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Sterol regulatory element-binding proteins (SREBPs)
are a subfamily of basic helix-loop-helix leucine zipper
(bHLH-LZ) transcription factors that are conserved from
fungi to humans and are defined by two key features:
a signature tyrosine residue in the DNA-binding domain,
and a membrane-tethering domain that is a target for
regulated proteolysis. Recent studies including genome-
wide and model organism approaches indicate SREBPs
coordinate cellular lipid metabolism with other cellular
physiologic processes. These functions are broadly re-
lated as cellular adaptation to environmental changes
ranging from nutrient fluctuations to toxin exposure.
This review integrates classic features of the SREBP
pathway with newer information regarding the regula-
tion and sensing mechanisms that serve to assimilate
different cellular physiologic processes for optimal func-
tion and growth.

Sterol regulatory element-binding proteins (SREBPs)
define a distinct subclass of basic helix-loop-helix
(bHLH) proteins

The HLH family of eukaryotic transcription factors was
first identified through the cloning and analysis of the
proteins E12 and E47, which dimerize to bind immuno-
globulin enhancers (Murre et al. 1989). This functional
protein domain was quickly recognized as a common
structural motif that is present in many eukaryotic
transcription factors (Murre et al. 1994). Many members
of the HLH family also have a basic domain that extends
outward from the N-terminal helix, and several also
contain a leucine zipper motif on the C-terminal side
that participates in dimerization (Simionato et al. 2007).

The basic domain makes sequence-specific contacts
with palindromic recognition sites in DNA that have
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a core composition of 5'-CANNTG-3’. bHLH domain
proteins typically bind a specific version of this “E-box”
element with high affinity. Sequence-specific DNA rec-
ognition by individual family members is mediated
through preferences for specific nucleotides in the middle
and flanking positions immediately outside of the core
(Blackwell et al. 1990; Murre et al. 1994).

The SREBPs comprise a subfamily of bHLH leucine
zipper (bHLH-LZ) proteins that were initially identified
as transcription factors for key genes of lipid metabo-
lism and adipocyte differentiation (Tontonoz et al. 1993;
Yokoyama et al. 1993). There are three mammalian
SREBP isoforms: SREBP-1a and SREBP-1c are encoded
from a single gene owing to differential promoter usage
and alternative splicing, and SREBP-2 is encoded by a
different gene (Osborne 2000). Based on a sequence align-
ment of a limited set of mammalian bHLH-LZ proteins,
SREBPs were unique in having a tyrosine residue at
a position that corresponded to an arginine in all of the
other bHLH-LZ proteins that were compared (Kim et al.
1995). Studies also demonstrated that this tyrosine
allowed SREBPs to bind not only E-box inverted repeats
but also direct repeat variants called the sterol regulatory
element (SRE), 5'-ATCACCCCAC-3’' (Kim et al. 1995),
which was first identified in the promoter for the human
LDL (low-density lipoprotein) receptor through muta-
tional analysis to be a high-affinity SREBP-binding site
(Dawson et al. 1988; Briggs et al. 1993). In comparing the
crystal structure of an SREBP-1 homodimer bound to
a DNA fragment containing the LDL receptor SRE to the
crystal structure of a heterodimer containing the bHLH-
LZ domains from Myc and Max bound to a canonical
E-box element, it was determined that the signature
tyrosine residue provided structural flexibility to the
SREBPs, allowing the basic domain to fold into a slightly
different conformation that was critical for high-affinity
contacts with the LDL receptor promoter SRE (Parraga
et al. 1998).

A second defining feature of SREBPs is the large
C-terminal half of the protein that contains two closely
spaced membrane-spanning helices that line up in the
endoplasmic reticulum (ER) membrane in a hairpin config-
uration. This juxtaposes the N-terminal domain containing
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the transcriptional activation and DNA-binding domains
with the C-terminal regulatory domain on the cytoplas-
mic side of the membrane (Brown and Goldstein 1999). In
SREBPs from yeast to humans, the C-terminal domain
interacts with the SREBP cleavage-activating protein
(SCAP), which is an escort protein that carries SREBPs
from the ER to the Golgi apparatus in response to meta-
bolic regulatory cues (Hughes et al. 2005). Once in the
Golgi, the SREBPs are released from the membrane through
a sequential two-step proteolytic process discussed in more
detail below.

Using the signature tyrosine and membrane attach-
ment domain as key identifiers, a phylogenetic analysis
demonstrates that there are predicted SREBP homologs
across the eukarya (Fig. 1; Table 1). There is a single
SREBP-related gene in fungi, Caenorhabditis elegans, and
all invertebrates. A simple interpretation of the analysis
suggests that a single gene duplication event occurred in
vertebrates after separating from invertebrates during
evolution. This is interesting, because in mammals,
SREBP-2 preferentially activates genes of cholesterol me-
tabolism, whereas SREBP-1 preferentially activates genes
of fatty acid metabolism, and most if not all inverte-
brates are cholesterol auxotrophs because they lack key
enzymes of the sterol biosynthetic pathway (Karlson
1970). Because of the preferential roles for mammalian
SREBP-1 and SREBP-2 in fatty acid and cholesterol me-
tabolism, respectively (Horton et al. 2002), it is tempting
to speculate that the gene duplication occurred at a time
when it was necessary to independently regulate fatty acid
and cholesterol biosynthesis and metabolism.
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SREBPs in lipid metabolism and beyond

Regulation of SREBP proteolytic maturation

Whether the SCAP-SREBP complex remains in the ER or
is recognized as a target by the COPII trafficking machin-
ery for movement to the Golgi is a highly regulated pro-
cess. In mammals, ER exit is controlled by metabolite-
regulated binding of SCAP to the INSIG proteins (Yang
et al. 2002). There are two mammalian INSIG proteins
encoded by separate genes (Yabe et al. 2002), and their
expression is regulated differently: INSIG-1 is an SREBP
target gene, and INSIG-2 is repressed by insulin in the
liver (Horton et al. 2003a; Yabe et al. 2003). INSIGs have
overlapping functions, and most biochemical studies
have focused on INSIG-1.

INSIGs are resident ER membrane proteins that interact
directly with SCAP and prevent the SCAP-SREBP com-
plex from entering the COPII-dependent ER-Golgi traf-
ficking pathway (Fig. 2; Sun et al. 2007). The SCAP-INSIG
association is regulated by the binding of regulatory
sterols directly to INSIG or SCAP (Radhakrishnan et al.
2007; Sun et al. 2007). The polytopic membrane region of
SCAP contains a conserved sterol-sensing domain that is
also found in other proteins involved in cholesterol
regulation and signaling, such as HMG CoA reductase,
NPC-1, and the hedgehog receptor Patched (Chang et al.
2006). Cholesterol binds directly to mammalian SCAP
and NPC-1 (Ohgami et al. 2004; Radhakrishnan et al.
2004; Infante et al. 2008), and key metabolites modulate
the binding of reductase and SCAP to the INSIG proteins
(Sever et al. 2003; Radhakrishnan et al. 2007).

When cholesterol levels in the ER fall below a critical
threshold, the conformation of SCAP changes to no longer
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Figure 1. SREBP evolution. An evolutionary tree
was constructed for the SREBP homologs from dif-
W ferent species. Only a subset of species within each
major category is shown for simplicity. (Cele) Caeno-
rhabditis elegans; (Calb) Candida albicans; (Spom)
Schizosaccharomyces pombe; (Cint) Ciona intesti-
nalis; (Dme) Drosophila melanogaster; (Aaeg) Aedes
aegypti; (Xtro) Xenopus tropicalis; (Mdom) Musca
domesticus; (Rnor) Rattus norvegicus; (Mmus) Mus
musculus; (Hsap) Homo sapiens; (Cfam) Canis famil-
J iaris; (Fcat) Felis catus; (Ggal) Gallus gallus; (Oana)
Ornithorhynchus anatinus.
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Table 1. Conservation of SREBP pathway components

Organism SREBP SCAP INSIG Ofd1
Homo sapiens SREBP-1a/lc SCAP INSIG-1 Ogfodl
SREBP-2 INSIG-2
Drosophila melanogaster dSREBP dSCAP — NP_733061
Caenorhabditis elegans SBP-1 SCP-1 — NP_495088
Schizosaccharomyces pombe Srel Scpl Insl Ofd1
Cryptococcus neoformans Srel Scpl — XP_566748
Aspergillus fumigatus SrbA — Insl XP_755813

The gene name or RefSeq number is given for each pathway component.

bind INSIG (Fig. 2, pathway 1). This unmasks a critical
interaction motif of SCAP with the core sequence
MELADL, which interacts with the Sec24 subunit of the
COPII trafficking complex and facilitates movement of
the SCAP-SREBP cargo to the Golgi apparatus (Sun et al.
2007). While it is difficult to quantify ER cholesterol
relative to total cellular cholesterol, a recent study showed
that cholesterol ranges from <1 % to 12% of total ER lipid.
Transport of SCAP-SREBP is blocked at ER cholesterol
concentrations =5% of total ER lipid, indicating that this
is the critical threshold for regulation (Radhakrishnan
et al. 2008). Two distinct Golgi membrane-bound pro-
teases, site-1 protease (S1P) and S2P, then cleave the
precursor molecule (Goldstein et al. 2006). S1P first clips
the large membrane-tethered immature SREBP in half
by cleaving at the C-terminal side of a leucine residue
in the RXXL motif located within the lumenal loop
(Duncan et al. 1997). Once this cleavage has occurred,
the N-terminal pro-SREBP is cleaved within the mem-
brane-spanning domain by S2P (Duncan et al. 1998). The
activity of S2P is an example of regulated intramembrane
proteolysis (RIP), an evolutionarily conserved process
from bacteria to human that is responsible for converting
a membrane-bound precursor into a soluble active form in
response to physiologic signals (Brown et al. 2000). S2P
releases the N-terminal soluble SREBP transcription fac-
tor containing both its bHLH-LZ and transcriptional
activation domains, which is then efficiently targeted to
the nucleus through a pathway requiring interaction with
importin-B (Nagoshi and Yoneda 2001).

Figure 2. Multiple pathways for SREBP regulation

in the ER. SCAP is a polytopic ER membrane

protein (blue), and its cytoplasmic C terminus cytosol
interacts with the C terminus of the two-pass ER

precursor form of SREBP (black). The bHLH-LZ ER @
DNA-binding domain (DBD) and N-terminal acti- lumen
vation domain (AD) of SREBP are also shown.

When bound to cholesterol, SCAP interacts with

INSIG. This association keeps the SCAP-SREBP

complex in the ER membrane. SREBP-SCAP
movement to the Golgi apparatus is regulated by

at least two pathways: (1) When cholesterol levels

After its sterol-dependent dissociation from SCAP,
INSIG-1 interacts with the membrane-bound E3 ubiqui-
tin ligase GP78, resulting in INSIG-1 ubiquitination and
proteasomal degradation (Fig. 2; Lee et al. 2006). The rapid
degradation of INSIG after dissociation from SCAP makes
the subsequent retention of SCAP-SREBP dependent on
new synthesis of INSIG, and is therefore critical to the
dynamic nature of the feedback regulatory mechanism.
INSIG-1 is an SREBP target gene, and the levels of INSIG
would rise similarly to other SREBP targets and in concert
with cellular cholesterol, providing a mechanism to re-
establish the SCAP-INSIG association and limit SREBP
maturation as cholesterol levels return above the critical
threshold level (Gong et al. 2006).

This elaborate pathway has been defined mainly
through the analysis of mammalian SREBPs. However,
the molecular components have been identified in many
other distantly related species (Table 1). Although the key
proteins are conserved, the SREBP pathway in the fission
yeast system responds to sterol levels as a secondary
response to limited oxygen supply (Hughes et al. 2005),
whereas in Drosophila and probably other invertebrates
that are cholesterol auxotrophs (Karlson 1970), SREBP
maturation does not respond to sterol concentrations, but
rather to phosphatidylethanolamine (PE) (Dobrosotskaya
et al. 2002). An INSIG homolog has not been found in
Drosophila (Rawson 2003) despite the fact that process-
ing of the Drosophila SREBP homolog is regulated by
sterols when expressed in mammalian cells (Rosenfeld
and Osborne 1998). Details of the regulatory mechanism

Insulin-AKT

ER stress

19 SCAP SREBP
@+

Proteasome

are depleted, a conformational change occurs in SCAP, decreasing its interaction with INSIG and exposing the MELADL COPII
targeting signal. (2) Insulin—~AKT and ER stress also result in INSIG dissociating from SCAP, and SCAP-SREBP moves to the Golgi
presumably through the same pathway. (3) Once free of SCAP, INSIG interacts with the membrane-bound E3 ubiquitin ligase GP78
and, following ubiquitination, INSIG is degraded by the proteasome. (4) Once free of INSIG, SCAP escorts SREBP to the Golgi apparatus
through interaction with the Sec24 subunit of COPIL. The fate of SREBPs in the Golgi are discussed in the text.
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for the trafficking of the SCAP/SREBP complex in Dro-
sophila and how PE is involved remain to be determined.

SREBP regulation by insulin

In addition to regulation by sterols, increased expression
and aberrant regulation of SREBP-1¢ are associated with
diabetes and fatty liver (Shimomura et al. 1999b), and
enhanced nuclear accumulation of SREBP-1c¢ in the liver
by insulin signaling has been known for several years
(Horton et al. 1998; Kim et al. 1998; Shimomura et al.
1999a). However, because the amounts of SREBP-lc
mRNA and precursor protein were also increased by
insulin, whether there was an active effect of insulin on
the maturation of SREBP was not clear. More recent
studies suggest insulin enhances the hepatic processing of
SREBP-1c (Hegarty et al. 2005). Insulin signaling activates
AKT, which has been reported to be directly involved in
the movement of SREBP-SCAP from the ER to Golgi (Fig.
2; Du et al. 2006; Yellaturu et al. 2009). The precursor
SREBP-1c¢ protein is also a substrate for AKT phosphor-
ylation in vitro (Yellaturu et al. 2009). Insulin also
activates protein kinase C A (PKC\), which has been
associated with defective liver lipid metabolism through
changes in SREBP-1c gene expression (Matsumoto et al.
2003; Taniguchi et al. 2006), and more recent studies
indicate that PKC\ activation of SREBP-1c is associated
with obesity, diabetes, and hyperlipidemia in animal
models (Sajan et al. 2009a,b).

The effects of AKT on SREBP-1 function are complex,
as there appear to be both rapamycin-sensitive (mMTORCI-
dependent) and rapamycin-insensitive effects of AKT on
the level of mature nuclear SREBP-1 protein (Porstmann
et al. 2008). One of the rapamycin-insensitive effects
is likely through the direct action of AKT on SREBP-1
maturation. However, AKT probably also stabilizes the
nuclear form of SREBP-1 through inhibition of GSK3
(Cross et al. 1995), which can phosphorylate nuclear
SREBP-1 at two closely spaced residues close to its C
terminus (Sundqvist et al. 2005). Once phosphorylated by
GSK3, SREBP-1 interacts with the E3 ubiquitin ligase
Fbw7, resulting in ubiquitination and degradation by the
proteasome.

SREBPs and the ER stress response

ER stress results from the sensing of misfolded proteins in
its lumen (Ron and Walter 2007) and is associated with
aberrant cellular lipid accumulation (Rutkowski et al.
2008; Lee and Glimcher 2009). Because SREBPs activate
genes of lipid biosynthesis and are maintained as pre-
cursors in the FR membrane, it was reasonable to
hypothesize that enhanced SREBP processing due to ER
stress might explain at least part of the mechanism for
lipid overload. The first experimental observation that
hinted at such a mechanism was that processing of the ER
membrane-bound precursor form of activating transcrip-
tion factor 6 (ATF6), an ER stress-related transcription
factor, required the identical Golgi-located SI1P and S2P
proteases involved in SREBP maturation (Ye et al. 2000).

SREBPs in lipid metabolism and beyond

In the ensuing years, several reports have documented an
association between ER stress and aberrant cellular lipid
control (Werstuck et al. 2001; Ji et al. 2006; Lee et al.
2008), and the involvement of SREBP in the process has
been confirmed (Werstuck et al. 2001; Lee and Ye 2004).
In fact, the induction of ER stress by either hypotonic
conditions or select chemical inducers decreases levels of
INSIG-1, providing a mechanism for the activation of
SREBP (Fig. 2, pathway 2; Lee and Ye 2004).

Additional studies have revealed a role for the ER
stress-related PERK kinase in regulating SREBP matura-
tion. Lipogenesis and SREBP-1 processing were signifi-
cantly reduced in mammary tissue or mouse embryo
fibroblasts (MEFs) that lack PERK due to gene disruption
(Bobrovnikova-Marjon et al. 2008). PERK phosphorylates
and inactivates e[F2« to inhibit general protein synthesis
during the response to ER stress to limit the accumula-
tion of misfolded proteins (Harding et al. 1999). This
would also acutely reduce levels of proteins that turn over
relatively rapidly, such as INSIG-1. Bobrovnikova-Marjon
et al. (2008) suggested that, in the absence of PERK,
INSIG-1 levels would be relatively higher, resulting in
greater retention of the SCAP-SREBP complex in the ER,
thus limiting SREBP maturation. Therefore, it is note-
worthy that studies of sterol regulation suggest that
INSIG-1 is relatively stable when complexed with SCAP
(Lee et al. 2006). It would be interesting to determine
whether PERK itself or another component of the ER
stress response additionally regulates SCAP-INSIG in-
teraction, which would have an even more significant
effect on the level of INSIG-1. In another study, over-
expression of a soluble form of PERK in cultured cells
resulted in a decrease in SREBP processing, indicating
that the relationship between PERK and SREBP matura-
tion may be complex (Harding et al. 2005).

As mentioned above, ATF6 maturation requires the
S1P and S2P that modify SREBPs. Additionally, ER re-
tention of ATF6 is mediated through interaction with the
ER stress-related chaperone GRP78 (Shen et al. 2002). A
recent report demonstrated that overexpression of GRP78
in the livers of ob/ob mice decreased steatosis and
inhibited SREBP-1 processing in the liver and primary
hepatocytes treated with both insulin and ER stress
inducers (Kammoun et al. 2009). These results are in-
triguing and suggest a more intimate relationship be-
tween ER stress and SREBPs than recognized previously.
It will be interesting to determine how GRP78 interacts
with the other components of the SREBP maturation
pathway and whether physiologic changes in GRP78
modulate SREBP activity.

The relationship between ER stress and lipogenesis
extends beyond SREBPs, as a liver-specific knockout of
the key ER stress regulator XBP-1 results in a decrease
in expression of a subset of lipogenic genes and lower
levels of plasma lipids due to a decrease in hepatic
triglyceride secretion (Lee et al. 2008). Importantly, these
effects appear to be separate from the ER stress response
and effects on protein secretion, indicating that XBP-1
functions as a molecular bridge between the ER stress
response and hepatic lipid production, which further
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suggests a close association of these two seemingly
disparate processes.

Regulation of SREBP gene transcription

In addition to the multicomponent pathway for regulated
processing of SREBPs, there is also evidence for regulation
of SREBP gene transcription as a mechanism to alter
SREBP levels. The SREBP-1a promoter is relatively sim-
ple and weak and is composed of multiple Spl-binding
elements proximal to the transcription start site (Zhang
et al. 2005). There is an NF-kB-binding site in the pro-
moter, but there is no evidence yet to indicate that
SREBP-1a is regulated through an NF-kB-dependent path-
way (Zhang et al. 2005). In contrast, the SREBP-1c pro-
moter is highly regulated by both insulin and oxysterols.
While the mechanism for insulin regulation is presently
unclear, the signaling pathway is physiologically signifi-
cant and is a major contributing factor to SREBP-1¢’s role
in lipogenesis. Insulin also has an effect on SREBP-1
processing, as discussed above. Oxysterol regulation of
SREBP-1c is mediated by a liver X receptor (LXR)-
dependent pathway (Repa et al. 2000). In fact, steatosis
and hypertriglyceridemia associated with the oral de-
livery of synthetic LXR agonists is a consequence of
elevated expression of SREBP-lc and other lipogenic
target genes by pharmacologic signaling through LXR
(Joseph et al. 2002).

The 5’-flanking sequence of the SREBP-2 gene has
binding sites for SREBP and thyroid hormone receptor
(TR), and there is evidence for regulation by both mech-
anisms (Sato et al. 1996; Shin and Osborne 2003). The
autoregulation implies that the basal level of SREBP-2 in
the ER is low and not sufficient to meet the cholesterol
needs of the cell under prolonged sterol deficiency. The
association of hypercholesterolemia with low thyroid
hormone levels has been known for decades (Mason
et al. 1930), and the connection was traced to a decrease
in expression of functional LDL receptors secondary to
thyroid hormone deficiency (Ness et al. 1990). Because
the LDL receptor gene is an SREBP-2 target, the regula-
tion of SREBP-2 by thyroid hormone provides a mecha-
nism to link hypercholesterolemia with hypothyroidism
(Shin and Osborne 2003).

Target gene activation by SREBPs

Nuclear SREBPs activate target genes through binding to
defined SREs in promoters of target genes. The first
identified SREBP-regulated genes were those encoding
the LDL receptor and HMG CoA synthase. Nearly
identical 10-base-pair (bp) elements were first defined by
sterol-dependent promoter reporter gene assays (Dawson
et al. 1988; Smith et al. 1988), and then by direct DNA
binding studies with purified SREBP in vitro (Briggs et al.
1993; Wang et al. 1993). As additional SREBP target genes
were identified and their DNA-binding sites were char-
acterized by functional mutagenesis, it was somewhat
surprising that not one well-defined target site contained
the palindromic E-box element typical for bHLH-LZ

2582 GENES & DEVELOPMENT

proteins (Osborne 1995). Instead, all of the interaction
sites were related to the direct repeat SRE (Athanikar and
Osborne 1998).

The physiological basis for this conundrum was in-
vestigated through converting the SRE of the LDL re-
ceptor promoter into the E-box that is recognized with
high affinity by SREBP in vitro (Athanikar and Osborne
1998). While in vitro binding was maintained at a similar
affinity in the E-box-converted promoter, gene expression
was constitutively high relative to the native promoter
and insensitive to a standard sterol depletion protocol
known to alter SREBP nuclear accumulation. The expla-
nation for this result is based on the two unique proper-
ties of SREBPs mentioned above: the key tyrosine residue
in the DNA-binding domain, and the sterol-sensitive
membrane-anchoring domain. By converting the LDL
receptor promoter into an E-box, the resulting promoter
became a target for other constitutively nuclear bHLH-
LZ proteins that activate transcription through E-box
binding and are not subject to sterol-regulated nuclear
accumulation.

In addition to defining the direct repeat SRE, functional
studies on a small number of SREBP target promoters
indicated that an additional more generic transcription
factor that bound in close proximity was essential for
SREBPs to stimulate target gene expression (Sanchez
et al. 1995; Ericsson et al. 1996; Guan et al. 1997; Dooley
et al. 1999, Magana et al. 2000). NE-Y/CBE, CREB/ATE,
and Spl have all been identified as SREBP coregulatory
factors in different promoters. SREBPs interact directly
with all three proteins in the absence of DNA, and the
interaction domains of both partners are required for the
concerted activation of transcription from target pro-
moters. Interestingly, this coregulatory model for SREBP
activation has been supported by recent promoter-wide
chromatin immunoprecipitation (ChIP)-chip and ge-
nome-wide ChIP-seq interrogation of SREBP-1 binding.
In these studies, motifs corresponding to NF-Y (Reed
et al. 2008) and Sp1 (Reed et al. 2008; Seo et al. 2009) were
preferentially coenriched close to genomic target sites for
SREBP-1 in both HepG2 cells (Reed et al. 2008) and the
mouse liver (Seo et al. 2009).

Roles for SREBPs beyond core lipid metabolic processes

As discussed above, SREBP maturation is stimulated by
both lipid signals as well as by other physiologic cues.
Thus, it is likely that SREBPs connect fundamental
aspects of lipid metabolism with other physiologic re-
sponses, and several studies support this hypothesis. In
some of these cases, SREBP-binding sites were localized
in regulatory regions of specific genes such as caspase 2
(Logette et al. 2005) and p21/WAF (Inoue et al. 2005). In
other instances, SREBP activation was shown to be
important for other cellular activities, such as phagocy-
tosis (Castoreno et al. 2005) and the defensive response to
pore-forming bacterial a-toxin (Gurcel et al. 2006). In
both of these instances, SREBP target genes in lipid
metabolism were activated presumably to keep up with
the demand for new membrane mass required in each



response. However, whether SREBPs activated additional
genes that are more specifically related to phagocytosis or
toxin response was not addressed. SREBP-1 has also been
directly implicated in controlling cell size through AKT
signaling that is at least partially dependent on the
mTORCI pathway (Porstmann et al. 2008). Taken together,
the lipid and nutrient regulation of SREBPs underscores
their fundamental involvement in other physiologic re-
sponses broadly related to cell-environment interactions.

More comprehensive genome-wide studies also sup-
port a role for SREBPs beyond lipid metabolism. Horton
et al. (2003a) hypothesized that SREBP target genes
should (1) exhibit elevated levels of expression when
SREBP-1 or SREBP-2 was overexpressed in livers of trans-
genic mice, and (2) show reduced expression when
nuclear translocation of SREBPs was blocked by inacti-
vation of SCAP. Candidate SREBP target genes were then
identified through a comparative genome-wide micro-
array approach for hepatic gene expression from the
corresponding transgenic or knockout mice. Most genes
involved in cholesterol biosynthesis and several genes of
lipogenesis, including glucose breakdown and fatty acid
and triglyceride biosynthesis, exhibited the pattern of
expression expected for SREBP target genes. However,
several other genes not directly related to lipid metabo-
lism were also identified as potential SREBP target genes
in this study.

In a more recent investigation designed to identify sites
for SREBP binding across the entire genome, a ChIP-seq
approach was used with an SREBP-1 antibody and hepatic
chromatin prepared from fasted/refed mice, conditions
known to increase nuclear SREBP-l1c¢ abundance (Seo
et al. 2009). An alignment of the sequences contained in
the 427 SREBP-1-binding peaks (false discovery rate of
0.002) revealed a new enriched motif. This new element
is a variant of the SRE direct repeat sequence and
corresponds to an orphan motif that was identified by
a purely computational approach as being enriched across
mammalian species. However, the corresponding tran-
scription factor for this motif was unknown (Xie et al.
2005). This ChIP-seq study suggested that the missing
transcription factor is SREBP-1. When the genes associ-
ated with the SREBP-1-binding peaks in this study were
categorized by Gene Ontology (GO), enriched clusters
involved in carbohydrate and lipid metabolism were
identified as expected. However, several other GO cate-
gories exhibited a high degree of enrichment, including
protein metabolism and trafficking, apoptosis, cell struc-
ture, and proliferation/differentiation.

Support for the involvement of SREBP-1 in cellular
processes related to these additional GO categories is
suggested by several observations. As discussed above,
SREBPs undergo a regulated itinerary from the ER to the
Golgi followed by proteolysis (Brown and Goldstein
1999). SREBPs are also associated with apoptosis (Wang
et al. 1996; Logette et al. 2005; Gibot et al. 2009), and
SREBP-1 is regulated by phosphorylation in a cell cycle-
dependent fashion (Bengoechea-Alonso et al. 2005). The
activation of p21/WAF by SREBP-1 also provides a direct
link with cell cycle and growth control (Inoue et al. 2005).

SREBPs in lipid metabolism and beyond

Additionally, SREBP-1 is downstream from TORCI sig-
naling, where it has been proposed to be responsible for
the activation of lipid metabolic genes during cellular
growth (Porstmann et al. 2008). Because TORC] signal-
ing also induces other anabolic processes required for cell
growth, it is possible that SREBP-1 might contribute to
the activation of these processes as well.

An additional study used a ChIP-chip hybridization
protocol and promoter tiling arrays to map SREBP-
1-binding sites in chromatin from cultures of insulin-
treated human hepatoma HepG2 cells. In contrast to the
ChiIP-seq experiments, this study identified a classic
bHLH E-box site enriched in promoters that scored
positive for binding SREBP-1 (Reed et al. 2008). Differ-
ences between these two global approaches may be due to
the fact that SREBP-1a is the major isoform in cultured
cell lines but SREBP-1c¢ is 10 times more abundant than
SREBP-1a in the liver (Shimomura et al. 1997). However,
as noted above, experimental evidence indicates that the
direct repeat recognition by SREBPs is central to their
physiological function, suggesting that the E-box sites
may not correspond to physiologically important SREBP-
binding sites.

Additional microarray-based and high-throughput
cDNA expression/computational filtering approaches
have been used to identify cellular processes potentially
regulated by SREBPs (Rome et al. 2008; Bartz et al. 2009;
Chatterjee et al. 2009). As with the genome-wide ChIP
studies mentioned above, how successful these global
approaches ultimately prove to be at revealing new roles
for SREBPs in physiology awaits further in-depth inves-
tigation. Thus far, a ChIP-chip approach provided the
basis for a study that demonstrated that cholesterol-
dependent activation of SREBP-2 in the small intestine
regulates the expression and activity of at least a handful
of bitter taste receptor G-protein-coupled receptors (T2Rs)
(Jeon et al. 2008). Jeon et al. (2008) hypothesized that this
pathway is an important second line of defense after taste
aversion to prevent the absorption of bitter-tasting and
potentially toxic components from the diet that are
overrepresented in cholesterol-poor plant-based foods. In
another recent genome-wide study (Bartz et al. 2009),
TMEMY97, a protein identified as an SREBP target in the
stringent microarray approach of Horton et al. (2003a)
was shown to be associated with the intracellular cho-
lesterol regulatory protein NPC-1 in endolysosomal com-
partments, where it may influence intracellular choles-
terol trafficking.

Transcriptional activation by SREBPs

The only identified transcriptional activation domain in
SREBPs is located at their extreme N termini (Sato et al.
1994). The alternative mRNAs that specify either SREBP-
la or SREBP-1c encode distinct N-terminal domains with
drastically different potencies for transcriptional activa-
tion (Shimano et al. 1997). Alternative promoter usage
and differential splicing have been observed for many
transcription factor genes, and in several instances this
alters the structure of an activation domain. Most similar
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to SREBP-1, alternative promoters that result in N-ter-
minal heterogeneity are common in the nuclear receptor
family where different versions of an N-terminal consti-
tutive activation domain (AF1) are produced (Zhu et al.
1995; Oberste-Berghaus et al. 2000; Huber et al. 2002).
However, in most cases, the real physiological signifi-
cance of these variants has not been fully explored
because most studies have focused on the nuclear re-
ceptor AF2 activation domain, which is located close to
the ligand-binding domain at the C terminus. The in-
terest in AF2 is because its structure is subject to agonist/
antagonist-induced conformational change that modu-
late coactivator/corepressor recruitment and function in
response to appropriate ligand-dependent signaling path-
ways (Glass and Rosenfeld 2000).

The single SREBP-1a activation domain contains resi-
dues that are key to interaction with the non-DNA-
binding transcriptional coactivators CBP/p300 and the
mediator complex (MED) (Oliner et al. 1996; Ericsson and
Edwards 1998; Naar et al. 1998). CBP has intrinsic histone
acetyltransferase activity as well as multiple indepen-
dent protein—protein interaction domains (Goodman and
Smolik 2000). SREBP-1a interacts in vitro with both the
N-terminal C/HI1 and KIX domains of CBP, and when
each of these isolated domains was overexpressed in
cultured cells, both peptide fragments blocked the ability
of SREBP-1a to stimulate gene transcription (Oliner et al.
1996; Ericsson and Edwards 1998).

While the dominant-negative approach can be useful
for identifying sites of interaction between CBP and
a critical region required for coactivator recruitment in
transcription factors like SREBP-1, such studies do not
directly address whether the isolated interactions with
the KIX or C/H1 domain are important for activation of
transcription in the context of full-length CBP/p300. To
address this issue, point mutations were engineered into
conserved residues of the SREBP-1a activation domain,
and the mutant proteins were tested for both interaction
with the isolated KIX and C/H1 domains in vitro and
stimulation of transcription in a cultured cell transfec-
tion assay (Toth et al. 2004). All mutations that decreased
SREBP-dependent gene transcription also decreased in-
teraction with the C/H1 region, whereas only a subset of
mutations that decreased interaction with the isolated KIX
domain decreased transcriptional activation by SREBP-1a.
These results suggested that interaction with the C/H1
domain of CBP is important for SREBP-la activation.
However, they do not rule out the possibility that there
is a distinct physiological setting or subset of target genes
where the KIX-SREBP interaction is also important.

MED—also referred to in the literature as DRIP
(vitamin D receptor-interacting protein), TRAP (thyroid
receptor-activating protein), or ARC (activator-recruiting
complex)—is a large multisubunit complex that is re-
quired for RNA polymerase II transcription across eukarya
(Malik and Roeder 2000). Individual MED subunits in-
teract with different DNA-bound transcription factors to
increase gene expression, and SREBP-1a has been shown
to interact with both the MEDI14 (Toth et al. 2004) and
MEDI15 (Yang et al. 2006) subunits. The Med14 interac-
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tion is interesting because MED14 was first described in
Saccharomyces cerevisiae as Rgrl, an essential gene for
nutrient metabolism, and a null allele resulted in a failure
to store carbohydrate (Sakai et al. 1990). The SREBP-1
homolog in C. elegans also interacts with MEDI15, and
knockdown studies suggest both MED15 and SREBP-1 are
important for lipid regulation in C. elegans (Yang et al.
2006). Interestingly, many of the key SREBP-1 residues
required for interaction with CBP and MED14 are present
in SREBP-1a but not in SREBP-1c¢ (Toth et al. 2004). In fact,
SREBP-1a-specific amino acids that are required for in-
teraction with CBP and MEDI14 are conserved across
vertebrates, but there is limited primary sequence homol-
ogy between the vertebrate and C. elegans N termini. The
fact that these critical residues are not present in SREBP-
lc explains why it is a relatively poor activator of
transcription relative to SREBP-1a. Many of the conserved
amino acids that interact with CBP and MEDI14 are also
present in SREBP-2, which has a similar potency for gene
activation as SREBP-1a.

Most eukaryotic transcription factors bind DNA as
homodimers or heterodimers and, in the case of all
homodimers and many heterodimeric combinations,
each monomer contains a separate transcriptional acti-
vation domain. When two potent activation domains are
present in the dimer, it is difficult to determine whether
both domains actively participate in recruiting coactiva-
tors to stimulate gene expression or whether one mono-
mer contributes anything in addition to orienting the
dimer for specific DNA recognition. This is particularly
relevant to the SREBPs, where, in addition to homotypic
interactions, there is the potential to form SREBP-la-
SREBP-1c¢ or SREBP-2-SREBP-1c¢ heterodimers as well.

To address this issue, all homodimeric and heterodi-
meric combinations were analyzed separately by cova-
lently linking the individual monomeric coding units
together using an unstructured peptide linker (Datta and
Osborne 2005). These covalent dimeric constructs pref-
erentially form intramolecular dimers that bind DNA in
vitro similar to the corresponding proteins expressed as
monomers (Neuhold and Wold 1993; Datta and Osborne
2005). In analyzing the activation of several SREBP-
responsive promoters, the homodimeric constructs stim-
ulated gene expression to similar levels as the corre-
sponding monomers, with SREBP-1¢ being a very weak
activator (Datta and Osborne 2005). Similar to other
reports, SREBP-1¢ stimulated promoter activity at least
10-fold less compared with the other two SREBPs when
expressed at equal protein levels. However, when the
SREBP-1a-SREBP-1c or SREBP-1¢c-SREBP-2 heterodimers
were expressed, the level of promoter activation was
intermediate between the high values for the SREBP-
1a-SREBP-1a or SREBP-2-SREBP-2 homodimers and the
low level for the SREBP-1c-SREBP-lc dimer. Indeed,
there was no difference when a mutant version that
deleted the complete SREBP-1 activation domain was
substituted for SREBP-1c in the heterodimeric fusion
with either SREBP-1a or SREBP-2. These results indicate
that the activation domain from each monomeric partner
functions to stimulate gene transcription, and that, in the



heterodimeric form, the SREBP-1c activation domain is
functionally silent.

The exact role for each SREBP monomer in the re-
cruitment and function of coactivators remains to be
determined. However, these observations have signifi-
cant functional implications, as they suggest that SREBP-
1c could be viewed as an in vivo modulator of the activity
of SREBP-1a or SREBP-2. Therefore, induction of SREBP-
lc expression in tissues where its basal level is low
compared with the other SREBPs may dampen the overall
cellular SREBP activity. In fact, there is support for such
a model from targeted overexpression studies in mice.
When SREBP-la was overexpressed in adipose tissue,
there was significant adipocyte hypertrophy with in-
creased secretion of fatty acids, as expected for a lipid
synthetic transcription factor (Horton et al. 2003b). On
the other hand, similar overexpression of SREBP-1c re-
sulted in severe loss of adipose tissue mass accompanied
with insulin resistance and diabetes, which is reminis-
cent of congenital lipodystrophy in humans (Shimomura
et al. 1998). These observations provide strong evidence
that the two SREBP-1 isoforms may indeed have opposing
effects on gene expression and tissue function in vivo
under certain circumstances.

SREBP in model organisms

Model organism research into the function of SREBP has
revealed important similarities and differences between
these systems and the mammalian SREBP pathway. In
the cholesterol auxotrophs Drosophila melanogaster and
C. elegans, SREBP controls fatty acid synthesis and
functions to maintain fat supply. In fungi, SREBP is
a hypoxic transcription factor that controls adaptation
to low oxygen growth. Work in pathogenic fungi iden-
tifies SREBP as a candidate antifungal drug target for the
treatment of opportunistic fungal infections.

SREBP in flies

The first nonmammalian SREBP homolog was identified
in D. melanogaster, dSSREBP/HLH106, which was curious
because fruit flies cannot synthesize cholesterol and
therefore are natural cholesterol auxotrophs (Theopold
et al. 1996; Rosenfeld and Osborne 1998). D. mela-
nogaster encodes homologs of SREBP, SCAP, S1P, and
S2P, but lacks an Insig homolog (Table 1). Detailed
mechanistic studies into the regulation of dSREBP using
cultured insect cells revealed that dASREBP is proteolyti-
cally activated in response to levels of the glycerophos-
pholipid PE (Dobrosotskaya et al. 2002). Under conditions
of low PE, dSREBP up-regulates enzymes required for
fatty acid and phospholipid synthesis, such as acetyl CoA
synthase, acetyl CoA carboxylase, fatty acid synthase,
and phosphocholine cytidylyltransferase (Dobrosotskaya
et al. 2002; Seegmiller et al. 2002). Consistent with this,
cells deficient in dSREBP have reduced levels of fatty acid
and phospholipid synthesis. Regulation of dSREBP pro-
teolysis by phospholipids rather than cholesterol as in
mammals suggests that dSCAP has the capacity to sense
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different classes of lipids in the feedback control of lipid
homeostasis, but the metabolite interaction mechanism
for SCAP sensing needs further exploration.

Studies of dSREBP function in the whole animal
demonstrate that dSREBP is required for larval develop-
ment (Kunte et al. 2006). Flies lacking dSREBP are fatty
acid auxotrophs due to defects in fatty acid synthesis, and
development can be rescued by addition of fatty acids to
the diet. Supplementation with soy lipid extract re-
pressed dSREBP activation in larvae, consistent with
the cultured cell data that dSREBP is regulated by
phospholipids. The mechanism of dSREBP proteolysis
mirrors that of mammalian cells, with dSCAP facilitating
ER-to-Golgi transport and interaction of dSREBP with
homologs of S1P and S2P. Interestingly, studies of dS2P-
null flies revealed an alternative pathway for dSREBP
activation that requires the caspase Drice and permits
larval development in the absence of normal Site-2 pro-
tease cleavage (Amarneh et al. 2009; Matthews et al.
2009). These data indicate that dSREBP functions in the
D. melanogaster fat body and gut to promote fatty acid
synthesis essential for development.

The function of dSREBP in fatty acid synthesis is also
closely linked to viral pathogenesis in D. melanogaster.
A genome-wide RNAIi screen identified dSREBP and
enzymes of fatty acid biosynthesis as essential for viral
replication in cultured insect cells (Cherry et al. 2006).
dSREBP is required for Golgi maintenance and for forma-
tion of a cytoplasmic vesicular compartment required for
viral replication. Interestingly, experiments using a regu-
lated dSREBP allele indicate that dSREBP is not required
for viability of adult flies, but that dSREBP is required for
viral replication in adult animals. These results highlight
functions of SREBP beyond regulation of lipid homeosta-
sis and provide a link to viral pathogenesis.

SREBP in worms

Targeted genetic and RNAi studies identified the C.
elegans SREBP (SBP-1/LPD-1) as required for fat accumu-
lation (Ashrafi et al. 2003; McKay et al. 2003). Animals
lacking SBP-1 fail to accumulate fat stores in the in-
testine, and gene expression analyses indicate that SBP-1
is required for expression of lipogenic genes, such as fatty
acid synthase, acetyl CoA carboxylase, and stearoyl CoA
desaturase (McKay et al. 2003; Yang et al. 2006). In addi-
tion to its role in straight-chain fatty acid synthesis, SBP-1
is required for monomethyl branched-chain fatty acid
(BCFA) synthesis through the control of two long-chain
fatty acid elongases, elo-5 and elo-6, and the very-long-
chain acyl CoA synthetase acs-1 (Kniazeva et al. 2004,
2008). BCFA synthesis is essential for post-embryonic
development and growth control in worms (Kniazeva
et al. 2008), and BCFAs signal through a nutrient-sensing
pathway that functions independently from the insulin
receptor/DAF-2 pathway. Thus, SBP-1 plays an important
role in C. elegans developmental regulation by promoting
production of BCFA synthesis.

As in mammals, worm SREBP cooperates with tran-
scriptional coregulators to control gene expression. SBP-1
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functions with the transcription mediator MDT-15/
ARCI105 and the CBP/p300 acetyltransferase CBP-1 to
control straight-chain fatty acid homeostasis and BCFA
homeostasis, respectively (Taubert et al. 2006; Yang et al.
2006; Kniazeva et al. 2008). Like D. melanogaster, C.
elegans is a sterol auxotroph and lacks an Insig homolog,
raising the possibility that SBP-1 may also be regulated by
a nonsterol lipid. Indeed, SBP-1-dependent activation of
acs-1 is negatively feedback-regulated by the BCFA end
product C17ISO. C. elegans contains a SCAP homolog
(Table 1), but whether proteolysis of SBP-1 is regulated
and whether fatty acids directly control SBP-1 activity are
unknown.

SREBP in fungi

The full extent of SREBP evolutionary conservation was
recognized with the discovery of a functional SREBP
pathway in the fission yeast Schizosaccharomyces
pombe. Sequence database searches revealed homologs
of SREBP, SCAP, and INSIG, called Srel, Scpl, and Insl,
respectively (Table 1; Hughes et al. 2005). As in mamma-
lian cells, Srel-Scpl form a complex, and Srel is pro-
teolytically cleaved and activated in response to cellular
depletion of the fungal sterol ergosterol (Hughes et al.
2005, 2007). However, unlike in mammalian cells, sterol
regulation of Srel does not require the INSIG homolog
(Hughes et al. 2005). Rather, Insl negatively regulates
activity of the sterol pathway enzyme HMG CoA re-
ductase, a second function for INSIG in mammalian cells
(Goldstein et al. 2006; Burg et al. 2008). While Srel-Scpl
responds to pharmacological inhibition of sterol syn-
thesis, the physiological trigger for Srel activation is hyp-
oxia (Hughes et al. 2005). Ergosterol synthesis is highly
oxygen-consumptive, requiring 12 molecules of dioxygen
(Rosenfeld and Beauvoit 2003). Under low oxygen, ergos-
terol synthesis is inhibited, stimulating Srel proteolysis
(Fig. 3A). Thus, Srel-Scpl sense sterol synthesis as an in-
direct measure of environmental oxygen. While some
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Figure 3. Oxygen regulates the active, cleaved SrelN tran-
scription factor by two mechanisms. (A, step 1) Oxygen-de-
pendent ergosterol synthesis inhibits Srel proteolysis and
production of SrelN. (Step 2) Oxygen positively regulates
Ofd1, which accelerates the proteasomal degradation of SrelN.
(B) In the presence of oxygen, Srel cleavage is low, and Ofd1-
dependent degradation is high. Under low oxygen, these two
mechanisms are reversed, and SrelN accumulates.
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fungi contain a functional Site-2 protease (discussed
below), fission yeast lack a recognizable S2P, suggesting
that perhaps, as in D. melanogaster, an alternative mech-
anism exists for Srel cleavage.

Genome-wide gene expression studies revealed that
Srel is principally a transcriptional activator that up-
regulates genes required for adaptation to hypoxia, in-
cluding several oxygen-dependent enzymes in biosyn-
thetic pathways for ergosterol, heme, and sphingolipids
(Todd et al. 2006). Consistent with the requirement for
hypoxic gene expression, cells lacking Srel or Scpl fail to
grow under low oxygen. Srel does not control expression
of glycolytic or respiratory genes, indicating that other
hypoxic transcription factors exist in S. pombe. Promoter
analysis of the sre1* gene revealed two DNA-binding sites
that resembled the SRE found in the human LDL receptor
promoter, and expression of Srel mRNA, like mamma-
lian SREBP-2, is autoregulated in a positive feedback loop
(Todd et al. 2006; Sehgal et al. 2007).

The importance of Srel for hypoxic adaptation is under-
scored by the presence of a second oxygen-dependent
regulatory mechanism that controls Srel activity. The
prolyl 4-hydroxylase domain protein Ofd1 controls activ-
ity of the soluble N-terminal cleavage product of Srel,
called SrelN. In the presence of oxygen, Ofd1 accelerates
degradation of Sre1N by the proteasome (Fig. 3A; Hughes
and Espenshade 2008). Unlike the prolyl hydroxylases
that regulate degradation of the mammalian hypoxia-
inducible factor HIF-1, the hydroxylase domain of Ofd1l
is not required for SrelN degradation (Dann and Bruick
2005). Rather, the N-terminal hydroxylase domain
functions as an oxygen sensor to regulate activity of a
C-terminal degradation domain (CTDD) (Hughes and
Espenshade 2008). Activity of the Ofdl CTDD is regu-
lated by the oxygen-dependent direct binding of the
inhibitor Nrol (Lee et al. 2009). Under low oxygen, Nrol
binds Ofdl, which leads to stabilization of SrelN and
increased target gene expression. Thus, oxygen acts at two
points to regulate Srel activity (Fig. 3B). First, oxygen is
required for sterol synthesis, which regulates Srel pro-
teolysis. Second, SrelN stability is regulated by oxygen
through Ofd1. Together, these two oxygen-sensing mech-
anisms function as switches to rapidly up-regulate Srel-
dependent transcription under low oxygen, allowing ad-
aptation to hypoxia and continued cell growth (Fig. 3B).

The function of SREBP as a hypoxic transcription factor
is conserved across distantly related fungi. Studies of the
opportunistic pathogen Cryptococcus neoformans dem-
onstrated that Srel is a hypoxic transcription factor that
activates expression of genes required for ergosterol
synthesis and iron acquisition (Chang et al. 2007; Chun
et al. 2007). While it appears that S. pombe lacks a Site-2
protease, C. neoformans has a Site-2 protease that is
required for Srel activation (Chun et al. 2007; Bien et al.
2009). Importantly, Srel is required for virulence and
disease progression in two different mouse models of
cryptococcosis, indicating that Srel is essential for adap-
tation to the host environment. Notably, cells lacking
Srel are defective for ergosterol synthesis and are there-
fore hypersensitive to antifungal azole drugs that target



ergosterol synthesis. These findings suggest that inhibi-
tors of Srel activity may be effective antifungals when
used in combination with current therapies.

The requirement of SREBP for fungal pathogenesis was
confirmed recently in an unrelated opportunistic patho-
gen, Aspergillus fumigatus. As in C. neoformans, SREBP
was required for hypoxic growth, regulation of sterol
biosynthetic enzymes, resistance to azole drugs, and fun-
gal virulence (Willger et al. 2008). Of note, A. fumigatus
lacks a SCAP homolog but codes for Ofd1 (Table 1), sug-
gesting that oxygen regulation of SREBP may be modular
in fungi. An SREBP homolog is also required for hyphal
growth in Candida albicans (Lane et al. 2001), a process
required for pathogenesis, and the rice blast Magnaporthe
grisea also contains an SREBP homolog, raising the pos-
sibility that SREBP pathway inhibitors could be effective
antifungals in a number of disease settings.

Oxygen regulation of metazoan SREBPs

Work from fungi clearly establishes SREBP as a hypoxic
transcription factor. However, whether oxygen controls
SREBP activity in other systems is unclear. One report in
C. elegans indicates that low oxygen up-regulates SBP-1,
but the mechanism by which this occurs is not known
(Taghibiglou et al. 2009). The ability of fission yeast cells
to sense ergosterol synthesis as a measure of environ-
mental oxygen is coupled to the fact that this yeast does
not import exogenous sterols. The ability of mammalian
SREBP-SCAP to respond to oxygen is therefore compli-
cated because mammalian cells receive cholesterol from
both synthetic as well as endocytic receptor-mediated
pathways. However, an Ofd1-like mechanism could con-
trol SREBP activity in response to oxygen, independent of
sterol-regulated proteolysis. Further studies of mamma-
lian SREBP and its nonlipogenic functions may reveal
links to oxygen control.

Closing remarks

The physiologic role for the SREBP pathway was initially
defined in the regulation of core pathways of lipid
metabolism, and there is overwhelming support for this
association. However, studies in several organisms pro-
vide substantial evidence for a wider role for SREBPs in
the response to external signals. The variety of metabolic
and environmental inputs to the SREBP pathway, such as
insulin and ER stress, highlights the centrality of lipo-
genesis in cell function and survival. Work in model
organisms revealed a requirement for SREBP in the
hypoxic response and for adaptation of fungal pathogens
to the host environment. Interestingly, SREBP is also
required for host cell response to bacterial toxins, placing
these unique transcription factors on both sides of a host—
pathogen encounter.
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