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                              Summary and General Discussion

Summary 

The central theme of this thesis is the functional and molecular characterization of the LXR-
IDOL-LDLR nexus, a novel post-translational pathway to control abundance of the LDL 
receptor, complementary to the SREBP-driven transcriptional control of the LDLR. Genetic 
evidence is included to support a physiological role of IDOL in regulating whole-body 
cholesterol homeostasis in humans. Furthermore, work in this thesis identifies USP2 and the 
ESCRT machinery as new modulators of LDLR trafficking. 
 
The discovery and initial characterization of the LDLR pathway and cholesterol homeostasis 
mechanisms by Brown and Goldstein constitutes the groundwork of the research on sterol-
dependent regulation of lipid metabolism, and is briefly reviewed in Chapter 1 from a historic 
perspective. Briefly, it reports a short description of the SREBP- and LXR-driven 
transcriptional programs controlling cellular cholesterol levels, and the astounding 
observations on feedback regulation of cholesterol synthesis by the LDL lipoprotein that led 
Brown and Goldstein to their famous hypothesis of “a receptor-mediated pathway for 
cholesterol homeostasis”1. 
 
Chapter 2 provides a review on the LXR-inducible E3-ubiquitin ligase IDOL, a novel post-
translational regulator of the LDLR and the main subject of the research presented in this 
thesis. The review describes the initial steps in the characterization of IDOL and its function, 
from its discovery as an LXR-target gene to its role in lipid metabolism. In addition, the 
genetic association between the IDOL locus and variation in circulating levels of plasma LDL 
in humans is described, emphasizing the potential relevance of IDOL in LDL metabolism. 
Finally, the PCSK9-mediated lysosomal degradation of the LDLR is briefly introduced, and its 
integration with the LXR-IDOL pathway discussed.   
 
Chapter 3 reports the identification of two additional LDLR family members, VLDLR and 
ApoER2, as targets for ubiquitylation and degradation by IDOL. These two receptors bind 
multiple extracellular ligands, but they also share overlapping substrate specificity for the 
extracellular matrix protein Reelin. The Reelin-stimulated pathway is essential for proper 
neuronal positioning and brain development, and binding of this molecule to VLDLR and 
ApoER2 induces the first step in the Reelin pathway, phosphorylation of the adaptor protein 
Dab1. However, despite distinct substrate specificity the VLDLR and ApoER2 share a large 
sequence homology with the LDLR, and particularly their C-terminal cytoplasmic tail is highly 
conserved. Within this short, 50 amino acid domain, the highly conserved lysine residue that 
is targeted by IDOL on the LDLR is also conserved. As a consequence, activation of the LXR-
IDOL pathway, or IDOL expression, leads to degradation of the VLDLR and APOER2. 
Functionally, this leads to attenuation of the Reelin signaling pathway in neurons. In this 
study we also studied the evolutionary conservation of the IDOL pathway. Remarkably, the 
LDLR and VLDLR are also ubiquitylation targets of DNR1, a distant homolog of IDOL from 
Drosophila melanogaster, the common fruit fly. Similarly, IDOL is able to degrade LpR, an 
ancient LDLR-related receptor from the migrating locust. Collectively, these data show that 
the IDOL pathway is an evolutionarily conserved mechanism to modulate lipoprotein uptake 
via degradation of LDLR-related lipoprotein receptors. 
 
Chapter 4 presents a functional and biochemical characterization of IDOL s N-terminal 
FERM and C-terminal RING domains. The RING domain promotes formation of ubiquitin 
chains in vitro, formally establishing IDOL as a bona fide E3 ligase. Additionally, it promotes 
Lysine-63-specific ubiquitylation of the LDLR in vivo, marking the LDLR for lysosomal 
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degradation. The FERM domain of IDOL is similar to the one found in other members of the 
ERM family of proteins, where this domain is involved in interactions between proteins and 
cell membranes. However, homology modeling indicates that IDOL s FERM also contains a 
phosphotyrosine-binding motif, and this chapter reports the initial characterization of the 
interaction interface between this element in the FERM and the intracellular tail of the LDLR. 
The FERM domain interacts with, and co-localizes, with the LDLR and VLDLR primarily at the 
plasma membrane, pointing towards the recycling LDLR pool as the target for IDOL-mediated 
degradation. As shown later in chapter 6 this indeed turns out to be the case, as activation of 
the LXR-IDOL axis rapidly removes LDLR from the plasma membrane and attenuates cellular 
LDL uptake.  
 
Chapter 5 describes the first genetic loss-of-function variant of IDOL in human individuals, 
potentially linked to low levels of circulating LDL-cholesterol found in the carriers of the IDOL 
mutation. The mutation was uncovered by a genetic screen for the identification of novel 
genetic loci associated with extreme LDL phenotypes in a large cohort of individuals from the 
Dutch population. The discovered mutation encodes a rare missense mutation in IDOL, 
introducing a premature stop codon in IDOL mRNA, that if not subject to non-sense mediated 
RNA decay results in production of the truncated protein IDOLR266X. This variant represents a 
complete loss of IDOL function that is unable to promote ubiquitylation and degradation of the 
LDLR. Accordingly, this variant was identified in two related individuals with low circulating 
LDL-cholesterol. These findings reinforce the notion that IDOL contributes to variation in 
plasma LDL levels in humans and supports the idea of inhibiting IDOL activity as a 
therapeutic strategy to lower circulating LDL levels.  
 
Chapter 6 introduces a new layer of regulation to mechanisms controlling endocytosis and 
recycling of the LDLR, by reporting that the LXR-IDOL axis defines a novel internalization 
route of the LDLR that is independent of the classic clathrin endocytic pathway. Additionally, 
genetic, pharmacological and molecular approaches indicate that IDOL-dependent 
degradation of the receptor does not require the alternative dynamin-, caveolin-, or 
macroautophagy-dependent internalization pathways. Instead, IDOL activity seems to target 
a lipid raft-resident LDLR pool at the plasma membrane, and sorting of the ubiquitylated 
LDLR to the lysosomes requires the concerted action of the endocytic adaptor Epsin, the 
ESCRT complex and the deubiquitylase USP8. 
 
Chapter 7 reports the identification of the deubiquitylase USP2 as a novel IDOL-binding 
partner, and a positive modulator of the LDLR pathway. USP2 binds to, and deubiquitylates 
IDOL, leading to a marked stabilization of IDOL protein levels as a result of reduced 
proteasomal degradation of the ligase. Paradoxically, this results in a decreased IDOL-
dependent degradation of the LDLR and rescues LDL uptake. Conversely, loss of USP2 
reduces LDLR protein in an IDOL-dependent manner and limits LDL uptake. Therefore, by 
controlling ubiquitylation-dependent activity of IDOL, USP2 could potentially act as a novel 
regulator of lipoprotein clearance and sterol metabolism.  
  
This chapter (Chapter 8) highlights findings presented in this thesis, discusses how they 
contribute to our understanding of the LXR-IDOL-LDLR nexus, proposes new directions for 
future research in this field, and presents a view on how these findings can be exploited in 
novel therapeutic strategies aimed at increasing plasma LDL clearance via upregulation of 
LDLR. 
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General discussion 

Elevated levels of plasma LDL cholesterol have been established as a major risk factor for 
developing atherosclerosis and cardiovascular disease2-4. Due to the central role of the LDLR 
in modulating circulating levels of LDL, understanding the mechanisms that regulate 
synthesis, endocytosis, recycling and degradation of this receptor is crucial to the 
development of therapeutic strategies for treating and preventing atherosclerosis and 
dyslipidemia. The discoveries of the Brown and Goldstein laboratory have largely contributed 
to the identification and characterization of the LDLR pathway. The synthesis of the LDLR is 
a well-defined event, elegantly regulated by the SREBP transcription factors as a means to 
maintain cellular cholesterol homeostasis5. The LDLR-dependent uptake of LDL-cholesterol 
is the first and most known example of receptor-mediated endocytosis of ligands, and it is the 
key process by which LDL is internalized into the cell6,7. Mutations in key components of this 
endocytic pathway, namely in the LDLR, APOB, or the endocytic LDLR adaptor ARH are 
known causes of FH autosomal disorders such as dominant hypercholesterolemia8 and 
recessive hypercholesterolemia9, respectively. 
 More recently, post-transcriptional mechanisms of proteolysis of the LDLR in 
response to altered cellular sterol balance have been identified. These “cholesterol-
responsive” mechanisms are based on the activity of PCSK910 and on the ubiquitylation-
dependent degradation of the LDLR, mediated by the E3-ubiquitin ligase IDOL11. While the 
PCSK9 pathway is being thoroughly investigated and strategies for its inhibition recently 
tested in clinical trials12-18, characterization and physiological relevance of the IDOL-mediated 
down-regulation of LDLR are less well understood.  
  
LXRs control LDL uptake through the E3 ubiquitin ligase IDOL 
 In 2009, the E3-ubiquitin ligase IDOL was identified as a new post-transcriptional 
regulator of the LDLR, with its expression being regulated by the LXR transcription factors 
(Chapter 2 and Zelcer et al.11). LXRs are master regulators of cholesterol homeostasis 
supporting primarily efflux of excess cellular cholesterol19. In line with this, genetic loss of 
these nuclear receptors in mice results in marked susceptibility to developing 
atherosclerosis20-24. With hindsight, given that circulating LDL represents ~70% of plasma 
cholesterol and the essential function of the LDLR pathway it would seem reasonable to 
expect LXRs to regulate the LDLR pathway. If anything, it is surprising that IDOL was not 
discovered earlier, particularly as an early report by Witztum and colleagues reported IDOL-
like activity in fibroblasts as early as 199025. One factor that may have contributed to this is 
the fact that most atherosclerosis studies are done in mice, which seem to have limited 
hepatic Idol activity as compared to humans. Nevertheless, some hints to a potential 
involvement of LXRs in LDL metabolism could be derived from experiments in which 
activation of LXRs with ligand was pursued in ApoE-/- mice challenged with a high-cholesterol 
diet26, hamsters and primates27; treatment of these animals with LXR agonists consistently 
led to an increase in plasma LDL-cholesterol. However, the mechanism underlying the 
ligand-dependent changes in lipid profiles was not addressed in the aforementioned studies.  
 The identification of the LXR-IDOL-LDLR nexus introduces an elegant feedback 
loop for rapid sterol-dependent regulation of the LDLR independent of SREBP2, thereby 
allowing cells to tightly control uptake of LDL in response to intracellular sterol fluctuations. 
Importantly, by marking the LDLR for degradation through ubiquitylation, IDOL introduces a 
whole new layer of post-translational modulation in the LDLR pathway, the Ubiquitin-
Proteasome System (UPS) (Figure 1).  
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Figure 1 I The Ubiquitin system controls the LDLR through the E3-ubiquitin ligase IDOL. The ubiquitin system 
relies on the sequential activities of three components in order to tag proteins with the small protein ubiquitin: an E1-
ubiquitin activating enzyme, an E2-ubiquitin loading enzyme and an E3-ubiquitin ligase. The substrate-specificity of 
the ubiquitin system is largely determined by the interaction of the E3 ligases with a restricted subset of protein 
targets. Acting as an E3 ligase, IDOL promotes ubiquitylation of the LDLR, thereby marking it for lysosomal 
degradation. Figure adapted from Shuai and Liu, Nature Reviews Immunology 2003. 

The IDOL-LDLR-UPS molecular network 
 IDOL is an E3 ubiquitin ligase able to stimulate ubiquitylation of the LDLR11. 
Ubiquitylation is a post-transcriptional protein modification best known for its involvement in 
proteostasis through degradation of ubiquitylated proteins in the proteasome28. The UPS 
requires the concerted activity of an E1 activating enzyme to recruit and activate ubiquitin, an 
E2 component on which the ubiquitin molecule is loaded, and an E3 ligase that facilitates the 
transfer of ubiquitin to the protein target29,30. There are two major families of E3 ligases: 
HECT domain and RING domain E3s. HECT domain E3 ligases mediate the direct transfer of 
ubiquitin by formation of a HECT-ubiquitin intermediate, whereas RING domain E3 ligases 
facilitate the direct transfer of ubiquitin from the E2 to the substrate29,31,32. In addition to 
proteasomal-dependent protein turnover, the UPS is also involved in controlling signaling at 
the plasma membrane, endocytosis, and targeting of receptors for lysosomal degradation33. 
Different polyubiquitylation labels on the targeted proteins distinguish proteasomal or 
lysosomal degradation events; a Lysine-48-linked ubiquitin chain is a canonical signal for 
protein turnover via the proteasome, while a Lysine-63 chain attached to membrane 
receptors can act as a sorting signal towards the lysosomes33,34. IDOL is a RING-E3 ligase 
able to support Lysine-63 polyubiquitylation of the LDLR (Chapter 4), which is in agreement 
with lysosomal degradation of the receptor upon LXR activation or forced IDOL expression. 
Additionally, consistent with the self-degradation control mechanism of the majority of RING-
E3 ligases29,35, IDOL is also subject to auto-ubiquitylation and degradation in the proteasome 
(Chapter 2 and 7).  
 The ability of IDOL to stimulate formation of differently linked ubiquitin chains is due 
to its partnering with specific E2 enzymes. In fact, the specificity of the ubiquitin chain linkage 
is controlled by the E2 components of the UPS36. The human genome encodes 
approximately 40 E2s37; these enzymes dictate the switch from ubiquitin chain initiation to 
elongation and establish the linkage of assembled chains, thereby determining the cellular 
fate of ubiquitylated proteins, in combination with their interacting E3s38,39. Some E2s can 
catalyze formation of more polyubiquitylation signals, including Lysine-63 chains and 
proteasome-sensitive chains, based on their pairing with different E3 ligases36,40.  
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Work carried in the Tontonoz lab identified members of the UBE2D1-4 as potential E2 
enzymes involved both in the ubiquitylation of the LDLR by IDOL and in the autoubiquitylation 
reaction of IDOL41. Biochemical and structural characterization of the E2–IDOL complex 
demonstrated that disruption of UBE2D activity or the interaction interface between UBE2D 
and IDOL inhibits the degradation of the LDLR and IDOL autoubiquitylation. By using an 
inducible RNAi strategy to replace endogenous ubiquitin with mutants lacking Lysine-48 or 
Lysine-63 in U2OS cells, it emerged that IDOL autoubiquitylation and LDLR lysosomal 
targeting do not rely exclusively on Lysine-48- or Lysine-63-linked chains42. Accordingly, 
UBE2D family proteins can catalyze the formation of different ubiquitin chains40, supporting 
the conclusion that the same E2 can promote substrate and E3 ubiquitylation. However, the 
reported E2 was identified through a biased screening of only 19 candidate E2 enzymes, 
based on their previous characterization as preferentially interacting with the RING-type E3 
ligases38,39. In addition, the IDOL RING domain can support in vitro, and to a lesser extent in 
vivo, generation of lysine-63 polyubiquitin chains in complex with the E2 UBC13/UEV1a, 
which specifically promotes ubiquitin conjugation through Lysine-63 linkages in the presence 
of a compatible RING E343,44 (Chapter 4 and Zhang et al.42). Therefore, it remains possible 
that additional E2 enzymes could also interact with, and regulate, IDOL and LDLR 
ubiquitylation and degradation in vivo.  
  
Regulation and reversibility of the IDOL-dependent ubiquitylation of the LDLR 
 In addition to controlling the LDLR half-life, the involvement of the UPS system in the 
regulation in the LDLR pathway via IDOL introduces two further regulatory elements in the 
mechanisms of lipoprotein uptake, namely the Deubiquitylating enzymes (DUBs) USP2 and 
USP8, and the ESCRT system for the sorting of ubiquitylated membrane cargo (Chapter 6 
and 7). Ubiquitylation is a reversible post-translational modification, and DUBs function in the 
UPS system by opposing the activity of E3 ligases50,51. To date, about 100 DUBs have been 
identified and grouped in 5 enzyme families based on their catalytic domain signature52. Most 
DUBs process ubiquitin chains into monoubiquitin, by binding two ubiquitins and cleaving the 
intermolecular isopeptide bond. Furthermore, DUBs can present high selectivity for specific 
ubiquitin-chain topologies, or show large substrate promiscuity, as in the case of USP family 
members53. Therefore, similar to their E3 counterparts, DUBs are involved in a wide range of 
physiological processes, including protein degradation, DNA repair, endocytosis and 
signaling51. 
 USP2 is the only DUB currently known to play a role in lipid metabolism. In fact, one 
of its first recognized physiological substrates is the enzyme Fatty Acid Synthase (FAS), and 
depletion of USP2 by RNA interference results in increased proteasomal degradation of 
FAS54,55. FAS is highly expressed in prostate cancer, suggesting a functional role for fatty 
acid synthesis in the growth or survival of cancer cells56-58. The identification of USP2 as a 
novel interacting partner and modulator of IDOL-mediated degradation of the LDLR (Chapter 
7) further supports a role for this DUB in regulation of cellular lipid metabolism. The findings 
reported in Chapter 7 indicate that by deubiquitylating IDOL, USP2 is able to reduce        
IDOL-dependent degradation of the LDLR, leading to increased LDLR abundance and 
enhanced cellular LDL uptake. The proposed “inactivation model” introduces the possibility 
that IDOL could be ubiquitylated in trans by another E3 ligase, and that USP2 would target 
this activating ubiquitin signal. In essence, this alternative trans-ubiquitylation event would act 
as an “ on switch”, converting IDOL to its active form that is able to promote LDLR 
degradation and auto-ubiquitylation. Under this model USP2 would act instead as the  “off 
switch”, shifting IDOL to an inactive and stable form, characterized by decreased 
autoubiquitylation and reduced ability to target the LDLR. The described mechanism 
represents an unconventional facet of the DUB-E3 regulation network. In fact, 
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deubiquitylation of E3 ligases impacts their autoubiquitylation or modification by exogenous 
E3s, generally leading to stabilization the E3 ligase and consequently, to enhanced 
ubiquitylation of its targets59,60. A conceivable alternative to this model is that in addition to 
IDOL, USP2 could also recognize and deubiquitylate the LDLR, following its ubiquitylation by 
IDOL. Several in vitro-based findings suggest that USP2 is able to hydrolyze both Lysine-48 
and lysine-63 ubiquitin chains53,61,62, both signals used in vivo by IDOL for mediating its self-
degradation and for lysosomal turnover of the LDLR (Chapter 4 and Zhang et al.42). 
Therefore, it is possible to envision a scenario in which USP2 could target in parallel both 
IDOL and the LDLR, and by doing so abolish IDOL-dependent degradation of the LDLR, in 
spite of accumulation of IDOL. Collectively, these findings underscore the importance of 
further investigating the role of USP2 and the ubiquitylation mechanisms regulating the 
activity and degradation of IDOL and LDLR, and more generally, of E3-ubiquitin ligases and 
their substrates. In addition to USP2 s substrate promiscuity and its widespread role in 
different cellular processes61,63, USP2 expression has been found to be regulated by different 
stimuli related to nutrient sensing or hormonal signaling54,64,65, but to be independent of 
SREBPs or LXRs (Chapter 7). Unveiling metabolism-dependent mechanisms governing 
expression of USP2 and consequently the IDOL-LDLR pathway would therefore increase the 
regulatory complexity of the LXR-IDOL-LDLR nexus, by potentially intertwining the LXR-
dependent sterol homeostasis with other metabolic networks and nutrient sensing signaling. 
 The second DUB enzyme regulating the LDLR pathway is USP8 (Chapter 6). 
Different from USP2, USP8 does not interact with IDOL and its action range is determined by 
its association with the ESCRT system66, placing USP8 downstream of IDOL-mediated 
ubiquitylation of the LDLR, regulating the ESCRT-dependent sorting of the ubiquitylated 
LDLR to the lysosomes, as it has been shown in the case of the EGFR67. Complementary to 
the reduced LDLR degradation observed upon USP8 overexpression in the presence of IDOL, 
silencing of USP8 increases IDOL-dependent LDLR ubiquitylation, strongly suggesting that 
USP8 directly deubiquitylates the LDLR, a step used for salvaging ubiquitin prior to lysosomal 
destruction of the receptor68. However, the USP8-dependent control of the LDLR 
ubiquitylation status could also be an indirect consequence of perturbing USP8 expression. In 
particular, two mechanisms could be plausible:  
(1) USP8 can also modify the ubiquitylation state of ESCRT components66. Therefore, 
perturbing USP8 levels in the cell could result in ESCRT machinery functional impairment 
and blockage of ubiquitylated cargo transport to the lysosomes. 
(2) USP8 downregulation may result in increased accumulation of ubiquitylated proteins at 
the level of the early endosomes and consequent congestion of the ESCRT-mediated sorting. 
In support of these scenarios, both knockdown of overexpression of USP8 were found to 
inhibit IDOL-mediated degradation of the LDLR, instead of providing opposite phenotypes 
(Chapter 6 and Scotti et al.68). 
 Importantly, the discovery of ESCRT-USP8-based sorting of the LDLR following its 
ubiquitylation by IDOL adds an alternative internalization route for IDOL-sensitive lipoprotein 
receptors independent of the well-established clathrin-mediated endocytosis pathway, initially 
postulated and characterized by Brown and Goldstein (Chapter 1). Different lines of evidence 
illustrate that IDOL is able to recognize and ubiquitylate a lipid raft-localized LDLR pool in the 
plasma membrane, and through the engagement of the endocytic adaptor Epsin, initiate 
sorting of the LDLR through the ESCRT system, to route the receptor for degradation 
(Chapter 6 and Scotti et al.68). The ESCRT is a conserved multi-complex machinery with a 
critical role in mediating sorting of ubiquitylated membrane proteins for lysosomal 
degradation69. Ubiquitin-mediated degradation of membrane proteins is a general cellular 
quality control mechanism for misfolded receptors and for the attenuation of receptor-
mediated signaling pathways33,70,71. Internalization of these proteins by endocytosis leads to 
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their localization in endosomes, which can form a platform for assembly of the ESCRT 
machinery on their cytosolic-facing membrane as a means to capture ubiquitylated cargo. 
This serves to prevent cargo recycling to the plasma membrane or retrograde trafficking69. 
Subsequently, the ESCRT activity results in generation of endosomal invaginations where the 
cargo is sorted into, leading to the formation of Multi-Vesicular Bodies (MVBs)72,73. In the last 
step of this sorting process, MVBs release their content into late endosomes/lysosomes 
eventually leading to degradation of the sorted cargo proteins69,73. 
 In agreement with this series of events, hampering the activity of different 
components of the ESCRT interferes with MVB-dependent lysosomal degradation of the 
LDLR (Chapter 6 and Scotti et al.68). Recent evidence suggests that N-myc downstream-
regulated gene 1 (NDRG1), a protein known to interact with components of the vesicular 
trafficking74,75, is a novel regulator of MVBs biogenesis and IDOL-dependent endosomal 
trafficking of the LDLR, further emphasizing the role of IDOL in controlling LDLR trafficking 
and degradation through the ESCRT system. Consistent with the selective role of the ESCRT 
in recognition and trafficking of ubiquitylated membrane proteins, the PCSK9 route for LDLR 
degradation does not require ubiquitylation of the receptor and is independent of the 
ESCRT76; rather, PCSK9 induces LDLR internalization in clathrin-coated pits, similar to the 
receptor-mediated lipoprotein uptake77,78.Taken together, these findings confirm that IDOL 
and PCSK9 define independent but complementary pathways for regulating LDL uptake via 
lysosomal degradation of the LDLR.  
 
What is the substrate specificity of IDOL? 
 While E2s, DUBs and the ESCRT are involved in the regulation of a broad spectrum 
of substrates through the UPS, E3 ligases determine the specificity of ubiquitylation by 
means of interaction with a restricted set of protein targets30. The RING domain of IDOL is 
necessary and sufficient for establishing IDOL as a bona fide E3 ligase45. Yet, it cannot 
promote ubiquitylation of the LDLR in vivo, indicating that the functional requirements for the 
interaction of IDOL with the LDLR are not embedded within the RING. Rather, the ability of 
IDOL to specifically ensure degradation of the LDLR through its E3 ligase activity depends on 
the presence the N-terminal FERM domain, critical for the interaction between IDOL and the 
intracellular tail of the LDLR and the two other lipoprotein receptors targeted by this E3 ligase, 
VLDLR and ApoER2 (Chapter 3 and Chapter 4). Currently, no protein structure of the intact 
IDOL, either in the absence or in the presence of its substrates, is available; therefore, all the 
structural analysis of the IDOL-lipoprotein receptor network relies on the generation of 
structural homology models, based on other known FERM structures or on the PTB domain 
of DAB1 binding to the ApoER2 cytosolic tail (Chapter4 and Calkin et al.46). The findings 
presented in Chapter 3 and 4 illustrate two key features of the FERM-dependent recognition 
by IDOL46:  
(1) The critical role of conserved amino acid residues within the FERM s PTB motif in forming 
the interaction interface with the LDLR; this functional conservation is extended to the insect 
homologs of IDOL and LDLR, DNR1 and LpR respectively, as described in Chapter 3.  
(2) The identification of a conserved WxxKNxxSI/MxF sequence in the LDLR, VLDLR and 
ApoER2 cytosolic tails as an IDOL recognition motif. This sequence contains all the structural 
requirements for the interaction between these receptors and the FERM domain of IDOL, and 
it is located upstream of the key conserved Lysine targeted by IDOL for ubiquitin conjugation.   
These observations support the hypothesis of a direct interaction between the FERM and the 
LDLR, directly confirmed in vitro using fluorescence polarization assays to monitor binding of 
the FERM domain to a synthetic fluorescent LDLR peptide46. The high FERM-dependent 
substrate specificity of IDOL further strengthens the concept that the IDOL-mediated turnover 
of these receptors is a conserved mechanism dedicated to the regulation of lipoprotein 
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metabolism. Yet, since most E3 ligases have multiple targets one can question whether IDOL 
has additional ubiquitylation targets beyond lipoprotein receptors? The myosin regulatory light 
chain protein (MRLC) has been also proposed as a potential IDOL target in neuronal cells47 
and cardiomyocytes48 (Chapter 2). In fact, IDOL is also known as MYLIP, or MRLC-
interacting protein, and it has been reported to inhibit nerve growth factor-driven neurite 
outgrowth in neuronal cells following ubiquitin-dependent degradation of MRLC47,49. 
Alternatively, transcriptome analysis of 17 -estradiol-treated human myocardium identified 
IDOL/MYLIP as a sex-specific estrogen-responsive gene stimulating MRLC ubiquitylation and 
degradation in vivo48. IDOL-dependent MRLC degradation has not been observed in the 
course of the identification of IDOL as a novel modulator of LDLR in non-neuronal cells11, 
however it remains possible that IDOL could hold additional targets and functions in different 
tissues and cell types.  
 
Does IDOL have a physiological relevance in LDL metabolism? 
 The functional and molecular characterization of the LXR-IDOL-LDLR nexus 
described in this thesis has deepened our understanding of the LDLR pathway and the 
complexity of its regulation. By modulating the levels of the LDLR, IDOL s activity ultimately 
controls cellular uptake of LDL-cholesterol. Activation of the LXR pathway, or exogenous 
expression of IDOL in the cell consistently results in substantial decrease of LDL 
internalization11 (Chapters 5-7); opposite to this, silencing of IDOL11, or attenuation of its 
activity by mutagenesis or by USP2 (Chapters 5 and Chapter 7), restores functional LDL 
uptake, due to decreased LDLR degradation.  However, these functional studies are largely 
based on biochemical assays and in vitro observations made in model cell lines. Therefore, 
the physiological role of IDOL in LDL-cholesterol metabolism remains to be fully addressed. 
Gain-of-function experiments in mice show that IDOL is able to degrade the LDLR and 
decrease LDL clearance in vivo11, while reduced IDOL expression due to genetic loss of 
LXRs leads a minor increase in hepatic LDLR content11 (Chapter 2). Recently, the 
generation of Idol(-/-) mice has been reported76; while their metabolic phenotype has not been 
described yet, Idol(-/-) embryonic stem cells were shown to have increased LDLR protein 
levels, enhanced LDL internalization, and to be insensitive to LXR-mediated degradation of 
the receptor76. These effects were observed in spite of a functional SREBP pathway, in line 
with the fact that statins could still upregulate LDLR expression in Idol-null cells. Intriguingly, 
IDOL was amongst the few novel genes identified through GWAS studies as a modifier of 
circulating levels of LDL in humans2,79-81 (Chapter 2). By screening individuals with extreme 
LDL phenotypes in the Dutch population, we recently reported the identification of the IDOL 
variant p.Arg266X in individuals with low circulating levels of LDL, representing the first 
complete loss-of-function IDOL allele in humans (Chapter 5). In spite of our study design, our 
screening approach did not result in identification of gain-of-function mutations of IDOL. 
Given the limited number of individuals we screened it is possible that our approach lacked 
sufficient power to identify rare gain-of-function IDOL variants, which may be found through a 
larger sequencing effort. Alternatively, gain-of-function IDOL variants may not exist or be 
exceedingly rare, particularly taking into account the potency of IDOL activity in human cells, 
including hepatocytes. In spite of this, the genetic and molecular findings obtained so far on 
the LXR-IDOL-LDLR nexus support the notion of a role for IDOL in controlling the LDLR 
pathway and LDL-cholesterol metabolism in vivo. 
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Future perspectives 
 

This thesis describes the molecular and functional characterization of IDOL, an LXR-inducible 
E3-ubiquitin ligase that marks the LDLR for lysosomal degradation by ubiquitylation. The 
ubiquitin system is involved in all cellular processes, and not surprisingly, forms an extended 
regulation network in sterol homeostasis by controlling the fate of HMGCR and other key 
components of the cholesterol biosynthesis pathway82-84. By controlling the LDLR pathway for 
cellular uptake of LDL-cholesterol, the LXR-IDOL-LDLR axis further establishes the ubiquitin 
system as a post-translational regulator of lipid metabolism.  
 IDOL is a unique member within the E3-ubiquitin ligase family, being the only E3 
combining the two functional domains FERM and RING. This allows IDOL to recognize with 
exquisite specificity a subset of lipoprotein receptors (Chapter 3 and Calkin et al.46). 
Following the initial report on the role of IDOL in controlling LDLR abundance11, a profound 
characterization of the IDOL s functional domains and of the LDLR has elucidated key 
structural patterns, interaction and catalytic mechanisms underlying the IDOL-LDLR network 
(Chapter 4 and Zhang et al.41). These domain-based findings warrant further investigation 
aimed at solving the structure of the full-length IDOL, also in complex with its substrates, to 
achieve a better understanding of the degradation mechanism stimulated by IDOL.  
 Importantly, the characterization of the LXR-IDOL-LDLR pathway has also led to the 
finding that IDOL s function can be regulated independently of transcriptional control by LXR. 
The identification of USP2 as a novel component of the IDOL-LDLR pathway (Chapter 7) 
indicates that IDOL can be regulated at the post-transcriptional level and that inhibition of its 
activity increases LDLR and cellular LDL uptake. Together with the ESCRT-USP8 dependent 
sorting of ubiquitylated LDLR (Chapter 6 and Scotti et al.68), these findings substantiate the 
role of DUBs in controlling the LDLR pathway in conjunction with IDOL. Further investigation 
might unveil additional mechanisms that regulate the IDOL-LDLR nexus and their impact on 
LDL metabolism. 
 In spite of this extended molecular understanding of the IDOL-LDLR pathway, 
whether IDOL physiologically contributes to maintenance of circulating levels of LDL is still 
unclear. A large body of evidence on LXR activation and IDOL gain- or loss-of-function in 
cells and mice indicates that IDOL modulates the LDLR pathway. This thesis presents, for the 
first time, evidence that loss-of-IDOL function in humans may impact LDL metabolism 
(Chapter 5). In this study we identified a mutation in IDOL resulting in complete loss of its 
E3-ubiquitin ligase activity in Dutch carriers with low circulating levels of LDL-cholesterol. 
Extending the search for genetic variation in loci associated with plasma LDL to larger 
cohorts and in different populations could potentially lead to the identification of novel 
mutations altering IDOL function, further establishing its physiological relevance.  
 Given that elevated levels of plasma LDL increase the risk for developing 
atherosclerosis and cardiovascular disease, characterization and pharmacological targeting 
of cellular pathways controlling LDLR abundance and LDL clearance may allow development 
of novel strategies for treating dyslipidemia, complementary to statins85. Inhibition of PCSK9 
is being extensively investigated in clinical trials, and there are now numerous clinical studies 
demonstrating that blocking PCSK9-mediated LDLR degradation substantially decreases 
circulating LDL levels12-18. The research presented in this thesis supports investigating 
strategies to inhibit IDOL activity or expression in addition to PCSK9 and statin-based therapy. 
The findings of Chapter 5 and the observation that Idol(-/-) embryonic stem cells possess an 
enhanced, LXR-insensitive, LDLR pathway for uptake of LDL76, suggest that RNAi technology 
could be used, for instance, to reduce expression of IDOL in the liver and increase LDLR 
levels, similar to PCSK9 repression15. Alternatively, pharmacological inhibition of IDOL 
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catalytic activity, or blocking the IDOL-E2 or IDOL-LDLR interactions could be used to 
achieve this goal. 
  E3-ubiquitin ligases represent one of the largest protein families in the mammalian 
genome. Due to their exquisite substrate specificity they are the subject of heated 
investigations aimed at developing highly specific drugs that target their activity86,87. In view of 
IDOL s unique role in controlling the LDLR pathway, the mechanistic understanding of IDOL 
function and regulation, and the seemingly narrow substrate specificity of IDOL, this E3 would 
be a prime candidate to target for lowering circulating levels of LDL cholesterol. Inhibition of 
hepatic IDOL activity is predicted to increase LDLR abundance in the liver and to enhance 
hepatic LDL-cholesterol clearance. Importantly, the experiments described in this thesis show 
that treatment of cells with statins does not impact the LXR-IDOL pathway, in agreement with 
the observation that loss of IDOL enhances the statin-mediated increase of LDLR and LDL 
uptake11,76. This again illustrates the independent nature of SREBPs and LXRs in modulating 
the LDLR pathway and reinforces the concept that inhibition of IDOL could be complementary 
to current statin-based treatment of hypercholesterolemia. 
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