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Abstract Neuronal growth regulator 1 (NEGR1) is a
glycosylphosphatidylinositol-anchored membrane
protein associated with several human pathologies,
including obesity, depression, and autism. Recently,
significantly enlarged white adipose tissue, hepatic
lipid accumulation, and decreased muscle capacity
were reported in Negr1-deficient mice. However, the
mechanism behind these phenotypes was not clear.
In the present study, we found NEGR1 to interact
with cluster of differentiation 36 (CD36), the major
fatty acid translocase in the plasma membrane.
Binding assays with a soluble form of NEGR1 and in
situ proximal ligation assays indicated that NEGR1-
CD36 interaction occurs at the outer leaflet of the
cell membrane. Furthermore, we show that NEGR1
overexpression induced CD36 protein destabiliza-
tion in vitro. Both mRNA and protein levels of CD36
were significantly elevated in the white adipose
tissue and liver tissues of Negr1−/− mice. Accord-
ingly, fatty acid uptake rate increased in NEGR1-
deficient primary adipocytes. Finally, we demon-
strated that Negr1−/− mouse embryonic fibroblasts
showed elevated reactive oxygen species levels and
decreased adenosine monophosphate-activated pro-
tein kinase activation compared with control mouse
embryonic fibroblasts. Based on these results, we
propose that NEGR1 regulates cellular fat content by
controlling the expression of CD36.
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Obesity is characterized by an abnormal increase in
intracellular fat accumulation (1), and it has become the
most common global disease (2). Exogenous supply of
fatty acids seems to be the preferred source for cellular
lipids compared with their de novo synthesis in prolif-
erating fibroblasts as well as in HeLa cells (3), suggesting
that the regulation of fatty acid uptake is important for
lipid balance. Long-chain fatty acids (LCFAs) not only
contribute to cellular metabolic energy generation and
storage but also have hormone-like properties that
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regulate gene expression (4). Several protein groups
including cluster of differentiation 36 (CD36)/fatty
acid translocase, fatty acid transporter proteins (FATPs),
and plasma membrane fatty acid-binding protein
(FABPpm) are known to transport LCFAs (5, 6). CD36
plays a major role in LCFA uptake in metabolic tissues,
including adipose tissues, cardiomyocytes, and skeletal
muscle myocytes (7), contributing to more than 50% of
the rate of fatty acid uptake in these tissues (8).

As a scavenger receptor class B-2 protein, CD36 is an
integral membrane protein with a hairpin-like topol-
ogy and two transmembrane regions (7). Furthermore,
CD36 is associated with membrane rafts, and CD36-
mediated fatty acid uptake depends on the integrity
of membrane rafts in adipocytes (9). CD36 is ubiqui-
tously expressed in diverse mammalian cell types,
which include skeletal and cardiac myocytes, macro-
phages, endothelial cells, adipocytes, and gut epithelial
cells (10). Its functions are primarily related to lipid
metabolism and innate immunity, and its dysregulation
has been reported in various human pathologies,
including atherothrombotic diseases, obesity, diabetes,
cancer, and Alzheimer’s disease (7). Activation of
adenosine monophosphate-activated protein kinase
(AMPK) is related to the CD36-mediated LCFA uptake
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pathway and fatty acid utilization in skeletal muscle
(11).

Neuronal growth regulator 1 (NEGR1) consists of
three C2-type immunoglobulin domains localized on
the extracellular side of plasma membranes. This pro-
tein strongly binds membrane lipid rafts via a glyco-
sylphosphatidylinositol anchor. NEGR1 functions as a
cell-adhesion molecule that plays an important role in
neural cell recognition and neurite outgrowth (12).
Multiple genome-wide association studies have
revealed that genetic alterations in NEGR1 are associ-
ated with obesity (13), intellectual disability (14), schizo-
phrenia (15), depression (16), and Alzheimer’s disease
(17). We recently reported alterations in the affective
behavior of Negr1−/− mice (18), implying that NEGR1 is
closely related to CNS function.

Although NEGR1 is highly expressed in the brain
(19), it is also expressed in several peripheral tissues,
such as subcutaneous adipose tissues and skeletal mus-
cles (HumanProtein Atlas database, https://www.
proteinatlas.org). In addition, NEGR1 is found in
different cell types, including adipocytes, myocytes, and
endothelial cells, as well as the cells within the nervous
system (the Genotype-Tissue Expression database
[GTEx] portal, https://www.gtexportal.org). We origi-
nally identified human NEGR1 as a commonly down-
regulated gene in various human tumor tissues (12).
Subsequent binder analysis unexpectedly revealed the
role of NEGR1 in intracellular cholesterol trafficking
and lipid storage (20). In a recent study, Negr1−/− mice
also presented substantial enlargement of white adi-
pose tissues (WATs) with increased cell size, further
supporting the role of NEGR1 in intracellular lipid
transport (21). Increased hepatic fat accumulation and
skeletal muscle atrophy have also been observed in
NEGR1-deficient mice (21). In the present study, NEGR1
was found to interact with CD36, increasing our un-
derstanding of the role of these proteins in intracellular
lipid trafficking and related human diseases.
MATERIALS AND METHODS

Animals, cell culture, and cloning
All animals, including Negr1+/+ and Negr1−/− C57BL6 mice

(20), were kept on 12 h light/dark cycles in a controlled
environment at 22–24◦C and 55% humidity. All animal pro-
cedures were approved by the Seoul National University
Institutional Animal Care and Use Committee. Mouse em-
bryonic fibroblasts (MEFs), 3T3-L1, and 293T cells (21) were
maintained in DMEM (Welgene, Gyeongsan, South Korea)
supplemented with 10% FBS (Atlas Biologicals, Fort Collins,
CO). SKOV-3 cells were cultured in RPMI 1640 medium
(Welgene).

The open reading frame of gene CD36 was obtained by
PCR amplification of the total RNA extracted from 293T
cells and subcloned into pKH-3HA (22) or pcDNA3-3FLAG
(21) plasmids. Glutathione-S-transferase (GST)-fused dele-
tion constructs of the CD36 extracellular domain were
generated using plasmid pEBG (20). To generate the
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pcDNA4-FLAG-NEGR1 construct, we subcloned NEGR1 into
the pcDNA4/TO vector (Invitrogen, Carlsbad, CA), using
restriction enzymes AflII and XbaI and a 3×FLAG sequence
inserted between the signal sequence (positions 1–39) and the
remaining NEGR1 gene sequence (positions 40–314). To
obtain SKOV-3-FLAG-NEGR1 stable cells, pcDNA4-FLAG-
NEGR1 was transfected into SKOV-3 cells and selected with
zeocin (50 μg/ml; Invitrogen).

Histological analysis and immunofluorescence
microscopy

For visualizing target proteins in tissue sections, small sec-
tions of various tissues were fixed overnight in 4% para-
formaldehyde and embedded in paraffin. Tissue sections were
immunostained with the appropriate primary antibodies in
PBS, followed by incubation with the fluorescent-linked sec-
ondary antibodies, FITC-labeled anti-mouse IgG antibody
(Sigma-Aldrich, St. Louis, MO) or Cy3 anti-rabbit IgG antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA).

Immunofluorescence microscopy was conducted as previ-
ously described (23). Briefly, cells grown on coverslips were
either untreated or permeabilized with 0.1% Triton X-100 in
PBS for 10 min. After incubation with the appropriate pri-
mary antibodies, cells were treated with fluorescent-linked
secondary antibodies. Alexa Fluor 594 anti-human IgG anti-
body (Invitrogen) was used to detect the Fc-fusion protein. To
visualize intracellular lipid droplets, fixed cells were stained
with BODIPY 493/503 (2 μM; Thermo Fisher Scientific,
Waltham, MA) for 10 min. Imaging was performed on an
Olympus BX51 (Tokyo, Japan) microscope and analyzed using
ImageJ software (National Institutes of Health, Bethesda, MD).

Gene expression analysis and immunoblotting
To compare gene expression between the peripheral tis-

sues of Negr1−/− and Negr1+/+ C57BL6 mice, liver, skeletal
muscle, and epididymal adipose tissues were obtained (n =
4–8). To analyze CD36 mRNA expression, total RNA was
extracted from tissue samples using a NucleoSpin RNA
Extraction kit (Macherey-Nagel, Düren, Germany) and con-
verted into complementary DNA using a SuperScript III
Reverse Transcription kit (Invitrogen). Quantitative real-time
RT-PCR was performed on a CFX connect™ Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA) with
specific primers for CD36 (forward: 5-GCATGAGAATG
CCTCCAAACA-3; reverse: 5-CGGAACTGTGGGCTCATT
G-3); GAPDH was used as reference for normalization.

For immunoblotting, tissue samples were homogenized in a
lysis buffer (25 mM Tris, pH 7.6, 150 mM NaCl, 50 mM NaF,
1 mM sodium vanadate, 1% NP-40, and 0.1% SDS) and centri-
fuged at 12,000 g for 30 min to remove insoluble materials.
Specific antibodies were used to visualize each protein: anti-
β-actin, anti-FLAG, and anti-NEGR1 (Sigma-Aldrich); anti-
hemagglutinin (HA) and anti-CD36 (Santa Cruz Biotech-
nology, Dallas, TX); anti-GAPDH (Cusabio, Baltimore, MD);
and anti-AMPK and antiphosphorylated AMPK (p-AMPK)
(Cell Signaling Technologies, Beverley, MA).

Subcellular fractionation and binding assay
Lipid raft fractionation was performed using OptiPrep™

iodixanol (Sigma-Aldrich) (12). Briefly, cell lysates were
adjusted to 32% OptiPrep™ and sequentially overlaid with
24% and 20% iodixanol solutions. After centrifugation at
76,000 g for 18 h at 4◦C, the fraction collected from the top
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was designated as no. 1. After tissue lysates were adjusted to
32% OptiPrep™ and overlaid with 24% and 20% iodixanol
solutions, endosomal fractionation was carried out using
centrifugation at 76,000 g for 1 h at 4◦C. Plasma membranes
were isolated using a Minute™ Plasma Protein Isolation kit
(Invent Biotechnologies, Plymouth, MN) according to the
manufacturer’s instructions.

Immunoprecipitation (IP) was performed following a pre-
viously described method (24), with slight modifications. Cells
were lysed in a buffer (50mMTris, pH 7.4, 250mMNaCl, 5mM
EDTA, 1% NP-40, 1 mM PMSF, 50 mMNaF, 1 mMNa3VO4, and
0.02% NaN3) supplemented with a protease inhibitor cocktail
(Sigma-Aldrich). Then, samples were incubated with 0.75 μg of
appropriate antibodies for 3 h at 4◦C before incubation with
Protein A Sepharose beads (GE Healthcare, Piscataway, NJ).
GST-pulldown assays were performed using 1 μg of appro-
priate antibody or Glutathione-Sepharose 4B beads (GE
Healthcare) as described in a previous study (20).

In situ proximity ligation assay
The proximity ligation assay (PLA) was performed on

fixed SKOV-3-NEGR1-FLAG cells using Duolink PLA tech-
nology reagents (Sigma-Aldrich) according to the manufac-
turer’s protocol. Briefly, fixed cells were first incubated with
anti-CD36 and anti-FLAG antibodies for 2 h and then with
PLA probes (anti-mouse MINUS and anti-rabbit PLUS,
respectively) and Alexa Fluor 488 phalloidin (Invitrogen) for
1 h. After incubation with a ligation solution for 30 min and
an amplification solution for 2 h, the cells were mounted in a
4′,6-diamidino-2-phenylindole-containing solution. Imaging
was performed using an Olympus BX51 microscope or a TCS
Fig. 1. CD36 expression was upregulated in the WAT of Negr1−/

Negr1+/+ and Negr1−/− C57BL6 mice (n = 8), and each fat pad weig
weights. Bar represents 10 mm. B: Quantitative RT-PCR was perform
and FATP1 using total RNA obtained from gonadal WAT (n = 8). R
gene. C: CD36 gene expression was measured by quantitative RT-PC
samples of 10-week-old mice (n = 4–7). D: Relative CD36 expression
performed in triplicates, and the data are presented as the mean ±
SP5 AOBS confocal microscope equipped with a 63× inverted
NX oil lens (Leica Microsystems GmbH, Wetzlar, Germany).
Measurement of fatty acid uptake and cellular
reactive oxygen species level

Toperform the fatty acid uptake assay, primary adipose cells
were isolated from epididymal adipose tissue as described
previously (21). After seeding in 96-well plates, cells were
incubatedwith serum-freeDMEMfor 1 h. Fatty acid uptakewas
assessed using a Free Fatty Acid Uptake Assay kit (catalog no.:
ab176768; Abcam, Cambridge, UK) according to the manufac-
turer’s instructions. Fluorescence signals were measured using
a fluorescence microplate reader (Varioskan LUX; Thermo
Fisher Scientific) at 485/515 nm.

Cellular reactive oxygen species (ROS) level was measured
using a DCFDA (2',7'-dichlorofluorescein diacetate)/
H2DCFDA (2',7'-dichlorodihydrofluorescein diacetate) Cellular
ROS Assay kit (catalog no.: ab113851; Abcam) as per the man-
ufacturer’s instructions. If required, cells were preincubated
with hydrogen peroxide (H2O2) or oleic acid for 24 h before
the assay. Fluorescence signals were measured at 485/515 nm.
RESULTS

Increased CD36 expression in the adipose tissues of
Negr1−/− mice

Our previous study reported that epididymalWATwas
enlarged inNegr1−/−mice comparedwithWTmice (21). To
confirm this, we determined the gonadal WAT weight of
− mice. A: Epididymal WATs were dissected from 10-week-old
ht was determined. The figure shows mean ± SD of individual
ed to measure the mRNA expression levels of CD36, FABPpm,
elative expression was calculated using GAPDH as a reference

R using WAT, liver, heart, brain, and skeletal muscle (SkM) tissue
in brain tissues of Negr1−/− and WT mice. All experiments were
SD. *P < 0.05; **P < 0.01; and ***P < 0.001. ns, not significant.
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10-week-old male mice. Negr1−/− mice showed approxi-
mately 1.4-fold increase in WAT weight (P = 0.026)
compared with WT mice (Fig. 1A). To investigate which
fatty acid transporter is involved in the transportofLCFAs
across the cell membrane of adipose tissues, we examined
the expression levels of three main transporters, namely
CD36, FABPpm, and FATP1, in the gonadal WAT of WT
and Negr1−/− mice. When quantified using GAPDH as a
reference gene, the expression level of CD36 was much
higher than that of FABPpmandFATP1, which suggested
that CD36 may play an important role in transporting
LCFAs in adipose tissues (Fig. 1B). Furthermore, CD36
expression increased significantly (1.3-fold, P = 0.0007) in
Negr1−/−mice comparedwithWTmice, whereas FABPpm
and FATP1 showed no difference (Fig. 1B).

To investigate CD36 expression in other tissues,
quantitative RT-PCRs were performed on the mRNAs
of WAT, liver, heart, brain, and gastrocnemius (GA)
skeletal muscle tissues. The expression of CD36 was
approximately 3-fold higher in WAT than in the liver
or GA muscle tissues (Fig. 1C). In NEGR1-knockout
Fig. 2. NEGR1 interacts with CD36. A: Co-IP between transiently
transfected with HA-CD36 and GFP-NEGR1 plasmids, cell lysates
Reciprocal IP using anti-HA antibody. C: IP was performed with
Coisolated CD36 was visualized with anti-CD36 antibody. D: Bind
incubated for 2 h with the conditioned medium of 293T cells expre
with anti-human Fc and anti-CD36 antibodies. Bar represents 20 μm
using Duolink PLA technology. After treatment with anti-CD36 an
probes (anti-mouse MINUS and anti-rabbit PLUS, respectively) for
phalloidin. Bar represents 10 μm.
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mice, CD36 expression increased in liver (1.4-fold) and
brain tissues (1.6-fold) but decreased in GA muscle tis-
sue (1.6-fold) (Fig. 1C, D). Overall, our results suggest that
the increased WAT weight of Negr1−/− mice may be
associated with increased expression of CD36, which is
the main LCFA transporter in adipocytes.

Interaction of NEGR1 with CD36
Based on earlier findings that both NEGR1 and CD36

contain large extracellular regions and are associated
with lipid rafts in the plasma membrane (12, 25, 26), we
investigated the possible molecular interaction of
NEGR1 and CD36. We first obtained the complemen-
tary DNA of CD36 from the total RNA of 293T cells and
generated an HA-tagged CD36 construct using plasmid
pcDNA3-HA. After pcDNA3-HA-CD36 and pEGFP-C1-
NEGR1 (12) plasmids were transfected into HeLa cells,
we performed co-IP using anti-GFP antibodies. Immu-
noblotting with anti-HA antibody revealed that CD36
was present in the NEGR1-enriched fraction but not in
the IgG-enriched control (Fig. 2A). GFP-NEGR1 was
expressed HA-CD36 and GFP-NEGR1. After HeLa cells were
were subjected to IP with anti-GFP antibody. *IgG bands. B:
SKOV-3-FLAG-NEGR1 stable cells using anti-FLAG antibody.
ing assay using soluble NEGR1-Fc protein. SKOV-3 cells were
ssing NEGR1-Fc or Fc control. Then, cells were immunostained
. E: In situ PLA was performed with SKOV-3-FLAG-NEGR1 cells
d anti-FLAG antibodies for 2 h, cells were incubated with PLA
1 h. Cellular actin polymers were stained with Alexa Fluor 488



coisolated with HA-CD36 (Fig. 2B), suggesting an
interaction between NEGR1 and CD36.

Next, we examined NEGR1 and CD36 molecular
interaction at the endogenous level using HeLa cell
lysates. As no interaction was observed, possibly because
of the low IP efficiency of the anti-NEGR1 antibody, we
performed IP using the SKOV-3-FLAG-NEGR1 stable
cells. When IP was performed with an anti-FLAG
antibody, highly glycosylated forms of CD36 were
observed in the NEGR1 fraction by immunoblotting
with anti-CD36 antibody (Fig. 2B).

To clearly demonstrate that NEGR1-CD36 interaction
can occur at the extracellular surface of cell mem-
branes, we performed an in situ binding assay using the
human Fc-fused secreted form of NEGR1 (23). The
culture medium of 293T cells transfected with NEGR1-
Fc or Fc control plasmids was collected and provided to
SKOV-3 cells for incubation for 2 h. After this period,
cells were coimmunostained with anti-human Fc anti-
body (red) and CD36 antibody (green) (Fig. 2C).
Whereas the Fc signal was barely observed in control
cells treated with Fc-containing medium (fourth row,
Fig. 2C), strong Fc signals were visualized in the NEGR1-
Fc-treated cells, which overlapped CD36 signals well.
These results suggest NEGR1 can interact with CD36 at
the cell surface.

To verify the NEGR1-CD36 interaction, an in situ
PLA was performed using SKOV-3-FLAG-NEGR1 cells
(Fig. 2D). Cells were incubated with anti-FLAG and anti-
CD36 antibodies after cell permeabilization, and phal-
loidin staining was used to examine cell morphology.
While no signals were observed in cells treated with a
single antibody, clear fluorescent signals were detected
in cells treated with both antibodies, indicating NEGR1
and CD36 exist in close proximity. In addition, strong
fluorescent signals were observed when PLA was per-
formed under nonpermeabilized conditions
(Supplemental Fig. S1) demonstrating that NEGR1-
CD36 interaction occurs in the cell membrane.

Determination of binding regions of NEGR1 and
CD36 proteins

NEGR1 has a relatively simple structure containing
three consecutive C2-type Ig-like domains. In contrast,
the extracellular region of CD36 contains only the
CLESH (CD36, lysosomal integral membrane protein-2
[LIMP-2], Emp sequence homology; residues 93–155)
and proline-rich (243–375) domains (27) (Fig. 3A, B). It
was predicted that CD36 contains a lipid binding pocket
at residues 127–279 (28), including a hydrophobic patch
that might loop down into the plasma membrane (29).
To determine the protein regions responsible for CD36-
NEGR1 interaction, we generated GST-fused CD36
deletion constructs, and each mutant construct was
transfected into 293T cells together with the pcDNA4-
FLAG-NEGR1 plasmid.

As expected, the mutant containing most of the
extracellular region of CD36 bound NEGR1 in the
GST-pulldown assay (Fig. 3B). The small N-terminal
portion of the extracellular region (N1, 30–125) before
the peculiar hydrophobic patch successfully interacted
with NEGR1. However, the larger construct comprising
the hydrophobic region (N2, 30–242) lost the binding
activity, which was restored in the N3 mutant (30–375)
containing three disulfide bridges. We could not detect
NEGR1 signals in the N2-enriched fraction even with
prolonged exposure. Furthermore, the ΔN1 construct
(126–439) was generated, although it did not express well,
possibly because of the exposed hydrophobic region.

The NEGR1 domains that participate in CD36 bind-
ing were detected using GST-fused NEGR1 deletion
constructs (D1–3, D1–2, D2–3, D1, D2, and D3), which
were produced in a previous study using three C2-type
Ig-like domains (12). 293T cells were transfected with
different NEGR1 mutant constructs along with
pcDNA3-HA-CD36 plasmids. In the subsequent GST-
pulldown assay, the D3 domain showed excellent
binding activity to CD36 (Fig. 3C), whereas no binding
affinity was found in the other two domains (D1 and
D2). Unexpectedly, D1–2 also cofractionated with CD36,
possibly because of the sequence similarity between Ig-
like domains. Collectively, we suggest that the N-ter-
minal region of CD36 and C-terminal D3 domain of
NEGR1 play important roles in the interaction between
these two proteins.

Colocalization of NEGR1 and CD36 in SKOV-3 cells
To examine whether NEGR1 and CD36 coexist in cells,

we performed immunofluorescence staining. First,
SKOV-3-FLAG-NEGR1 stable cells were used for immu-
nostainingwith orwithout TritonX-100 treatment. Stably
expressedNEGR1was detectedwith anti-FLAGantibody,
whereas endogenous CD36 was visualized using an anti-
CD36 antibody. In the presence of 0.1% Triton X-100,
both proteins were visualized inside the cells, and these
signals overlapped well (upper two rows, Fig. 4A), sug-
gesting their colocalization possibly in endomembrane
systems such as the endoplasmic reticulum and endo-
somes. In nonpermeabilized cells, NEGR1 and CD36 were
detected in the cell membrane, especially at cell bound-
aries (lower two rows, Fig. 4A).

We also performed fluorescent immunochemical
staining of tissue sections from the mouse brain. Both
Negr1 and CD36 proteins were observed in the hippo-
campal region (Fig. 4B). Although their overall
expression patterns appeared to be different, we
observed some overlapping areas in this region, sup-
porting the suggestion that NEGR1 and CD36 are
colocalized in the brain tissue.

Next, we performed a flotation experiment using the
OptiPrep™ gradient on 293T cells transfected with HA-
CD36 and GFP-NEGR1 plasmids. Twelve fractions were
obtained, and flotillin-1 was used as the lipid raft
marker. Only a minor portion of transiently expressed
CD36 protein was detected in the rafts when cells were
cotransfected with the enhanced GFP control vector
NEGR1 interaction with CD36 5



Fig. 3. Determination of important regions for NEGR1-CD36 interaction. A: Schematic diagram of CD36 and NEGR1 structure.
Potential N-glycosylation sites were indicated as filled circles. B: Deletion constructs of the CD36 extracellular domain (ECD) were
generated as GST-fused form and transfected into 293T cells together with FLAG-NEGR1 plasmid. After GST-pulldown assay,
cofractionated NEGR1 was detected using immunoblotting with anti-FLAG antibody. C: 293T cells were transfected with different
deletion constructs of GST-NEGR1, together with HA-CD36 plasmid. Then, the cell lysates were subjected to GST-pulldown assay.
MA, membrane associated; ProR, proline-rich; TM, transmembrane.
(left, Fig. 4C). The raft-associated CD36 protein was only
observed after prolonged exposure. Contrastingly,
when GFP-NEGR1 was coexpressed, CD36 appeared in
the raft fraction upon short exposure. Our results
suggest that NEGR1 may interact with CD36 in the lipid
rafts, thus promoting the association of CD36 within
these membrane compartments when both proteins are
overexpressed.

To determine whether the increased CD36 protein
levels in gonadal WAT of Negr1−/− mice were accom-
panied by changes in subcellular protein distribution,
we performed cell fractionation using OptiPrep™
density gradient ultracentrifugation. Both CD36 and
NEGR1 proteins were highly enriched in the endosomal
fractions in WT mice (Fig. 4D, left), whereas the overall
CD36 distribution was not changed in Negr1−/− mice
(Fig. 4D, right). Then, plasma membrane fractions were
isolated from the WAT of WT and Negr1−/− mice using
the Minute™ Plasma Protein Isolation kit. When
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normalized to total CD36 levels, the plasma membrane-
associated CD36 levels increased in Negr1−/− mice by
∼1.5-fold, whereas the cytosolic CD36 levels slightly
decreased compared with those in WT mice (Fig. 4E).
Our data suggest that membrane trafficking of CD36 is
facilitated in NEGR1-deficient cells.

Influence of NEGR1 on cellular CD36 protein level
To investigate whether NEGR1 may affect the CD36

protein levels, we cotransfected HA-CD36 and GFP-
NEGR1 plasmids into 293T cells. Subsequent immuno-
blotting revealed that HA-CD36 proteins appeared as
two major bands, which may differ in glycosylation
status. Although the intensities of both bands decreased
gradually in proportion to NEGR1 expression, imma-
ture forms (lower band) were more severely affected
than the highly glycosylated mature forms (Fig. 5A). To
evaluate this phenomenon more clearly, we measured
CD36 protein levels in the presence of cycloheximide



Fig. 4. NEGR1 was colocalized with CD36 in the plasma membrane. A: Immunofluorescence microscopy of SKOV-3-FLAG-NEGR1
stable cells. Cells were incubated with anti-FLAG (red) and anti-CD36 (green) antibodies, which was followed by incubation with anti-
rabbit Cy3-conjugated and anti-mouse FITC secondary antibodies. Imaging was done using the Olympus BX51 microscope. Bar
represents 50 μm. B: Immunohistochemical analysis was performed using the paraffin-embedded brain tissue sections obtained from
13-week-old Negr1+/+ mice. Samples were immunostained with the anti-CD36 and anti-NEGR1 antibodies. Bar represents 50 μm.
C: Lipid raft fractionation was performed using 293T cells were transfected with HA-CD36 plasmid together with GFP control (left)
or GFP-NEGR1 (right). Then, both samples were subjected to membrane fractionation by flotation method using OptiPrep™
gradient. CD36 and NEGR1 were visualized with anti-HA and anti-GFP antibodies, respectively. Flotillin-1 was used as a raft marker.
D: Subcellular distribution of CD36 protein in WT and Negr1−/− mice. Gonadal WATs were lysed and subjected to subcellular
fractionation using OptiPrep™ density gradient. E: Plasma membrane isolation using WATs of WT and Negr1−/− mice. ATP1B1,
ATPase Na+/K+-transporting subunit beta 1; LE, long exposure; SE, short exposure.
(30 μg/ml) after transfection into HeLa cells, in which
only the mature forms of CD36 were dominant. CD36
degraded more rapidly upon NEGR1 coexpression
(Fig. 5B), supporting that NEGR1 affects CD36 protein
stability.

We also evaluated CD36 protein levels in 3T3-L1-
NEGR1-FLAG stable cells (21) using an anti-CD36 anti-
body. The CD36 level of NEGR1-overexpressing 3T3-L1
cells was reduced by ∼46% compared with that of
control cells (Fig. 5C). Then, we examined NEGR1-
deficient MEFs with or without preincubation in
0.1 mM oleic acid for 24 h. Although CD36 level
increased in NEGR1−/− MEFs regardless of the addition
of oleic acid, the increase was less prominent than in
the normal culture condition (Fig. 5D) indicating that
NEGR1 may negatively regulate CD36 protein level.

We then examined CD36 protein level in the gonadal
WAT of Negr1−/− mice by immunoblotting. The CD36
protein level in Negr1−/− mice increased by approxi-
mately 1.3-fold (Fig. 6A) compared with that in WT
mice, as verified by immunostaining of WAT tissue
sections with an anti-CD36 antibody (Fig. 6B). The CD36
NEGR1 interaction with CD36 7



Fig. 5. NEGR1 expression may influence CD36 protein level. A: First, 293T cells were transfected with HA-CD36 together with
increasing amounts of GFP-NEGR1 plasmids. Then, same amount of total protein (30 μg) was loaded on SDS-PAGE, and CD36
proteins were detected using anti-HA antibody. Each CD36 band intensity in the image was quantified using ImageJ software.
B: Determination of the half-life of CD36 protein. After HeLa cells were transfected with HA-CD36 with or without coexpression of
GFP-NEGR1, cells were incubated with 30 μg/ml cycloheximide (CHX) for the indicated times. C: Comparison of endogenous CD36
level in vector- or NEGR1-expressing 3T3-L1-NEGR1-FLAG stable cells. CD36 was detected by immunoblotting with anti-CD36, and
the band intensity was quantified using ImageJ. D: Determination of CD36 protein level in WT and Negr1−/− MEFs. WT and NEGR1-
deficient MEFs were incubated either in the normal culture condition (oleic acid; − OA) or in the presence of 0.1 mM OA (+OA) for
24 h and subjected to immunoblotting. Endogenous CD36 and NEGR1 were visualized with the specific antibodies for each protein.
protein level in liver tissues of Negr1−/− mice was also
substantially elevated, as confirmed by immunoblotting
(Fig. 6C) and tissue section staining (Fig. 6D). Western
blotting showed that CD36 signals in Negr1−/− mice were
∼2.2-fold higher than those in WT mice. Collectively,
our data demonstrated that CD36 protein levels were
increased in NEGR1-deficient cells.

Fatty acid uptake and ROS levels in NEGR1−/− MEFs
Based on the increased CD36 expression in NEGR1-

knockout cells, we hypothesized that the high WAT
weight exhibited by NEGR1−/− mice (21) could be
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linked to increased fatty acid transportation. To eval-
uate this, fatty acid uptake rates were determined for
the primary adipocytes obtained from WT and
NEGR1−/− mice using a Free Fatty Acid Uptake Assay
kit. Fluorescence signals were collected at each time
point for 40 min. The final estimation showed that
fatty acid uptake of NEGR1-deficient adipocytes was
∼1.5-fold higher than that of WT controls (P =
0.000008, Fig. 7A). In addition, the primary adipocytes
from WT and NEGR1−/− mice were incubated with
0.1 mM oleic acid for 24 h, and their lipid droplets were
visualized using BODIPY 493/503 staining. Adipocytes



Fig. 6. CD36 protein levels in WAT and liver of Negr1−/− mice. A: Epididymal fat tissues of 10-week-old WT and Negr1−/− mice were
obtained and used for the determination of CD36 protein level (n = 6–8). Immunoblotting was performed with anti-CD36 antibody,
and intensities of both bands were quantified using ImageJ and normalized using the vinculin expression level. The data represent
mean ± SD. **P < 0.01. B: Immunohistochemical analysis was performed using the paraffin-embedded WAT tissue sections of the
WT or Negr1−/− mice. The tissue sections were incubated with the anti-CD36 antibody, and subsequent incubation with FITC anti-
mouse secondary antibody. C: CD36 expression levels in the liver of the WT and Negr1−/− mice (n = 6–8). Band intensities in
Western blotting were determined using the ImageJ software. ***P < 0.001. D: Comparison of CD36 expression in the liver tissue of
WT and Negr1−/− mice by using immunohistochemical analysis with anti-CD36 antibody. Imaging was done using an Olympus BX51
microscope. Bar represents 50 μm.
from NEGR1−/− mice showed higher lipid content
than those from WT mice (Fig. 7B) revealing that
NEGR1-deficient cells showed increased fatty acid
uptake and/or storage.

Considering that fatty acid utilization is often asso-
ciated with cellular oxidative stress generation, we
examined ROS levels in WT and NEGR1−/− MEFs using
a DCFDA/H2DCFDA Cellular ROS Assay kit. Although
the ROS levels of WT and NEGR1−/− MEFs were not
different under normal conditions, the ROS level of
NEGR1−/− MEFs increased more than that of WT cells
after the addition of H2O2 (Fig. 7C). The difference was
gradually intensified with increasing concentrations of
H2O2, showing a ∼1.2-fold increase after the addition of
150 mM H2O2 (P = 0.00002). Similarly, ROS production
of NEGR1−/− MEFs increased more severely with the
addition of oleic acid to the culture media (Fig. 7D),
suggesting that NEGR1-deficient cells have higher
levels of oxidative stress.

Finally, given that AMPK activation is closely associ-
ated with fatty acid utilization and cellular oxidative
stress (30), we examined the activation of AMPK in
NEGR1−/− MEFs. Under normal culture conditions,
p-AMPK levels in NEGR1-deficient cells were lower
NEGR1 interaction with CD36 9



Fig. 7. Determination of fatty acid uptake rate and cellular ROS level. A: Fatty acid uptake rate was measured with a Free Fatty
Acid Uptake Assay kit using primary adipocytes from gonadal fat tissue of WT and Negr1−/− mice. Fluorescence signals were
measured until 40 min using a fluorescence microplate reader FlexStation 3 at 485/515 nm. All experiments were performed in
triplicates, and the data are presented as the mean ± SD. Imaging was performed using an Olympus BX51 microscope. Bar represents
100 μm. B: After primary adipocytes obtained from WT and Negr1−/− mice were incubated with 0.1 mM oleic acid for 24 h, cells were
subjected to BODIPY 493/503 staining. Bar represents 50 μm. C and D: Cellular ROS levels of WT and Negr1−/− MEFs were measured
using DCFDA/H2DCFDA Cellular ROS Assay kit. If necessary, cells were preincubated with H2O2 (C) or oleic acid (D) for 24 h.
Fluorescence signals were measured at 485/515 nm. E: Activated AMPK levels in WT and Negr1−/− MEFs. AMPK and p-AMPK levels
were detected by immunoblotting after cells were incubated for 24 h in the presence or absence of 0.1 mM oleic acid. F and G: AMPK
activation levels in GA muscle (F) and gonadal WAT (G) obtained from 10-week-old WT and Negr1−/− mice (n = 6). *P < 0.05.
than those in WT cells, despite the elevated CD36 pro-
tein levels in these cells (Fig. 7E). After incubation with
0.1 mM oleic acid, both CD36 and p-AMPK levels were
upregulated. However, the activated AMPK level was
still lower in NEGR1−/− MEFs than in WT cells, which
was inversely correlated with CD36 levels. In addition,
10 J. Lipid Res. (2022) 63(6) 100221
we examined p-AMPK levels in adipose and GAmuscle
tissues of Negr1−/− and WT mice. In both tissues, the
ratio of p-AMPK/AMPK decreased in Negr1−/− mice
compared with that of WT mice, which is consistent
with the p-AMPK results for Negr1−/− MEF cells (Fig. 7F,
G). Collectively, our data suggest that AMPK activation



was attenuated in NEGR1-depleted cells, despite the
increased oxidative stress.

DISCUSSION

CD36 is a multifunctional scavenger receptor that
functions as a modulator of lipid homeostasis and im-
mune response (31). The cellular fatty acid uptake rate
is controlled primarily by the amount of CD36 protein
on cellular membranes (7). CD36 fulfills a variety of
functions depending on its tissue location. In the car-
diac and skeletal muscles of humans, CD36 is recog-
nized as a major fatty acid transporter that supplies cells
energy (31). In adipocytes, CD36 mainly contributes to
LCFA intake and regulates the process of lipid storage
(32). CD36 is also considered a marker of human
adipocyte progenitors, and high CD36 level implies
high triglyceride accumulation potential (31).

In the present study, both mRNA and protein levels
of CD36 were increased in the liver, brain, and adipose
tissues of NEGR1-knockout mice (Figs. 1D and 6).
Considering that CD36 plays key roles in LCFA uptake,
our data were corroborated by the previously observed
phenotypes of Negr1−/− mice displaying high fat con-
tent in the liver and adipose tissues (21). Contrastingly,
the mRNA level of CD36 in Negr1−/− mice was down-
regulated in the skeletal muscle (Fig. 1D) and was asso-
ciated with the skeletal muscle atrophy and impaired
exercise capacity of Negr1−/− mice (21). Although it is
widely known that peroxisome proliferator-activated
receptor gamma increases CD36 expression in many
tissues, its agonist modulates CD36 expression in a
tissue-specific manner in diabetic rodents (33), sug-
gesting a tissue-specific regulatory system in vivo. In
addition, many reports have shown that exercise
training decreased CD36 expression in muscle and ad-
ipose tissues (34, 35). In contrast, exercise training
decreased CD36 expression in adipose tissues of insulin-
resistant individuals (36), demonstrating that carbohy-
drate and lipid metabolism are mutually regulated. The
prediabetic condition of Negr1−/− mice evidenced in our
previous study (21) might therefore be related to dif-
ferences in the regulation of CD36 levels in different
Negr1−/− mice tissues.

CD36 is a member of an evolutionarily conserved
protein family, which includes the high density lipo-
protein scavenger receptor B1 and LIMP-2 (29). The
identification of the protein structure of LIMP-2 pro-
vided insight into predicting the structural features of
CD36 (37). CD36 is an integral membrane protein that
includes a hairpin-like structure with both N and C
termini inside the cell (29). The predicted fatty acid
binding pocket contains a stretch of hydrophobic resi-
dues (186–204) that may loop down to the cell mem-
brane (29). In the present study, domain analysis
revealed that the small N-terminal fragment (N1,
30–125) of CD36 was sufficient for interaction with
NEGR1 (Fig. 3B). Although a fragment containing the
hydrophobic patch (N2, 30–242) seemed to lose binding
affinity, because of its low expression level, we hy-
pothesized that the exposed hydrophobic region of N2
may destabilize the conformation of this region, which
was overcome by the additional C-terminal region of
N3. The six cysteine residues of N3 may contribute to
stabilize the conformation of the extracellular region.

Mammalian AMPK is regarded as a sensor of cellular
energy status that is activated by various cellular
stresses including oxidative stress (30). As fatty acid
uptake and oxidation are closely related, the activations
of CD36 and AMPK are also related, although in
diverse and conflicting ways. In the present study, the
AMPK activation level of Negr1−/− MEFs was lower than
that of WT cells, despite the higher susceptibility of
Negr1−/− MEFs than that of WT cells to oxidative stress.
Considering that CD36 expression suppresses AMPK
activation in many cell types and that AMPK is consti-
tutively activated in CD36-knockout mice (38), the
elevated CD36 levels in Negr1−/− cells could contribute
to suppress AMPK activation. In adipocytes, AMPK
activation induced by fasting and exercise promotes
fatty acid oxidation to deplete cellular fatty acids (39).
The high fat accumulation in Negr1−/− adipocytes also
corresponded with low AMPK activation.

As a scavenger receptor, CD36 binds and internalizes
oxidized LDL in macrophages, which is pivotal in
foam cell formation (40). Oxidized LDL was reported
to induce the expression of effectors of LCFA uptake
and mitochondrial ROS production (41). Furthermore,
it was proposed that serum fatty acid levels can be
important predictors of serum cholesterol concentra-
tion (42), suggesting some degree of correlation be-
tween fatty acid and cholesterol levels. In a previous
study, we found that NEGR1 is involved in cholesterol
transport by interacting with the Niemann-Pick dis-
eases type C 2 protein, which functions critically in
intracellular cholesterol trafficking (20). CD36
expression has been reported to be upregulated in
Niemann-Pick disease type C 2-null human fibroblasts
(43). Thus, our new findings on the NEGR1-CD36 as-
sociation may be useful for identifying a potential
target for controlling intracellular fatty acid and
cholesterol levels.

Brain tissues are rich in lipids and fatty acids, which
have been associated with many neurodegenerative
diseases and mental disorders (44). Cholesterol is
essential for neuronal physiology, and altered brain
cholesterol homeostasis has been implicated in many
neuropathological conditions (45). Evidence has been
accumulated on the potential role of CD36 in CNS-
related human disorders, and CD36 is reported to act
as a scavenger receptor for amyloid fibrils to promote
ROS (46). Furthermore, studies have revealed that
cellular CD36 levels are related to anxiety (47) and
depression (48), indicating that dysregulation of CD36 is
associated with important psychiatric conditions in
humans. Therefore, our findings may contribute to
NEGR1 interaction with CD36 11



deciphering the role of NEGR1 and CD36 in the regu-
lation of brain lipid composition and development of
psychiatric disorders in humans.
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