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Aims

Methods and

IDOL (inducible degrader of the low-density lipoprotein receptor, LDLR) is an E3 ubiquitin ligase that promotes the
ubiquitination and degradation of the LDLR. IDOL is a potential therapeutic target for the development of a novel class
of low-density lipoprotein cholesterol (LDL-C)-lowering therapies. In an attempt to develop a mouse model for testing
IDOL inhibitors, we examined the effects of adeno-associated virus (AAV)-mediated stable expression of human IDOL
in the livers of mice ‘humanized’ with regard to lipoprotein metabolism.

Using a liver-specific AAV serotype 8 (AAV8)-mediated delivery, AAV-hIDOL produced a dose-dependent increase in
LDL-C levels and a decrease in liver LDLR protein. Furthermore, we expressed hIDOL in a ‘humanized’ mouse model
of heterozygous familial hypercholesterolaemia (LDLR™ ~/Apobec1 ™~ /hApoB-Tg, LAB). In this model, total choles-
terol (TC) and LDL-C levels were increased by ~60% starting from 1 week and were sustainable for at least 3 weeks
post-injection. Finally, we demonstrate that the effects caused by hIDOL expression are LDLR- dependent given the

In conclusion, our study demonstrates a dose-dependent physiological effect of human IDOL on LDL metabolism in
mice. This provides a potential model for preclinical testing of IDOL inhibitors for reduction of LDL-C levels.

results
unchanged plasma lipids in LAhB mice lacking LDLR.
Conclusion
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1. Introduction

IDOL (inducible degrader of LDLR), originally known as MYLIP, is an E3
ubiquitin ligase that promotes the ubiquitination and degradation of the
LDLR in the lysosome through the interaction with its cytoplasmic do-
main." Transient adenoviral overexpression of mouse IDOL in wild-
type mice induced a marked decrease in LDLR protein and an increase
in LDL-C." Other targets of IDOL might include VLDLR and ApoER2.2
IDOL was originally described as an LXR target gene.’

Human genetics support a role for genetic variation in IDOL influencing
LDL-C levels. Common genetic variants near the IDOL/MYLIP gene are
associated with LDL-C levels.*~® In addition, a missense variant in IDOL,
N342S, was found to be associated with lower plasma cholesterol levels
in Mexicans,” and a complete loss-of-function IDOL allele was reported
to be associated with lower LDL levels in Danish population.® Thus,
IDOL is a potential novel therapeutic target for pharmacologic inhibition
to reduce LDL-C levels. Indeed, pharmacologic inhibition of IDOL is start-
ing to attract some attention. Novel IDOL inhibitors that modulate choles-
terol levels are being identified. Some of them were found to increase

LDLR levels in cell lines.’ Furthermore, a new study found that inhibition
of IDOL in non-human primates (NHP), using antisense oligonucleotide
(ASO)-mediated knockdown, might reduce LDL-C levels.'

The mouse has been widely used as a model for drug discovery. How-
ever, the contribution of hepatic IDOL to the regulation of LDLR and
LDL-C levels in mice is unclear.""®"" Furthermore, wild-type C57BL/6
mice do not represent an optimal model to study the regulation of
LDL, as mouse lipoproteins are predominantly HDL animals. In this
study, we used an adeno-associated virus serotype 8 (AAV8) vector to
stably express human IDOL in the livers of humanized hypercholestero-
laemic mice* and observed substantial reduction in hepatic LDLR pro-
tein and increase in plasma LDL-C levels. We suggest that this model may
be useful for testing the efficacy of IDOL inhibitors.

2. Materials and methods
2.1 Animals

Animal experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Pennsylvania and conform
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the NIH guidelines as stated in the Guide for the care and use of laboratory
animals. Mice were anaesthetized by continuous inhalation of isoflurane
(3—5%) and euthanized at the end of the study by cervical dislocation under
the same anaesthesia conditions.

2.2 hIDOL stable expression using AAV

AAV8-hIDOL was obtained from the Penn Vector Core (Philadelphia,
PA, USA) and was described."® Briefly, the cDNA of hIDOL was
purchased (Origene, MD) and cloned into AAV8 vector under the
liver-specific thyroxine-binding globulin (TBG) promoter. AAV vectors
containing an empty expression cassette (AAV-Null) or the indicated
dose of AAV-hIDOL were administered by intra-peritoneal (i.p.)
injection.

2.3 Plasma lipids (Mira and FPLC)

At the indicated time points, blood was collected from retro-orbital cavity,
and plasma lipids were analysed using clinical chemistry analyzer (Cobas
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Mira Autoanalyzer; Roche Diagnostic Systems, Indianapolis, IN, USA).
To examine the different lipoprotein fractions, plasma was separated by
FPLC using a Superose™ 6 10/300 column (GE Life Sciences, Marlborough,
MA, USA). Individual fractions were assayed for cholesterol or triglycerides
(TGs) concentrations by using commercially available assay kits (Infinity ™
cholesterol and triglycerides Reagents; Thermo Scientific, Waltham, MA,
USA).

2.4 Gene expression (RT-PCR)

Total RNA was isolated from frozen liver tissue using the TRIzol method
according to the manufacturer’s instructions (Life Technologies, Waltham,
MA, USA). cDNA was prepared using High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). Real-time RT—PCR was performed
in an ABI 7900 Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA) using SYBR green detection. The relative quantity of each
mRNA was calculated using the delta CT method with -actin as the house-
keeping gene.
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Figure | Dose-dependent decrease of the mouse liver LDLR by hIDOL in C57BL/6 mice. Five doses of AAV-hIDOL (1 x 10", 3 x 10'°, 1 x 10",
3 x 10", 1 x 10" GC) were administered to male C57BL/6 mice (n = 5) by intraperitoneal injection and compared with a group injected with AAV-
Null as control. (A) hIDOL gene expression as measured by RT—PCR. (B) LDLR protein levels examined in total liver lysates by western blot (n = 3 mice
per group) and (C) quantified by densitometry. Data were analysed using Student’s t-test (***P < 0.001; *P < 0.05 vs. ‘Null’).
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2.5 SDS-PAGE/western blot

Samples were subjected to SDS—PAGE using 4—12% polyacrylamide gels
(life technologies) and transferred to nitrocellulose membranes. Primary
antibodies for LDLR were from Medimabs (Canada) and for Actin were
from Santa Cruz. Secondary antibodies conjugated to horseradish peroxid-
ase (HRP) were from Jackson ImmunoResearch. Membranes were detected
on Imagequant LAS 4000 digital imaging system (GE Healthcare) following
addition of Luminata HRP Substrate detection reagent (Millipore).

2.6 Statistics

All experiments were repeated three times and analysed using Student’s t-test
or one-way ANOVA as indicated in the figure legends for different experiments.

3. Results

3.1 Expression of human IDOL in livers of
wild-type mice produces a dose-dependent
reduction in LDLR protein and increase in

plasma non-HDL cholesterol

We used an AAV8 vector to perform a dose-ranging study of human
IDOL expression in the livers of wild-type C57BL/6 mice. Five doses
of AAV-hIDOL at half-log increases were administered and com-
pared with a sixth group of control mice injected with AAV-Null.
Dose-dependent hepatic expression of human IDOL mRNA was noted
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Figure 2 LDL-C levels increased in a dose-dependent fashion due to the expression of hIDOL in C57BL/6 mice. (A) Plasma total cholesterol,
non-HDL-C, HDL-C, and triglycerides (n = 5). Data were from a representative experiment and analysed using one-way ANOVA at each time point
(¥**P < 0.001; **P < 0.01; *P < 0.05 vs. ‘Null’). (B) FPLC profile from pooled plasma showing the distribution of plasma cholesterol in the different
lipoprotein subsets. Total LDL-C was isolated and calculated in each group as shown in the bar graph.
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(Figure 1A). Hepatic expression of human IDOL produced a dose-
dependent decrease of the mouse LDLR protein, with little protein de-
tected at the two highest doses (Figure 1B). Significant dose-dependent
increases in total and non-HDL cholesterol were observed (Figure 2A).
At the highest vector dose, non-HDL-C levels increased more than
two-fold. A dose-dependent increase in LDL-C was observed by
FPLC (Figure 2B). Plasma TG levels were unchanged through the
dose range except at the highest dose where they increased by
~75% (Figure 2A).

3.2 Expression of human IDOL substantially
raises LDL-C in a humanized mouse model of
heterozygous familial hypercholesterolaemia
but not homozygous familial
hypercholesterolaemia

We then turned to the LDLR™ ~/Apobec1 ™/~ /hApoB-Tg mouse
model,"? a ‘humanized’ mouse model in which the apoB-containing li-
poproteins particles contain only apoB100, most of it human apoB. We
injected AAV-hIDOL or AAV-null at a dose of 1 x 10" GC. Hepatic
LDLR protein was markedly reduced (Figure 3). TC and LDL-C levels
were increased by ~60% starting from 1 week and were sustainable
for at least 3 weeks post-injection (Figure 4A). A marked two-fold in-
crease of the LDL fraction was seen upon separation of lipoproteins
by FPLC (Figure 4B).

To establish the dependence of the LDL-raising effect of
human IDOL on the LDL receptor, we turned to a humanized mouse
model of homozygous familial hypercholesterolaemia (LDLR ™'~/
Apobec1 ™/~ /hApoB-Tg) lacking the LDL receptor. We again injected
AAV-hIDOL or AAV-null at a dose of 1 x 10"" GC. Compared with
control vector injected mice, no significant changes in plasma TC or
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Figure 3 Hepatic LDLR protein was markedly reduced by hIDOL in
a humanized mouse model of heterozygous familial hypercholesterol-
aemia (LDLR™~/Apobec1™~ /hApoB-Tg). Male mice (n = 5) were
injected with AAV-hIDOL or AAV-Null (1 x 10" GC). (A) LDLR
protein levels examined in total liver lysates by western blot and (B)
quantified by densitometry. Data were analysed using Student’s t-test
(**P < 0.01 vs. ‘Null’).

non-HDL-C (Figure 5A) or LDL-C (Figure 5B) were seen. This confirms
that the LDL-raising effects of human IDOL expression are dependent
on the LDLR.

4. Discussion

Human genetics suggest that IDOL is a potential therapeutic target for
inhibition to reduce LDL-C levels. Common variants at the Mylip/IDOL
locus found by GWAS were associated with LDL-C levels. And a rare
variant leading to a complete loss of function was associated with lower
LDL levels. Thus, IDOL is a validated target for inhibition to reduce
plasma LDL-C levels. In this study, in an attempt to develop a mouse
model for testing IDOL inhibitors, we examined the effects of stable
expression of human IDOL in mouse liver using AAV8-mediated deliv-
ery. We demonstrated that hIDOL causes a dose-dependent decrease
in LDLR protein expression in mouse liver. This was translated into a
dose-dependent increase in plasma total cholesterol (TC) and
LDL-C levels in C57BL/6 mice. By FPLC, we were able to detect a mod-
erate but nonetheless dose-dependent increase in the fraction corre-
sponding to LDL particles that are present at a modest level in
control WT C57BL/6 mice.

Wild-type mice are largely HDL animals. Unlike humans, the cir-
culating lipoproteins are mostly HDL in the fasting state.”* Due to
the hepatic and intestinal expression of apolipoprotein B
mRNA-editing enzyme catalytic polypeptide 1 (Apobec-1) in mice,
their non-HDL particles are essentially ApoB48-containing lipopro-
teins that are cleared mainly by LDLR-independent mechanisms."®"®
To better understand the role of IDOL in the liver in the regulation
of liver LDLR and plasma LDL-C in settings that are relevant to hu-
mans, we used a ‘humanized’ mouse model of heterozygous familial
hypercholesterolaemia (LDLR*~/Apobec1™'~/hApoB-Tg aka
LAhB)'? in which we expressed the human version of IDOL
(hIDOL).

A medium range dose (1 x 10" GC) was chosen to be administered
to LAhB mice. In these conditions, we found a significant decrease in
LDLR protein expression in mouse liver. This was translated into a sig-
nificant increase in plasma TC and LDL-C levels. The fraction corre-
sponding to LDL particles that are relatively abundant in controls in
this model was increased by two-fold. Moreover, we demonstrated
that the effects of hIDOL expression seen in this study are LDLR de-
pendent as shown by the lack of effect of hIDOL in mice that are
LDLR deficient.

In mice, IDOL is constitutively expressed in the liver and other tis-
sues like macrophages and intestine. Its regulation by LXR agonists
seems to be most effective in non-hepatic cells. This might be of par-
ticular interest when IDOL is targeted for therapy given its potential
off-target effect due to non-hepatic expression. In contrast, LXR activa-
tion induces IDOL expression in liver and other tissues in NHP, high-
lighting a species-specific regulation of IDOL in the liver."'® Further
studies are required to fully understand the regulation of IDOL in
mouse liver. Nonetheless, this study demonstrates that under condi-
tions where IDOL expression is increased in the liver, one would ex-
pect an increase in circulating LDL and plasma cholesterol likely
through the degradation of liver LDLR. Indeed, it was shown that
IDOL could be up-regulated by the increase of endogenous LXR li-
gands in the liver of Apoe ™’ ~Npc1~/~ mice that displayed elevated
intracellular cholesterol levels."” It would certainly be interesting to
examine whether the addition of cholesterol to chow diet would in-
crease IDOL expression. Moreover, it would be interesting to identify
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Figure 4 LDL-C levels increased by hIDOL in LDLR*~/Apobec1™'~/hApoB-Tg or LAhB-het mice. (A) Plasma total cholesterol, non-HDL-C,
HDL-C, and triglycerides (n =15). Data were from a representative experiment and analysed using one-way ANOVA at each time point
(¥**P < 0.001; **P < 0.01; *P << 0.05 vs. ‘Null’). (B) FPLC profile from pooled plasma showing the distribution of plasma cholesterol and (C) triglycerides
in the different lipoprotein subsets. Total LDL-C was isolated and calculated in each group as shown in the bar graph.

variants in the MYLIP locus that are associated with increased expres-
sion of IDOL.

On the other hand, human IDOL might be associated with a lower
LDL clearance rates than in mice. For instance, unlike human IDOL, the
mouse version of the protein has a Ser at position 342 (S342) instead of

Asn (N342). Mutation of Ser342 in mouse IDOL to Asn reflecting the
human IDOL polymorphism at this residue shows that mouse N342
IDOL was more efficient than $342 at degrading total LDLR protein.”

In conclusion, this study demonstrates that hIDOL is capable of de-
grading murine LDLR in mouse liver in vivo. Here we show a
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Figure 5 hIDOL effects are LDLR dependent. hIDOL was expressed in LDLR ™/~ /Apobec1™’~ /hApoB-Tg or LARB-KO mice, and plasma lipid profile
was examined. (A) Plasma total cholesterol, non-HDL-C, HDL-C, and triglycerides (n = 5). (B) FPLC profile from pooled plasma showing the distribution
of plasma cholesterol and triglycerides in the different lipoprotein subsets.

physiological effect of hIDOL on LDL metabolism in humanized hy-

percholesterolaemic mice and provide a potential model for preclinical
testing of IDOL inhibitors for reduction of LDL-C levels.
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