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The ARVI-encoded protein mediates sterol transport from
the endoplasmic reticulum (ER) to the plasma membrane. Yeast
ARV1 mutants accumulate multiple lipids in the ER and are sen-
sitive to pharmacological modulators of both sterol and sphin-
golipid metabolism. Using fluorescent and electron microscopy,
we demonstrate sterol accumulation, subcellular membrane
expansion, elevated lipid droplet formation, and vacuolar frag-
mentation in ARVI mutants. Motif-based regression analysis of
ARV1 deletion transcription profiles indicates activation of
Haclp, an integral component of the unfolded protein response
(UPR). Accordingly, we show constitutive splicing of HACI
transcripts, induction of a UPR reporter, and elevated expres-
sion of UPR targets in ARVI mutants. IRE1, encoding the
unfolded protein sensor in the ER lumen, exhibits a lethal
genetic interaction with ARV, indicating a viability require-
ment for the UPR in cells lacking ARVI1. Surprisingly, ARV1
mutants expressing a variant of Irelp defective in sensing
unfolded proteins are viable. Moreover, these strains also
exhibit constitutive HACI splicing that interacts with DTT-me-
diated perturbation of protein folding. These data suggest thata
component of UPR induction in arvIA strains is distinct from
protein misfolding. Decreased ARV1 expression in murine
macrophages also results in UPR induction, particularly up-reg-
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ulation of activating transcription factor-4, CHOP (C/EBP
homologous protein), and apoptosis. Cholesterol loading or
inhibition of cholesterol esterification further elevated CHOP
expression in ARV knockdown cells. Thus, loss or down-regu-
lation of ARVI1 disturbs membrane and lipid homeostasis,
resulting in a disruption of ER integrity, one consequence of
which is induction of the UPR.

The organization of lipids within and between organelle
membranes is essential for many cellular processes, including
protein folding and trafficking, osmotic integrity, and signal
transduction. Sterols, such as cholesterol, are often physically
coupled with sphingolipids in the lipid bilayer of membranes,
where they act as foci for many important processes (1). By
contrast, excess cholesterol is cytotoxic (2) and tightly regu-
lated by the combined impact of biosynthesis, influx, efflux, and
esterification (3). Many of these events initiate at the endoplas-
mic reticulum (ER).'" Consequently, the sterol content of the
ER is maintained at a critical threshold of 5% (molar basis) of
total ER lipids (4). This is a minor fraction of cellular cholesterol
relative to the other membranes, but its impact on the cell is
significant.

In mammals, cellular cholesterol and fatty acids are primarily
sensed and controlled via the ER-associated sterol regulatory
element-binding protein and its co-factors. Similarly, upon
accumulation of unfolded proteins in the ER lumen, the mem-
brane-associated stress transducer, IRE1 (inositol-requiring
enzyme-1), initiates a cytoprotective cascade called the un-
folded protein response (UPR) (5). Protein misfolding in the ER
lumen initiates dimerization, trans-autophosphorylation, and
activation of the cytosolic endoribonuclease domain of Irelp,
leading to removal of a 26-base pair intron from either the
HACI (yeast) or XBP1 (higher eukaryotes) transcript. The
spliced transcript is translated into a transcription factor that
activates expression of UPR target genes. The IRE1-mediated

" The abbreviations used are: ER, endoplasmic reticulum; UPR, unfolded pro-
tein response; ASO, antisense oligonucleotide; UPRE, unfolded protein
response element; AcLDL, acetylated low density lipoprotein; cLD, core
luminal domain; GPI, glycosylphosphatidylinositol; ACAT, acyl-coenzyme
A-cholesterol acyltransferase; GO, gene ontology; NBD-cholesterol, 22-(N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Jamino)-23,24-bisnor-5-cholen-33-ol.
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branch of the UPR is conserved in all eukaryotes. However, in
mammalian cells, there are two additional ER membrane-
bound stress transducers: ATF6 (activating transcription fac-
tor-6) and PERK (protein kinase RNA (PKR)-like ER kinase) (6).
Prolonged ER stress triggers apoptosis, due to PERK-mediated
activation of the cell death effector CHOP (C/EBP homologous
protein) (7).

Although the UPR is considered a protective reaction to mis-
folded proteins, perturbations in lipid homeostasis also activate
the UPR in both yeast and mammalian systems. Cholesterol
accumulation in murine macrophages induces IRE1- and
PERK-mediated UPR induction, liberation of ER calcium
stores, and CHOP-mediated apoptosis, contributing to macro-
phage death and atherosclerosis (2). The UPR is also induced by
alterations in sphingolipid biosynthesis, such as knockdown of
ceramide synthases in mammalian cells (8) or loss of Orm1p
and Orm2p in yeast (9). Clearly, there is an intimate connection
between the triad of lipid metabolism, protein folding, and ER
function, although the mechanism and hierarchies of these
relationships are unresolved.

The ARVI (ACAT-related enzyme-2 required for viability 1)
gene encodes an ER-localized protein that is a key component
of lipid homeostasis in yeast and mammals (10, 11). Deletion of
yeast ARV results in accumulation of sterols and ceramide in
the ER (10, 12), consistent with a generalized role for this pro-
tein in anterograde lipid transport. Yeast ARV is also required
for the maturation of glycosylphosphatidylinositol (GPI)
anchors inthe ER (13). The ARV gene is conserved throughout
eukaryotic evolution. The majority of conservation in this
membrane-associated protein lies in a 61-residue sequence
known as the ARVI homology domain. Importantly, expression
of human ARV fully restores lipid transport and viability to
yeast cells deleted for the endogenous gene (10, 12). In keeping
with conservation, the antisense oligonucleotide (ASO)-medi-
ated down-regulation of ARV in mice leads to elevated ER and
serum cholesterol and misregulated bile acid metabolism (11).

In this study, we show that one consequence of loss of ARVI
in yeast and mammalian cells is induction of the UPR. We also
demonstrate that induction of the UPR in ARVI mutants is
unusual in its severity and is synergistic with protein misfold-
ing. This suggests a coordinated role for Arvlp in ER stress and
lipid metabolism that is conserved throughout eukaryotic
evolution.

EXPERIMENTAL PROCEDURES

General—Complete yeast media (YEPD) were prepared as
described (14). Selection media were prepared with the appro-
priate drug(s), G418 (200 mg/liter; Invitrogen) and clonNAT
(100 mg/liter; Werner BioAgents), as described previously (15).
Yeast molecular and genetic techniques were performed
according to conventional protocols (14). The Institutional
Review Board at Columbia University Medical Center ap-
proved all animal protocols used in this paper.

Yeast Strains, Plasmids, Transformation, and Growth—Yeast
strains (supplemental Table S1) were derived from W303-1A
(16) or S288C (17) backgrounds. Deletion mutants were pur-
chased from Open Biosystems or generated using one-step
PCR-mediated gene disruption (18). Irelp cLD plasmids (19)
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and the 4X unfolded protein response element (UPRE)-GFP
reporter (20) were from Peter Walter and Randy Hampton,
respectively. PCR products and plasmids were introduced into
the host strain via lithium acetate transformation (21), followed
by selection and confirmation by PCR. Spot assay random spore
analysis was carried out as described (22). Aliquots from 2-ml
cultures were plated as serial dilutions on defined media to
assess cell viability. Growth curves were obtained using a
Microbiology Workstation Bioscreen C (Thermo Electron
Corp.).

Isolation and Transfection of Mouse Peritoneal Macrophages—
Primary macrophages from adult female C57BL6] mice were
harvested by peritoneal lavage after intraperitoneal injection of
methyl-BSA as described previously (23). The acyl-coenzyme
A-cholesterol acyltransferase (ACAT) inhibitor 58035 (3-[de-
cyldimethylsilyl]-N-[2-(4-methylphenyl)-1-phenylethyl]pro-
panamide) and acetylated LDL (AcLDL) were prepared as pre-
viously described (23). Macrophages were grown in media
containing DMEM, 10% FBS, 1% penicillin/streptomycin, and
20% L-cell conditioned media to 50—-60% confluence. On the
day of the experiment, cells were treated with 250 nm control or
ARV1 ASO, complexed with Lipofectamine 2000 (Invitrogen).

Microarray and Bioinformatics—Biotin-labeled and frag-
mented cRNA was hybridized to the Ye6100 or S98 Yeast
GeneChip arrays (Affymetrix) (24). All data mining was per-
formed as described previously (24). The data discussed in this
publication have been deposited in the NCBI Gene Expression
Omnibus (25) and are accessible through GEO series accession
number GSE26801. Bioinformatics and gene ontology (GO)
analyses were performed as described in the supplemental
material.

Gene Expression Analyses—For Northern blot analyses, 10
g of RNA was run on a 1.2% formaldehyde gel and transferred
to a nylon membrane. Membranes were hybridized with PCR-
generated gene-specific probes and analyzed by audioradiogra-
phy and phosphorimaging (GE Healthcare) (n = 3). For real-
time PCR, RNA was isolated from cells using the RNAeasy kit
(Qiagen). 100 ng of RNA was reverse transcribed using the
SuperScript first strand system for RT-PCR (Invitrogen). Real-
time PCRs were performed with the MylQ single-color real
time PCR detection system (Bio-Rad), SYBR Green 2X Super-
mix (Bio-Rad), and the primers described (supplemental Table
S2). Expression levels were calculated relative to a housekeep-
ing gene as described previously (26).

Immunoblots—Cells were washed two times in cold PBS
prior to lysis. Whole cell lysates were isolated in Laemmli sam-
ple buffer (Bio-Rad) containing 0.5% -mercaptoethanol. 50 ug
of lysate was run on a 4—-20% Tris-HCl gel (Bio-Rad). Protein
was electrotransferred onto a 0.45-um nitrocellulose mem-
brane (Bio-Rad) and incubated with the primary antibody over-
night. Protein bands were detected with HRP-conjugated sec-
ondary antibodies (Bio-Rad) and SuperSignal West Femto
enhanced chemiluminescent solution (Pierce).

Microscopy—For electron microscopy, cells were grown to
mid-log phase, prefixed in glutaraldehyde, postfixed in potas-
sium permanganate, dehydrated by graded ethanol series, and
embedded in Spurr’s resin (27). Cells were thin sectioned,
stained with Reynold’s lead citrate (28), and visualized on a
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transmission electron microscope. Fluorescent imaging in
yeast was carried out on a Zeiss Axiovert 200M using a 63X oil
immersion objective. All yeast images were taken using a
Hamamatsu Orca-ER camera. Nile Red (Sigma), FM4-64 (Invit-
rogen), and 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
23,24-bisnor-5-cholen-38-ol (NBD-cholesterol) (Invitrogen)
were used at the indicated concentrations. To examine sterol
distribution, live cells were grown to saturation in YEPD, resus-
pended in YEPD containing 100 wg/ml Filipin (Polysciences,
Inc.) and imaged immediately. Macrophages were assayed for
apoptosis by staining with Alexa 488-conjugated Annexin V
and propidium iodide as previously described (23).

RESULTS

Loss of ARV in Yeast Is Pleiotropic—The independent iden-
tification of mutations in ARVI from screens that perturbed
sterol (10) or sphingolipid (12) metabolism suggests alterations
in lipid distribution and membrane homeostasis in ARV defi-
cient cells. Indeed, an established biochemical feature of ARV
mutants is accumulation of ER ceramide at the expense of com-
plex sphingolipid formation (10). Consistent with a growth
inhibitory blockade in ER export of ceramide, we found that
ARV mutants are sensitive to exogenous dihydrosphingosine,
a substrate for ceramide synthases (Fig. 14). Repression of the
entire sphingolipid biosynthetic pathway by treatment with the
serine palmitoyltransferase inhibitor myriocin is also more
toxic in ARVI mutants than controls (Fig. 1B), suggesting that
formation of sphingolipids is especially critical in these strains.

Under standard growth conditions, loss of ARV results in
subcellular accumulation (29, 30) and esterification (10, 12) of
endogenously synthesized sterol. To specifically assess the
impact of ARV upon anterograde sterol transport from the ER,
we inspected ARVI mutants with lipid-specific fluorescent dyes
under sterol-loading conditions. Deletion of ARV1I results in
anaerobic inviability, precluding the analysis of exogenous ste-
rol uptake. To overcome this, we assessed the role of ARV in
the presence of a mutation in the UPC2 transcription factor
that activates aerobic sterol uptake (24). ARV mutants exhib-
ited subcellular sterol accumulation as detected by filipin stain-
ing (Fig. 1C). Interestingly, this staining pattern occurred in
43% of the ARVI mutant population and was completely absent
from control cells. Consistent with an accumulation of acyl-
transferase substrates at the ER, steryl ester lipid droplet forma-
tion was also increased in sterol-loaded arvIA strains stained
with Nile Red (Fig. 1D). These strains were further profiled
using the fluorescent sterol probe NBD-cholesterol, which also
accumulated in arvIA strains as a marked proliferation of sub-
cellular membranes (Fig. 1E).

We then investigated the ultrastructure of ARVI mutants by
transmission electron microscopy. The ER in control Saccha-
romyces cerevisiae strains (Fig. 2A4) is contiguous with the
nuclear (perinuclear (pnER)) and plasma membranes (cortical
(cER)). By contrast, arvIA strains exhibit abundant cytoplasmic
double membrane stretches (Fig. 2, B and C). Consistent with
the accumulation of neutral lipids described above, ARV1
mutants also exhibited more cytoplasmic lipid droplets than
control cells. These droplets were engulfed in a membranous
structure that was absent from control strains. In addition, we
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FIGURE 1. Loss of Arv1p disrupts lipid homeostasis. A, growth of control
and arv1Ayeast strains in YPD with and without 1 um dihydrosphingosine
(DHS); n = 3 for each condition. B, serial dilutions of yeast strains grown
with and without 500 ng/ml myriocin. Filipin (100 wg/ml) (C) or Nile Red (1
rg/ml) (D) staining of control and arv1A strains (both in a upc2-1 back-
ground) grown for 24 hin YPD + 5 ug/ml cholesterol. E, aerobic uptake of
NBD-cholesterol (50 wg/ml) in control and arv1A strains (both in a upc2-1
background).

observed vacuolar fragmentation in arviA strains (Fig. 2C) that
was confirmed by fluorescent imaging with the vacuole-specific
dye FM4-64 (30) (Fig. 2D).

Transcriptional Response to Loss of ARVI—Deletion of ARV1
has numerous consequences, including morphological changes
in organelles and inviability in response to a variety of lipid-
related stresses. These aberrancies are consistent with redistri-
bution of sterols and sphingolipids within the cell. This pleio-
tropy led us to hypothesize that multiple homeostatic
mechanisms are disturbed by loss of ARV1. We therefore pro-
filed the response to ARVI deletion using transcription

JOURNAL OF BIOLOGICAL CHEMISTRY 11953



Subcellular Lipid Transport and Endoplasmic Reticulum Stress

500nm

FIGURE 2. Loss of Arv1p disrupts organelle integrity. Thin section EM of control (A) and arv1A strains (B and C). N, nucleus; V, vacuole; pnER and cER,
perinuclear and cortical endoplasmic reticulum, respectively; PM, plasma membrane; LD, lipid droplet. The arrows indicate membrane proliferation seen in

ARV1 mutants. D, FM4-64 (20 n.g/ml) staining of cells.

microarrays. 273 genes were misregulated greater than 2-fold
upon ARV1 deletion (supplemental Table S3). The gene with
the greatest increase in expression was ULII, with a 48-fold
change in expression. ULII encodes a protein of unknown func-
tion that is up-regulated during the UPR (31). The scope of
expression changes in arvIA strains is reflected in a GO analysis
in which 57 GO categories were significantly enriched in the
mutants (supplemental Table S3). The GO categories describe
cellular processes consistent with disrupted ER homeostasis in
arvIA strains. These include down-regulation of translation
(negative ¢ values; e.g. ribosome biogenesis (GO:0042254) and
translation (GO:0006412)) and up-regulation of ER stress
responses (positive ¢ values; e.g. ER-associated protein catabo-
lism (GO:0030433) and ubiquitin-dependent protein catabo-
lism (GO:0006511)).

To identify the transcriptional programs altered in ARVI
mutants, we performed motif-based regression analysis of the
microarray data (32). This method infers changes in transcrip-
tion factor activity by relating differential mRNA expression to
the affinity with which the factor binds to the promoter region
of each gene. Three transcription factors are highly differen-
tially activated in response to arvIA. The activity of each tran-
scription factor is defined by its ¢ value; a significant p value
confirms that the activity of the transcription factor (¢ value) is
significantly different in the ARVI deletion condition. Tran-
scriptional changes due to Thi2p (¢ value = 5.42, p value
2.92E—08 (33)) and Hap2p (¢ value = 4.27, p value = 9.80E—06
(34)) activation were significant and confirmed by real-time
PCR of representative targets (THI20 and THI4, and YCR100C
and ARH 1, respectively; data not shown). However, Haclp, the
transcriptional regulator of the UPR in yeast, exhibited the
greatest change in differential activity in ARV deletion strains
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(tvalue = 6.53, p value = 3.25E—11), relative to controls. These
data suggest induction of the UPR in ARVI mutants.

Loss of ARV1 Constitutively Induces the UPR—To confirm
activation of the UPR in arvIA strains, we performed real-time
expression analyses of canonical UPR target genes (the adenyl-
nucleotide exchange factor LHSI, the thiol oxidase ERO1, the
protein-disulfide isomerases EUGI and PDI1, and the HSP70
family molecular chaperone encoded by the KAR2 gene (35)).
arvIA strains exhibit induction of the UPR target genes (Fig.
3A) of similar magnitude to control cells treated with the reduc-
ing agent dithiothreitol (DTT), an established and marked
inducer of the UPR.

We then went on to assess the status of the UPR directly by an
IREI-mediated HACI splicing assay. ARVI mutants exhibit
constitutive HACI splicing, independent of DTT treatment
(Fig. 3B). Furthermore, arvIA strains expressing a GFP reporter
driven by an UPRE (36) exhibit constitutive UPR activation, as
demonstrated by UPRE-GFP fluorescence (Fig. 3C).

The key role of UPR induction in the physiology of ARV1I-
deficient cells was further confirmed when we investigated the
genetic interaction between ARVI and IREI, the major ER
stress transducer in yeast (5). Random spore analysis of a dip-
loid strain heterozygous for deletions of ARVI and IRE1 dem-
onstrated that arviA irelA is a lethal combination (Fig. 3D).
Furthermore, in a tetrad manipulation analysis of 70 individual
meiotic events of the same diploid, we could not recover arviA
ireIA double mutants (although single mutants were recovered
at Mendelian frequencies). Thus, ARV deficiency renders cells
dependent on the UPR for viability.

UPR Induction and Membrane Lipid Homeostasis—Arv1p is
required for lipid egress from the ER in yeast. Furthermore, its
loss results in induction of the UPR. We questioned whether
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FIGURE 3. The UPR is activated in arv1A strains. A, real-time PCR measure-
ments of UPR target gene expression due to 2 mm DTT treatment for 45 min or
arv1A.*, statistically significant (p < 0.05) differences of the mean -fold induc-
tion (AACt) = S.D. (error bars) in comparison with controls (n = 3). B, Northern
blot analysis of HACT mRNA in strains with the indicated mutation. Unspliced
HACT“ and spliced (induced) HACT' are indicated; lower bands are splicing
intermediates. C, control and arv1A strains expressing GFP driven by an UPRE.
D, random spore analysis of a diploid strain heterozygous for deletions of
ARVT1 and IRET on media selecting for the mutant genotypes (arv1A, (G418),
ire1A (clonNAT), or arviA ire1A (G418 and clonNAT)).

this was a general response to disruption of ER lipid homeosta-
sis. We screened 76 mutant strains known to be deficient in
sterol, fatty acid, and sphingolipid metabolism by a HACI splic-
ing assay (supplemental Table S4). Deletions in non-essential
genes or hypomorphic (DAmP (37)) alleles of essential genes
were assessed for UPR induction by comparing the ratio
of spliced HACI (HACIi) to total HACI by densitometry of
Northern blots. Strains exhibiting a HACIi/total HACI ratio of
3 or greater were then subjected to real-time expression analy-
ses of canonical UPR target genes. The fold-induction of PDII
and KAR2 was expressed as a fraction of the control strain. Of
the strains examined, only the arvIA strain exhibited a PDII
and KAR2 induction of 2-fold or more (Fig. 4, A and B). Thus,
arvIA strains are unusual within the set of lipid mutants
screened in terms of severity of UPR induction.
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FIGURE 4. UPR induction in arv1A strains is distinct from strains exhibit-
ing defects in lipid metabolism and GPI anchor biosynthesis. A, Northern
blot analysis of HACT mRNA in strains defective in sterol, sphingolipid, fatty
acid, and GPI anchor metabolism. Unspliced HACT" and spliced (induced)
HACT are indicated; lower bands are splicing intermediates. B, real-time PCR
profiles of UPR target genes PDIT and KAR2 in strains with defective lipid or
GPI anchor metabolism. Mean -fold induction of PDIT and KAR2 is expressed
as a percentage of the control strain (bottom). In contrast to DTT treatment of
control cells, the majority of mutants (e.g. erg2A) were negative by these
criteria. Error bars, S.D.

ARV1T has also been implicated in GPI anchor maturation by
a proposed GPI-flippase activity (13). To determine if activa-
tion of the UPR in arvIA strains was distinct from other strains
defective in GPI-anchor biosynthesis, we screened 22 muta-
tions in the yeast GPI biosynthetic pathway (38) for UPR induc-
tion (supplemental Table S4). Of the GPI mutants screened,
only the ARVI and PERI deletions and the gaal hypomorph
exhibited HACI splicing and a PDI/1-KAR2 induction that
was 2 times greater than control cells (Fig. 4, A and B). Gaalp
is a component of the GPI transamidase complex, and, sim-
ilar to ARVI mutants, the GAAI mutant is defective in the
synthesis of complex sphingolipids and sensitive to aureoba-
sidin A (13). Perlp is responsible for remodeling lipid moi-
eties in the GPI anchor such that GPI-anchored proteins are
unable to associate with detergent-resistant lipid rafts in
PERI mutants (39). ARVI deficiency is also unusual in its
severity of UPR induction compared with the remainder of
the genome. Of ~4500 nonessential gene deletions investi-
gated, the arvIA strain exhibits the second strongest induc-
tion of the UPR (40).
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FIGURE 5. UPR induction in arv1A mutants is synergistic with the detection

of unfolded proteins in the ER lumen. A, plasmids mutated at interface 1 (IF/")

or interface 2 (IFII*) of the Ire1p core luminal domain rescue arv1A ireTA synthetic lethality, as represented by growth on a URA-based selection medium.
Counterselection for the plasmid by growth on 5-fluoroortic acid (5-FOA) restores the synthetic lethal phenotype. The empty vector control (pRS416) in the
arv1A ire1A strains was inviable. Control genotype refers to yeast strains in the same genetic background as the double mutants. B, Northern blot analysis of
HACT mRNA inire1A and arv1A ire1A strains expressing control Irelp, IFI Ire1p, or IFII" Ire1p with or without 2 mm DTT treatment. EV, empty vector control.
Unspliced HAC1" and spliced (induced) HACT' are indicated; lower bands are splicing intermediates. HACT splicing was calculated as HACT'/(HAC1' + HACTY)

based on densitometry.

Interaction of Protein Misfolding and Lipid Dysregulation in
arvlA Strains—We hypothesize that the unusual severity of
UPR induction in arvIA strains reflects the synergism of lipid
accumulation and protein misfolding in the ER. Structural
studies of Irelp demonstrate that the Irelp core luminal
domain (cLD) aligns with other cLDs in a head-to-head (inter-
face I (IFI)) and tail-to-tail (interface II (IFII)) fashion. Irelp
cLD constructs in which the interfaces are mutated (IFI* and
IFIT"), disrupt Irelp oligomerization and the response to
unfolded proteins (19). We transformed arvIA irelA heterozy-
gous diploids with plasmids expressing the control and mutant
cLDs and sporulated the strains. Haploid arvIA irelA progeny
were not obtained from diploids containing the vector control.
By contrast, expression of control and mutant cLDs rescued
arvIA irelA lethality (Fig. 5A4). Rescue was lost upon selection
against the L/RA3-based cLD plasmid by growth on 5-fluoroor-
tic acid, which is converted into a toxic substance in the pres-
ence of the URA3 gene product. The mutant cLDs were suffi-
cient to induce the UPR signaling cascade in an arvIA
background (Fig. 5B, top). We then assayed UPR induction in
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ARVI mutants treated with DTT to induce protein misfolding.
HACI splicing mediated by the Irelp variants was further ele-
vated in an arvIA strain under these conditions (Fig. 5B, bot-
tom), indicative of an independent and additive interaction
between ARV function and protein misfolding.

Decreased ARV1 Expression in Mammalian Cells Induces ER
Stress and Apoptosis—We questioned whether lipid accumula-
tion in the ER due to decreased ARV expression could activate
the UPR in mammalian cells. ASOs to ARV are effective in
modulating ARV expression (11). Because organs replete with
macrophages (e.g. spleen) were not impacted in these studies,
we used the ASOs in primary murine macrophages in vitro and
observed a significant decrease in ARV expression (Fig. 6A). In
order to determine if the UPR is induced in ASO-treated
macrophages, we probed for activation of the three major
branches of the UPR. Mammalian IRE1 splices XBPI tran-
scripts (analogous to HACI transcripts in yeast) to form an
active transcription factor (41). Surprisingly, ARVI ASO-
treated macrophages did not exhibit increased XBPI splicing
relative to controls (data not shown). Furthermore, induction
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FIGURE 6. ARV1 knockdown in murine macrophages induces PERK-mediated UPR induction. ARV1 (A), ATF4 (B), and CHOP (C) mRNA expression in
macrophages treated with control (CON) or ARV ASO with or without the ACAT inhibitor, 58035. Asterisks show statistically significant (*, p < 0.05; **, p < 0.005)
differences of the mean -fold induction (AACt) = S.E; n = 6. D, CHOP protein levels in macrophages treated with control or ARV ASO with or without 58035.
CHOP expression was calculated by densitometry and normalized to a nonspecific loading control. E, CHOP mRNA expression after treatment with control or
ARV1 ASO for 48 h with increasing concentrations of AcLDL (0-100 wg/ml) and 58035 for 5 h; n = 5. *, statistically significant (p < 0.05) difference of the mean

-fold induction = S.E. (error bars).

of the UPR via processing of ATF6, another branch of the
UPR in mammalian cells, was also unchanged (data not
shown). However, ATF4 levels were significantly increased
upon ARVI knockdown, reflecting activation of PERK-me-
diated UPR (Fig. 6B). Prolonged ER stress induces apoptosis
mediated by CHOP (42), another target of PERK-mediated
UPR that is selectively activated by ATF4. ARVI knockdown
significantly increased the levels of CHOP transcripts (Fig.
6C). To exacerbate cholesterol accumulation at the ER, we
treated macrophages with the ACAT inhibitor 58035 in con-
junction with the ASOs. We observed a significant increase
in ATF4 and CHOP expression in comparison with ARVI
ASO treatment alone (Fig. 6, Band C). ARV1 ASO treatment
also increased CHOP expression at the protein level, which
was further elevated by the addition of the ACAT inhibitor
(Fig. 6D).

To determine if the effect of ARV knockdown was synergis-
tic with exogenous cholesterol loading, we treated ASO-trans-
fected macrophages with increasing concentrations of AcLDL
and 10 pg/ml ACAT inhibitor 58035 (2). Using CHOP tran-
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script levels as a marker for UPR induction, we demonstrate
that cholesterol loading increased the UPR in ARVI knock-
down cells in a statistically significant, dose-dependent manner
(Fig. 6E).

Cholesterol loading of macrophages using AcLDL and an
ACAT inhibitor triggers CHOP-dependent apoptosis (Fig.
7A) (2). We treated primary macrophages with ARVI ASOs
for 24 h in the absence of AcLDL and investigated annexin
V/propidium iodide cellular fluorescence to assess apopto-
sis. ARV1 ASO treatment of macrophages increased the
number of apoptotic cells relative to control ASO treatment
(Fig. 7B). This was further exacerbated when combined with
ACAT inhibition, suggesting a toxic accumulation of free
cholesterol at the ER. Furthermore, apoptosis in the ARVI
knockdown cells treated with the ACAT inhibitor exceeded
that seen with exogenous cholesterol loading mediated by
AcLDL treatment and ACAT inhibition (Fig. 7C). Thus,
ARV1 knockdown results in apoptosis, probably due to
elevated CHOP expression in response to ER cholesterol
accumulation.
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FIGURE 7. ARV1 knockdown in murine macrophages induces apoptosis.
Shown is Annexin V and PI staining of macrophages treated with AcLDL +
58035 (24 h) (A) or control or ARV1 ASO (24 h) (B) with or without 58035 for
18 h. C, the percentage of total cells stained with annexin V and Pl (mean *
S.E. (error bars), four fields of cells; at least 100 cells/field). Asterisks denote
statistically significant differences (¥, p < 0.05; **, p < 0.005).

DISCUSSION

The endoplasmic reticulum represents a protected, seques-
tered environment for protein folding and lipid homeostasis.
ARV1 encodes a major, previously unsuspected component in
the repertoire of reactions that maintain the integrity of this
compartment. As might be anticipated for such a key process,
loss of ARV activity has many sequelae. It is growth-limiting in
yeast under a variety of conditions and embryonic lethal in
nematodes (43). Yeast cells and macrophages induce the UPR
to survive the loss of ARVI, and this induction is apparently
independent of protein misfolding, although it certainly syner-
gizes with this additional ER burden. Ablation of ARV in the
murine liver results in cholestasis and hypercholesterolemia
(11). In addition to conservation of ARV, the impact of its loss
is also maintained throughout eukaryotic evolution.
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The range of phenotypes conferred by the ARV null allele in
yeast suggests a wide reaching role of the Arv1 protein in cell
metabolism and the high impact of loss of lipid export from the
ER. Our observations of sterol-loaded yeast cells (Fig. 1, C-E)
indicate that sterol transport to the ER from the periphery of
ARVI mutant cells is normal but that its egress from the ER is
impaired. The lipid and ultrastructural changes of ARVI
mutants are probably upstream of the UPR because constitu-
tive induction of this cascade (e.g. in SCJI deletion mutants)
does not phenocopy ARV1 deletion (44). Unesterified sterols,
ceramide, and its derivatives optimize the fluidity and function
of all eukaryotic cellular membranes. Sterol transit from the ER
to the plasma membrane is rapid, efficient, and energy-requir-
ing (45) and probably occurs via aqueous diffusion, vesicular
transport, and/or carrier proteins (46). Similarly, ceramide
egress from the ER to the Golgi is energy-requiring and primar-
ily accomplished by vesicular independent carrier proteins (47).
Yeast Arvlp was isolated based on its role in sterol transport
from the endoplasmic reticulum to the plasma membrane (10).
Subsequently, ARVI-deficient cells were found to possess
lower levels of complex sphingolipids and mislocalize GPI
intermediates, consistent with a general role for Arvlp in lipid
mobilization at the ER (13). However, the coordinated regula-
tion of sterol levels with other lipids (1) makes it difficult to
distinguish whether ER stress seen in ARVI mutants is a con-
sequence of aberrant sterol transport or reflects the ARV1-me-
diated transport of multiple lipid species.

We also provide evidence that a component of the UPR is
independent from protein misfolding. Induction of the UPR in
ARV1-deficient yeast cells is synergistic with the buildup of
unfolded proteins in the ER lumen, plausibly due to changes in
ER lipid homeostasis. The mediators of the UPR in yeast (Irelp)
and mammals (IRE1, PERK, and ATF6) are transmembrane
proteins that require activation in or release from the ER mem-
brane to be physiologically relevant. It is not surprising that
disrupting the membrane integrity of this organelle, by altering
the sterol and/or sphingolipid content of the ER, impacts the
UPR. Thus, the UPR appears to be a downstream and essential
response to the altered lipid homeostasis in ARVI mutants.
This may be the case for many lipid metabolic disorders in
humans.

It is interesting that not all UPR target genes (35) are acti-
vated upon deletion of ARV in yeast. Given that the UPR is
constitutively active in yeast ARV deletions, the transcrip-
tional changes we observed represent the impact of prolonged
ER stress. Similarly, in macrophages treated with the ARVI
ASO for 48 h, it is apparent that although PERK-mediated UPR
is induced (Fig. 6), not all ER stress transducers are activated. In
HEK293 cells, IRE1- and ATF6-mediated UPR induction
diminishes with time, whereas PERK-mediated UPR is sus-
tained over a more prolonged period (48). Selective activation
of PERK signaling is proapoptotic, impairing cell proliferation
and inducing apoptosis (49), whereas activation of IRE1 is anti-
apoptotic. We propose that PERK-mediated UPR and cell death
in ARV1-deficient cells is a consequence of prolonged ER stress
due to lipid overload.

The link between disruption of cellular lipid homeostasis and
ER stress is compelling. The UPR and its consequences are fre-
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quently invoked upon lipid overload of many different cell
types. Strikingly, we demonstrate that both within the exam-
ined lipid mutants and also genome-wide (40), loss of ARV is
one of the most potent inducers of the UPR. We propose that
the UPR is a generalized response to ER homeostasis, resulting
from independent and often synergistic perturbations in mem-
brane structure, lipid metabolism, and protein folding. The
deterioration of any of these safeguards is likely to manifest as
diseases in which lipids play a role. A disease association has yet
to be reported for ARV, although variation in this gene exists
in human populations (see the National Institutes of Health,
NCBI, SNP Web site). Thus, mutations in ARVI may influence
diseases such as obesity, atherosclerosis, and type 2 diabetes.
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