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a b s t r a c t

Amyotrophic lateral sclerosis (ALS), which is the most common motor neuron disease in adults, is a
neurodegenerative disease that involves the selective and systematic death of upper and lower motor
neurons. In addition to the motor neuron death, altered metabolic functions, such as dyslipidemia, have
also been reported for ALS patients; however, the underlying mechanism remains unknown. In the
present study, we investigated the effects of ALS-associated P56S-vesicle-associated membrane protei-
nassociated protein B (VAPB), P56S-VAPB on 3T3-L1 preadipocyte differentiation and on the expression
of differentiation-associated genes and unfolded protein response (UPR)-related genes. Experiments
with 3T3-L1 cells transfected with wild-type (Wt)-VAPB and P56S-VAPB expression vectors showed that
the size of lipid droplets was markedly smaller in P56S-VAPB-expressing cells, although fat accumulated
intracellularly. In P56S-VAPB-expressing cells, increased the expression of PPARg2, aP2, and C/EBPa, the
genes deeply involved in adipocyte differentiation, was not observed. Furthermore, the expression levels
of the UPR-related ATF4 and CHOP genes were found to be enhanced in the P56S-VAPB-expressing cells.
From these results, P56S-VAPB was found to suppress adipocyte differentiation by promoting the acti-
vation of the ATF4-CHOP pathway. Given previous reports showing increased ATF4 and CHOP expression
levels in neurons of ALS patients, results from the present study suggest that dyslipidemia is caused by
enhanced ATF4eCHOP pathway in the adipose tissue of ALS patients.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive
neurodegenerative disorder that affects upper and lower motor
neurons [1]. Initially, pathological abnormalities in ALS were
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thought to be restricted to motor neurons, but descriptions of a
wider dissemination of effects throughout the body have chal-
lenged this classic paradigm. ALS disease seems to be restricted not
only to the CNS but also affects whole-body physiology [2]. In
particular, energy metabolism is severely altered in patients with
ALS, which has notable clinical implications. Patients with ALS are
generally lean with a normal or low body-mass index [3e5] and
typically lose weight and body fat as disease progresses [6e8];
therefore, energy stores are decreased. Hyperlipidemia has been
put forward as an explanation for energy imbalance in ALS. Previ-
ous studies have demonstrated that increased blood lipid concen-
trations and suggested that the lipid metabolism and the
nutritional status of ALS patients are important prognostic factors
[9,10]. However, the causes of hyperlipidemia are unclear in pa-
tients with ALS.

Althoughmost cases of ALS are sporadic, 5e10% of cases occur in
families with at least one other affected family member, and some
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families display a clear Mendelian inheritance of ALS with high
penetrance of the disease [11]. A mutation in the gene encoding
vesicle-associated membrane protein-associated protein B (VAPB)
causes ALS type-8 and some other related forms of motor neuron
disease including late onset spinal muscular atrophy [12]. The
mutation that causes ALS type-8 involves a proline to serine sub-
stitution at position-56 (P56S-VAPB). VAPB protein is ubiquitously
expressed and a type II integral membrane protein that mainly
locates at the endoplasmic reticulum (ER). It contains an N-termi-
nal domain homologous to the major sperm protein of nematode
worms, a central coiled-coil region and a C-terminal trans-
membrane domain through which it is anchored in the ER mem-
brane; the N-terminus of VAPB projects from the ER into the
cytoplasm [13e15]. VAPB has been proposed to act in the regulation
of COPI-mediated protein transport within the Golgi apparatus and
from the Golgi back to the ER [16]. VAPB has been implicated in a
variety of processes including ER stress and the unfolded protein
response (UPR), ER to Golgi transport and bouton formation at the
neuromuscular junction [17,18]. ER stress is linked to the patho-
genesis of ALS [19,20] and several studies implicate P56S-VAPB in
abnormal UPR but the mechanisms are unclear.

Here, we report for the first time that P56S-VAPB impairs lipid
droplet formation in 3T3-L1 adipocyte. We also found that P56S-
VAPB expressing 3T3-L1 cells restrained the mRNA expression of
mature adipocyte marker and enhanced the expression levels of
the UPR-related ATF4 and CHOP genes. These results indicate that
P56S-VAPB suppress adipocyte differentiation by promoting the
activation of the ATF4-CHOP pathway. Our results thusmay provide
amechanism bywhich the energymetabolism is severely altered in
ALS.

2. Materials and methods

2.1. Reagents

Dulbecco's modified Eagle's medium (DMEM) was purchased
from Gibco (Grand Island, NY). Fetal bovine serum (FBS) was a
product of Microbiological Associates (Walkersville, MD). Insulin,
3-isobutyl-1-methylxanthine (IBMX), and dexamethasone were
purchased from Sigma (Tokyo, Japan). BODIPY® 493/503 was pur-
chased from Invitrogen (Carlsbad, CA). All other compounds were
from Wako Pure Chemical company (Osaka, Japan).

2.2. Plasmids

Human cDNAs encoding VAPB (GenBankTM accession number
NM_004738) was amplified using a modification of the method of
Kanekura et al. [13]. In briefly, full length cDNA of VAPB was
amplified from a human postcentral gyrus cDNA library (Biochain,
Hayward, CA) by PCR with a sense primer (5-CGGGATCCACCAATGG
CGAAGGTGGAGCAGGTC-3) and an antisense primer (5-GGAAT
TCCTACAAGGCAATCTTCCCAATAATTAC-3). P56S-VAPB was ob-
tained by a QuikCahnge Site-Directed mutagenesis kit (Agilent
Technologies). Wt-VAPB-GFP and Wt-VAPB-Ds-Red, P56S-VAPB-
Ds-Red were produced by cloning into pEGFP-C1 (Clontech) and
pDs-Red-monomer-C1 (Clontech), respectively. The sequences of
all PCR products were verified by sequencing.

2.3. Cell culture and transfection

Low passage number 3T3-L1 cells were obtained from ATCC
(Manassas, VA). 3T3-L1 cells were grown in DMEM containing 10%
fetal bovine serum. Cells were transfected using Lipofectamine
2000 (Invitrogen) according to the manufacturer's protocol.
For subcellular localization analysis, 6 h after transfection, cells
were washed with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde in PBS for 30 min. The cells were observed
with Olympus (Tokyo, Japan) FV1000 confocal laser-scanning
microscope.

For the induction of adipocyte differentiation, 6 h after trans-
fection, cells were treated with differentiation medium containing
10% fetal bovine serum, 0.5 mM IBMX, 1 mM dexamethasone, and
1.7 mM insulin. Quantitative RT-PCR and BODIPY staining experi-
ments were performed on day 3 or 6 or 10 after initiation of
differentiation.
2.4. Oil-red O sating

To quantify lipid accumulation, 3T3-L1 cells were fixed with 10%
formalin in PBS for 10 min, rinced with 60% isopropanol, and
stained by Oil-red O in 60% isopropanol for 30 min. After the
staining, cells were rinsed several times with PBS and subjected to
microscopic analysis.
2.5. BODIPY staining and visualization

Adipocytes are visualized by staining lipid droplets with the
fluorescent dye, BODIPY 493/503. A fresh solution of BODIPY 493/
503 diluted in PBST (PBS supplemented with 0.1% Tween-20) was
used for staining. For fixative staining, 3T3-L1 cells were incubated
in 4% paraformaldehyde solution for 15 min. After para-
formaldehyde solution was removed, the cells were incubated in a
volume of 500 mL of 1 mg/mL BODIPY 493/503 for 1 h at room
temperature. Images were collected with an Olympus FV1000
confocal laser-scanning microscope. The diameter of lipid droplets
in each image was measured with ImageJ software program. With
this method, we measured 300 cells in each group.
2.6. Quantitative RT- PCR

Total RNA was isolated from 3T3-L1 cells using the TRIzol re-
agent (Life Technologies), according to the manufacturer's in-
structions. The concentration of the isolated total RNA was
determined by measuring the optical density at 260 nm, and the
purity of the RNA was determined based on the ratio of the
absorbance at 260 nm relative to the absorbance at 280 nm. Sam-
ples were then processed for cDNA synthesis using a ReverTra Ace®

qPCR RT Master Mix with gDNA Remover (TOYOBO, Japan). Real-
time PCR was carried out in a 20-mL reaction mixture containing
50 ng cDNA, 0.4 mM each primer, 10 mL SYBR® Premix Ex TaqTM II
(TaKaRa Biotechnology, Japan). The primer sequences are shown in
Table 1 b-actin was used as an endogenous controls. All the quan-
titative RT-PCRs were performed in triplicate on Thermal Cycler
Dice® Real Time System (TaKaRa), based on a standard curve
method. The sensitivity of the reaction and amplification of
contaminating products such as the extension of self-annealed
primers were evaluated by amplifying serial dilutions of cDNA.
All data analysis was performed as recommended by the
manufacturer.
2.7. Statistical analysis

In all experiments, values are expressed as means ± standard
error of the mean, with at least 3 repeats in each experimental
group. Statistical significance was estimated by Student's t-test. The
test was considered significant at P < 0.05.



Table 1
Sequences of primers used for real-time PCR amplification.

Gene Primers (50 to 30)

PPARg Forward GATGCACTGCCTATGAGCACTT
Reverse AGAGGTCCACAGAGCTGATTCC

C/EBPa Forward TGAGCCGTGAACTGGACACG
Reverse CAGCCTAGAGATCCAGCGAC

aP2 Forward CACCGCAGACGACAGGAAG
Reverse GCACCTGCACCAGGGC

ATF4 Forward GAGCTTCCTGAACAGCGAAGTG
Reverse TGGCCACCTCCAGATAGTCATC

CHOP Forward CCTAGCTTGGCTGACAGAGG
Reverse CTGCTCCTTCTCCTTCATGC

XBP1s Forward TGAGAACCAGGAGTTAAGAACACG
Reverse CCTGCACCTGCTGCGGAC

EDEM Forward GGATCCCCTATCCCTCGGGT
Reverse GTTGCTCCCGCAAGTTCCAG

ATF6 Forward CTTCCTCCAGTTGCTCCATC
Reverse CAACTCCTCAGGAACGTGCT

b-actin Forward CTGGGACGACATGGAGAAGA
Reverse AGAGGCATACAGGGACAGCA
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3. Results and discussion

3.1. P56S mutation leads to aberrant aggregation of VAPB in 3T3-L1
cells

Studies with the motor neuron cell line NSC34 have shown that
P56S-VAPB cytosolic aggregates [13,21]. We observed their sub-
cellular distribution using the murine adipocyte cell line 3T3-L1
transfected with the Wt-VAPB and P56S-VAPB expression vectors
containing Ds-Red at the C-terminus. The result demonstrated
aggregation of P56S-VAPB in 3T3-L1 cells, similar to as observed in
NSC34 cells (Fig. 1A). We also observed their subcellular distribu-
tion in 3T3-L1 cells co-transfected with GFP-tagged Wt-VAPB and
Ds-Red-tagged P56S-VAPB, and found that Wt-VAPB co-localizes
with P56S-VAPB (Fig. 1B). This result is consistent with results from
previous studies using NSC34 cells [13,14], suggesting that P56S-
VAPB recruits Wt-VAPB, thereby inhibiting Wt-VAPB function.
Next, we evaluated the adipocyte differentiation potential of Wt-
VAPB-expressing and P56S-VAPB-expressing 3T3-L1 cells by oil
red O staining. Ds-Red-expressing 3T3-L1 cells were used as a
control. The results revealed that the size of lipid droplets was
smaller in P56S-VAPB expressing cells while intracellular fat
accumulation occurred (Fig. 1C).
3.2. P56S mutation impairs the lipid droplet formation in
differentiating 3T3-L1 cells

To study the size of lipid droplets in P56S-VAPB-expressing cells
in more detail, lipid droplets in Ds-Red-, Wt-VAPB-, and P56S-
VAPB-expressing cells in the differentiation process were stained
with BODIPY 493/503 and were observed under a microscope. And
then, we measured lipid droplet areas based on images of the cells.
On day 3 after induction, no appreciable differences among trans-
fected cells were found in the lipid droplet area per cell (Fig. 2). On
day 6 after induction, while lipid droplet areas in Ds-Red- and Wt-
VAPB-expressing cells increased, the lipid droplet area in P56S-
VAPB-expressing cells was significantly smaller than that of the
other transfectants and its size remained unchanged from day 3
onwards (Fig. 2). On day 10 after induction, differentiation was
further induced, and the differences weremore prominent. In other
words, the size of lipid droplets in P56S-VAPB-expressing cells was
found to have stayed constant since day 3 of differentiation-
stimulating induction.
3.3. P56S mutation restrains the expression levels of differentiated-
associated genes in differentiating 3T3-L1 cells

Next, we analyzed the expression levels of differentiation-
associated genes over the course of differentiation in Ds-Red-,
Wt-VAPB-, and P56S-VAPB-expressing cells using qRT-PCR.
Although the expression levels of the PPARg2 gene in Ds-Red-
and Wt-VAPB-expressing cells increased with differentiation, no
such increase was observed in P56S-VAPB-expressing cells (Fig. 3).
Similar to the PPARg2 gene expression levels, expression levels of
aP2 and C/EBPa genes also increased with the progression of dif-
ferentiation in Ds-Red- and Wt-VAPB-expressing cells, but not in
P56S-VAPB-expressing cells (Fig. 3). The terminal differentiation of
preadipocytes into adipocytes has been shown to be initiated by the
activation of the transcription factors C/EBPa and PPARg2 in pre-
adipocytes [22,23]. The expression of these transcription factors
involved in adipocyte differentiationwas found to be suppressed in
P56S-VAPB-expressing cells. It has been known that the aP2 gene
expression level is regulated by PPARg2 [23], and that the aP2
protein affects insulin sensitivity and lipid metabolism [24]. aP2 is
involved in the induction of triglyceride (TG) synthase [25] and has
also been reported to be involved in cellular uptake of fatty acids
[26]. Therefore, it is conceivable that P56S-VAPB suppresses aP2
gene expression and reduces cellular uptake of fatty acids. Thus, it is
predicted that this is a cause of hyperlipidemia in ALS patients.

3.4. P56S mutation enhances the expression levels of ATF4 and
CHOP in 3T3-L1 cells

Further, the expression levels of UPR-related genes during the
differentiation process were measured for Ds-Red-, Wt-VAPB-, and
P56S-VAPB-expressing cells using qRT-PCR. The result showed no
significant differences in expression levels of XBP1s, EDEM, and
ATF6 genes among these cells (Fig. 4). When IRE1 is activated,
spliceosome-independent frame switch splicing is induced, and the
active form of the transcription factor XBP1s is produced from the
spliced substrate XBP1 mRNA [27]. In recent years, XBP1s has been
reported to be involved not only in UPR-associated transcription
induction but also in the regulation of the expression of PPAR-g2
and C/EBPa in adipocytes [28]. Moreover, P56S-VAPB has been re-
ported to inhibit the IRE1eXBP1 pathway in studies using NSC34
cells [13], but this effect was not observed in the present study
using 3T3-L1 cells. Although additional studies are necessary, this
difference suggests that the effect of P56S-VAPB on the IRE1-XBP1
pathway may vary depending on the cell type. Meanwhile, the
expression levels of ATF4 and CHOP genes measured at 3 days after
differentiation-inducing stimulation were found to be significantly
higher in P56S-VAPB-expressing cells than in Ds-Red- orWt-VAPB-
expressing cells (Fig. 4). CHOP is a member of the C/EBP family, and
its expression is induced by ATF4 [29]. It contains a leucine zipper
structure at the C-terminus and is capable of binding to other C/EBP
family members. However, because its DNA binding domain con-
tains two proline residues, CHOP homodimerizes or hetero-
dimerizes, and other C/EBP members cannot bind to the C/EBP-
binding sequence [30]. Based on this characteristic structure,
CHOP is presumed to serve as an endogenous dominant-negative
form to inhibit the functions of other C/EBP members, and it has
been reported that forced expression of CHOP indeed results in the
suppression of the differentiation of 3T3-L1 cells into adipocytes
[31]. In addition, ATF-knockout mice have also been shown to be
skinny [32]. Moreover, expression of ATF4 and CHOP genes has
been reported to be enhanced in corticospinal motor neurons and
spinal motor neurons of the transgenic mice expressing P56S-VAPB
in a neuron-specific manner [33]. Although the detailed mecha-
nism has not been elucidated, VAPB is believed to be a molecule



Fig. 1. P56S mutation leads to aberrant aggregation of VAPB in 3T3-L1 cells. A: 3T3-L1 cells were transfected with the indicated plasmids and fixed 48 h after transfection. The
distribution of VAPB protein is indicated by Ds-Red. B: 3T3-L1 cells were cotransfected with the vectors encoding C-terminally GFP-fused Wt-VAPB and Ds-Red-fused P56S-VAPB
and fixed 48 h after transfection. Scale bar ¼ 20 mm. A merge show on the right. Examples of co-localization are indicated with arrowheads. C: 3T3-L1 cells were transfected with the
indicated plasmids and cells were treated with differentiation medium 6 h after transfection. On day 10 after initiation of differentiation, cells were stained with Oil-red O. Low-
(upper: bar ¼ 50 mm) and high-magnification (lower: bar ¼ 20 mm) of Oil-red O staining. This is representative of three similar experiments.
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Fig. 2. P56S mutation impairs the lipid droplet formation in differentiating 3T3-L1 cells. A: 3T3-L1 cells were transfected with the vectors encoding Ds-Red or C-terminally Ds-Red-
fused Wt-VAPB or Ds-Red-fused P56S-VAPB. For the induction of adipocyte differentiation, 6 h after transfection, cells were treated with differentiation medium. On day 3 or 6 or 10
after initiation of differentiation, adipocytes were visualized by staining lipid droplets with the fluorescent dye, BODIPY 493/503 (green). Images were collected with an Olympus
FV1000 confocal laser-scanning microscope. The dotted lines delineate the single adipocyte. Scale bar ¼ 5 mm. B: To quantify the size of lipid droplets, the diameter of lipid droplets
in each image was measured with ImageJ software program. The values are the means ± standard deviation for 300 cells in each groups. *P < 0.05, **P < 0.01 compared with Ds-Red.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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that is located in the endoplasmic reticulum and involved in UPR.
These findings suggest that P56S-VAPB promoted the ATF4eCHOP
pathway activation, thereby suppressing adipocyte differentiation.

About 20% of familial ALS cases are thought to be attributable to
SOD mutation. CHOP gene expression has also been shown to be
enhanced in the spinal cords of mutant SOD transgenic mice [34]
and of sporadic ALS patients [35]. The present study demon-
strated that P56S-VAPB enhanced expression of ATF4 and CHOP
genes in adipocytes, and it is conceivable that the expression of
these genes is also promoted in adipose tissue of patients with
other forms of familial ALS or sporadic ALS.

As a result of our investigation on the effects of P56S-VAPB on
adipocyte differentiation and the expression of differentiation-
associated genes and UPR-related gene using 3T3-L1 cells, we
have found that P56S-VAPB suppresses adipocyte differentiation
through the promotion of the ATF4eCHOP pathway. In the future,
ATF4eCHOP pathway-focused studies with adipose tissues from
patients with SODmutation or sporadic ALS are expected to lead to



Fig. 3. P56S mutation restrains the expression levels of differentiated-associated genes in 3T3-L1 cells. The mRNA expression of PPARg2, C/EBPa and aP2 in Ds-Red- or Wt-VAPB- or
P56S-VAPB- expressing cells during differentiation induction. The level of mRNA was determined by real-time PCR and normalized by b-actin. The results are expressed as
means ± SEM for three independent determinations. *P < 0.05, **P < 0.01 compared with Ds-Red.

Fig. 4. P56S mutation enhances the expression levels of ATF4 and CHOP in 3T3-L1 cells. The mRNA expression of ATF4, CHOP, XBP1s, EDEM and ATF6 in Ds-Red- or Wt-VAPB- or
P56S-VAPB- expressing cells during differentiation induction. The level of mRNA was determined by real-time PCR and normalized by b-actin. The results are expressed as
means ± SEM for three independent determinations. *P < 0.05, **P < 0.01 compared with Ds-Red.
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the full understanding of the etiology of dyslipidemia in ALS
patients.
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