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Abstract

HMG CoA reductase produces mevalonate, an important intermediate in the synthesis of cholesterol
and essential nonsterol isoprenoids. The reductase is subject to an exorbitant amount of feedback
control through multiple mechanisms that are mediated by sterol and nonsterol end-products of
mevalonate metabolism. Here, | will discuss recent advances that shed light on one mechanism for
control of reductase, which involves rapid degradation of the enzyme. Accumulation of certain sterols
triggers binding of reductase to endoplasmic reticulum (ER) membrane proteins called Insig-1 and
Insig-2. Reductase-Insig binding results in recruitment of a membrane-associated ubiquitin ligase
called gp78, which initiates ubiquitination of reductase. This ubiquitination is an obligatory reaction
for recognition and degradation of reductase from ER membranes by cytosolic 26S proteasomes.
Thus, sterol accelerated degradation of reductase represents an example of how a general cellular
process (ER-associated degradation) is used to control an important metabolic pathway (cholesterol
synthesis).

Introduction

3-Hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase catalyzes conversion of
HMG CoA to mevalonate (Figure 1), the precursor of isoprenoid groups that are incorporated
into many end-products including cholesterol, ubiquinone, heme, dolichol, and the farnesyl
and geranylgeranyl groups that can become attached to many cellular proteins 1. HMG CoA
reductase has been long-recognized as the rate-limiting enzyme in cholesterol synthesis and
assuch, is a primary focus of regulation. This is underscored by a multivalent system mediated
by sterol and nonsterol isoprenoids that exerts stringent feedback control on reductase through
multiple mechanisms 2. The complexity of this regulatory system was first revealed in the late
1970s through the use of compactin, a member of the statin family of drugs that are potent
competitive inhibitors of reductase 3. Treatment of cultured cells with compactin blocks
production of mevalonate, thereby reducing levels of sterol and nonsterol isoprenoids that
normally govern feedback regulation of reductase. Cells respond to the inhibition of reductase
by developing a drastic increase in reductase protein (~200-fold), owing to the combined
effects of enhanced transcription of the reductase gene, efficient translation of reductase
MRNA, and extended half-life of reductase protein. Complete reversal of this compensatory
increase in reductase requires regulatory actions of both sterol and nonsterol end-products of
mevalonate metabolism 2 4. Sterols inhibit the activity of sterol regulatory element-binding
proteins (SREBPs), a family of membrane-anchored transcription factors that enhance
cholesterol synthesis and uptake by modulating genes encoding cholesterol biosynthetic
enzymes (including reductase) and the low density lipoprotein (LDL)-receptor °. An unknown
nonsterol mevalonate-derived product(s) control the translational effects through a poorly
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understood mechanism that may be mediated by the complex 5'-untranslated region of the
reductase mRNA 4. Both sterol and nonsterol end-products of mevalonate metabolism combine
to accelerate degradation of reductase protein through a mechanism mediated by the ubiquitin-
proteasome pathway 6-8. Through these mechanisms, the multivalent regulation of reductase
coordinates mevalonate metabolism such that essential nonsterol isoprenoids can be constantly
supplied without risking the potentially toxic overproduction of cholesterol or one of its sterol
precursors.

In all mammalian species studied to date (i.e., human, hamster, rat, and mouse), reductase
localizes to membranes of the endoplasmic reticulum (ER) and consists of 887 or 888 amino
acids that can be separated into two contiguous domains (Figure 2A) 912, The N-terminal
domain of reductase is comprised of 339 amino acids and is integrated into ER membranes by
virtue of eight membrane-spanning segments that are separated by short loops (Figure 2B)
13, The 548-amino acid C-terminal domain of reductase projects into the cytosol and exerts all
of the enzymatic activity 2. The amino acid sequence of the membrane domain of reductase
is strikingly conserved among mammalian species 14 15 which suggested early on that the
region may be important for more than just membrane anchorage. Indeed, two key observations
have disclosed an important role for the membrane domain in sterol-accelerated degradation
of reductase. 1) Expression of the truncated, cytosolic C-terminal domain of reductase
produced a stable, catalytically active protein whose degradation was not influenced by sterols
16, 2) A chimeric protein consisting of a fusion between the membrane domain of reductase
and soluble B-galactosidase exhibited sterol-accelerated degradation similar to the wild type
full-length reductase 17. These observations led to the hypothesis that the membrane domain
of reductase somehow senses levels of membrane-embedded sterols, which triggers reactions
that render the enzyme susceptible to proteolytic degradation 16. This degradation occurs from
ER membranes and can be blocked by inhibitors of the 26S proteasome, which leads to the
accumulation of ubiquitinated forms of reductase 8: 18,

Ubiquitin and proteasomes have been implicated in degradation of reductase in the yeast
Saccharomyces cerevisiae 19. HMG2p, one of two reductase isozymes in yeast, is rapidly
degraded when flux through the mevalonate pathway is high. Degradation of the other isozyme,
HMG1p, is not regulated. Although the catalytic domains of yeast HMG2p and mammalian
reductase show strong similarity (>50% identity over 540 amino acids), the membrane domains
bear limited resemblances (<20% identity over 340 amino acids). Considering that the
membrane domains of yeast and mammalian reductase are necessary and sufficient for
accelerated degradation 17+ 20, limited conservation between these regions provides an
explanation for the observation that degradation is not triggered by sterols in yeast, but rather
by nonsterol isoprenoids 21. Despite these differences, regulated ubiquitination and degradation
of reductase is employed by yeast and mammals to modulate flux through the mevalonate
pathway. For further insight into the pathway for degradation of HMG2p in yeast, readers are
referred to several excellent reviews 19 21, 22

Insigs, polytopic proteins of the ER that mediate sterol-accelerated
degradation of HMG CoA reductase

Crucial insights into the mechanism for sterol-accelerated degradation of reductase have
emerged from comparisons made between reductase and Scap (the SREBP cleavage-activating
protein). Similar to reductase, Scap contains two distinct domains: a hydrophobic N-terminal
domain that spans the membrane eight times and a hydrophilic C-terminal domain that projects
into the cytosol 23. The C-terminal domain of Scap mediates a constitutive association with
SREBPs; this interaction is required for Scap-dependent translocation of SREBPs from the ER
to Golgi in sterol-deprived cells (Figure 3). Upon arrival in the Golgi, SREBPs encounter a
pair of proteases that act successively to release soluble fragments from the membrane into the
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cytosol 24-28_ These processed forms of SREBPs then migrate from the cytosol into the nucleus
and stimulate target gene expression, which results in increased synthesis and uptake of sterols
5. The subsequent accumulation of sterols in ER membranes prevents proteolytic activation of
SREBPs by blocking exit of Scap-SREBP complexes from the ER; transcription of SREBP
target genes decline and cholesterol synthesis and uptake is suppressed. Inhibition of ER to
Golgi transport of SREBPs results from sterol-induced binding of Scap to ER retention proteins
called Insig-1 and Insig-2 2% 30, Insig binding occludes a cytosolic binding site in Scap
recognized by COPII proteins, which incorporate cargo molecules into vesicles that deliver
ER-derived proteins to the Golgi 31. Scap-Insig binding is mediated by a segment of Scap’s
membrane domain that includes transmembrane helices 2-6 24 29, A similar stretch of
transmembrane helices is found in at least four other polytopic membrane proteins (including
the Niemann Pick C1 protein, Patched, Dispatched, and reductase) that have been postulated
to interact with sterols. Thus, the region has become known as the sterol-sensing domain 32,
The importance of the sterol-sensing domain in regulation of Scap is illustrated by findings
that point mutations within the region disrupt Insig binding, which relieves sterol-mediated
retention of mutant Scap-SREBP complexes in the ER 29 30, 33-35,

The recognition of sequence resemblances between the sterol-sensing domains of Scap and
reductase stimulated an appraisal of a role for Insigs in degradation of reductase. This effort
led to the following observations, which considered together divulge the action of at least one
of the Insig proteins in sterol-accelerated degradation of reductase. First, when overexpressed
by transfection in Chinese hamster ovary (CHO) cells, reductase cannot be degraded when the
cells are treated with sterols 36. Co-expression of Insig-1 restores sterol-accelerated degradation
of reductase, suggesting the saturation of endogenous Insigs by the overexpressed reductase.
Second, reduction of both Insig-1 and Insig-2 by RNA interference (RNAI) abolishes sterol-
accelerated degradation of endogenous reductase 3’. Third, mutant CHO cells lacking both
Insigs are impervious to sterol-stimulated degradation of reductase as well as sterol-mediated
inhibition of SREBP processing 3.

Degradation of reductase coincides with sterol-induced binding of its membrane domain to
Insigs 36, an action that requires a tetrapeptide sequence, Y1YF, located in the second
transmembrane segment of reductase (see Figure 2B) 37. A mutant form of reductase in which
the YI'YF sequence is mutated to alanine residues no longer binds to Insigs and the enzyme is
not subject to rapid degradation. The YIYF sequence is also present in the second
transmembrane domain of Scap, where it mediates sterol-dependent formation of Scap-Insig
complexes 2% 30, In fact, overexpressing the sterol-sensing domain of Scap in cells blocks
Insig-mediated, sterol-accelerated degradation of reductase. Mutation of the YIYF sequence
in the Scap sterol-sensing domain ablates this inhibition. This indicates that Scap and reductase
bind to the same site on Insigs and the two proteins compete for limiting amount of Insigs when
intracellular sterols levels rise.

Insig-Mediated Ubiquitination of HMG CoA Reductase

Evidence supporting a major role for the ubiquitin-proteasome pathway in sterol-accelerated
degradation of reductase was first provided by the observation that proteasome inhibition
blocks the process 18, leading to the accumulation of ubiquitinated forms of reductase on ER
membranes 8. This ubiquitination is obligatory for degradation of reductase and exhibits an
absolute requirement for the presence of Insigs 37+ 38, Reduction of Insig-1 and Insig-2 mRNA
by genetic mutation or RNAi-mediated knockdown abrogates sterol-dependent ubiquitination
of endogenous reductase, rendering the enzyme refractory to accelerated degradation.
Moreover, sterol-induced ubiquitination of reductase exhibits an absolute Insig requirement in
transient transfection assays. Mutation of the YI'YF sequence in reductase, which blocks Insig
binding, prevents regulated ubiquitination and slows the enzyme’s degradation. In contrast,
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conservative substitutions of arginine for lysines 89 and 248 in the membrane domain of
reductase (Figure 2B) do not block Insig binding, but the substitutions rather abolish
ubiquitination and subsequent degradation of reductase. Thus, lysines 89 and 248 in reductase
are implicated as sites for Insig-mediated, sterol-induced ubiquitination. It is important to note
that mutation of lysines 89 and 248 blocks ubiquitination and degradation of reductase in the
context of the full-length enzyme, suggesting that the catalytic domain does not contribute to
ubiquitination. This is consistent with the observation that the soluble catalytic domain is
dispensable for sterol-regulated degradation 16.

How might Insig binding impart recognition of reductase by the ubiquitinating machinery?
This question was addressed by examining reductase ubiquitination in a permeabilized cell
system 39, Sterol-depleted cells were permeabilized with low concentrations of the mild
detergent digitonin such that nearly all of the cytosolic proteins were released into the
supernatant upon centrifugation, whereas membrane proteins such as reductase remained
associated with the pellet fraction. The pellet of permeabilized cells supports Insig-dependent
ubiquitination of reductase that is stimulated by additions of ATP, sterols, and rat liver cytosol
invitro. Surprisingly, reductase ubiquitination is potently stimulated by oxygenated derivatives
of cholesterol, including 24-, 25-, and 27-hydroxycholesterol, but not by cholesterol itself. The
significance of this finding will be discussed in more detail below.

Ubiquitination of proteins is a multistep process, involving the action of at least three types of
enzymes “0. In the first step, ubiquitin is activated by the ubiquitin-activating enzyme (E1),
which forms a thiol ester between a reactive cysteine residue in E1 and the C-terminus of
ubiquitin. Next, ubiquitin is transferred from E1 to a catalytic cysteine of the ubiquitin-
conjugating enzyme (E2) thiol ester. The third type of enzyme, ubiquitin ligase (E3) facilitates
transfer of activated ubiquitin from E2 to a lysine residue in the substrate (or a previously
attached ubiquitin). Once a poly-ubiquitin chain of sufficient size is built, the substrate is
recognized and subsequently degraded by proteasomes. Only two E1 enzymes exist, and both
are cytosolic proteins. In contrast, a variety of E2s and E3s, both soluble and membrane-bound
have been described 41. The exquisite sensitivity of substrate ubiquitination is ultimately
determined by the E3, either alone or in combination with its cognate E2.

Fractionated S100 from Hela cells was utilized to determine which component of the reductase
ubiquitinating machinery (E1, E2 and E3) is provided by rat liver cytosol in the permeabilized
cell system 39, These fractions were first described by Hershko and co-workers 42 43 and were
generated by separating Hela cell S100 into fractions that bind (Fraction II) or do not bind
(Fraction I) an anion exchange resin. It was subsequently determined that Fraction | contained
ubiquitin, whereas Fraction 11 contains E1 44. Fraction 11 effectively replaces rat liver cytosol
for regulated ubiquitination of reductase in permeabilized cells, but Fraction I does not.
Immunodepletion of E1 eliminates the reductase ubiquitinating activity of rat liver cytosol.
Consistent with this, purified E1 replaces rat liver cytosol for sterol-regulated ubiquitination
of reductase in permeabilized cells. Thus, E1 is the only cytosolic protein required for reductase
ubiquitination, which indicates the reductase E2 and E3 are membrane-associated proteins.
This notion is consistent with the localization of apparent sites of reductase ubiquitination,
lysines 89 and 248, which are cytosolically exposed and are predicted to lie immediately
adjacent to transmembrane helices three and seven (Figure 2B).

Results from the analysis of reductase ubiquitination in permeabilized cells indicated that Insig
binding results in recruitment of enzymes that ubiquitinate reductase. Coimmunoprecipitation
experiments, coupled with tandem mass spectroscopy, were utilized to identify membrane
proteins that associate with the sterol-dependent reductase-Insig complex. These studies
revealed that Insig-1 binds to a known membrane-anchored ubiquitin ligase called gp78 4°.
The cDNA for gp78 predicts a 643-amino acid protein that can be divided into four domains.
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The N-terminal domain of 298 amino acids contains five to seven membrane-spanning helices
that anchors the protein to ER membranes and mediates association with Insig-1. The
membrane attachment region of gp78 is followed by a 43-amino acid region with a RING finger
consensus sequence that confers ubiquitin ligase activity 46. Following the RING domain is a
42-amino acid region homologous to Cuelp, an ER membrane protein in yeast that serves as
a membrane anchor for Ubc7p, a cytosolic ubiquitin-conjugating enzyme 47. Recently, this
region of gp78 has been shown to directly bind to Ufd1, a cytosolic protein that modulates
gp78 ubiquitin ligase activity, thereby enhancing ubiquitination and degradation of the
enzyme’s substrates 48, Finally, the extreme C-terminus of gp78 (48 amino acids) mediates an
interaction with VCP (Valosin-containing protein, also known as p97), an ATPase that has
been implicated in the post-ubiquitination steps of ER-associated degradation (ERAD) 4°.

At least three lines of evidence indicate that gp78, through its binding to Insig-1, initiates sterol-
accelerated degradation of reductase. 1) Overexpression of the membrane domain of gp78
blocks Insig-mediated, sterol-accelerated degradation of reductase, suggesting that the
membrane domain of gp78 competes with full-length gp78 for binding to Insig-1, thereby
abolishing reductase ubiquitination. 2) Sterols trigger binding of gp78 to reductase in an Insig-
dependent, sterol-regulated manner. The specificity of this binding is illustrated by the inability
of gp78 to bind Scap, regardless of the presence or absence of sterols and/or Insigs. 3) RNAI-
mediated knockdown of gp78 prevents sterol-regulated ubiquitination and degradation of
endogenous reductase. Importantly, the effect of gp78 knockdown is specific inasmuch as
knockdown of a related membrane-bound ubiquitin ligase, Hrd1, does not effect reductase
ubiquitination. Another function of gp78, besides its role as a ubiquitin ligase, is to couple
ubiquitination of reductase to degradation through its association with VCP. Indeed,
coimmunoprecipitation experiments show that gp78 is an intermediary in association of VCP
and Insig-1. Moreover, knockdown of VCP by RNAI prevents sterol-accelerated degradation
of endogenous reductase and a dominant-negative ATPase-deficient mutant of VCP blocks
sterol-regulated degradation of transfected reductase.

The identification of gp78 as an E3 ubiquitin ligase that mediates reductase ubiquitination has
important implications for yet another mode of sterol regulation. The regulation of Insig-1
contrasts that of reductase in that Insig-1 becomes ubiquitinated and is rapidly degraded by
proteasomes in sterol-depleted cells 0. Ubiquitination of Insig-1 is mediated by gp78 51. When
sterols induce reductase to bind Insig-1, ubiquitination is diverted toward reductase and the
enzyme becomes rapidly degraded. However, when sterols cause Scap to bind Insig-1, gp78
is displaced and no longer ubiquitinates Insig-1, thereby stabilizing the protein. This reaction
helps to explain why reductase is degraded when it binds to Insig-1, whereas Scap binding to
Insig-1 leads to retention in the ER. In addition, gp78-mediated ubiquitination and degradation
of Insig-1 provides a mechanism for a recently appreciated process termed “convergent
feedback inhibition” 50, In sterol-depleted cells, Scap-SREBP complexes no longer bind
Insig-1, which in turn becomes ubiquitinated and degraded. Thus, Scap-SREBP complexes are
free to exit the ER and translocate to the Golgi, where the SREBPs are processed to the nuclear
form that stimulates transcription of target genes, including the Insig-1 gene. Increased
transcription of the Insig-1 gene leads to increased synthesis of Insig-1 protein, but the protein
is ubiquitinated and degraded until sterols build up to levels sufficient to trigger Scap binding.
Thus, inhibition of SREBP processing requires convergence of newly synthesized Insig-1 and
newly acquired sterols.

The HMG CoA Reductase Sterol-Sensing Reaction

Oxysterols are derivatives of cholesterol that contain hydroxyl groups at various positions in
the iso-octyl side chain °2: 53, These compounds are synthesized in many tissues by specific
enzymes called hydroxylases; oxysterols play key roles in cholesterol export and they are also
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intermediates in the synthesis of bile acids 4. Oxysterols are significantly more soluble than
cholesterol in aqueous solution and thus, can readily pass across the plasma membrane and
enter cells. This property renders oxysterols such as 24-, 25-, and 27-hydroxycholesterol
extremely potent in inhibiting cholesterol synthesis by stimulating binding of both reductase
and Scap to Insigs. Oxysterols are present at very low concentrations (10* - to 10%-fold less
than cholesterol) in tissues and blood, which raises questions as to whether they act through a
similar mechanism as LDL-derived cholesterol to block cholesterol synthesis. In the case of
Scap, the mode of action of these two classes of sterols is becoming clear. Cholesterol directly
binds to the membrane domain of Scap in a specific and saturable fashion 5°. The interaction
causes a conformational change in Scap that promotes Insig binding °6. The addition of
cholesterol in vitro to membranes isolated from sterol-depleted cells causes exposure of a
cryptic trypsin cleavage site, thereby altering the tryptic digestion pattern of Scap that can be
monitored by immunoblot analysis 57. Co-expression of Insigs lowers the amount of cholesterol
required to induce the conformational change in Scap. Oxysterols neither alters Scap’s
conformation in vitro nor binds to the protein’s membrane domain, leading to the postulation
of the existence of a membrane-bound oxysterol binding protein. Remarkably, Insig-2 has been
recently defined as a membrane-bound oxysterol binding protein with binding specificity that
correlates with the ability of oxysterols to inhibit SREBP processing 31+ 98, Thus, formation of
the Scap-Insig complex can be initiated by either binding of cholesterol to the membrane
domain of Scap or by binding of oxysterols to Insigs. Both events prevent incorporation of
Scap-SREBP into vesicles that bud from the ER en route to the Golgi. By analogy, the likely
mechanism by which oxysterols stimulate degradation of reductase is through their binding to
Insigs.

In striking contrast to results obtained with Scap, the analysis of reductase ubiquitination in
permeabilized cells revealed that the reaction was potently stimulated by oxysterols, but not
by cholesterol 3°. These results led to a search for endogenous sterol regulators of reductase
ubiquitination and degradation. Previous indirect studies implicated that lanosterol, the first
sterol produced in the cholesterol biosynthetic pathway (Figure 1), or one of its metabolites
participates in feedback inhibition of reductase. For example, genetic mutation or
pharmacologic inhibition of lanosterol 14a-demethylase, which catalyzes the first step in
conversion of lanosterol to cholesterol (Figure 1), markedly reduces the amount of reductase
activity in cells 59 60, These observations led to the evaluation of lanosterol and its metabolite
24,25-dihydrolanosterol as endogenous regulators of reductase ubiquitination and degradation
61, When added to intact cells, lanosterol and 24,25-dihydrolanosterol potently stimulate
ubiquitination and degradation of reductase through a reaction that requires the presence of
Insigs. The activity of both sterols is specific inasmuch as they do not inhibit processing of
SREBPs. This is consistent with the inability of lanosterol to directly bind to Scap and Insig
or alter Scap’s conformation in vitro57. The action of lanosterol and 24,25-dihydrolanosterol
is direct and does not require their conversion into an active metabolite as indicated by the
reconstitution of reductase ubiquitination by simply incubating isolated membranes with the
sterols and purified E1. Using this in vitro assay, the action of lanosterol and 24,25-
dihydrolanosterol in stimulating ubiquitination and degradation of reductase was traced to
methyl groups present in the 4a, 4f, and 14a positions of the sterol ring.

Insig-mediated regulation of reductase is controlled by three classes of sterols: oxysterols,
cholesterol, and methylated sterols such as lanosterol and 24,25-dihydrolanosterol. Oxysterols,
which are derived from cholesterol, have dual actions in that they accelerate degradation of
reductase and block ER to Golgi transport of Scap-SREBP through their direct binding to
Insigs. Cholesterol does not regulate reductase stability directly, but binds to Scap and triggers
Insig binding, thereby preventing escape of Scap-SREBP from the ER. On the other hand,
lanosterol selectively accelerates degradation of reductase without an effect on ER to Golgi
transport of Scap-SREBP. Notably, the demethylation of lanosterol has been implicated as a
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rate-limiting step in the post-squalene portion of cholesterol synthesis, situating the reaction
as a potential focal point in sterol regulation 2: 63, Considering that lanosterol is the first sterol
produced in cholesterol synthesis, it seems reasonable that it controls early steps in the pathway
(i.e., the nonsterol branch) by stimulating reductase degradation. The accumulation of
lanosterol is avoided, owing to its inability to block SREBP processing through Scap. This
assures that mRNAs encoding enzymes catalyzing reactions subsequent to lanosterol remain
elevated and lanosterol is metabolized to cholesterol. The importance of this conversion is
highlighted by the observation that lanosterol cannot support cell growth in the absence of
cholesterol and may be toxic 4. This toxicity is likely due to the inability to optimize certain
physiologic properties of cell membranes with regard to biological functions.

Oxygen sensing in the cholesterol biosynthetic pathway

The physiologic relevance of lanosterol as an endogenous regulator of reductase ubiquitination
and degradation was deduced by the recognition that cholesterol synthesis is a highly oxygen-
consumptive process. The synthesis of one molecule of cholesterol from acetyl-CoA requires
eleven molecules of dioxygen, nine of which are consumed during the removal of the 4a, 4,
and 14a methyl groups in lanosterol and its metabolite 24,25-dihydrolanosterol by the
successive actions of lanosterol 14a-demethylase and C4-methyl sterol oxidase (Figure 1).
This led to speculation that oxygen deprivation (hypoxia) might block demethylation of
lanosterol and 24,25-dihydrolanosterol and thereby stimulate degradation of reductase. Indeed,
a recent study shows that hypoxia blunts cholesterol synthesis by inhibiting lanosterol and
24,25-dihydrolanosterol demethylation, causing both sterols to accumulate in cells 5. Rapid
degradation of reductase parallels hypoxia-induced accumulation of lanosterol and 24,25-
dihydrolanosterol. This Insig-mediated degradation requires de novo sterol synthesis as
indicated by its inhibition by compactin and the squalene monooxygenase inhibitor NB-598
but not the lanosterol 14a-demethylase inhibitor RS-21607 (see Figure 1). Although hypoxia
accelerates degradation of reductase, processing of SREBPs remains unaffected. This finding
is consistent with the observation described above that exogenous lanosterol stimulates
degradation of reductase without inhibiting SREBP processing.

In addition to the accumulation of methylated sterols, the degradation of reductase in hypoxic
cells also requires the action of the oxygen-sensitive transcription factor, HIF-1a. In
oxygenated cells, HIF-1a is rapidly degraded owing to hydroxylation of specific proline
residues in the protein %6. Prolyl hydroxylation enhances binding of HIF-1 to the von Hippel
Lindau tumor suppressor protein (pVVHL), which is the recognition component of a ubiquitin
ligase that targets HIF-1a for proteasomal degradation. Prolyl hydroxylation of HIF-1a is
catalyzed by a family of dioxygenases that use 2-oxoglutarate as a co-substrate and exhibit
strict dependence for molecular oxygen 67-69. When cells are deprived of oxygen, prolyl
hydroxylation is inhibited, allowing HIF-1a to escape degradation and accumulate to high
levels. The stabilized HIF-1a subunits associate with the constitutive HIF-1f subunit, forming
a heterodimeric transcription factor (HIF) that modulates expression more than 70 genes
involved in both systemic and cellular responses to oxygen deprivation 7°.

Evidence implicating a major role for HIF-1a in the hypoxia-induced degradation of reductase
is provided by both pharmacologic and genetic data. Treatment of oxygenated cells with
dimethyloxalylglycine (DMOG), a non-specific inhibitor of 2-oxoglutarate-dependent
dioxygenases, not only stabilizes HIF-1a ’! but also triggers rapid degradation of reductase
through an Insig-dependent mechanism that requires de novo sterol synthesis. Genetic evidence
for a role of HIF-1a in reductase degradation is provided by the observation that the enzyme
is refractory to hypoxia- and DMOG-induced degradation in mutant cells that are deficient in
HIF-1a. While these observations establish the importance of the action of HIF-1a in oxygen-
regulated degradation of reductase, they raise questions as to the HIF-target genes that mediate
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the response. In several DNA microarray analyses, Insig-1 and Insig-2 transcripts have been
identified among those increased by either DMOG or hypoxia treatment 72-74, This observation
led to the subsequent discovery that DMOG and hypoxia enhances expression of both Insigs
through a HIF-dependent mechanism. Considered together, these observations establish a
connection cholesterol synthesis and oxygen sensing in animal cells (Figure 4). These
metabolic pathways are linked by two regulatory actions: 1) hypoxia-induced accumulation of
the cholesterol biosynthetic intermediates lanosterol and 24,25-dihydrolanosterol; and 2)
HIF-1a mediated induction of Insigs. Convergence of these signals triggers rapid degradation
of reductase, which ultimately limits synthesis of cholesterol and helps to guard against the
wasting of cellular oxygen in the face of hypoxia.

Unanswered questions and future directions

Despite the recent advances in the understanding of molecular mechanisms underlying sterol-
accelerated degradation of reductase, much remains to be determined. For instance, what is the
mechanism by which lanosterol and 24,25-dihydrolanosterol trigger binding of reductase to
Insigs? Do these methylated sterols directly bind the membrane domain of reductase in a
reaction analogous to that of cholesterol and Scap? Unfortunately, attempts to demonstrate
direct binding of Insigs to methylated sterols to the membrane domain of reductase have been
unsuccessful. Moreover, addition of lanosterol or 24,25-dihydrolanosterol to reductase-
containing membranes in vitro fails to alter the tryptic pattern of the enzyme. Thus, the
possibility exists that a distinct ER membrane protein binds to methylated sterols and in turn,
trigger binding of reductase to Insigs, thereby initiating reductase ubiquitination. Reductase is
the target of statins, which are the most widely prescribed cholesterol-lowering drugs in
humans. Interest in developing additional strategies that inhibit reductase has led to the
discovery of nonsterol compounds, such as vitamin E (tocotrienols) and the bisphosphonate
SR-12813, that mimic sterols in accelerating reductase degradation 7> 76, The availability of
such reagents may prove useful in the on-going quest to define the molecular mechanisms for
the reductase sterol-sensing reaction.

Another unresolved question in reductase degradation is the mechanism for delivery of
ubiquitinated forms of the enzyme from the membrane to the cytosol for proteasomal
degradation. Unlike model ER-associated degradation substrates that are either completely
lumenal or contain one transmembrane domain, proteasome inhibition leads to accumulation
of ubiquitinated reductase on membranes, rather than in the cytosol 36. This suggests that
degradation of reductase is coupled to its ubiquitination and proceeds through a membrane-
bound intermediate. However, reductase must be degraded as a unit without releasing the
catalytic domain into the cytosol, which would defeat the purpose of regulated degradation.

Efficient degradation of reductase requires nonsterol isoprenoids derived from mevalonate in
addition to sterols. This was borne out of experiments showing that in compactin-treated cells,
sterols can trigger binding of reductase to Insigs and subsequent ubiquitination of the enzyme.
However, the ubiquitinated reductase is not efficiently degraded unless the cells are also treated
with mevalonate. This mevalonate requirement can be bypassed by the addition of
geranylgeraniol (GG-OH), a 20-carbon isoprenoid, but not by the 15-carbon farnesol 37. GGOH
does not appear to trigger reductase ubiquitination, even though it augments sterol-accelerated
degradation of the enzyme. This suggests the action of nonsterol isoprenoids in a post-
ubiquitination step of reductase degradation.

The current view of sterol-accelerated degradation of reductase is illustrated in the model

shown in Figure 5. The reaction is initiated by sensing of membrane-embedded sterols through
direct or indirect interactions with the membrane domain of reductase. This interaction causes
reductase to bind to a subset of Insigs that are associated with gp78, which mediates transfer

Cell Res. Author manuscript; available in PMC 2009 September 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeBose-Boyd

Page 9

of ubiquitin from the E2 Ubc7 to lysines 89 and 248 of reductase. Ubiquitination targets
reductase for recognition by gp78-associated VCP, which together with its cofactors, somehow
extract ubiquitinated reductase from membranes and deliver it to proteasomes for degradation.
The extraction step appears to be augmented by GG-OH. It seems likely that GG-OH, after its
conversion to metabolically active geranylgeranyl-pyrophosphate (GG-PP), is incorporated
into a protein that enhances the effect of sterols on reductase degradation. Possible candidates
include geranylgeranylated Rab proteins, which are known to play key roles in various aspects
of vesicular transport /7. Thus, the possibility exists that a vesicle-mediated transport event
delivers ubiquitinated reductase to a specific organelle or subdomain of the ER in which the
protein is degraded. Notably, Ufd1 appears to play a key role in this pathway by enhancing
gp78 ubiquitin ligase activity and modulating a post-ubiquitination step in reductase
degradation. In addition, Ufd1 seems to bind to gp78 in a sterol-regulated fashion 48, but the
significance of this is presently unknown. Complete elucidation of reductase degradation will
likely require the reconstitution of post-ubiquitination steps of reductase degradation in a cell-
free system.

What is the contribution of reductase degradation to overall cholesterol homeostasis in whole
animals? Insigs appear to play a major role in regulation of reductase in the mouse liver. Genetic
deletion of Insigs results in the accumulation of reductase to a level approximately 20-fold
higher than that in wild type mice /8. This accumulation is presumably attributable to the
combination of both transcriptional and post-transcriptional regulation of reductase, but the
extent to which each level of regulation contributed to the massive increase in reductase is
unknown. Thus, studies that directly focus on reductase degradation are required in order to
determine the contribution of protein stability to overall regulation of reductase in mice in
vivo under various physiologic conditions, such as hypoxia.

The significance of Insig-mediated regulation of reductase in maintenance of cholesterol
homeostasis is highlighted by the effectiveness of reductase inhibition in lowering plasma
LDL-cholesterol in humans 7°. However, the inhibition of reductase disrupts normal feedback
inhibition of the enzyme and animals respond by developing a compensatory increase in
reductase levels in the liver 8% 81, Knowledge of the mechanisms for this compensatory
increase, particularly the contribution of degradation, may facilitate development of novel
drugs that improve the effectiveness of statins, or in some cases provide alternative treatments.
Such a drug would be modeled after lanosterol and 24,25-dihydrolanosterol, which selectively
stimulates reductase degradation without affecting the Scap-SREBP pathway or LDL-receptor
activity. In addition, elucidation of underlying mechanisms for sterol-accelerated, ER-
associated degradation of reductase may have implications for degradation of other clinically
important proteins such as the cystic fibrosis transmembrane conductance regulator (CFTR).
Thus, further excitement will undoubtedly ensue once questions posed in this review begin to
become clear.
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Schematic Representation of the Cholesterol Synthetic Pathway in Animal Cells. Reactions

pathway are highlighted in red.
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Domain Structure of Hamster HMG CoA Reductase.
(A) HMG CoA reductase consists of two distinct domains: a hydrophobic N-terminal domain
with eight membrane-spanning segments that anchor the protein to ER membranes; and a
hydrophilic C-terminal domain that projects into the cytosol and exhibits all of the enzyme’s
catalytic activity.
(B) Amino acid sequence and topology of the membrane domain of hamster HMG CoA
reductase. The lysine residues implicated as sites of Insig-dependent, sterol-regulated
ubiquitination are highlighted in red and denoted by arrows. The YIYF sequence in the second
membrane-spanning helix that mediates Insig binding is highlighted in yellow.
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Figure 3.

Model for Sterol-Regulated Scap-SREBP Pathway.

SCAP is a sensor of sterols and an escort of SREBPs. In sterol-depleted cells, Scap facilitates
export of SREBPs from the ER to the Golgi apparatus, where two proteases, Site-1 protease
(S1P) and Site-2 protease (S2P), act to release the transcriptionally active, N-terminal bHLH-
Zip domain of SREBPs from the membrane. The released bHLH-Zip domain migrates into the
nucleus and binds to a sterol response element (SRE) in the enhancer/promoter region of target
genes, activating their transcription. Accumulation of sterols in ER membranes trigger binding
of Scap to one of two retention proteins called Insigs, which blocks incorporation of Scap-
SREBP complexes into ER transport vesicles. As a result, SREBPs no longer translocate to
the Golgi apparatus, the bHLH-Zip domain cannot be released from the membrane, and
transcription of all target genes declines.
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Figure 4.

Mechanism for Oxygen Sensing in the Cholesterol Synthetic Pathway

The link between synthesis of cholesterol and oxygen sensing in animal cells is provided by
hypoxia induced accumulation of lanosterol and 24,25-dihydrolanosterol and HIF-1a-mediated
induction of Insig-1 and Insig-2. Convergence of these responses leads to rapid degradation of
HMG CoA reductase, thereby limiting synthesis of cholesterol.
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Pathway for Sterol-Accelerated Degradation of HMG CoA Reductase

Accumulation of 25-hydroxycholesterol, lanosterol, or 24,25-dihydrolanosterol in ER
membranes triggers binding of the reductase to Insigs. A subset of Insigs is associated with
the membrane-anchored ubiquitin ligase, gp78, which binds the E2 Ubc7 and VCP, an ATPase
that plays a role in extraction of ubiquitinated proteins from ER membranes. Through the action
of gp78 and Ubc7, reductase becomes ubiquitinated, which triggers its extraction from the
membrane by VCP, and subsequent delivery to proteasomes for degradation. The post-
ubiquitination step is postulated to be enhanced by geranylgeraniol through an undefined
mechanism that may involve a geranylgeranylated protein, such as one of the Rab proteins.
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