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Abstract

Cholesterol is an essential component of mammalian cell membranes
and is required for proper membrane permeability, fluidity, organelle
identity, and protein function. Cells maintain sterol homeostasis
by multiple feedback controls that act through transcriptional and
posttranscriptional mechanisms. The membrane-bound transcrip-
tion factor sterol regulatory element binding protein (SREBP) is
the principal regulator of both sterol synthesis and uptake. In mam-
malian cells, the ER membrane protein Insig has emerged as a key
component of homeostatic regulation by controlling both the activ-
ity of SREBP and the sterol-dependent degradation of the biosyn-
thetic enzyme HMG-CoA reductase. In this review, we focus on re-
cent advances in our understanding of the molecular mechanisms of
the regulation of sterol synthesis. A comparative analysis of SREBP
and HMG-CoA reductase regulation in mammals, yeast, and flies
points toward an equilibrium model for how lipid signals regulate the
activity of sterol-sensing proteins and their downstream effectors.
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Figure 1

The sterol
biosynthetic
pathway in
mammals and
fission yeast.
Mammalian
enzymes are listed
by full name and
enzymes of
Schizosaccharomyces
pombe are named
based on homology
with genes in
Saccharomyces
cerevisiae. Enzymes
in blue are
conserved between
yeast and
mammals, while
those in magenta
are unique to each
pathway. Oxygen
requirements for
oxygen-dependent
enzymes are listed.
*The fission yeast
genome encodes
two Erg20 and two
Erg3 homologs.
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INTRODUCTION

First discovered as a component of gall-
stones, cholesterol and its synthesis have held
the attention of scientists for more than
200 years. This interest in cholesterol stems

from its essential function in cell membranes,
its complex four ring structure (Figure 1),
its role as a precursor to steroids and bile
acids, and the fact that disorders in choles-
terol metabolism lead to human disease (78).
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Mammalian cholesterol synthesis was first ap-
preciated to be under the control of end prod-
uct feedback regulation by Schoenheimer in
1933 (102). In the 1950s, Gould et al. demon-
strated this regulation in the liver, while Bloch
and others discerned the biosynthetic reac-
tions that convert acetyl-CoA to cholesterol
(46, 120). These early discoveries set the stage
for the application of molecular biology to the
study of cholesterol homeostasis.

Our understanding of the molecular con-
trol of mammalian cellular cholesterol home-
ostasis comes largely from the work of Drs.
Michael Brown and Joseph Goldstein and
their colleagues at UT-Southwestern Medical
Center in Dallas. This historic collaboration
has resulted in the description of the endo-
cytic pathway that mediates cellular uptake of
low-density lipoprotein (LDL) (12), the pu-
rification and cloning of the transcription fac-
tors that control sterol-regulated expression
of cholesterol biosynthetic enzymes (8, 122),
and most recently the identification of the
sterol sensors that mediate feedback control
of sterol synthesis (43).

Here, we present our current knowledge
of the regulation of cellular sterol synthesis
in eukaryotes. We focus primarily on stud-
ies using cultured cell systems and model
genetic organisms, but in many cases these
findings have been corroborated in vivo
using transgenic and knockout animals (56).
A review of the recent progress in this field
reveals that we may be nearing an answer
to the fundamental question: How do cells
measure the level of cholesterol, an insoluble
membrane-embedded lipid, and transmit
signals to control its supply?

TRANSCRIPTIONAL CONTROL
OF STEROL SYNTHESIS IN
MAMMALS

Sterol Regulatory Element Binding
Proteins

Mammalian cells receive cholesterol primar-
ily from two sources: (#) new synthesis from

acetyl-CoA (Figure 1) or (b)) from outside
the cell via receptor-mediated endocytosis
of LDL (12). Activity of these two pathways
is controlled by cholesterol at the level of
transcription through classic end product
feedback inhibition. When cells are depleted
of sterols, transcription of genes required
for the synthesis and uptake of cholesterol,
such as HMG-CoA reductase and LDL
receptor, is upregulated through the action
of a transcription factor binding to DNA
elements in gene promoters called sterol reg-
ulatory elements (SRE). Membrane-bound
transcription factors called sterol regulatory
element binding protein, SREBPs, recognize
these sequences and function as central
regulators of cellular lipid homeostasis
(43). In sterol-overloaded cells, SREBP is
inactive and transcription of these genes falls,
returning sterol levels to normal.

Two genes code for three SREBP isoforms
[~1150 amino acids (aa)], named SREBP-1a,
SREBP-1¢/ADD1, and SREBP-2 (13, 119).
SREBP-2 preferentially regulates genes in-
volved in cholesterol homeostasis, including
all of the sterol biosynthetic enzymes and
the LDL receptor (55). In contrast, SREBP-
1c¢/ADDI activates genes in fatty acid syn-
thesis, while SREBP-1a regulates all SREBP-
responsive genes. As a group, SREBPs are
transcriptional activators and stimulate tran-
scription of more than 30 genes involved
in the uptake and synthesis of cholesterol,
fatty acids, triglycerides, and phospholipids
(56). Despite differences in their transcrip-
tional targets, the proteolytic activation of
each SREBP isoform is regulated by choles-
terol through a common mechanism (77, 90).
Thus for the purpose of this review, we refer
to these proteins collectively as SREBP.

Newly synthesized SREBPs are inserted
into the endoplasmic reticulum membrane in
a hairpin orientation with the N and C ter-
mini extending into the cytosol (Figure 2)
(34, 89). The N-terminal domain of SREBP is
a transcription factor of the basic helix-loop-
helix leucine zipper family and the C termi-
nus binds tightly to the C terminus of SREBP
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The SREBP pathway in mammals. In the presence of cholesterol or oxysterols, SREBP-Scap is retained
in the ER by binding to Insig. In the absence of sterols, Insig no longer binds SREBP-Scap and
SREBP-Scap is loaded into COPII vesicles through an interaction with Sec23/24. After transport to the
Golgi, the transcription factor domain of SREBP is released from the membrane by two sequential
proteolytic cleavage events mediated by the Site-1 (S1P) and Site-2 (S2P) proteases. The nuclear form of
SREBP activates target genes such as HMG-CoA reductase and the LDL receptor through binding to
sterol regulatory element (SRE) sequences in gene promoters.

cleavage activating protein (Scap) (Figure 2).
"To activate nuclear gene expression, the N ter-
minus must be proteolytically cleaved from
the membrane. In sterol-replete cells, the
SREBP-Scap complex remains in the ER and
is compartmentally separated from the Golgi-
localized proteases, the Site-1 protease (S1P)
and the Site-2 protease (S2P), which process

Espenshade o Hughes

SREBP (81). ER retention of SREBP-Scap
is mediated by the sterol-dependent binding
of SREBP-Scap to the ER resident protein
Insig (131). Scap functions as the cholesterol
sensor in this system. When cells have suf-
ficient sterol, Scap binds cholesterol, which
promotes binding to Insig and prevents ER
exit (87).
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In sterol-depleted cells, Scap does not bind
to Insig, allowing ER exit of SREBP-Scap via
COPII vesicles (43). In the Golgi, SREBP is
first cleaved in the luminal loop by S1P, which
separates the protein into two halves. Follow-
ing Site-1 cleavage, the intramembrane pro-
tease S2P cleaves the N-terminal transcrip-
tion factor from the membrane allowing it
to enter the nucleus, bind to SRE sequences,
and with the help of transcriptional coactiva-
tors upregulate genes required for cholesterol
supply. Following SREBP cleavage, Scap is
thought to recycle from the Golgi to the ER
to participate in additional rounds of SREBP
proteolysis.

SREBP Proteases

The Site-1 (1052 aa) and Site-2 (510 aa) pro-
teases act sequentially in the Golgi to release
the transcription factor domain of SREBP
from the membrane (34). The activity of
these proteases is not sterol-regulated. Rather,
proteolysis of SREBP is regulated by the
compartmental separation of the proteases
and SREBP (Figure 2) (25). S1P, also called
SKI-1, is a member of the subtilisin/kexin
family of serine proteases (99, 105). The ac-
tive Golgi form of SIP is generated from
an inactive proenzyme through autocatalytic
cleavage (35). S1P cleaves after the consen-
sus sequence RXXL in the luminal loop of
SREBPs (19, 29). Following S1P cleavage, the
zinc metalloprotease S2P cleaves a Leu-Cys
bond within the membrane (30, 91). Cleav-
age by S2P requires prior cleavage by S1P,
but the structural basis for this requirement
is unknown (98). SIP and S2P act in tan-
dem on additional substrates, such as the
stress response transcription factors, ATF6
and CREBH (104, 132, 134). These two tran-
scription factors contain only one transmem-
brane segment.

Scap

The sterol-regulated activation of SREBP is
controlled by its binding partner Scap (1277

aa) (57, 90). In the presence of sterols, Scap
binds to Insig and is unable to enter ER trans-
port vesicles (Figure 2). In the absence of
sterols, Scap escorts SREBP from the ER to
the Golgi where it is cleaved. These functions
of Scap are separated into two distinct do-
mains. The C terminus of Scap contains mul-
tiple WD-40 repeats and forms a stable com-
plex with the C terminus of SREBPs. The N
terminus of Scap contains 8 transmembrane
segments that form a tetramer and mediate
binding to Insig (87, 131). The N terminus of
Scap is also the regulatory domain. Somatic
cell genetic experiments defined transmem-
brane segments 2—6 as a sterol-sensing do-
main (Figure 3) (44). Single amino acid sub-
stitutions (Y298C, L315E, or D443N) in this
domain of Scap render cells unable to sense
sterol and resultin constitutive SREBP activa-
tion, even in cells overloaded with cholesterol
(65, 129). Consistent with this domain func-
tioning in sterol sensing, biochemical stud-
ies demonstrate that the N terminus of Scap
directly binds cholesterol (87). The sterol-
sensing mutations block binding to Insig, but
thus far do not appear to affect binding to
cholesterol (129, 131).

Sterol binding to Scap regulates the acti-
vation of SREBP by controlling ER exit of
the SREBP-Scap complex in COPII trans-
portvesicles (Figure 2) (36). Cargo molecules
are selected for incorporation into COPII
vesicles through interactions with a subcom-
plex of COPII proteins consisting of the
small GTPase Sarl and the cargo recognition
complex Sec23/24 (Figure 2) (48). COPII
binding to Scap is sterol-regulated and re-
quires the hexapeptide sequence MELADL
in the cytosolic loop between transmembrane
segments 6 and 7 (Figure 3) (114). Scap
most likely binds directly to the Sec24 sub-
unit, which is the cargo binding subunit of
Sec23/24 (80). Biochemical assays that mon-
itor the structure of Scap demonstrate that
the protein undergoes a sterol-regulated con-
formational change that requires Insig (2, 9).
Recent studies suggest that the distance of
the MELADL sequence of Scap from the
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Figure 3
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Topology of Scap sterol-sensing domain. Membrane topology of hamster Scap TM 1-6 (aa 1-452) is
shown. Residues highlighted in black are identical in fission yeast Scpl. MELADL COPII recognition
sequence (aa 447-452) is bracketed. Asterisks denote residues that when mutated confer sterol resistance

to Scap and Scpl. Figure was adapted from (114).

membrane regulates access of COPII proteins
and ER exit (115). These data supporta model
in which binding of Scap to sterol and Insig
induces a conformational change in the N-
terminal transmembrane region of Scap that
makes the MELADL sequence inaccessible to
COPII (Figure 2). The inability of COPII to
bind Scap prevents incorporation of SREBP-
Scap into ER transport vesicles and activation
by Golgi-localized proteases (115).

Insig

Insig-1 was initially identified as an insulin
induced gene in a transcriptional study of re-
generating liver (84). Mammalian genomes

Espenshade o Hughes

contain two Insig genes that code for Insig-
1 (277 aa) and Insig-2 (225 aa), which display
a similar tissue expression pattern (127). Pu-
rified Insig-2 is a dimer and Insigs contain 6
transmembrane segments (Figure 4) (37, 86).
Insig-1, but not Insig-2, is an SREBP target
gene and has a short half-life due to degrada-
tion by the proteasome (45, 70). However, to
date these ER resident proteins are function-
ally interchangeable and for simplicity will be
referred to as Insig (127).

The function of Insig in cholesterol home-
ostasis was first recognized when it was iden-
tified as a Scap binding protein that inhib-
ited SREBP cleavage when overexpressed (32,
131). Subsequent characterization revealed
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Topology of Insig. Membrane topology of human Insig-2 (225 aa) is shown. Residues highlighted in
black are identical in fission yeast Insig. Figure was adapted from (86).

that Insig is required for the ER retention
of the SREBP-Scap complex in the pres-
ence of sterols (Figure 2). Tissue culture cells
and mouse hepatocytes lacking Insig show
constitutive activation of SREBP (33, 71).
Consistent with the function of Insig as a
Scap retention protein, the sterol-sensing do-
main mutations in Scap that cause constitu-
tive SREBP activation block binding to Insig
(129).

Cellular cholesterol levels are controlled
not only by the end product cholesterol, but
also by oxygenated sterols, called oxysterols,
which contain additional hydroxyl or keto

groups at the 7 position of the B ring or at
the 24-, 25-, or 27- positions on the sterol
side chain (7, 97). Oxysterols are intermedi-
ates in bile acid synthesis and function in elim-
ination of excess sterol from tissues. Oxys-
terols are present at low concentrations in
cells relative to cholesterol and play an impor-
tant role in the regulation of systemic choles-
terol homeostasis (4, 62). Oxysterols, such
as 25-hydroxycholesterol (25-HC), have long
been recognized as potent inhibitors of sterol
synthesis (10, 17, 63, 64), but the molecu-
lar mechanism by which oxysterols control
SREBP has become clear only recently.

www.annualreviews.org o Regulation of Sterol Synthesis in Eukaryotes 407



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org
by JOHNS HOPKINS UNIVERSITY on 08/15/07. For personal use only.

ANRV329-GE41-17

ARI

20 July 2007

Srel: fission yeast

SREBP

Scpl: fission yeast

Scap

408

15:17

Both cholesterol and oxysterols induce
binding of Scap to Insig and prevent incor-
poration of SREBP-Scap into COPII vesi-
cles (2, 114). However, unlike cholesterol, 25-
HC does not bind to Scap, nor does 25-HC
induce a conformational change in Scap in
cells lacking Insig (86, 115). An explanation
for the differential effects of cholesterol and
oxysterols comes from two recent studies that
identified Insig as an oxysterol binding pro-
tein that mediates the action of oxysterols
on SREBP cleavage (86, 115). In these stud-
ies, recombinant purified Insig was shown to
specifically bind to oxysterols and not choles-
terol. Importantly, the binding specificity of
Insig to different oxysterols directly corre-
lated with the ability of these compounds to
inhibit SREBP cleavage (86). Tissue culture
cells lacking Insigs were used to demonstrate
that Insig is preferentially required for inhi-
bition of SREBP proteolysis by 25-HC and
not cholesterol (115). Finally, Insig mutants
that are defective in oxysterol binding fail to
inhibit SREBP cleavage in response to 25-
HC. Consistent with these recent findings,
previous reconstitution of oxysterol-regulated
proteolysis of human SREBP in insect cells,
which lack Insig, required coexpression of hu-
man Insig (27). Taken together, these data
suggest that cholesterol and oxysterol act
through differentintracellular receptors to in-
duce binding of Scap to Insig. Cholesterol
binds to Scap and induces binding to Insig,
while oxysterols bind to Insig, and then cause
Insig to bind Scap. Binding to Insig in both
cases results in a conformational change in
Scap that prevents access of COPII proteins
to the MELADL sequence, resulting in ER
retention of SREBP-Scap (Figure 2) (115).

TRANSCRIPTIONAL CONTROL
OF STEROL SYNTHESIS
IN FUNGI

In addition to their interesting biology, fungi
are relatively simple eukaryotic organisms in
which genetics and molecular biology can be
applied to understand biological mechanisms

Espenshade o Hughes

conserved in mammals. Although fungi do
not synthesize cholesterol, the close struc-
tural similarity between cholesterol and the
fungal sterol ergosterol have made fungi use-
ful model organisms for understanding sterol
homeostasis (Figure 1) (51, 92). Research in
this area has been further fueled by the fact
that many antifungal therapies target the er-
gosterol pathway. In the past several decades,
the sterol biosynthetic pathway has been stud-
ied primarily in the budding yeast S. cere-
visine. Discoveries resulting from this work
include: the cloning of new sterol synthe-
sis enzymes and their subcellular localization
(22,72),identification of regulatory transcrip-
tion factors (121), and the isolation of genes
required for the degradation of HMG-CoA
reductase and other ER proteins (49). More
recently, studies of SREBP orthologs in other
fungi have yielded important insights into the
core regulatory mechanisms of sterol home-
ostasis in mammals (34).

Schizosaccharomyces pombe

Completion of the S. pombe genome project
revealed that unlike S. cerevisiae, fission yeast
contain homologs of SREBP and Scap, named
Srel and Scpl, respectively (60). From a
structural standpoint, these proteins show lit-
tle overall sequence identity, but the topolo-
gies and functionally important domains of
SREBP and Scap are conserved in the fis-
sion yeast proteins. Srel shares high sequence
identity with the basic helix-loop-helix DNA
binding domain of SREBP and consequently
can bind to a mammalian sterol regulatory el-
ement (SRE) such as that found in the LDL
receptor promoter (118). Likewise, Scpl is
predicted to contain eight transmembrane
segments and a C-terminal SREBP-binding
domain. Notably, what little sequence iden-
tity Scpl and Scap share flanks the three
conserved, sterol-sensing domain residues re-
quired for ER retention of Scap in mammalian
cells (Figure 3). Characterization of Srel and
Scpl revealed that these proteins are func-
tional homologs of SREBP and Scap. Srel and
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Scpl form a stable complex, and Srel is pro-
teolytically cleaved in response to sterol de-
pletion by a Scp1-dependent mechanism (60).
Mutation of the three sterol-sensing residues
in Scpl to the corresponding sterol-resistant
amino acids results in constitutive activation
of Srel, indicating that Scpl and Scap share
structural requirements for sterol sensing
(58). Furthermore, activation of Srel likely
requires COPII-mediated ER exit as proteol-
ysis of Srel requires the conserved MELADL
COPII binding sequence in Scap (LELQDF
in Scp1) (A. Hughes & P. Espenshade, unpub-
lished observations). Thus, Srel and Scpl are
orthologs of mammalian SREBP and Scap.

Considering this conservation between the
mammalian and yeast proteins, it came as
a surprise that fission yeast SREBP func-
tions in an oxygen-sensing pathway, mediat-
ing adaptation of cells to low oxygen growth
(34, 60, 118). Yeast cultured in atmospheric
oxygen (21% oxygen) have low levels of ac-
tive, nuclear Srel. Incubation of cells under
anaerobic conditions leads to activation of
Srel and a dramatic accumulation of nuclear
Srel. Genome-wide expression-profiling ex-
periments revealed that under low oxygen
Srel is a transcriptional activator, and Srel
upregulates expression of genes required for
low oxygen growth, including enzymes in oxy-
gen consumptive pathways (118). In partic-
ular, Srel activates expression of a number
of oxygen-dependent enzymes in ergosterol,
heme, sphingolipid, and ubiquinone biosyn-
thesis. Srel-dependent transcription is essen-
tial for adaptation to low oxygen as srel A and
sepI A cells fail to grow under these condi-
tions. While Srel does not control all low oxy-
gen gene expression, such as the induction of
glycolytic enzymes, two thirds of upregulated
genes require Srel (118).

The ability of Srel to respond to changes
in oxygen concentration derives from the
conserved function of Srel-Scpl to sense
sterols. Ergosterol synthesis is highly oxygen-
consumptive; each molecule of ergosterol re-
quires 12 molecules of molecular oxygen

for its synthesis (Figure 1) (95). Therefore,

changes in oxygen availability directly affect
sterol synthesis. Indeed, when cells are shifted
to low oxygen ergosterol synthesis is initially
inhibited prior to an adaptive response that
restores sterol synthesis to normal levels (60).
Srel mediates this adaptive response, most
likely through the upregulation of oxygen-
dependent enzymes in sterol synthesis. Col-
lectively, these data have led to a model in
which Srel-Sepl monitors sterol synthesis as
an indirect measure of oxygen availability.
What then is the signal for low oxygen ac-
tivation of Srel? As outlined in Figure 1, a
drop in oxygen should lead to both an accu-
mulation of substrates for oxygen-dependent
enzymes and a decrease in ergosterol pro-
duction. Experiments with sterol synthesis in-
hibitors clearly demonstrated that Srel-Scpl
is activated in response to an overall decrease
in ergosterol (60). However, recent experi-
ments investigating the nature of the physi-
ological signal for Srel activation under low
oxygen indicate that the accumulation of the
sterol intermediate lanosterol signals to ac-
tivate Srel through Scpl (58). A combina-
tion of genetic and biochemical experiments
demonstrated that under low oxygen lanos-
terol and 24-methylene lanosterol, which are
substrates for the cytochrome P450 enzyme
Ergll, accumulate in cells and lead to acti-
vation of Srel. Overexpression of Ergll to
levels that suppress the accumulation of these
intermediates blocks low oxygen activation of
Srel (58). Consistent with these findings, ad-
dition of exogenous lanosterol activates Srel.
These experiments suggest that fission yeast
Scpl responds to a different sterol signal than
mammalian Scap, which binds cholesterol and
not lanosterol (87). Srel controls transcrip-
tion of genes in multiple biosynthetic path-
ways, such as heme and sphingolipids (118).
Insomuch as Srel is subject to feedback reg-
ulation by sterols, products or intermediates
from these other oxygen-dependent pathways
may also regulate Srel activity. Presently, the
mechanism by which the N-terminal tran-
scription factor domain of Srel is released
from the membrane is unknown as fission
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Insl1: fission yeast

Insig

yeast lack identifiable homologs of S1P and
S2P.

Sequence database searches also revealed
the existence of a fission yeast Insig homolog,
called Ins1 (Figure 4) (60, 75). As described
above, Insig binds the sterol-sensing domain
of Scap and is required for the ER retention
of SREBP-Scap complex. If Insl performed
a similar function in S. pombe, loss of Insl
would result in constitutive activation and un-
regulated proteolysis of Srel. However, in
insI A cells basal Srel activity remained low
and Srel was regulated normally (60). Insl
does not bind Scpl. Rather, Ins1 forms a sta-
ble complex with S. pornbe HMG-CoA reduc-
tase, called Hmgl, and Insl functions as a
negative regulator of Hmg1 activity (J. Burg
& P. Espenshade, unpublished observations).
These results indicate that in fission yeast
sterol regulation of Scap does not require In-
sig, suggesting that sterol sensing and regu-
lation of SREBP ER exit may be an intrinsic
property of yeast Scap. Alternatively, an Insig-
like protein may exist to facilitate ER reten-
tion of the Srel-Scpl complex.

Cryptococcus neoformans

Recent studies in the pathogenic fungus
Cryptococcus neoformans demonstrated that the
function of SREBP in hypoxic adaptation and
regulation of sterol synthesis is conserved
across fungal phyla (18, 20). C. neoformans
is a basidiomycetous fungus that upon in-
halation disseminates to the brain and causes
lethal meningoencephalitis in immunocom-
promised individuals (15). C. neoformans con-
tains homologs of both SREBP and Scap.
Characterization of these genes showed that
Srelp is also activated in response to low oxy-
gen and sterol depletion in this organism and
that both SREI and SCPI are required for
low oxygen growth (18). As in fission yeast,
Srelpactivation is regulated by levels of lanos-
terol and is required for transcriptional regu-
lation of sterol synthesis by directly activating
expression of sterol genes under low oxygen
(58). Consistent with this function of Srelp,
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cells lacking SREI or SCPI have defects in
sterol synthesis and are sensitive to inhibitors
of the sterol pathway (18). Virulence studies
in mice demonstrated that SRE! is essential
for brain infection and virulence in a tail vein
model of infection, suggesting that adaptation
to host tissues requires SREI. Parallel results
were obtained in studies by Madhani and col-
leagues using a C. neoformans strain of a dif-
ferent serotype (20). This group additionally
found that SREI and SCPI are required for
pulmonary infection in mice.

C. neoformans lacks an Insig homolog, but
contains an apparent S2P homolog, named
STPI. Cells lacking STPI show phenotypes
similar to cells lacking SREI or SCP1 (20)
(C.Bien & P. Espenshade, unpublished obser-
vations). Other fungi with apparent SREBP
homologs include Aspergillus fumigatus, A.
nidulans, Neurospora crassa, and Candida albi-
cans, raising the question whether SREBP also
functions in response to oxygen limitation and
regulates sterol synthesis in these organisms.

Saccharomyces cerevisiae

The fungal ergosterol biosynthetic pathway
was largely elucidated through genetic and
biochemical studies in the budding yeast
S. cerevisiae (72). Although sterol synthesis is
under transcriptional control in S. cerevisiae,
budding yeast lacks SREBP and Scap (26,
109). Instead, Upc2p and Ecm22p, two tran-
scription factors that are homologous to each
other but not to SREBP, control expression
of ergosterol biosynthetic genes in response
to sterol depletion (121). As in fission yeast,
low oxygen activates transcription of sterol
synthesis genes through a sterol-dependent
mechanism, which in S. cerevisiae is medi-
ated by Upc2p (23). How Upe2p responds to
sterol depletion under low oxygen conditions
is not known. Additionally under low oxy-
gen, Upc2p induces expression of two genes,
AUSI and PDR11, that code for ATP bind-
ing cassette (ABC) transporters that facilitate
exogenous sterol uptake (125). Expression of
these proteins is repressed under conditions
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when oxygen is sufficient for sterol synthesis.
S. pombe lacks detectable homologs of these
sterol transporters and thus is unable to im-
port exogenous cholesterol under low oxy-
gen (60). Transcription of sterol biosynthetic
genes in S. cerevisiae is independently regu-
lated by oxygen through the heme-dependent
transcription factor Haplp and a transcrip-
tional repressor Rox1p (67, 68). Thus, both
Upc2p and Haplp appear to monitor levels of
oxygen-dependent molecules, ergosterol and
heme, respectively, as an indirect measure of
environmental oxygen. However, while both
fission and budding yeast monitor sterol syn-
thesis as a measure of oxygen supply, these
two fungi use structurally unrelated transcrip-
tion factors to achieve this regulation. These
findings highlight the importance of regulat-
ing sterol synthesis in response to differential
oxygen supply.

Although mechanistic conservation exists
in the regulation of sterol synthesis between
fungi and mammals, there are likely to be
significant differences in these systems that
will uncover new regulatory paradigms. A
few unanswered questions already hint at this
possibility. For example, although database
searches have identified a candidate S2P in
C. neoformans, neither S. pombe nor C. neo-
formans contains an obvious homolog of SIP.
In addition, S. pombe lacks an S2P homolog.
Understanding the details of how Srel is re-
leased from the membrane in these two or-
ganisms will likely advance our understand-
ing of regulated intramembrane proteolysis
(RIP), a signaling mechanism in which reg-
ulatory proteins are generated from cleavage
of membrane precursors (14, 76).

REGULATION OF SREBP IN
FLIES AND WORMS

The function of SREBP has been examined
in two additional organisms, D. melanogaster
and C. elegans. Both of these organisms do
not synthesize sterols and are thus sterol aux-
otrophs. What then is the function of SREBP
in these systems and what lipid does Scap

sense? Detailed studies in D. melanogaster re-
vealed that flies contain orthologs of SREBP,
Scap, S1P, and S2P, but lack a recogniz-
able Insig homolog (96, 103). Characteriza-
tion of ASREBP/HLHI106 in Drosophila S2
cells revealed that proteolysis of ASREBP re-
quires dScap, dS1P, and dS2P (103). Prote-
olysis of dSREBP is regulated by levels of
phosphatidylethanolamine (PE), the predom-
inant phospholipid in insect cells, and not
by sterols (28). Consistent with PE acting in
end product feedback inhibition, dSREBP di-
rects transcription of genes required for fatty
acid synthesis, such as acetyl-CoA carboxy-
lase and fatty acid synthase (103). In whole
flies, dSREBP is primarily required during
larval development for production of fatty
acids. Flies deficient for SREBP are fatty acid
auxotrophs and die during larval development
(66). Fly development can be rescued by sup-
plementing the diet with fatty acids, such as
oleate.

Less is known about the regulation of
SREBP activation in C. elegans. Worm
SREBP, named SPD-1/LPD-1, is highly ex-
pressed in the intestine and is required for
fat storage (3, 79, 130). Worms contain clear
homologs of SREBP, Scap, and S2P, but also
lack an Insig gene. Asin flies, SPD-1 regulates
genes involved in fatty acid synthesis, such as
acetyl-CoA carboxylase, fatty acid synthase,
and stearoyl-CoA desaturase (79, 130). To
date, the molecular signals controlling SPD-1
proteolysis are unknown. Thus in sterol aux-
otrophs such as flies and worms, SREBP pri-
marily regulates fatty acid synthesis. Impor-
tantly, this regulation is Insig-independent.

EQUILIBRIUM MODEL FOR
SREBP-SCAP REGULATION

Evidence from mammals, fission yeast, and
flies discussed above can be assembled into
a speculative model for the sterol regulation
of SREBP-Scap exit from the ER and sub-
sequent activation of SREBP. Figure 5 de-
picts a model that is an extension of con-
ceptsrecently put forth by Brown & Goldstein
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to Scap or Insig, respectively, and shifting the conformational equilibrium of Scap away from Scap

(115). In this model, Scap exists in equilibrium
between two conformations: Scap®©F!l and
Scap®®. Scap®©OF!! Jeads to ER exit of SREBP-
Scap because the MELADL sequence of Scap
is available for COPII binding, and Scap®® is
retained in the ER because the MELADL se-
quence is inaccessible to COPIIL. Thus, the
equilibrium between Scap®O* and Scap®R
dictates the level of SREBP activation. In this
model, multiple factors influence the equilib-
rium between Scap©OP and Scap™® either di-
rectly or indirectly. First, cholesterol binding
to Scap shifts the equilibrium to Scap®®. Sec-
ond, binding of Scap to Insig stabilizes Scap"™®.
Third, oxysterol stimulates binding of Insig
to Scap™. In this way, both cholesterol and
oxysterols, acting through Scap and Insig, re-
spectively, inhibit SREBP activation by shift-
ing the equilibrium away from the Scap©CP!
conformation.

This model relies on three key assumptions
for which different amounts of experimental
evidence exist:

1 The ability to assume two functionally
distinct conformations (Scap®°P" and
Scap®®) is an intrinsic property of Scap
and does notrequire Insig. This concept
is supported by the fact that cholesterol
added in vitro alters the conformation
of Scap and cholesterol blocks SREBP
proteolysis in Insig-deficient cells (115).
In addition, regulation of SREBP-Scap
in fission yeast, C. neoformans, and flies
does not require Insig (18, 60).
2 Insig binds preferentially to Scap®™®.
In support of this idea, single amino
acid mutations in the sterol-sensing
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COPII

domain of Scap that result in constitu-
tive SREBP activation shift the confor-
mation to Scap®©P!! (1, 9). Importantly,
these mutant Scap proteins fail to bind
to Insig (129, 131).

3 Oxysterol binding to Insig promotes
Insig-Scap binding. This assumption is
supported by the recent demonstration
that Insig is an oxysterol binding pro-
tein and that Insig mutants that do not
bind oxysterol fail to bind Scap (115).

This model defines a sterol-sensing func-
tion for Scap that is independent of Insig.
However, the model also highlights at least
two advantages cells gain by the addition of
Insig regulation to the SREBP-Scap pathway:
() the ability to sense and respond to oxys-
terols and (/) a fine-tuning mechanism that
alters the sensitivity of Scap to sterols. Oxys-
terols play an important role in the systemic
regulation of cholesterol homeostasis in mam-
mals (4, 62). By directly acting on Insig to in-
duce Scap™®, oxysterols enable cells to sense
whole-body sterol levels in addition to moni-
toring the status of cellular cholesterol supply.
This is an important layer of regulation that
potentially allows mammalian cells to mon-
itor two different sources of cellular choles-
terol. Supporting this idea, neither oxysterols
nor Insig control the regulation of fission yeast
SREBP-Scap, whose only source of sterol is de
novo synthesis (58, 60). Knowledge about the
physiological regulation of oxysterols in mam-
mals will be important for a complete under-
standing of systemic cholesterol homeostasis.

The incorporation of Insig into the
SREBP-Scap pathway in mammals allows
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for additional layers of regulation that act
by affecting Insig protein levels. The model
predicts that levels of Insig protein should

influence the Scap™®-Scap®OP!

equilibrium.
Indeed, overexpression of Insig retains
SREBP-Scap and blocks SREBP activation
even in the absence of exogenous sterol (131).
In this way, Insig protein levels may alter the
sensitivity of SREBP activation to choles-
terol by regulating the equilibrium between
Scap®OPl and Scap®R. This property of the
system would facilitate regulation of SREBP-
Scap by signals other than sterols. Consistent
with this concept, recent studies have shown
that cell stress induced by hypotonicity or
thapsigargin reduce Insig-1 protein levels and
activate SREBP-Scap even in the presence
of sterols (70). Additionally, the presence of
two Insig proteins, which possess different
turnover properties and whose expression is
differentially regulated by hormones such as
insulin, provides a platform for SREBP-Scap
regulation in different tissues or in response
to environmental stimuli (69, 128).

Although extensive experimentation is cer-
tainly required to test its validity, this model
represents an attempt to incorporate exist-
ing data from multiple organisms into a sin-
gle testable model, assuming an evolutionarily
conserved regulatory mechanism.

REGULATED DEGRADATION
OF HMG-CoA REDUCTASE

Cholesterol biosynthesis is a tightly regu-
lated pathway that employs multiple feedback
mechanisms to maintain homeostasis (42).
Much work over the past several decades has
centered on the regulation of a rate-limiting
enzyme HMG-CoA reductase in this path-
way (HMGR). HMGR uses two molecules of
NADPH to convert one molecule of HMG-
CoA to mevalonate (Figure 1). Thisis the first
committed step in the mevalonate pathway
that leads to the production of cholesterol and
isoprenoids, which are required for produc-
tion of dolichol, tRNA, heme A, ubiquinone,
and prenylated proteins such as Ras and Rabs

(42). Products of the isoprenoid pathway are
also required for proper germ cell migra-
tion during development (100). As a key en-
zyme in this pathway, HMGR is regulated by
feedback mechanisms operating at multiple
levels: transcription, translation, posttransla-
tional modification, and protein degradation
(42). Among the best studied are the regula-
tion of HMGR transcription by SREBP and
the sterol-dependent degradation of the en-
zyme (43). Surprisingly, both of these mecha-
nisms require Insig.

HMGR (888 aa) is an ER membrane pro-
tein that shares an overall topology and do-
main structure with Scap (Figure 6) (43). The
N-terminal domain contains 8 transmem-
brane segments and the cytosolic C terminus
contains the catalytic portion of the enzyme
(74, 93). Like Scap, transmembrane segments
2-6 of HMGR contain a sterol-sensing
domain (57). In sterol-depleted cells, SREBP
stimulates HMGR transcription and HMGR
protein displays a long half-life, thereby max-
imizing mevalonate production for sterol and
isoprenoid synthesis. Products from both of
these pathways feed back to control HMGR
activity. Accumulating cholesterol promotes
Insig binding to Scap. Consequently, SREBP
proteolysis is inhibited and transcription of
HMGR decreases. At the same time, products
of both the sterol and isoprenoid pathway
accelerate the degradation of HMGR by a
ubiquitin-proteasome dependent pathway
that requires Insig (Figure 6) (11, 88, 94).

Although it has been known for some time
that products of the mevalonate pathway con-
trol the stability of HMGR (11), DeBose-
Boyd and colleagues have recently uncovered
the molecular details behind this posttransla-
tional feedback regulation (43). A key discov-
ery was the finding that the sterol interme-
diates lanosterol and 24,25-dihydrolanosterol
(Figure 1), rather than the end product
cholesterol, stimulate HMGR degradation
(112). Lanosterol is the first sterol synthesized
from mevalonate and thereby serves as a mea-
sure of mevalonate flux into the sterol path-
way (Figure 1). A series of elegant genetic
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Regulated degradation of HMG-CoA reductase in mammals. In the absence of sterols, HMGR does not
bind Insig and is present at high levels. In the presence of lanosterol or oxysterols, Insig mediates the
ubiquitinylation (Ub) and subsequent degradation of HMGR by the proteasome through interactions
with the E2 conjugating enzyme Ubc7, the E3 ubiquitin ligase gp78, and the ATPase VCP/p97.
Geranylgeraniol (GG-OH) enhances HMGR degradation through an unknown mechanism that acts
downstream of ubiquitinylation. Figure was adapted from (43).

and biochemical studies have led to the model
outlined in Figure 6 (43, 113). Accumulation
of lanosterol stimulates binding of HMGR
to Insig, resulting in the ubiquitinylation of
HMGR on two cytosolic lysine residues and
subsequent degradation by the 26S protea-
some. Insig binds to the membrane domain
of HMGR and is required for HMGR degra-
dation by virtue of the fact that it forms a com-
plex with the E3 ubiquitin ligase gp78 (113).
The multidomain structure of gp78 (643 aa)
allows this ER membrane protein to organize
the sterol-dependent degradation of HMGR.
The N-terminal membrane attachment do-
main of gp78 binds to Insig. The remainder
of the protein consists of (#) a RING fin-
ger consensus sequence conferring E3 ubiq-
uitin ligase activity; (b)) a binding domain for
the E2 ubiquitin conjugating enzyme Ubc7;
and (¢) a domain that binds to VCP/p97, an
ATPase involved in delivery of ubiquitiny-
lated membrane proteins to the proteasome

Espenshade o Hughes

(133, 135). Further studies are required to un-
derstand how VCP/p97 extracts ubiquitiny-
lated HMGR from the membrane and tar-
gets the protein to the proteasome. Notably,
the degradation mechanism for mammalian
HMGR shares many similarities with that first
described in S. cerevisiae for the turnover of
yeast HMGR (49).

The differential regulation of Scap and
HMGR by cholesterol and lanosterol, respec-
tively, adds additional flexibility to the regu-
lation of sterol synthesis. Scap monitors pro-
duction of the end product cholesterol and
through SREBP controls transcription of all
enzymes in the pathway (55). Sterol inter-
mediates containing methyl groups at the 4-
position of the sterol A-ring cannot support
growth of mammalian cells and may be toxic
(126). By monitoring levels of lanosterol, the
first 4-methylated sterol in the pathway, cells
can avoid the accumulation of these inter-
mediates by down-regulating HMGR activity
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and flux into the top portion of the sterol
pathway. In addition to lanosterol, oxysterols
promote the ubiquitinylation and degrada-
tion of HMGR in both intact and perme-
abilized cells (110, 112). Although it remains
to be proven, oxysterols are presumably act-
ing through their ability to bind Insig and to
stimulate Insig binding to HMGR (86). The
ability of both fission yeast Scap (Scpl) and
HMGR to respond to lanosterol suggests that
the HMGR and Scp1 sterol-sensing domains
share properties. Insomuch as Scp1 regulation
does not require Insig in yeast, the ability of
lanosterol to signal to HMGR may also not
require Insig directly.

High concentrations of mevalonate are re-
quired for the rapid degradation of HMGR.
Lanosterol addition stimulates the ubiqui-
tinylation and degradation of HMGR, but the
complete and rapid degradation of HMGR
requires an additional nonsterol isoprenoid
signal (112). The requirement for this sig-
nal can be filled by addition of geranylgeran-
iol, a 20-carbon isoprenyl alcohol, but not
the 15-carbon alcohol farnesol (107). Presum-
ably, the action of geranylgeraniol requires its
conversion to the pathway intermediate ger-
anylgeranyl pyrophosphate (GG-PP). How-
ever, it is not known at which step GG-PP
or a metabolite of GG-PP is acting to con-
trol HMGR degradation. GG-PP has been
proposed to act at a postubiquitinylation step,
since geranylgeraniol alone did not stimu-
late HMGR ubiquitinylation in a permeabi-
lized cell system (43, 107). One possibility is
that GG-PP is required for the synthesis of a
prenylated protein required for the extraction
and degradation of HMGR (107).

The recognition that lanosterol reg-
ulates HMGR activity raises questions
about the physiological control of lanos-
terol levels and the subsequent regulation
of HMGR activity. Lanosterol is metabo-
lized to 4,4-dimethylcholesta-8,14,24-trienol
in a demethylation reaction carried out by
the cytochrome P450 Cyp51, which requires
NADPH, heme, and oxygen (Figure 1).
Changes in the supply of these substrates may

decrease Cyp51 activity and result in lanos-
terol accumulation. In addition, the heme
binding protein PGRMCI1 was recently iden-
tified as a positive regulator of Cyp51 and pro-
vides another potential regulatory point for
HMGR activity (24, 59). HMGR is the tar-
get for the widely used cholesterol-lowering
drugs called statins (117). The high therapeu-
tic interest in HMGR has led to the discovery
of additional agents that inhibit HMGR activ-
ity. Two of these hypocholesterolemic com-
pounds are vitamin E (tocotrienols) and the
bisphosphonate ester SR-12813 (6, 83). Re-
cent studies demonstrate that both of these
compounds accelerate degradation of HMGR
by mimicking the lanosterol signal (106, 111).
Importantly, SR-12813 does not affect regu-
lation of SREBP-Scap complex by Insig and
therefore is specific to HMGR. This prop-
erty indicates that SR-12813 likely signals
through HMGR and not Insig (106). Collec-
tively, these findings suggest that multiple sig-
nals can influence the rate of cholesterol syn-
thesis by affecting the stability of HMGR.

In S. cerevisine, HMG-CoA reductase,
Hmg2p, is also regulated by proteasomal
degradation in response to the isoprenoid far-
nesyl pyrophosphate (F-PP), or a signal de-
rived from it (40). Insomuch as F-PP is a pre-
cursor for GG-PP, the isoprenoid signals may
be conserved between yeast and mammals.
Budding yeast Insig, called Nsglp, forms a
complex with Hmg2p and participates in the
control of Hmg2p degradation (38). However,
in contrast to mammalian Insig, Nsglp is a
positive regulator of Hmg2p stability. Nsglp
is proposed to act as a chaperone, promot-
ing correct Hmg2p folding and decreasing
ubiquitinylation and degradation. Oxysterols
have been implicated as a positive signal for
Hmg2p degradation in budding yeast (41).
It remains to be tested whether Nsglp plays
a role in this regulation. Likewise, fission
yeast Insig forms a complex with HMGR, but
similar to mammals, fission yeast Insig func-
tions as a negative regulator of HMGR ac-
tivity (J. Burg & P. Espenshade, unpublished
observations).
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PHYSIOLOGICAL REGULATION
OF CELLULAR STEROL
HOMEOSTASIS

Feedback Control by Cholesterol,
Lanosterol, and SREBP
Transcriptional Targets

Multiple layers of feedback regulation exist to
control cellular sterol homeostasis and these
are summarized in Figure 7. In response to
sterol depletion, cells activate SREBP pro-
teolysis, resulting in transcription of SREBP
target genes. In addition to upregulating
sterol biosynthetic enzymes and the LDL
receptor, SREBP transcription
of Insig-1 (Figure 7, Step 1). Following

activates

activation of SREBP, the resultant increase
in cholesterol supply (Step 2) combines with
elevated levels of Insig to inhibit SREBP
proteolysis (Steps 3 and 4). This regulatory
mechanism is termed convergent feedback
inhibition (45). In this model, complete
inhibition of SREBP proteolysis requires
both cholesterol and Insig signals. In this
way, the cell may ensure that downstream
transcriptional targets have been upregulated
prior to repressing SREBP activity (43). In
a similar fashion, HMGR activity ultimately
leads to the production of lanosterol (Step 5),
which when elevated negatively regulates
HMGR protein levels in an Insig-dependent
manner (Steps 6 and 7). Regardless of the
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Figure 7

Feedback control of sterol synthesis in mammals. In the absence of sterols, SREBP is activated, leading to
increased levels of Insig (Step I) and cholesterol (Step 2) through an upregulation of biosynthetic enzymes
and the LDL receptor. Cholesterol and Insig together feed back and inhibit SREBP activation (Steps 3
and 4). In a similar fashion, HMGR activity increases lanosterol (Step 5), which together with Insig
negatively regulates HMGR protein levels (Steps 6 and 7). Oxysterols act through Insig to negatively
regulate both SREBP-Scap and HMGR (Srep 8). Studies from fission yeast and the oxygen requirements
of the sterol pathway (Figure 1) predict that hypoxia should lead to an increase in lanosterol and a
decrease in cholesterol, respectively (Steps 9 and 10). These changes in lanosterol and cholesterol levels
may lead to degradation of HMGR and activation of SREBP under low oxygen conditions.

Espenshade o Hughes



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org
by JOHNS HOPKINS UNIVERSITY on 08/15/07. For personal use only.

ANRV329-GE41-17 ARI 20 July 2007 15:17

levels of lanosterol and cholesterol in the cell,
oxysterols are able to inhibit both SREBP-
Scap and HMGR in an Insig-dependent
fashion, thus serving as a dominant signal to
reduce total cellular sterol levels (Step 8).

The SREBP pathway is also controlled
by positive feedback regulation insomuch as
SREBPs activate their own transcription (56).
"This positive transcriptional feedback regula-
tion is also present in S. pomzbe, C. neoformans,
and D. melanogaster (18, 103, 118). In C.
neoformans, Srel also upregulates transcrip-
tion of the candidate S2P, presumably to
promote more efficient processing of the
membrane-bound transcription factor (18). In
mammalian cells, PCSK9 is a SREBP target
gene that encodes a soluble serine protease
(82). Pcsk9 functions as a posttranslational,
negative regulator of LDL receptor, and by
down-regulating cholesterol uptake, Pcsk9 is
a positive regulator of SREBP activity (54).
These examples of SREBP target genes as
pathway regulators suggest that the lists of
SREBP transcriptional targets may be a rich
source of candidate regulators.

Adaptation to Environmental Oxygen

One fundamental principle emerging from
the studies in fungi is that regulatory mech-
anisms exist to control sterol homeostasis in
response to changes in environmental oxygen.
Changes in oxygen supply directly impact
sterol synthesis rate due to the presence of
multiple oxygen-requiring enzymes in the
pathway (Figure 1) (95). While this has been
demonstrated in fungi, similar mechanisms
must exist in mammalian cells to permit cells
to adjust the rate of sterol synthesis to match
oxygen availability in different tissues. In fis-
sion yeast, lanosterol demethylation is the
proximal rate-limiting reaction when oxygen
becomes limiting (Figure 1). Cells grown in
0.5% oxygen show elevated levels of lanos-
terol, but not the upstream intermediate squa-
lene that is converted to squalene epoxide in
an oxygen-dependent reaction (58). In fungi,
lanosterol signals to activate Srel and up-

regulate the lanosterol demethylase enzyme
Ergl1/Cyp51, thereby restoring flux through
the pathway. In mammals, a similar hypoxic
accumulation of lanosterol would be expected
to induce degradation of HMGR, thereby re-
ducing sterol synthesis and the accumulation
of lanosterol, a potentially toxic intermediate
(Figure 7, Step 9). The drop in sterol syn-
thesis should activate SREBP-Scap (Figure 7,
Step 10), leading to increased CypS51 and
LDLR expression to relieve the low oxygen
block at Cyp51 and to stimulate uptake of ex-
tracellular cholesterol. Through this feedback
regulation, the cell would reestablish sterol
homeostasis, but in a hypoxic environment.
Consistent with this model, hypoxia stimu-
lates the degradation of HMGR (R. DeBose-
Boyd, personal communication).

Insig must play an important role in low
oxygen adaptation as the central mediator of
feedback regulation in this system. Tissues in
which sterol homeostasis is particularly in-
fluenced by oxygen supply may display more
pronounced dysregulation of cholesterol syn-
thesis in Insig knockout mice (33). One tissue
in which this feedback regulation may play a
prominent role is the brain, which is a rela-
tively low-oxygen environment (108). Brains
of Insig-deficient mice show increased accu-
mulation of lanosterol and defects in cran-
iofacial development (31). Based on these
concepts, we propose that one important
physiological function of this elaborate feed-
back controlis to allow cellsin different tissues
to match the demand for sterol synthesis with
that of oxygen supply.

Cellular Stress

The importance of maintaining lipid home-
ostasis in response to changing cellular
environments is further emphasized by the
growing number of stress conditions that
induce SREBP activation. Conditions shown
to activate SREBP include: hypotonic shock,
thapsigargin-induced ER stress, bacterial
pore-forming toxin, and sheer stress (47, 70,
73). Although the molecular signals leading to
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SREBP cleavage are incompletely understood
in these cases, SREBP cleavage requires S1P
and/or S2P, suggesting that these conditions
induce ER exit of SREBP-Scap complex.
Activation of SREBP in response to hypo-
tonic shock and thapsigargin correlated with
the loss of Insig-1 protein, suggesting that
loss of ER retention activated SREBP (70).
Activation of SREBP in response to bacterial
toxin treatment required caspase-1 in addi-
tion to S1P and S2P; under these conditions
SREBP activation increased cell survival
(47). Each of these stresses may signal to
SREBP by a novel, independent mechanism.
Alternatively, these stresses may act through
known regulators of SREBP. For example,
in fission yeast hydrogen peroxide stimulates
Srel activation through inhibition of sterol
synthesis (58). Chemical inhibition of sterol
synthesis at lanosterol demethylase in mam-
malian cells causes ER stress and activation of
the integrated stress response (50), suggesting
that the sterol pathway may also play a role
in sensing cell stress. Finally, SREBP was
among the first characterized substrates of
caspase-3 (124). SREBP-1 and SREBP-2
are cleaved prior to the first transmembrane
segment in response to apoptotic signals,
producing an active transcription factor (52).
The physiological role of this regulation is

unclear.

Regulated Degradation of Nuclear
SREBP

"To maintain the proper supply of cholesterol
for expansion of cell membranes, cholesterol
synthesis must be coordinated with cell
growth and nutrient supply. For example,
cells actively internalizing membrane during
phagocytosis compensate for this membrane
loss by upregulating lipid synthesis (16).
In addition, the rate of cholesterol synthe-
sis is coupled to the energy status of the
cell through the direct down-regulation of
HMGR activity by AMP-activated kinase (21,
101). Another way in which nutrient signals
may control sterol homeostasis is through

Espenshade o Hughes

the regulated degradation of nuclear SREBP.
The cleaved nuclear form of SREBP is
rapidly degraded by a proteasome-dependent
pathway (53, 123). While sterols do not ap-
pear to affect the turnover of SREBP, recent
studies demonstrated the phosphorylation-
dependent degradation of SREBP in response
to signals from the kinase GSK-3 (116). Phos-
phorylation of SREBP by GSK-3 promotes
binding to the SCF™ ubiquitin E3 ligase
and subsequent degradation (85). GSK-3
activity is inhibited by insulin, suggesting a
mechanism by which glucose supply could
regulate SREBP (39). Additionally, SREBP
activity may be regulated through the ac-
tion of transcriptional coactivators such as
CBP/p300, Mediator, and PGC-1f that
function in SREBP-dependent transcription
(Figure 2) (5, 130). In fission yeast, nuclear
Srel is heavily phosphorylated and has a
half-life of ~10 min (60) (B. Hughes &
P. Espenshade, unpublished observations),
providing an opportunity for additional
signals to impact oxygen-dependent tran-
scription. Indeed, additional modes of SREBP
regulation are likely to emerge as we under-
stand more about this important pathway.

UNANSWERED QUESTIONS

The past 15 years have yielded tremendous
advances in our understanding of the molec-
ular control of sterol synthesis. However,
each new finding brings with it a new set of
questions. The identification of Scap and In-
sig as sterol binding proteins in mammalian
cells added a new level of molecular detail
to SREBP pathway regulation. But, how do
sterols interact and control the activity of
these two proteins? The equilibrium model
presented in Figure 5 makes several assump-
tions that need to be tested in vitro using
purified Scap and Insig proteins. How does
cholesterol alter the conformation of Scap?
Does HMGR undergo a similar conforma-
tional change in response to lanosterol? Does
HMGR bind lanosterol? Determining the
crystal structures of the membrane domains of
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Scap, Insig, and HMGR should provide im-
portant insights into these issues.

Insig controls both the activation of
SREBP through Scap and the degradation
of HMGR. How can Insig binding to these
two proteins resultin such different outcomes,
ER retention and ubiquitinylation? What are
the functional differences between Insig-1
and Insig-2? Are there additional levels of
tissue-specific regulation of Insigs? In target-
ing HMGR for ubiquitinylation, Insig func-
tions as a substrate recognition adaptor. Does
Insig target other ER proteins for degradation
by the proteasome? Following ubiquitinyla-
tion, HMGR is extracted from the ER mem-
brane through unknown mechanisms. How is
this accomplished and what is the role for the
nonsterol isoprenoid signal, geranylgeraniol
in this process?

Experiments in fungi highlight the im-
portance of oxygen supply for sterol synthe-
sis. Tissues experience a wide range of oxy-
gen tensions under homeostatic conditions as
well as acute changes in oxygen supply. How
do mammalian cells regulate sterol synthe-
sis in response to oxygen availability? Does
SREBP function in an oxygen sensing path-
way in mammals as it does in fungi? In order to
monitor sterol as an indirect measure of oxy-
gen supply, new oxygen-dependent synthesis
must be the only source of cellular sterol. The
delivery of cholesterol to mammalian cells

SUMMARY POINTS

through lipoproteins would be expected to
short-circuit this oxygen sensing mechanism.
Perhaps, sterol synthesis is used as a measure
of oxygen availability when lipoprotein is not
a major source of cholesterol, such as early in
development.

Finally, what role if any does oligomer-
ization play in the regulation of the sterol-
sensing domain proteins, Scap and HMGR?
Purification of Scap revealed that it is a
tetramer (87). Likewise, the crystal structure
for HMGR showed that its catalytic domain
exists as a tetramer (61). Purified Insig is a
dimer and dimerization of SREBP is mediated
by itsleucine zipper domain in the N terminus
(86). Thus, complexes between SREBP-Scap
and Insig have the potential to be extremely
large. It is possible that the assembly and sto-
ichiometry of these complexes plays a criti-
cal role in the sorting of SREBP-Scap into
COPII vesicles and the ubiquitinylation of
HMGR.

The next five years are likely to produce ex-
citing answers to many of these questions. The
establishment of fungal models for SREBP
regulation raises the hope that the powerful
genetics of these organisms will reveal novel
regulators of sterol synthesis and serve as a
complement to the elegant use of biochem-
istry and somatic cell genetics employed to
dissect the regulation of mammalian choles-
terol homeostasis.

1. SREBP is a principal transcriptional regulator of sterol and other lipid biosynthetic
enzymes in eukaryotes. Activity of SREBP is controlled by the sorting of the SREBP-
Scap complex into COPII transport vesicles.

2. Current data regarding the control of cellular sterol synthesis can be assembled into a

testable equilibrium model in which multiple regulatory inputs affect the conforma-

tion of Scap and control its binding to COPII proteins.

3. Insig is a central regulator of mammalian cellular sterol homeostasis. Insig controls
transcription of sterol biosynthetic genes by regulating Scap, and Insig acts directly
to accelerate HMGR degradation by the proteasome.

4. Cholesterol, lanosterol, and oxysterols feed back to inhibit cholesterol synthesis by
signaling through three different proteins: Scap, HMGR, and Insig, respectively.
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Using an in vitro
protease sensitivity
assay, the authors
demonstrate that
cholesterol can
alter the
conformation of
Scap in vitro.
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5. Sterol synthesis is highly oxygen consumptive. Cells must regulate sterol homeostasis
in response to changes in oxygen availability. Fungi take advantage of this oxygen
requirement and monitor sterol synthesis as an indirect measure of oxygen supply.
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