprecipitation studies in
3T3-L1 adipocytes. These studies revealed that these proteins did
interact and exhibited similar distributions patterns, supporting the
colocalization of NECC2 and CAV1 at the adipocyte surface. NECC2
immunolabeling also showed a high degree of colocalization with the
caveolae component, Cavin1,%° as well as with cortical actin, which

has been shown to localize along the inner circumference of ring-like
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caveolae clusters (ie caveolae rosettes), to regulate the dynamics and

41,42 and

localization of CAV1 in these cholesterol-enriched lipid rafts
to promote insulin-dependent GLUT-4 translocation via the small
GTP binding protein, TC10, a member of the Rho family.*® Accord-
ingly, latrunculin B-induced actin depolymerization decreased signifi-
cantly the overlap between NECC2 signal and phalloidin (ie cortical
actin) in 3T3-L1 adipocytes. However, no changes were observed in
the degree of overlap between NECC2 and CAV1 in latrunculin B-
treated adipocytes, suggesting that NECC2 association to caveolae is
not dependent upon F-actin. These results are in line with previous
studies showing that exposure of 3T3-L1 adipocytes to latrunculin B
does not affect the integrity and abundance of caveolae.?”** Taken
together, these data demonstrate that NECC2 is located to caveolae
in 3T3-L1 adipocytes, likely through its association with CAV1, as
supported also by our silencing studies showing that CAV1 depletion
impaired NECC2 accumulation at the cell surface. The interaction
between NECC2 and CAV1 might be transient, since membrane
cholesterol depletion by methyl-B-cyclodextrin, which disrupts the

4 reduced the colocalization

lipid organization of caveolar domains,*
index between NECC2 and CAV1. Nevertheless, studies by total
internal reflection fluorescence (TIRF) microscopy are needed to
assess more accurately the precise localization and dynamics of
NECC2 near the plasma membrane with respect to other compo-
nents of the adipocyte caveolae.

In this line, detergent-free extraction of caveolae-enriched mem-

branes and subcellular fractionation revealed that NECC2 behaves as

a soluble protein that is present at the cytosolic face of caveolae,
which is consistent with our previous observations in PC12 cells.®
In this regard, cavins are soluble proteins with predicted coiled-coil
structures and basic residues that are abundantly present at the
cytosolic face of caveolae.'*® Notably, it has been observed that
long coiled-coil proteins at the Golgi apparatus, the golgins, undergo
dissociation/association cycles between the cytosol and Golgi mem-
branes to which they anchor through binding to Golgi-associated
proteins.*® Besides interacting with CAV1, NECC2 might reside in
caveolae via interaction with other caveolae-associated proteins. In
particular, STRING database search for NECC2 interactors predicted
the association of this protein with other proteins potentially linked,
directly or indirectly, to caveolae (YIPF5, CDC37). In this regard,
N-myristoylation sites present in proteins such as NECC2 have been
proposed to allow for weak protein-protein and protein-lipid interac-
tions %’ and, thus, play an essential role in membrane targeting and
protein-protein interactions.*®

Caveolae play a pivotal role in the spatial compartmentalization
of insulin signalling.*’ The activation of this signalling network is trig-
gered by binding of insulin to its receptor, which is localized to cave-

2729 yia interaction with the underlying cytoskeletal proteins

olae,
enriched in these microdomains.?” Herein, we observed a significant
degree of overlap between NECC2 and IR immunosignals at the cell
surface. Several studies have shown that this receptor may undergo
internalization after insulin stimulation.>®** However, we observed

that the colocalization rate between NECC2 and IR did not decrease
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expression was evaluated by RT-PCR using specific primers for
human NECC2. The expression of 18s rRNA in each sample was
evaluated as an internal housekeeping gene. Results are expressed in
a dot plot format, which represents the individual data and the
median. Data were analysed using One-Way ANOVA. *P < 0.05 vs
sex-related lean subject

in 3T3-L1 adipocytes exposed to insulin, but an increase in NECC2
accumulation at the cell surface, suggesting that this hormone
induces the recruitment of NECC2 to the cell surface. Similar find-
ings have been reported for human insulin receptor substrate-1
(IRS1), a critical adaptor protein in the insulin signalling pathway,

which also accumulates at the cell surface after an acute insulin
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challenge.®”°2 As mentioned earlier, we have previously shown that
NECC2 colocalized with the NGF receptor, TrkA, at caveolae in
PC12 cells and that the amount of NECC2 at the cell surface
increased upon exposure to this growth factor.'® Taken together,
our data in both adipocytes and neuroendocrine cells suggest that
NECC2 at caveolae may act as a common mediator of growth factor
signalling (insulin and NGF, respectively), likely through its physical
and/or functional interaction with growth factor receptors (IR and
TrkA, respectively).

Given that a cholesterol-enriched lipid microenviroment is critical
to allow IR to stimulate the PI3K/Akt pathway,>® and IR interaction
with the cytoskeleton is required for proper ERK1/2 activation,* we
analysed the effect of modulating NECC2 content on both IR-acti-
vated downstream effectors in adipocytes. Thus, overexpression of
NECC2 in 3T3-L1 cells produced a sustained stimulation of insulin-
activated phosphorylation of Akt. Notably, NECC2 overexpression
had no effect on IR-dependent activation of ERK1/2, which is also
mediated via insulin binding to IR,>®> but has been shown to occur
during IR receptor internalization in endosomes.>* On the other
hand, down-regulation of NECC2 impaired insulin-induced phospho-
rylation of both Akt and the major ERK isoform, ERK2.°® These
results, together with NECC2 overexpression data, suggest that
appropriate NECC2 expression levels are required for proper IR
activity, both at the plasma membrane and the endosomes. Our pre-
vious studies in PC12 cells showed that both NECC2 overexpression
and silencing altered NGF-activated ERK phosphorylation, whereas
Akt phosphorylation was unaffected.*® Together, these observations
strongly support the contribution of NECC2 to maintain the function
of caveolae as signalling platforms by selectively regulating, in a cell-
type dependent manner, specific signalling cascades.

Based on our findings on NECC2 in 3T3-L1 adipocytes and given
the close relationship between human obesity and insulin resistance/
T2D,°7 we next examined NECC2 in human adipose tissue in sub-
jects with different glucose metabolism states. We found that, irre-
spective of the fat depot and sex of the individuals, obesity was
associated with an increase in NECC2 expression, which might repre-
sent an adaptive response to overcome the alterations occurring in
conditions of increased fat mass. Nevertheless, although we
observed a tendency towards higher NECC2 mRNA expression in
obese normoglycemic men and women compared to lean subjects in
both fat depots, only when obese individuals showed insulin resis-
tance (IGT for both depots and genders; T2D for both depots only
in men) these levels reached statistical significance as compared to
lean subjects. Notably, these changes parallel those previously
reported for CAV1 in human adipose tissue.”® Interestingly, there is
evidence supporting that sustained activation of Akt, as occurs in
3T3-L1 adipocytes with enhanced NECC2 expression levels, leads to
a negative feedback of insulin signalling and, therefore, insulin resis-
tance.?® Together, these and our morphological and functional data
in 3T3-L1 cells may suggest a role for NECC2 in obesity and the
development of glucose metabolism derangements.

Finally, in order to get insights into the mechanisms regulating
NECC2 expression in adipose tissue, we assessed the expression of
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this protein in in vitro models of adipocyte hypertrophy and/or insu-
lin resistance.?¢5%°C We observed that induction of insulin resistance
by exposure to HGHI significantly increased NECC2 protein levels,
which is in accordance with the changes observed in human adipose
tissue. Unexpectedly, however, neither palmitate nor TNF-a, which
we have previously shown to evoke insulin resistance,?® or oleate-
induced hypertrophy significantly modified NECC2 content in 3T3-
L1 cells. These results are in line with previous observations from
our laboratory and other groups indicating that different insults
operating in obesity (ie cytokines, lipids, glucose) may activate dis-
tinct subcellular responses in adipocytes.24°%¢° In this scenario, it is
tempting to speculate that the up-regulation of NECC2 observed in
insulin-resistant obese individuals results from the activation of obe-
sity-triggered cellular stress responses.

In conclusion, our data provide the first demonstration of the
association of a long coiled-coil protein, NECC2, to adipocyte caveo-
lae and identify this protein as a potential regulator of the insulin/IR
system in adipocytes. In addition, they suggest that NECC2 up-regu-
lation in human adipose tissue may contribute, at least in part, to
the development of insulin resistance in obesity.
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