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We have previously identified the
E3-ubiquitin ligase Inducible Degrader of
the LDLR (Idol)' as a post-translational
modulator of LDLR levels. Idol is a direct
target for regulation by Liver X Receptors
(LXRs) and its expression is responsive to
cellular sterol status independent of the
sterol-response element binding proteins.
Here we demonstrate that Idol also targets
two closely-related LDLR family members,
the very low density lipoprotein receptor
(VLDLR) and ApoE receptor 2 (ApoER2),
proteins implicated in both neuronal
development and lipid metabolism. Idol
triggers ubiquitination of the VLDLR and
ApoER2 on their cytoplasmic tail, leading
to their degradation. We further show that
the level of endogenous VLDLR is sensitive
to cellular sterol content, Idol expression,
and activation of the LXR pathway.
Pharmacological activation of the LXR
pathway in mice leads to increased Idol

1

expression and to decreased VIdlr levels in
vivo. Finally, we establish an unexpected
functional link between LXR and Reelin
signalling. @ We demonstrate that LXR
activation results in decreased Reelin
binding to VLDLR and reduced Dabl
phosphorylation. = The identification of
VLDLR and ApoER2 as Idol targets
suggests potential roles for this LXR-
inducible E3 ligase in the CNS in addition
to lipid metabolism.

The LDLR family of membrane
receptors are type I membrane proteins and
participate in endocytic and cellular signalling
processes. The LDLR, the namesake of the
family, is essential for the uptake of
extracellular LDL cholesterol (1). As such, it
is a critical determinant of plasma lipoprotein
levels and a target for human cardiovascular
therapeutics. Mutations in this receptor are
the leading cause of familial
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hypercholesterolemia ~ (FH), a  disease
characterized by reduced hepatic LDL
clearance, elevated plasma cholesterol levels,
and accelerated cardiovascular disease (2-4).

Expression of the LDLR is tightly
regulated at both the transcriptional and
posttranscriptional levels. Transcription of the
LDLR gene is regulated primarily by sterol
response element binding protein (SREBP)
transcription factors whose activity is sensitive
to endoplasmic reticulum cholesterol levels
(5,6). A reduction in cellular cholesterol
levels leads to the processing of SREBPs to
their mature nuclear forms and the subsequent
activation of genes important for cholesterol
uptake and de novo cholesterol synthesis (7).
Mechanisms for posttranslational modulation
of the LDLR pathway include LDLR adaptor
protein 1 (LDLRAPI1/ARH) (8) and proprotein
convertase subtilisin/kexin 9 (PCSKY) (9-12)
that influence LDLR stability, endocytosis, or
trafficking.

We have recently identified the E3-
ubiquitin ligase Idol as a transcriptional target
of LXRs and a posttranscriptional regulator of
the LDLR pathway (13). Unlike the LDLR
and PCSK9 genes, Idol is not regulated by
SREBPs. Therefore, LXR-dependent
induction of Idol defines a complementary but
distinct  pathway  for  sterol-dependent
inhibition of cellular cholesterol uptake
through the LDLR. Idol triggers
ubiquitination of the LDLR on conserved
residues in its intracellular tail leading to
degradation of the receptor. Consistent with
this mechanism, over-expression of Idol
potently reduces LDLR protein levels in vitro
and in vivo and inhibits LDL uptake.
Conversely, knockdown of Idol expression
leads to an increase in LDLR protein and LDL
uptake.

Amongst the LDLR family of proteins,
the VLDLR and ApoER2 (also known as
LRP8) share the highest overall sequence
homology with the LDLR (14). Whereas the
metabolic role of the LDLR is well

established, study of the metabolic roles of
VLDLR and ApoER2 has been complicated
by the overlapping substrate specificity of
LDLR family members (15). On the other
hand, studies in recent years have established
a critical role for VLDLR and ApoER?2 in the
neuronal Reelin pathway that is essential for
proper neuronal positioning and brain
development (16-19). A body of evidence
demonstrates that the VLDLR and ApoER2
interact with an extracellular ligand, Reelin,
leading, as a first event, to phosphorylation of
the adaptor molecule Dab1 (20,21).

In this study, we identify the VLDLR
and ApoER2 as novel targets of Idol. Similar
to the LDLR, these receptors are targeted by
Idol for degradation through a post-
translational ~mechanism  dependent on
ubiquitination of conserved residues in their
intracellular tail (13). We further show that
the function of Idol is evolutionary conserved
and that the level of endogenous VLDLR is
sensitive to cellular sterol levels and LXR
activation both in vitro and in vivo. Finally,
we provide evidence of crosstalk between the
LXR-Idol pathway and Reelin signalling. Our
findings suggest that Idol may have a role in
the CNS in addition to its role in lipid
metabolism.

Experimental Procedures

Cell culture, transfections and adenoviral
infection

HEK 293T cells were from the ATCC. HEK
293T-Reelin cells were a gift from Dr.
Thomas Curran (Childrens Hospital of
Philadelphia, USA). SNB-19 glioblastoma
cells were a gift from Dr. Rene Bernards (The
Netherlands Cancer Institute, The
Netherlands). The generation and maintenance
of 3T3 mouse fibroblasts that stably produce
VLDLR and Dabl was previously reported
(22). Cells were maintained in DMEM
(Gibco) supplemented with 10% FBS at 37° C
and 5% CO,. To collect Reelin-containing
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conditioned media, HEK 293T-Reelin cells
were grown to ~75% confluence, washed 2X
with PBS and cultured in Optimem medium
(Invitrogen) for an additional 24 hrs.
Conditioned medium was collected, filtered
and stored at -80° C. HEK 293T cells were
transfected with Lipofectamine2000
(Invitrogen) according to the manufactures
instructions. In experiments testing the ability
of Idol to degrade other potential protein
targets a ratio of 3:1 (IDOL:target) was used.
The generation of adenoviruses encoding
mldol, GFP, and Sult2bl was previously
described (13,23). SNB-19 cells were seeded
(0.5 x 10° cells/60 mm well) and infected with
adenovirus the following day at an MOI of 80.
Primary hippocampal neurons were prepared
from embryonic 17-day old rats and cultured
as described (24).

Plasmids and expression constructs

Expression plasmids for hIDOL, mldol, HA-
Ubiquitin, LDLR, and LpR were previously
reported (13,25). The C-terminally tagged
VLDLR-HA, VLDLR-GFP, ApoER2-HA,
expression constructs were a gift from Dr.
George Rebeck (Georgetown University,
USA). The FLAG-Lrplb expression plasmid
was a gift from Dr. Masashi Kawaichi (Nara
Institute of Science and Technology, Japan).
Full-length drosophila melanogaster Dnrl
was cloned into the gateway plasmid
pDONR221  (Invitrogen). To  generate
mammalian expression constructs for Dnrl we
used LR recombination between pDONR221-
Dnrl and an N-terminally V5-tag DEST
plasmid (Invitrogen). Site-directed
mutagenesis was used to introduce mutations
in VLDLR-HA and V5-Dnrl with the
QuikChange multi-site  mutagenesis kit
(Stratagene). An amyloid precursor protein
(APP) chimeric construct, N’-APP(i¢75)-
LDLR780-360)-C’, that contains the APP ecto-
domain and the transmembrane and
intracellular domains of the LDLR fused to a
C’-terminal GFP was generated by standard

cloning procedures. Restriction digest analysis
and DNA sequencing were used to verify the
correctness of all the constructs used in this
study.

Antibodies, Immunoblot analysis and
immunoprecipitation

Total cell or tissue lysates were prepared in
RIPA buffer (150 mM NaCl, 1% NP-40, 0.1%
sodium deoxycholate, 0.1% SDS, 100 mM
Tris-HCI, pH 7.4) supplemented with protease
inhibitors (Roche Molecular Biochemicals).
Lysates were cleared by centrifugation at 4°C
for 10 min at 10,000 x g. Protein
concentration was determined using the
Bradford assay (Biorad) with BSA as
reference. Samples (10—40ug) were separated
on NuPAGE Bis-Tris gels (Invitrogen) and
transferred to nitrocellulose. Membranes were
probed with the following antibodies: LDLR
(Cayman  chemical,  1:2000), tubulin
(Calbiochem, 1:10000), GFP (affinity purified
rabbit polyclonal anti-GFP was a gift from Dr.
Mireille Riedinger, 1:5000), LpR (2189/90,
1:500) (25), HA (Covance, 1:20000), V5
(Invitrogen, 1:5000), VLDLR (Santa Cruz
clone 6A6, 1:250) or a74 (1:20,000) (22),
Reelin (Millipore clone G10, 1:200), Dabl
(D4 mouse mAb was a gift from Dr. Andre
Goftfinet, 1:1000), phospho-Tyrosine (Santa
Cruz PY99, 1:200). Idol was detected with
polyclonal antibodies raised in rabbits against
Idol (13) or with a mAb (Abcam, 1:500).
Secondary HRP-conjugated antibodies
(Zymed) were used and visualized with
chemiluminescence  (ECL, Pierce). To
immunoprecipitate HA-tagged proteins, equal
amounts of protein of cleared lysates were
incubated with EZ view red anti-HA affinity
beads (Sigma) for 16 h. Subsequently, beads
were washed 4x with RIPA buffer. All
incubations and washes were done at 4°C with
rotation. Proteins were eluted from the beads
by boiling in 1x protein sample buffer for 5
min. Blots were quantified by densitometry.
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RNA isolation and quantitative PCR

Total RNA was isolated from cells and mouse
tissues using Trizol (Invitrogen). One
microgram of total RNA was reverse
transcribed with random hexamers using
iScript reverse transcription reagents kit
(Biorad). Sybergreen (Applied Biosystems)
real-time quantitative PCR assays were
performed on an Applied Biosystems 7500HT
sequence detector. Results show averages of
duplicate experiments normalized to 36B4.
Primer sequences are available upon request.

Metabolic labeling of cells

HEK 293T cells were transfected with
VLDLR-HA and Idol expression plasmids.
Subsequently, cells were washed 2x with PBS
and pulsed for 15 minutes with DMEM
lacking Methionine and Cysteine (Sigma)
supplemented with 200 pCi/well easy Tag
express S protein labeling mix (Perkin
Elmer). Cells were then washed 3x and
chased in DMEM containing 10% FBS and
100 pg/mL methionine and 500 pg/mL
cysteine for the indicated times. Preparation
of cell lysates and immunoprecipitation of
VLDLR-HA was conducted as detailed above.

Reelin binding and Dabl phosphorylation
assays

Reelin binding assays were conducted
essentially as described (22). Briefly, SNB19
cells were plated at a density of 0.5 x 10°
cells/60 mm well. Subsequently, cells were
washed 3X with Optimem medium
(Invitrogen) and incubated with Reelin-
containing conditioned media on ice. Binding
was allowed to proceed for 30 minutes after
which cells were vigorously washed 5X with
PBS. Preparation of cell lysates and
immunodetection was conducted as detailed
above. Analysis of Dabl phosphorylation
following Reelin binding was done as
described (22).

Animal experiments

C57BL/6 mice (Jackson Laboratory) were fed
a standard chow diet and housed in a
temperature-controlled room under a 12-hour
light-dark  cycle  under  pathogen-free
conditions. Mice were orally gavaged with
20mg/kg of the indicated LXR ligand. At the
time of sacrifice tissues were collected and
immediately frozen in liquid nitrogen and
stored at —80°C. Tissues were processed for
isolation of RNA and protein as above.
Animal experiments were conducted in
accordance with institutional guidelines.

Statistical analysis

Real-time PCR data and densitometry are
expressed as mean = standard deviation.
Statistical analysis was done with a two-tailed
Student’s #-test. A probability value of p <
0.05 was considered statistically significant.

RESULTS

The LXR pathway modulates the levels of the
VLDLR and ApoER2

We have recently shown that
activation of LXRs diminishes LDLR protein
levels and identified the E3-ubiquitin ligase
Idol as the mediator of this effect (13). We
therefore investigated whether other LDLR
family members might be targets for the LXR-
Idol pathway. We focused in particular on the
most closely related proteins VLDLR and
ApoER2. Expression of these receptors is lost
in most immortalized cell lines. However,
inspection of the GNF biogps expression data
(http://biogps.gnf.org) revealed that
glioblastoma cell lines express high levels of
the VLDLR. We therefore tested the effect of
two structurally unrelated LXR ligands on
protein levels of this receptor. In SNBI19
glioblastoma cells, we detect the VLDLR as
two bands that likely represent the precursor
and mature (fully glycosylated) receptor
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(Figure la). Treatment of these cells with
GW3965 or T0901317 increased the level of
the LXR-responsive protein ABCA1 and
concomitantly decreased the levels of the
endogenous VLDLR (Figure la). This
reduction was not a result of decreased
VLDLR expression. Whereas expression of
the LXR target genes ABCAI and IDOL were
increased, that of the VLDLR remained
unchanged (Figure 1b). In similar studies, we
also found that ligand-activated LXR
decreased the level of VLDLR and APOER2
in 3T3 fibroblasts stably expressing these
receptors (Figure 1c) (22).

To investigate the link between
endogenous LXR ligands and VLDLR
expression, we utilized an adenovirus
expressing oxysterol sulfotransferase
(Sult2b1) (13,23). Depletion of oxysterol
LXR agonists by Sult2bl in SNB19 cells
decreased expression of LXR target genes as
expected and had no effect on VLDLR
expression (Figure 1d). Nevertheless, this
treatment increased VLDLR protein and this
effect was reversed by a synthetic LXR ligand
(Figure 1le). Cumulatively, these results
suggest that LXR signalling can post-
transcriptionally modulate protein levels of the
VLDLR and APOER2.

The reduced level of these receptors by
activation of LXR was not limited to cells in
culture, but was also evident in vivo.
Pharmacological dosing of mice with
GW3965 led to induction of the LXR pathway
in metabolic tissues without affecting VLDLR
expression (Figure 2a). Induction of Idol
expression in these tissues was of a similar
magnitude to that observed for the canonical
LXR target gene Abcal. Concomitantly, we
observed a decrease of VLDLR in skeletal
muscle from these mice in response to LXR
activation (Figures 2b,c). Conversely, we
found that the level of VIdIr is increased in
brains of mice lacking LXRs (Supplemental
Figure S1). Cumulatively, our results suggest
that activation of LXR reduces protein levels

of VLDLR and ApoER2 both in vitro and in
vivo without affecting their transcript levels.

Idol degrades the VLDLR and ApoER?2

We have previously shown that LXR-
IDOL pathway targets the LDLR for
degradation, but not the related family
members LRPI1, SorLA, and LRP4 (13).
Degradation by IDOL requires the presence of
a highly conserved lysine residue that is
adjacent to the NPVY endocytosis motif
present in the intracellular domain of the
LDLR (Figure 3a). As this residue is highly
conserved in the VLDLR and ApoER2 we
tested whether IDOL underlies the LXR-
mediated reduction of these receptors. In co-
transfection experiments in HEK293 cells we
found that both human and mouse IDOL
reduce the level of the VLDLR and ApoER2,
in addition to LDLR, (Figure 3b). Introducing
an inactivating point mutation in the IDOL
RING domain (C387A) (13) abrogated the
effect on these receptors. Consistent with our
previous studies of LDLR degradation, the
most prominent effect of Idol was observed on
the level of the mature (fully glycosylated)
VLDLR and ApoER?2 proteins. We confirmed
that LXR requires Idol to reduce the levels of
these receptors by knocking down Idol
expression. A +70% reduction in Idol
expression resulted in increased basal level of
VLDLR in 3T3-VLDLR cells and largely
abrogated the ability of activated LXR to
reduce the level of this receptor (Supplemental
Figure S2). Unexpectedly, IDOL did not
reduce the level of LRP1b, as may have been
predicted based on sequence homology
(Figures 3a,b) or the level of another NPVY-
containing receptor, the EGFR (data not
shown). Our results further indicate that the
substrate specificity of IDOL and PCSK9
overlap, as previous studies have suggested
that PCSK9 can also reduce protein levels of
VLDLR and ApoER2 (26,27).

The intracellular domain of the LDLR
is critical for IDOL-dependent degradation.
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We have previously found that a mutant
LDLR lacking the intracellular domain is
resistant to IDOL-mediated degradation (13).
We show here that replacing the natural
intracellular domain of APP, which is not
targeted by IDOL, with that of the LDLR
allowed IDOL to target the chimeric receptor
for destruction (Figure 3c). This result
demonstrates that the intracellular domain is
both necessary and sufficient to direct Idol-
dependent degradation of plasma membrane
proteins.

The function of members of LDLR
family of receptors is evolutionary conserved.
Accordingly, we find that IDOL degrades the
LpR - an ancient LDLR-related receptor from
the migrating locust (Locusta migratoria) -
that is important for lipoprotein uptake in this
species (Figures 3a,d) (25). We next asked the
reciprocal question of whether the function of
IDOL itself is evolutionary conserved? We
identified IDOL homologs in both vertebrate
and non-vertebrate species (Supplemental
Figure S3). The Drosophila melanogaster
Dnrl gene is a distant homolog of mammalian
IDOL (28). Remarkably, Dnrl degraded the
human LDLR and VLDLR dependent on an
intact RING domain (Figure 3e). Dnrl is an
inhibitor of the inflammatory IMD pathway in
flies (28). However, despite the fact that both
Dnrl and IDOL degrade the LDLR and
VLDLR, IDOL was unable to inhibit the IMD
pathway in S2 cells (Supplemental Figure S4).
In conclusion, these results suggest that the
ability of IDOL to degrade members of the
LDLR family is an evolutionary conserved
mechanism to modulate lipoprotein uptake.

Post-translational
VLDLR by Idol
Activation of the LXR pathway leads
to decreased levels of VLDLR and ApoER2
protein without an effect on the respective
transcript (Figures la-c and not shown).
Adenoviral expression of Idol in SNB19 cells
had a similar effect (Figure 4a). These

degradation of the

findings are consistent with a post-
translational effect on receptor levels. Pulse-
chase metabolic labelling experiments
revealed that Idol did not impact translation of
the VLDLR (Figure 4b). In the absence of
Idol, the VLDLR rapidly matures as
evidenced by the appearance of a lower
mobility band representing the fully
glycosylated receptor. Idol expression
prevented the appearance of the mature form
of the receptor, consistent with our prior
observations with the LDLR.

Since Idol is an E3 ubiquitin-ligase we
tested whether the VLDLR was ubiquitinated
by Idol. In the presence of active Idol, we
observed the appearance of poly-ubiquitinated
VLDLR (Figure 4c). Pharmacological
blocking of the proteosome did not result in
increased ubiquitination of the VLDLR and
did not impair degradation of the receptor by
Idol (figure 4c). Blocking lysosomal function
with the lysosomotropic agents ammonium
chloride or chloroquine, on the other hand,
largely inhibited the LXR-mediated reduction
of VIdlr abundance (Supplemental Figure S5).
These observations are consistent with Idol-
dependent lysosomal degradation of the
VLDR as we recently proposed for the LDLR
(13).

Having established that the VLDLR is
subject to ubiquitination by Idol, we next
attempted to identify the target residue(s).
Mutation of all three lysine residues present in
the intracellular tail of the VLDLR abolished
degradation by Idol (Figure 4d). Remarkably,
mutating the highly conserved lysine residue
immediately following the NPVY endocytotic
motif resulted in the same outcome, indicating
that this residue is the sole target for Idol-
mediated ubiquitination. Note, the cysteine
residue that serves as a second target for Idol
in the LDLR is not conserved in either the
VLDLR or ApoER?2 (Figure 3a).

The LXR-IDOL axis reduces Reelin binding
and Dabl phosphorylation
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In addition to their proposed roles in
metabolism, the VLDLR and ApoER2 are
critical for neuronal migration during
development (16,20,21). We therefore asked
whether the LXR-IDOL pathway was
functional in neurons. Treatment of primary
rat neurons with an LXR ligand increased the
mRNA and protein levels of Abcal and Idol,
whereas expression of Vidlr did not change
(Figure 5a). Given the fact that it is an
unstable protein, detection of endogenous Idol
expression has  been  difficult (13).
Interestingly, this is the first observation that
activation of LXR increases the level of
endogenous Idol protein. Several isoforms of
the VLDLR have been observed in neurons
(26,29). We found that the isoform lacking the
O-linked glycosylation domain, which runs
with higher mobility in these cells, was most
dramatically decreased in response to LXR
activation (Figure 5b and Supplemental Figure
S6). Notably, this is similar to what was
observed for Pcsk9 (26).

An expected consequence of reduced
VLDLR expression in neurons would be
decreased Reelin binding and signalling. We
initially chose SNB19 cells as a cellular model
to test this possibility. Activation of the LXR
pathway in these cells with the two different
ligands GW3965 and T0901317 decreased the
level of the VLDLR to 26+4% or 22+8% of
the control treated cells, respectively (Figure
5¢). Furthermore, this was mirrored by a
decrease in Reelin binding. To test whether
this also led to decreased Dabl
phosphorylation, we used 3T3 cells that had
been stably reconstituted with VLDLR or
ApoER2, and Dabl (22). Functionally, these
cells responded to Reelin in a similar fashion
to primary neurons, with Reelin binding
strongly stimulating Dabl phosphorylation
(Figure 5d). Activation of LXR in these cells
largely blocked this Reelin-dependent effect,
but had no influence on total Dabl levels
(Figure 5d).  Thus, the ability of LXR to
modulate the levels of the neuronal lipoprotein

receptors VLDLR and ApoER2 appears to
have a functional consequence for Reelin
signalling.

DISCUSSION

In this study we demonstrate that, in
addition to modulating the LDLR, the LXR
pathway also posttranslationally regulates
levels of the related receptors VLDLR and
ApoER2. Mechanistically, this is the result of
transcriptional induction of the E3-ubiquitin
ligase IDOL that targets these receptors for
lysosomal degradation. The ability of the
LXR-IDOL pathway to target multiple
members of the LDLR superfamily suggests a
potential role for this pathway in processes
beyond lipid metabolism.

Over the last decade the roles of LXR
in  peripheral cholesterol and energy
metabolism has been the subject of
considerable research interest (30). However,
it has recently become apparent that LXRs
also play an important role in maintaining
cholesterol homeostasis and attenuating
inflammatory  events in  the  CNS.
Accordingly, the LXR pathway in the CNS
has been proposed to be a potential target for
treatment of Alzheimers disease (31-33),
Nieman-Pick C (34), and ischemic events
(35,36).  Our current study extends the
possible roles of LXR in the CNS. IDOL is
expressed in neurons and is induced by LXR
agonists in these cells both at the mRNA and
protein levels. In these cells IDOL has been
proposed to inhibit neurite outgrowth (37),
and as we show here to modulate the Reelin
pathway by controlling the levels of VLDLR
and ApoER2. Reelin interaction with the
VLDLR and ApoER2 is critical during
development as it properly directs the
positioning of neurons (16,20,21). Since only
combined loss of both receptors results in
severely impaired neuronal positioning (16),
the ability of IDOL to simultaneously target
both receptors for degradation may allow it to
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modulate this pathway. Whether IDOL does
this in vivo is unknown. Intriguingly, despite
having a similar Reelin level, mice lacking
LXR display disrupted neuronal migration,
which Fan et al. attributed to a reduction in
the number of vertical processes emanating
from the radial glia cells (38). As the
formation of wvertical processes emanating
from these cells requires proper Reelin
signalling (39) and the LXR null mice have
substantially reduced Idol expression (13) it
remains to be seen whether Idol contributes to
the observed migratory defect. Furthermore,
the phosphorylation of Dabl downstream of
the VLDLR and ApoER?2 is not limited to the
CNS. In macrophages, ligation of ApoER2 by
activated protein C results in Dab1-dependent
signalling events (40).  This raises the
possibility that the LXR-IDOL pathway may
be involved not only in Reelin signalling in
the CNS, but also in peripheral Dabl-
dependent processes.

Our investigation of the substrate
specificity of IDOL was largely prompted by
the high degree of evolutionary conservation
within the LDLR family of receptors (14). Of
the mammalian members tested, only the
LDLR, VLDLR and ApoER2 appear to be
IDOL targets. Remarkably, IDOL was also
able to degrade an ancient LDLR family
member important for lipoprotein uptake in
the migrating locust. IDOL itself is also
highly evolutionary conserved, with homologs
found in both vertebrates and non-vertebrates.
The Drosophila melanogaster Dnrl gene is a
highly divergent homolog of mammalian
IDOL (28). Nevertheless, Dnrl degraded the
LDLR and VLDLR in co-transfection assays
in a RING-dependent manner. Dnrl has been
reported to inhibit the IMD pathway in flies.
This pathway is important for the innate
response to gram-negative bacteria in flies and
shares similarities with the mammalian TNF
cascade. Dnrl inhibits this pathway by
blocking the activity of the fly caspases-8
homolog, Dredd (41). However, our data

indicate that IDOL was unable to attenuate the
IMD pathway when stably expressed in S2
macrophage-like cells, suggesting that this
capacity has been lost during evolution. A
plausible explanation for this lies in the fact
that the region in Dnr1 identified as crucial for
interaction with Dredd is absent in IDOL (41).

The delineated substrate specificity
allows us to also further define the structural
requirements for receptor recognition by
IDOL. The intracellular domain of the LDLR
forms a scaffold for protein-protein
interactions essential for proper function and
trafficking of the receptor (42). Furthermore,
this domain is both required and sufficient for
recognition by IDOL. This implies that all of
the IDOL recognition determinants are
encoded within this region. Sequence
comparison of the receptors targeted by IDOL
reveals that a limited region surrounding the
NPVY endocytosis motif is highly conserved.
The lysine residue following this motif is
essential for ubiquitination by IDOL ((13) and
Figure 4d). However, its presence is not
sufficient, as LRP1b is not targeted by IDOL.
Future identification of the putative
IDOL/receptor interaction interface may
facilitate development of structure-based
inhibitors aimed specifically at disrupting the
IDOL-LDLR association.  Such inhibitors
would be predicted to increase the level of the
LDLR and may complement statins for
treating hypercholesterolemia.

Similar to IDOL, The secreted protein
PCSKD9 also posttranslationally modulates the
levels of the LDLR, VLDLR and ApoER2
(26,27). The overlapping substrate-
specificities of IDOL and PCSK9 raise the
intriguing possibility that they act in a
concerted fashion. It is highly unlikely that
these two proteins directly interact. PCSK9 is
a secreted protein that binds the ecto-domain
of the receptors and promotes their
endocytosis and lysosomal degradation. It has
also been recently proposed that PCSK9 can
act on the LDLR within the cell (43). IDOL,
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on the other hand, recognizes the intracellular
tail of these receptors. It remains to be seen
whether these two proteins functionally co-
operate to regulate the level of these receptors
and if so whether this occurs during their
maturation or subsequent to their endocytosis.
Of note, under several conditions the activity
of IDOL on the LDLR seems to be
independent of PCSK9. IDOL degrades the
LDLR in cells that do not express PCSK9
(e.g. macrophages) as well as endocytosis
mutants of the LDLR, VLDLR, and ApoER2.

Clearly, furthers studies to clarify the
functional relationship between PCSK9 and
IDOL are required.

In conclusion, we demonstrate here
that the LXR-IDOL pathway targets the
VLDLR and ApoER2 for degradation. This
suggests that in addition to potential roles in
metabolism, IDOL may also have a role in
neurons during development.
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FIGURE LEGENDS

Figure 1. The LXR pathway modulates the level of the VLDLR and ApoER2. (4)
Immunoblot analysis of total SNB19 cell lysates cells following treatment with 1uM GW3965
(GW) or 1 uM T0901317 (TO) for 24hrs. (B) Expression of ABCAI, IDOL, and VLDLR was
analyzed in SNB19 cells treated for 24 h with 1 uM of the indicated ligand (n=4). (C) NIH-3T3
cells that stably produce either V1dIr or ApoER2 were treated for 24 h with 1 pM ligand.
Subsequently, total cell lysates were analyzed by immunoblotting. (D) Gene expression was
determined in SNB19 cells that were infected with the indicated adenoviruses for 24 h and
subsequently treated for an additional 24hrs as shown. (E) Immunoblot analysis of these cells

(n=3). Blots are representative of at least 2 independent experiments. Bars and errors represent
the mean + S.D. *** p<(.001

Figure 2. The LXR-IDOL pathway modulates the level of the VLDLR in vivo. (4) C57Bl/6
mice (n=4-6 mice/group) were orally gavaged for 3 days with the indicated ligand

(20mg/kg/day). Expression of Abcal, Idol and Vidlr in several metabolic tissues was determined.

S. Muscle, skeletal muscle; WAT, white adipose tissue. (B,C) Immunblot analysis of VIdIr in
skeletal muscle of C57B1/6 mice pharmacologically dosed with an LXR ligand. The intensity of
VIdIr was normalized to that of tubulin and is plotted. Skeletal muscle from a VIdIr'"”” mouse
was used as negative control. Bars and errors represent the mean =+ S.D. * p<0.05

Figure 3. IDOL targets the LDLR, VLDLR and ApoER?2 for degradation and is
evolutionary conserved. (4) Alignment of the intracellular domains of the hLDLR, hVLDLR,
mApoER2, ImLpR, and mLrp1b. The triangles represent the conserved lysine following the
NPVY endocytic motif and the cysteine that is ubiquitinated in the LDLR (13). The ApoER2
sequence is cut due to space considerations. (B-E) HEK293T cells were co-transfected with the
indicated plasmids and total cell lysates were analyzed by immunoblotting as indicated. WT,
wild-type; MT, mutant. Blots are representative of at least 2 independent experiments.

Figure 4. Post-translations regulation of the VLDLR by IDOL is dependent on
ubiquitination of a single conserved lysine residue. (4) Adenoviral-mediated expression of
Idol in SNB19 cells leads to a decreased level of endogenous VIdlr. (B) HEK293T Cells were
co-transfected with a VLDLR and a control or Idol expression plasmids. 48hrs after transfection
cells were pulsed with [*°S]methionine and [**S]cysteine for 15 min and chased as indicated.
Samples were immuno-precipitated at the indicated time points after labelling. (p) and (m)
represent the precursor and mature VLDLR protein, respectively (C) HEK293T cells were co-
transfected with VLDLR-GFP, Idol, and HA-ubiquitin expression plasmids as indicated.
Subsequently, cells were treated with vehicle or 25 uM MG132 for 6 h. IgG, immunoglobulin G.
(D) HEK293T cells were co-transfected with Idol and wild-type or mutant VLDLR-HA
expression plasmids. Total cell lysates were analyzed by immunoblotting. Blots are
representative of at least 2 independent experiments.

Figure 5. A Functional crosstalk between the LXR pathway and Reelin signalling. (4) Gene
expression analysis of primary rat hippocampal neurons treated with 1uM GW ligand for 24 h.
The fold-change in mRNA expression following GW treatment is plotted. Expression of the
indicated genes in DMSO treated cells was set to 1. (n=4-6) (B) Immunoblot analysis of primary
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rat hippocampal neurons treated with 1 pM GW ligand for 24 h. The arrow indicates the VIdIr
isoform that is modulated by LXR treatment (n=4-6). (C) SNB19 cells were treated with 1 pM of
the indicated LXR ligands or DMSO for 24 h. Subsequently, binding of Reelin to the cells and
the level of the indicated proteins was determined by immunoblotting (n=3). (D) NIH 3T3 cells
that stably produce Dabl and VLDLR (3T3V/D) or ApoER2 (3T3A/D) were treated with or
without 1 pM GW and Reelin or mock conditioned media as indicated. The level of total Dabl
and phospho-Dabl were determined by immunoblotting. Blots are representative of at least 2
independent experiments. Bars and errors represent the mean = S.D. ** p<0.01, *** p<0.001
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