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Abstract
Increased de novo lipogenesis is a hallmark of aggressive cancers. Lipid droplets, the major form
of cytosolic lipid storage, have been implicated in cancer cell proliferation and tumorigenesis.
Recently, we identified the ERLIN2 [ER (endoplasmic reticulum) lipid raft-associated 2) gene that
is amplified and overexpressed in aggressive human breast cancer. Previous studies demonstrated
that ERLIN2 plays a supporting oncogenic role by facilitating the transformation of human breast
cancer cells. In the present study, we found that ERLIN2 supports cancer cell growth by regulating
cytosolic lipid droplet production. ERLIN2 is preferably expressed in human breast cancer cells or
hepatoma cells and is inducible by insulin signalling or when cells are cultured in lipoprotein-
deficient medium. Increased expression of ERLIN2 promotes the accumulation of cytosolic lipid
droplets in breast cancer cells or hepatoma cells in response to insulin or overload of unsaturated
fatty acids. ERLIN2 regulates activation of SREBP (sterol regulatory element-binding protein) 1c,
the key regulator of de novo lipogenesis, in cancer cells. ERLIN2 was found to bind to INSIG1
(insulin-induced gene 1), a key ER membrane protein that blocks SREBP activation. Consistent
with the role of ERLIN2 in regulating cytosolic lipid content, down-regulation of ERLIN2 in
breast cancer or hepatoma cells led to lower cell proliferation rates. The present study revealed a
novel role for ERLIN2 in supporting cancer cell growth by promoting the activation of the key
lipogenic regulator SREBP1c and the production of cytosolic lipid droplets. The identification of
ERLIN2 as a regulator of cytosolic lipid content in cancer cells has important implications for
understanding the molecular basis of tumorigenesis and the treatment of cancer.
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INTRODUCTION
Increased lipid and energy metabolism is a prominent feature of cancer [1]. It has been
demonstrated that the lipogenic phenotype and activation of lipogenic enzymes correlate
with a poorer prognosis and shorter disease-free survival for patients with different tumour
types [2]. Production of lipid droplets, the main cytosolic lipid storage organelle in
eukaryotic cells, is closely associated with de novo lipogenesis [3]. Indeed, elevated lipid
droplet content is implicated in cancer cell proliferation and tumorigenesis and has been
increasingly recognized as a hallmark of aggressive cancers [2,4].

ERLIN2 {ER (endoplasmic reticulum) membrane lipid raft-associated 2; also known as
SPFH2 [SPFH (stomatin/prohibitin/flotillin/HflK/C) domain family, member 2] and
C8ORF2 [chromosome 8 open reading frame 2]} and its homologue ERLIN1 belong to a
larger family of proteins that share an evolutionarily conserved SPFH domain [5]. Recent
high-resolution genomic analyses of copy number in human breast cancer specimens
demonstrated that high-level amplification of the ERLIN2 region occurs in 28 % of cases
[6]. On the basis of statistical analysis of copy number increase and overexpression, we and
others have identified the ERLIN2 gene as one of several candidate oncogenes within the
8p11-12 amplicon [7–11]. Together with other identified oncogenes in the 8p11-12
amplicon, ERLIN2 promotes transformation of human breast cancer cells, although it does
not behave as a classical transforming oncogene, such as receptor tyrosine kinases and the
small GTPase Ras [7,10–12]. Previous studies suggested that ERLIN2 might mediate ER-
associated protein degradation [5,13,14]. ERLIN1 and ERLIN2 interact with each other to
form a functional complex. ERLIN2 can bind to the activated inositol trisphosphate
receptors and other ERAD (ER-associated degradation) substrates, leading to
polyubiquitination and subsequent degradation of these substrates [13,14]. ERLIN2 can also
interact with ER-resident proteins GP78 [AMFR (autocrine motility factor receptor)] and
TMUB1 (transmembrane and ubiquitin-like domain containing 1) to mediate degradation of
HMG-CoA (3-hydroxy-3-methylglutaryl-CoA) reductase [15]. However, previous studies
were focused on the biochemical characterization of ERLIN2 as a mediator of the ERAD
pathway. The precise role and mechanism of ERLIN2 in aggressive cancer cells, where the
ERLIN2 gene is amplified and overexpressed, remain poorly understood.

In the present study, we found that ERLIN2 plays an important role in regulating cytosolic
lipid content and activation of SREBP (sterol regulatory element-binding protein) 1c, a key
lipogenic regulator in human breast cancer cells and hepatoma cells. Furthermore,
knockdown of endogenous ERLIN2 led to reduced cancer cell proliferation rates. Our
finding that ERLIN2 regulates lipogenesis in cancer cells contributes to our understanding
of the molecular basis governing lipid metabolism in tumorigenesis and could have
important applications in cancer therapy.

MATERIALS AND METHODS
Materials

Chemicals were purchased from Sigma unless indicated otherwise. Synthetic
oligonucleotides were purchased from Integrated DNA Technologies. Human insulin was
purchased from Eli Lilly. Antibodies against FLAG, ERLIN1 and α-tubulin were purchased
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from Sigma. An antibody against ERLIN2 was purchased from Cell Signaling Technology.
An antibody against SREBP1c was purchased from Thermo Scientific. ERLIN1 and
ERLIN2 ON-TARGETplus siRNA SMARTpool® reagents were purchased from
Dharmacon. Antibodies against T7, V5, INSIG1 (insulin-induced gene 1), SREBP1a and
FAS (fatty acid synthase) were purchased from Santa Cruz Biotechnology. An antibody
against SCAP (SREBP cleavage-activating protein) was purchased from Abcam. The
monoclonal antibody against C-terminal SREBP2 was purchased from BD Pharmingen, and
the polyclonal antibody against N-terminal SREBP2 was from Cayman Chemicals. The
photo-reactive amino acids kit was from Thermo Scientific Pierce. The kit for measuring
TGs (triglycerides) was from BioAssay System. The plasmid expressing T7-tagged human
INSIG1 used in the present study was provided by Dr Jin Ye (University of Texas
Southwestern Medical Center, Dallas, TX, U.S.A.) [16].

Cancer cell culture, lentivirus construction and transduction of cells
The human breast cancer cell lines SUM44 and SUM225, and the human mammary
epithelial cell line MCF10A were cultured as described previously [12,17,18]. The human
breast cancer cell line ZR-75-1 was purchased from the A.T.C.C. The human hepatocellular
carcinoma cell line Huh-7 was cultured in DMEM (Dulbecco’s modified Eagle’s medium)
containing 10 % FBS (fetal bovine serum), L-glutamine and antibiotics at 37 °C in a 5 %
CO2 environment [19]. The details regarding the origins and culture conditions of these
cancer cell lines are described in the Supplementary Online data (at http://
www.BiochemJ.org/bj/446/bj4460415add.htm). The lentiviral expression construct
containing human ERLIN2 (pLenti-ERLIN2) was established as described previously [7].
The lentivirus for pLenti-ERLIN2 was used to infect MCF10A or Huh-7 cells. Control
infections with pLenti-LacZ virus were performed in parallel with the pLenti-ERLIN2
infections. Selection began 48 h after infection in growth medium with 10 μg/ml blasticidin.
Upon confluence, selected cells were passaged and serially cultured.

Lentivirus-mediated shRNA (small hairpin RNA) knockdown of gene expression
We knocked down the expression of the human ERLIN2 gene in human breast cancer cell
lines SUM225 and SUM44 or human hepatoma cell line Huh-7 by using the Expression
Arrest GIPZ lentiviral shRNAmir system (OpenBiosystems). Lentivirus was produced by
transfecting HEK (human embryonic kidney)-293FT cells with a combination of the
lentiviral expression plasmid DNA and the Trans-Lentiviral packaging mix
(OpenBiosystems). For cell infection, viral supernatants were supplemented with 6 μg/ml
polybrene and incubated with the cells for 24 h. The cells expressing shRNA were selected
with puromycin for 2–3 weeks for functional studies (cell proliferation assays) and for 4–10
days after infection for RNA extraction.

BODIPY (boron dipyrromethene) staining of lipid droplets
The cells were washed with PBS, fixed with 3 % formaldehyde for 15 min and stained with
BODIPY 493/503 (stock 1 mg/ml, working solution 1:1000 dilution; Invitrogen) for 15 min
at room temperature (25°C). Cells were then mounted with Prolong gold antifade reagent
containing DAPI (4′,6-diamidino-2-phenylindole; Invitrogen).

Oil Red O staining of lipid droplets
Frozen liver tissue sections were stained with Oil Red O according to the standard protocol
to visualize lipid droplet content. Briefly, frozen liver tissue sections of 8 μm were air-dried
and then fixed in formalin. The fixed sections were rinsed with 60 %propan-2-ol before they
were stained with freshly prepared Oil Red O solution for 15 min. After Oil Red O staining,
the liver sections were rinsed again with 60 % propan-2-ol followed by washing with water.
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Incorporation of photo-reactive amino acids and UV cross-linking to analyse the protein
binding complex

Cells at 60–70 % confluence were washed twice with PBS and cultivated with DMEM
limiting medium (without L-leucine and L-methionine) containing 2 mM photo-reactive
leucine and 4 mM photo-reactive methionine analogues supplemented with 10 % dialysed
FBS for 24 h. After washing twice with PBS, cells were UV-irradiated using a Stratalinker
1800 (UVA output at 1 cm = 3000 μW/cm2) for 12 min. The cell lysates were then collected
in NP-40 (Nonidet P40) lysis buffer for IP (immunoprecipitation) Western blot analysis. The
photo-reactive amino acids kit, DMEM limiting medium and dialysed FBS were purchased
from Thermo Scientific Pierce.

Cell proliferation assay
Cell proliferation rates were determined using CellTiter 96 non-radioactive cell proliferation
assay {MTT [3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide]} kits
from Promega. Briefly, approximately 5000 cells per well were seeded in triplicate in 96-
well culture plates and allowed to attach for 24 h. After cell culture for 3, 6, 9 and 12 days,
20 μl of MTT (5 mg/ml) solution was added to 200 μl of medium in each well. Cells were
cultured for an additional 4 h to allow MTT to be well metabolized. After that, the medium
was aspirated, and 200 μl of DMSO was added into the well to dissolve the purple formazan
crystals. The absorbance of the plate was measured at 570 nm using a plate reader.

Western blot and IP Western blot analyses
To determine expression levels of ERLIN1, ERLIN2, SREBPs, INSIG1, α-tubulin and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), total cell lysates were prepared from
cultured cells or liver tissue by using NP-40 lysis as described previously [20]. Denatured
proteins were separated by SDS/PAGE (10 % Tris-Glycine polyacrylamide gels) and
transferred on to a 0.45-mm PVDF membrane (GE Healthcare). Membrane-bound
antibodies were detected by an enhanced chemiluminescence detection reagent (GE
Healthcare). For IP Western blot analysis, total protein lysates from in vitro cultured cells
were immunoprecipitated with the anti-ERLIN1, anti-ERLIN2 or anti-V5 antibody,
followed by Western blot analysis with the anti-ERLIN1, anti-SCAP or anti-T7 antibody.

Quantitative real-time RT (reverse transcription)–PCR analysis
For real-time RT–PCR analysis, total cellular RNA was prepared using TRIzol reagent
(Invitrogen) and reverse-transcribed to cDNA using a random primer. The real-time PCR
reaction mixture containing cDNA template, primers and SYBR Green PCR Master Mix
(Invitrogen) was run in a 7500 Fast Real-time PCR System (Applied Biosystems). The
sequences of the PCR primers used in the present study are provided in the Supplementary
Table S1 (at http://www.BiochemJ.org/bj/446/bj4460415add.htm). Fold changes of mRNA
levels were determined after normalization to internal control β-actin RNA levels.

Statistics
Experimental results (quantitative real-time RT–PCR analysis, MTT assay and quantitative
Western blot analysis) were calculated as means ± S.E.M. (for variation between animals or
experiments). The differences among means between multiple (more than two) groups were
analysed by one-way ANOVA followed by post-hoc comparisons of group means with the
Tukey–Kramer test. The mean values for biochemical data from two experimental groups
were compared by a paired or unpaired two-tailed Student’s t test. Differences of P < 0.05
were considered statistically significant.
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RESULTS
ERLIN2 is overexpressed in human cancer cells and inducible by metabolic stress signals

Previously we and others demonstrated that the ERLIN2 gene was highly amplified in
human breast cancer cell lines and breast tumours of aggressive forms [7–9]. Western blot
analysis indicated that ERLIN2 was overexpressed in the aggressive human breast cancer
cell lines SUM225, ZR-75-1, SUM44 and SUM52, and it was modestly expressed in the
non-transformed human mammary epithelial cell line MCF10A (Figure 1A, [7]). Moreover,
ERLIN2 was expressed in human hepatoma cell lines, including HepG2 and Huh-7, but only
slightly expressed in murine primary hepatocytes (Figure 1A). Evidence suggests that
elevated lipogenesis is essential for tumour cell survival and malignancy maintenance [2,4].
To elucidate the involvement of ERLIN2 in the lipogenic phenotype of human cancer cells,
we exposed murine primary hepatocytes to metabolic stress conditions that are associated
with lipogenesis and/or cancer cell growth. First, we found that expression of endogenous
ERLIN2 in murine primary hepatocytes was inducible by insulin, a metabolic signal that
induces activation of SREBP1c and de novo lipogenesis in the liver (Figure 1B) [21].
Secondly, expression of endogenous ERLIN2 was higher in primary hepatocytes cultured in
medium containing LPDS (lipoprotein-deficient serum), a metabolic stress condition that
triggers SREBP activation and de novo lipogenesis, in a time-dependent manner (Figure
1C). To further elucidate the effect of the insulin signal or LPDS on the induction of
ERLIN2, we examined the induction of ERLIN2 mRNA in murine primary hepatocytes in
response to insulin or LPDS challenge. Quantitative real-time RT–PCR analysis indicated
that expression of ERLIN2 mRNA in primary hepatocytes is inducible by insulin or LPDS
(Supplementary Figure S1 at http://www.BiochemJ.org/bj/446/bj4460415add.htm).
However, there is a discrepancy in expression patterns between the ERLIN2 protein and
mRNA levels. The discrepancy between protein and mRNA levels, which may be due to
post-transcriptional regulation, has been observed with many genes involved in lipid
metabolism [21–24].

We also evaluated the expression of ERLIN2 in the liver of mice receiving normal chow or
an AHF (atherogenic high-fat) diet known to induce atherosclerosis and fatty liver disease in
murine models [25,26]. Expression levels of the ERLIN2 protein in the steatoic livers of the
mice fed the AHF diet were much higher than those in mice fed the normal diet (Figure 1D).
Quantitative real-time RT–PCR analysis confirmed that expression of ERLIN2 mRNA was
significantly higher in the livers of the mice fed the AHF diet compared with the mice fed
normal chow (Figure 1E). Together, the results suggest that expression of ERLIN2 is up-
regulated in cancer cells and inducible by insulin or LPDS challenge. These findings
motivated us to investigate the involvement of ERLIN2 in lipid metabolism associated with
tumorigenesis.

ERLIN2 is required for cytosolic lipid droplet accumulation in cancer cells after insulin
stimulation or overload of oleic acid

To assess the potential involvement of ERLIN2 in lipid metabolism in cancer cells, we
analysed cytosolic lipid content in human mammary epithelial cells, breast cancer cells or
hepatoma cells in which exogenous ERLIN2 was overexpressed or endogenous ERLIN2
was knocked down. Using a lentiviral expression system, we established a human mammary
epithelial cell line (MCF10A) that stably expresses ERLIN2 or control LacZ (Figure 2A).
Cytosolic lipid droplets, as indicated by BODIPY staining, accumulated in the MCF10A
cells overexpressing exogenous ERLIN2, but not the LacZ control (Figure 2B). The human
breast cancer cell line SUM225, in which the ERLIN2 gene was amplified and
overexpressed, possesses abundant cytosolic lipid droplet contents (Figures 2C and 2D).
However, when the endogenous ERLIN2 gene was knocked down, the levels of lipid droplet
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contents in the ERLIN2-knockdown SUM225 cells were significantly reduced. The
reduction of lipid droplet contents in the absence of ERLIN2 was consistent with cellular
TG levels in the ERLIN2-knockdown breast cancer cells (Supplementary Figure S2 at http://
www.BiochemJ.org/bj/446/bj4460415add.htm). Together, these results suggest a potential
role for ERLIN2 in promoting lipid droplet production in human breast cancer cells.

To verify the role of ERLIN2 in cytosolic lipid accumulation, we used the human
hepatocellular carcinoma cell line Huh-7 [19], which has been used to study tumorigenesis
or hepatic lipid metabolism. The ERLIN2 gene was stably silenced in Huh-7 cells by using a
lentivirus-based shRNA system. The result of Western blot analysis indicated that
expression levels of ERLIN2 protein were markedly reduced in the ERLIN2-knockdown
Huh-7 cells, compared with the control cells transduced by a non-silencing shRNA control
(Figure 3A). The ERLIN2-knockdown Huh-7 cells had much lower levels of lipid droplet
content, indicated by Oil Red O staining, than the control cells (Figure 3B). Overexpression
of ERLIN2 significantly increased lipid droplet accumulation in Huh-7 cells, consistent with
the observation that ERLIN2 overexpression increased lipid droplet production in MCF10A
cells (Figure 2B). It is known that insulin can trigger de novo lipogenesis in hepatocytes,
whereas overload of oleic acid, a monounsaturated fatty acid, can lead to cytosolic lipid
droplet accumulation and steatosis in cultured hepatoma cells [27,28]. To further delineate
the effect of ERLIN2 on cytosolic lipid droplet production, we challenged non-silencing
control, ERLIN2-knockdown and ERLIN2-overexpressing Huh-7 cells with insulin or oleic
acid. The ERLIN2-knockdown Huh-7 cells exhibited significantly less lipid droplet
accumulation, whereas the ERLIN2-overexpressing Huh-7 cells displayed markedly greater
hepatic steatosis compared with control Huh-7 cells, in response to insulin stimulation or
oleic acid feeding (Figure 3). The lipid droplet staining results were consistent with the
biochemical quantification of cellular TG levels in the related Huh-7 cells (Supplementary
Figure S2). Together, these findings support the role of ERLIN2 in de novo lipogenesis and
lipid droplet production.

ERLIN2 is associated with the activation of SREBPs in cancer cells
The ER is the organelle responsible for lipid and sterol biosynthesis. SREBP1 and SREBP2
are ER transmembrane proteins that play central roles in controlling expression of genes
encoding key regulators and enzymes in de novo lipogenesis [21]. Among others, SREBP1c
is inducible in liver and adipose tissue by insulin change or fasting/refeeding conditions, and
it plays a critical role in nutritional regulation of lipogenic gene expression [21]. Induction
of SREBP1c, but not SREBP1a or SREBP2, is evidenced in numerous primary human
breast tumours and breast cancer cell lines [29]. Previous studies indicated that fatty acid
synthesis and expression of lipogenic genes in breast cancer is achieved through modulation
of SREBP1c, similar to its regulation in liver and adipose tissue, although the upstream
regulation of lipogenesis differs in these tissues [21,29].

It has been shown that activation of SREBP is controlled by interactions involving ER-
resident proteins that are regulated by metabolic signals [21]. In particular, the SREBP
precursor proteins interact with ER membrane SCAP, and SCAP binds to another ER
membrane protein called INSIG1 to maintain SREBPs in an inactive state [30]. In response
to low sterol or insulin stimuli, INSIG1 dissociates from SCAP and is subsequently
degraded through ERAD, thus allowing SREBP activation [30–32]. Because ERLIN2 is an
ER lipid raft protein and has been characterized as a mediator of ERAD [13,14], we
suspected that ERLIN2 might regulate lipogenesis by modulating the activation of SREBPs
and/or ER-associated degradation of INSIG1. To explore this possibility, we first examined
activation of SREBP1c in a mammary epithelial cell line (MCF10A) that overexpresses
exogenous ERLIN2 or LacZ control. Levels of the cleaved/activated form of SREBP1c were
significantly higher in the MCF10A cells overexpressing ERLIN2, compared with that of
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the cells overexpressing LacZ (Figure 4A). We further evaluated activation of SREBP1c in
SUM44, an aggressive human breast cancer cell line in which the endogenous ERLIN2 gene
is amplified and overexpressed [7] (Figure 2C). We generated SUM44 stable cell lines in
which ERLIN2 was knocked down through a lentivirus-based shRNA expression system.
Supporting a role for ERLIN2 in regulating SREBP activation, the levels of total cleaved
SREBP1c protein were lower in the ERLIN2 knockdown SUM44 cells, compared with that
in the control cells (Figure 4B). Interestingly, SREBP cleavage products in SUM44 cells
appeared as multiple isoforms that might represent phosphorylated or SUMOylated forms of
mature SREBP under different metabolic conditions [33,34]. Moreover, the levels of the
SREBP1c precursor were also modestly lower in the ERLIN2-knockdown SUM44 cells
(Figure 4B). Additionally, we examined levels of SREBP1a in the ERLIN2-knockdown or
control breast cancer cells. Consistent with the previous observation that SREBP1c, but not
SREBP1a or SREBP2, is induced in human breast tumours and breast cancer cell lines [29],
the ERLIN2 knockdown or overexpressing breast cancer cell lines express only trace levels
of SREBP1a (Supplementary Figure S3 at http://www.BiochemJ.org/bj/446/
bj4460415add.htm).

Next, we confirmed the involvement of ERLIN2 in SREBP activation by using the
hepatoma cell line Huh-7. In liver hepatocytes, activation of SREBP1c is tightly controlled
by feedback regulation [21]. To circumvent the potential adaptation of SREBP activation in
stable ERLIN2 knockdown Huh-7 cells, we transiently knocked down ERLIN2 and/or its
functional binding partner, ERLIN1, in Huh-7 cells by using ON-TARGETplus siRNA
SMARTpool® reagents [35]. Transient knockdown of ERLIN2 and/or ERLIN1 significantly
reduced the levels of mature SREBP1c proteins in the Huh-7 cells in the absence or presence
of insulin (Figure 4C). Moreover, levels of cleaved SREBP2 proteins were also reduced in
the ERLIN2 and/or ERLIN1 knockdown Huh-7 cells, compared with those in control Huh-7
cells (Figure 4C and Supplementary Figure S4 at http://www.BiochemJ.org/bj/446/
bj4460415add.htm). These results suggest that ERLIN2 plays a role in regulating SREBP
activation. Note that the results obtained with ERLIN1-knockdown cells suggested that
ERLIN1 may also be involved in regulation of SREBP activation. Because ERLIN2 is
known to dimerize with ERLIN1 to form a functional complex [5,13,14], it is possible that
knockdown of ERLIN1 may destabilize ERLIN2 and thus reduce SREBP activation in
cancer cells. The involvement of ERLIN1 in regulating SREBP activation needs to be
further elucidated in the future. Since ERLIN2 has been proposed as a mediator of ERAD
[13,14], we wondered whether ERLIN2 regulates SREBP activation by facilitating INSIG1
degradation through the ERAD mechanism. The levels of INSIG1 proteins were not
significantly changed in the ERLIN1-and/or ERLIN2-knockdown cells compared with the
control cells (Figure 4C). Together, our data suggest that, although expression of ERLIN2
has a marginal effect on INSIG1 degradation, ERLIN2 regulates SREBP activation in cancer
cells.

To further elucidate the role of ERLIN2 in de novo lipogenesis, we used ERLIN2
knockdown and control SUM44 or Huh-7 cells to examine the expression of genes that
encode key lipogenic enzymes or regulators. Quantitative real-time RT–PCR analysis
indicated that expression levels of SREBP1-regulated lipogenic genes, including ACC1
(acetyl-CoA carboxylase 1) and SCD1 (stearoyl-CoA desaturase 1) and other key lipogenic
genes, including DGAT (diacylglycerol O-acyltransferase) 1, DGAT2, ADRP (adipose
differentiation-related protein), FIT1 (fat-inducing transcript 1), FATP2 (fatty acid transport
protein 2) and FSP27 (fat-specific protein 27), were lower in ERLIN2 knockdown SUM44
and Huh-7 cells (Supplementary Figures S5A–S5C at http://www.BiochemJ.org/bj/446/
bj4460415add.htm). We also examined expression of lipogenic trans-activators in ERLIN2
knockdown and control Huh-7 cells. Expression levels of the genes encoding the lipogenic
trans-activators PGC [PPARγ (peroxisome-proliferator-activated receptor γ) coactivator]-1α
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and PGC-1β were significantly lower in ERLIN2 knockdown Huh-7 cells (Supplementary
Figure 5D). Additionally, we examined expression of FAS, a key SREBP1-regulated
enzyme in de novo lipogenesis. Expression levels of FAS mRNA were only marginally
altered by the absence of ERLIN2 (results not shown), whereas FAS protein levels were
reduced in ERLIN2 knockdown Huh-7 cells (Supplementary Figure S6 at http://
www.BiochemJ.org/bj/446/bj4460415add.htm). The discrepancy in the expression patterns
between the FAS mRNA and protein levels might be due to feedback regulation of the genes
involved in lipid homoeostasis [21,23,24].

ERLIN2 interacts with SCAP and INSIG1
To gain further insight into the molecular basis by which ERLIN2 regulates SREBP
activation, we tested whether ERLIN2 can interact with ER-resident protein factors that
control SREBP activation. Through IP Western blot analysis, we first confirmed the strong
interaction between ERLIN1 and ERLIN2 in Huh-7 cells (Figure 5A). We then examined
potential interactions between ERLIN2 and the protein factors that regulate SREBP
activation in the ER, particularly SCAP and INSIG1. Because ERLIN2, SCAP and INSIG1
are ER-resident proteins, we performed IP Western blot analyses with ER protein fractions
to detect the interaction between ERLIN2, SCAP and INSIG1. IP Western blot analysis
indicated that only a small portion of endogenous SCAP proteins associated with ERLIN2 in
CHO (Chinese hamster ovary) cells exogenously expressing ERLIN2 and INSIG1 in the
presence of insulin or LPDS challenge (Figure 5B). Moreover, we failed to detect ERLIN2
protein associated with SCAP in protein lysates pulled down by an anti-SCAP antibody
(results not shown). Therefore the present study excludes the possibility of any strong or
direct interaction between ERLIN2 and SCAP. Next, we evaluated the interaction between
ERLIN2 and INSIG1. Because of a limitation of the anti-INSIG1 antibody in IP analysis, we
expressed T7-tagged INSIG1 and V5-tagged ERLIN2 in CHO cells for IP Western blot
analysis. In the absence of challenges, we detected only a nominal interaction between
ERLIN2 and INSIG1 (Figure 5C). However, significant amounts of INSIG1 proteins
associated with ERLIN2 were detected in the cells challenged by insulin or LPDS (Figure
5C). These results suggest a strong interaction between ERLIN2 and INSIG1 after insulin or
LPDS challenge, the metabolic condition that triggers SREBP activation and de novo
lipogenesis [21]. To further delineate the interaction between ERLIN2 and INSIG1, we
endogenously incorporated photo-reactive amino acid analogues into the primary sequence
of proteins during synthesis and then UV activated them to covalently cross-link proteins
within protein–protein interaction domains in their native environment [36–38]. This
powerful method enabled us to detect the intact protein interaction complex within live cells
without the use of completely foreign chemicals or molecular modifiers that might adversely
affect the interaction being studied [37]. Utilizing a photo-reactive amino acids kit, we
incorporated photo-reactive leucine and methionine analogues into the CHO cells expressing
both ERLIN2 and INSIG1. IP Western blot analysis with photo-reactive amino acid-
incorporated UV cross-linked protein lysates revealed a significant amount of ERLIN2–
INSIG1 binding complex formed in the CHO cells after insulin or LPDS challenge (Figure
5D).

To verify whether ERLIN2 is involved in ER-associated degradation of INSIG1, we
determined the levels of INSIG1 in Huh-7 cells overexpressing ERLIN1 or ERLIN2 after
insulin or LPDS challenge. Consistent with our previous observation using transient
ERLIN2-knockdown cells (Figure 4C), the levels of INSIG1 were marginally lower in the
Huh-7 cells overexpressing ERLIN2, compared with those in cells overexpressing LacZ or
ERLIN1 (Supplementary Figure S7 at http://www.BiochemJ.org/bj/446/bj4460415add.htm).
Therefore ERLIN2 is not likely to play a significant role in mediating INSIG1 degradation.
The interaction between ERLIN2 and INSIG1, and loosely with SCAP, might be required
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for efficient SREBP activation by facilitating the dissociation of the SREBP–SCAP complex
from INSIG1 in cancer cells (Supplementary Figure S8 at http://www.BiochemJ.org/bj/446/
bj4460415add.htm). This hypothesis needs to be further investigated in future studies.

Knockdown of ERLIN2 leads to reduced proliferation rates in cancer cells
Cancer cells, especially aggressive forms, have a high demand for lipid supplies for
unlimited cell proliferation. The SREBP activities and de novo lipogenesis are functionally
relevant to the cell proliferation rate [39]. Having established the role of ERLIN2 in
regulating SREBP activation and lipid droplet production, we determined whether down-
regulation of endogenous ERLIN2 in cancer cells affects cancer cell growth. To address this
question, we examined cell proliferation rates in the human hepatoma cell line Huh-7 or the
human breast cancer cell line SUM225 in which ERLIN2 had been knocked down. We
observed that in the absence of ERLIN2 the Huh-7 cells or SUM225 cells displayed a
significant reduction in both size and number of cell aggregates (Figures 6A and 6B). Cell
growth and proliferation analyses indicated that knockdown of ERLIN2 reduced
proliferation rates of Huh-7 cells and SUM225 cells (Figures 6C and 6D). After 10 days in
cell culture, the proliferation rates of ERLIN2 knockdown Huh-7 cells or SUM225 cells
were significantly lower than that of control cells. The reduced cancer cell proliferation
rates, caused by down-regulation of ERLIN2, are consistent with the role of ERLIN2 in
regulating de novo lipogenesis. This result implies that targeting ERLIN2 could be an
effective therapeutic approach for aggressive cancers by down-regulating de novo
lipogenesis in cancer cells.

DISCUSSION
The present study provides important new information about the role and mechanism of the
ER lipid raft protein factor ERLIN2 in lipid metabolism associated with tumour cell growth
and malignancy maintenance. The ERLIN2 gene is amplified and overexpressed in the
luminal subtype of human breast cancer that is associated with reduced metastasis-free
survival rate [7–9,12]. Our work demonstrated that ERLIN2 is preferably expressed in
aggressive breast cancer cell lines and in mouse fatty liver tissue, and it is inducible by
insulin or LPDS-containing culture medium (Figure 1). We found that ERLIN2 modulates
the activation of SREBP1c, the key regulator of lipid and cholesterol metabolism, in cancer
cells (Figure 4). Consistently, cytosolic lipid droplet production, a reflection of de novo
lipid/cholesterol metabolism, could be modulated by up- or down-regulation of ERLIN2 in
human breast cancer cells or hepatoma cells (Figures 2 and 3). As a result of decreased
lipogenesis, and other possible effects, cancer cell proliferation rates were reduced when
ERLIN2 was down-regulated (Figure 6). These findings not only contribute to our
understanding of the regulatory mechanism of activation of SREBPs in cancer cells, but
could also inform novel therapy and pharmaceutical interventions to control cancers,
especially aggressive forms.

Previously, ERLIN2 was characterized as a mediator of ERAD of activated inositol
trisphosphate receptors, the key component of the ER Ca2+ -release channel, and of the
cholesterol biosynthetic enzyme HMG-CoA reductase [13–15]. The ERLIN1–ERLIN2
complex interacts with the membrane-bound ubiquitin ligase GP78 and the substrate inositol
trisphosphate receptors or HMG-CoA reductase, leading to polyubiquitination and
subsequent degradation of these substrates. Activation of SREBPs, the key regulators of
lipid and sterol biosynthesis, is regulated by the binding activities of ER-resident proteins,
including INSIG1 and SCAP [21]. Because SCAP escorts SREBP from the ER to the Golgi
for proteolytic processing into an active transcription factor, the binding of SCAP by
INSIG1 effectively prevents SREBP activation [30]. Degradation of the INSIG1 protein
through ERAD is an important process that is associated with the activation of SREBPs
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[31,32]. The present study showed that ERLIN2 interacts with INSIG1 and is weakly
associated with SCAP after insulin signalling or LPDS culture (Figure 5). Because INSIG1
interacts with SCAP, it is possible that ERLIN2 indirectly associates with SCAP by
interacting with INSIG1. We showed that ERLIN2 regulates cleavage of SREBP1c in
human breast cancer cells or hepatoma cells (Figure 4). However, ERLIN2 does not likely
play a significant role in degrading INSIG1, although it interacts directly with INSIG1 in
response to metabolic signals (Figure 4C and Supplementary Figure S7). On the basis of
these results, we propose that ERLIN2 might interact with the INSIG1–SCAP binding
complex by directly binding to INSIG1 after insulin or LPDS challenge. Consequently,
ERLIN2 and INSIG1 interaction facilitates the dissociation of SCAP from INSIG1, thus
promoting SREBP activation and de novo lipogenesis in cancer cells (Supplementary Figure
S8). The ERLIN2-mediated regulation of SREBP and thus of de novo lipogenesis might
represent an important enhancing mechanism in lipid and energy metabolism that helps
cancer cells gain their growth advantage.

During tumorigenesis, uncontrolled proliferation of cancer cells requires elevated de novo
lipogenesis to meet the high demand for lipids and energy [2]. Shifting lipid acquisition
toward de novo lipogenesis dramatically changes membrane properties and protects cells
from both endogenous and exogenous insults. Our work suggests that ERLIN2, which is
highly expressed in aggressive human breast cancer cells, supports malignancy by
promoting de novo lipogenesis. Down-regulation of ERLIN2 can reduce cytosolic lipid
droplet content and slow the proliferation rate of cancer cells. Therefore targeting ERLIN2
might reduce resistance of aggressive cancers to therapy and thus improve the effectiveness
of conventional anti-cancer drugs. The present study has also raised many immediate and
important questions. For example, what is the precise mechanism by which ERLIN2
regulates activation of SREBPs? Does ERLIN2 interact with other ER-resident lipogenic
regulators, such as the hepatocyte-specific CREBH (cAMP responsive element binding
protein) [40,41], to regulate lipid metabolism in cancer cells? Our data showed that ERLIN2
is involved in lipid droplet accumulation in the cells incubated with oleic acid (Figure 3B).
Given that the oleic acid-induced response is not dependent upon de novo lipogenesis,
ERLIN2 may also act on other pathways to facilitate cytosolic lipid accumulation. In the
future, it will be interesting to investigate additional roles of ERLIN2 in promoting lipid
accumulation. Additionally, the present study only demonstrated the regulation of SREBP
activation and lipogenesis by ERLIN2 in a panel of cancer cells. Interestingly, expression of
ERLIN2 was elevated in fatty liver tissues (Figure 1). Therefore, it is plausible to speculate
that ERLIN2 may also regulate lipid metabolism in fatty liver disease. All of these questions
merit future research in ERLIN2.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

AHF atherogenic high-fat

BODIPY boron dipyrromethene

CHO Chinese hamster ovary

DAPI 4′, 6-diamidino-2-phenylindole

DGAT diacylglycerol O-acyltransferase

DMEM Dulbecco’s modified Eagle’s medium

ER endoplasmic reticulum

ERAD ER-associated degradation

ERLIN2 ER membrane lipid raft-associated 2

FAS fatty acid synthase

FBS fetal bovine serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HMG-CoA 3-hydroxy-3-methylglutaryl-CoA

INSIG1 insulin-induced gene 1

IP immunoprecipitation

LPDS lipoprotein-deficient serum

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide

NP-40 Nonidet P40

PGC peroxisome-proliferator-activated receptor γ coactivator

RT reverse transcription

shRNA small hairpin RNA

SPFH stomatin/prohibitin/flotillin/HflK/C

SREBP sterol regulatory element-binding protein

SCAP SREBP cleavage-activating protein

TG triglyceride
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Figure 1. ERLIN2 is preferentially expressed in cancer cells and is inducible by metabolic signals
(A) Western blot analysis of ERLIN2 protein levels in the human breast cancer cell lines
SUM225 and ZR-75-1, non-tumorigenic mammary epithelial cell line MCF10A, human
hepatoma cell lines HepG2 and Huh-7, and murine primary hepatocytes (hep). Levels of
GAPDH were included as loading controls. The values below the gels indicate ERLIN2
protein signal intensities [quantified using ImageJ (http://rsbweb.nih.gov/ij/)] after
normalization to GAPDH signal intensities. (B) Western blot analysis of ERLIN2 protein
levels in murine primary hepatocytes challenged with insulin (100 nM) for 1, 6 or 12 h.
Murine primary hepatocytes were cultured in normal medium with vehicle buffer PBS
added as a control (0 h under insulin). Tubulin was included as a loading control. The values
below the gels indicate the ERLIN2 protein signal intensities after normalization to tubulin
signal intensities. The graph beside the images shows fold changes of normalized ERLIN2
protein signal intensities (compared with 0 h control). Results are means ± S.E.M. (n = 3
experimental repeats); **P < 0.01. (C) Western blot analysis of ERLIN2 protein levels in
murine primary hepatocytes cultured in medium containing LPDS for 1, 6, 12, 24 or 36 h.
As a control, murine primary hepatocytes were cultured in normal medium containing 10 %
FBS (0 h under LPDS). Tubulin was included as a loading control. The values below the
gels indicate the ERLIN2 protein signal intensities after normalization to tubulin signal
intensities. The graph beside the images shows fold changes of normalized ERLIN2 protein
signal intensities (compared with 0 h control). Results are means ± S.E.M. (n = 3
experimental repeats); *P < 0.05; **P < 0.01. (D) Western blot analysis of ERLIN2 protein
levels in liver tissues of mice given normal chow (NC) or an AHF diet for 6 months.
GAPDH was included as a loading control. The values below the gels indicate the ERLIN2
protein signal intensities after normalization to GAPDH signal. The graph beside the images
shows ERLIN2 protein signal intensities in the livers of mice fed with normal chow or AHF
diet after normalization to GAPDH. Results are means ± S.E.M. (n = 5); **P < 0.01. For
(A–D), the experiments were repeated three times and representative data are shown. (E)
Quantitative real-time RT–PCR analysis of expression of ERLIN2 mRNA in the liver of
age-matched male mice given normal chow (NC) or the AHF diet for 6 months. Expression
values were normalized to β-actin mRNA levels. The baseline of the ERLIN2 mRNA level
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in one of the NC-fed mice was set to 1. Fold changes of the ERLIN2 mRNA levels in other
mice were calculated by comparing with the baseline mRNA level. Results are means ±
S.E.M. (n = 6 mice per group). **P < 0.01.
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Figure 2. ERLIN2 regulates levels of cytosolic lipid content in human breast cancer cells
(A) Western blot analysis of ERLIN2 levels in MCF10A cells stably overexpressing LacZ or
ERLIN2 through a lentivirus-based expression system. Tubulin was used as a loading
control. (B) BODIPY staining of lipid droplets in MCF10A cells stably overexpressing LacZ
or ERLIN2. The cells were counterstained with DAPI. Magnification is ×630. (C) Western
blot analysis of ERLIN2 levels in human breast cancer cell line SUM225, in which ERLIN2
is stably knocked down (EN2 KD) and its control cell line (Ctl). GAPDH was used as a
loading control. (D) BODIPY staining of lipid droplets in the ERLIN2 knockdown (KD) and
control (ctl) SUM225 cells. Magnification is ×630. For (A–D) the experiments were
repeated three times and representative data are shown.
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Figure 3. ERLIN2 regulates levels of cytosolic lipid content in human hepatoma cells in the
absence or presence of metabolic signals
(A) Western blot analysis of ERLIN2 levels in the Huh-7 stable cell line, which was
transduced with non-silencing control shRNA (Ctl), knocked down by ERLIN2 shRNAi
(KD) or overexpressed ERLIN2 (OE) via lentivirus. GAPDH was included as a loading
control. (B) Oil Red O staining of lipid droplets in the Huh-7 stable cell line, which was
transduced with non-silencing control (lenti-non-silence), ERLIN2 shRNAi (lenti-ERLIN2
shRNAi) or ERLIN2 overexpression (lenti-ERLIN2) lentivirus and treated with vehicle
PBS, insulin (100 nM) or oleic acid (0.5 mM) for 12 h. Magnification is ×200. The
experiments were repeated three times and representative data are shown.
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Figure 4. ERLIN2 regulates activation of SREBP1c
(A) Western blot analysis of ERLIN2 and SREBP1c levels in MCF10A cells that stably
express exogenous ERLIN2 or LacZ control. Tubulin was included as a loading control. The
values below the gels represent the ratios of signal intensities of mature SREBP1c to
SREBP1c precursor. (B) Western blot analysis of ERLIN2, SREBP1c and tubulin levels in
stable ERLIN2 knockdown SUM44 cells and control (CTL) SUM44 cells that were
transduced by non-silencing shRNA. The values below the gels represent the ratios of signal
intensities of mature SREBP1c to SREBP1c precursor. (C) Western blot analysis of
ERLIN1, ERLIN2, SREBP1c, SREBP2 and INSIG1 protein levels in Huh-7 cells in which
ERLIN1 and/or ERLIN2 were transiently knocked down. The ERLIN1 and/or ERLIN2
genes were transiently knocked down in Huh-7 cells by using ON-TARGETplus siRNA
SMARTpool® reagents (Dharmacon). The Huh-7 cells transduced with non-silencing
siRNA were included as the control. After 36 h, the control and knockdown cell lines were
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treated with PBS vehicle or insulin (100 nM) for 6 h followed by a collection of total cell
lysates for Western blot analysis. The SREBP2 signal was detected by using a monoclonal
antibody against a C-terminal SREBP protein fragment (BD Pharmingen). The values below
the gels represent the ratios of mature SREBP1c to SREBP1c precursor, cleaved SREBP2 to
tubulin, and INSIG1 to tubulin signal intensities. INS, insulin; RNAi, RNA interference;
SREBP2-C, cleaved SREBP2 (C-terminal); SREBP1c-M, mature SREBP1c; SREBP1c-P,
SREBP1c precursor; Veh, vehicle.
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Figure 5. ERLIN2 interacts with SCAP and INSIG1
(A) IP Western blot analysis of the interaction between ERLIN1 and ERLIN2 in Huh-7
cells. T cell lysates from Huh-7 cells expressing exogenous ERLIN2 or LacZ were
immunoprecipitated with an anti-ERLIN2 antibody (EN2) or rabbit IgG (negative control).
The pulled-down proteins were subjected to immunoblotting analysis using an anti-ERLIN1
antibody. The levels of ERLIN1 in total cell lysates were included as input controls. (B) IP
Western blot analysis of the interaction between ERLIN2 and SCAP. CHO cells stably
expressing exogenous ERLIN2 protein with a V5 tag were transfected with a plasmid vector
expressing INSIG1 protein with a T7 tag. The transfected CHO cells were treated with PBS
vehicle, insulin (INS; 100 nM) for 6 h or were cultured in LPDS medium for 12 h. As a
control (CTL), CHO cells stably expressing exogenous ERLIN2 protein were transfected
with a plasmid vector control PGL3 and cultured in normal medium without insulin or
LPDS challenge. ER protein fractions isolated from the CHO cells were immunoprecipitated
with an anti-V5 antibody and then subjected to immunoblotting analysis using an anti-SCAP
antibody to detect the interaction between ERLIN2 and SCAP. The levels of SCAP in total
cell lysates were determined as input controls. (C) IP Western blot analysis of the interaction
between ERLIN2 and INSIG1. The CHO cells, the plasmid transfection procedure, and the
treatments are the same as described for (B). The ER protein fractions isolated from the
CHO cells were immunoprecipitated with an anti-V5 antibody and then subjected to
immunoblotting analysis using an anti-T7 antibody to detect the interaction between
ERLIN2 and INSIG1. The levels of T7-tagged INSIG1 in total cell lysates were determined
as input controls. (D) IP Western blot analysis of ERLIN2–INSIG1 binding complex by
using a photo-reactive amino acid incorporation approach. The CHO cells, the plasmid
transfection procedure, and the treatments are the same as described in (B), except that the
cells were cultivated with DMEM limiting medium containing photo-reactive leucine and
methionine analogues for 24 h before UV cross-linking and cell lysate collection. The
photo-reactive amino acids incorporated UV cross-linked protein lysates were
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immunoprecipitated with an anti-V5 antibody and then subjected to immunoblotting
analysis using an anti-T7 antibody to detect the ERLIN2–INSIG1 binding complex. The
levels of ERLIN2 in total cell lysates were determined as input controls.
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Figure 6. Down-regulation of ERLIN2 reduces cancer cell proliferation rates
(A) Left-hand panel, morphology of ERLIN2 knockdown and control Huh-7 cells.
Magnification is ×400. Right-hand panel, levels of ERLIN2 protein in knockdown (KD) and
control (CTL) Huh-7 cells were determined by Western blot analysis. (B) Morphology of
ERLIN2 knockdown and control SUM225 cells. Magnification is ×400. Levels of ERLIN2
protein in knockdown and control SUM225 cells were determined by Western blot analysis.
(C and D) Cell proliferation assays with the stable ERLIN2 knockdown Huh-7 (C) or
SUM225 (D) cells and control cells. On day 1, the same number of ERLIN2 knockdown or
control cells was seeded (5000 cells per well). The cell proliferation rate at each time point
was represented by a 570-nm absorbance reading determined by MTT assay. Results are
means ± S.E.M. (n = 3 biological samples). **P < 0.01.
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