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CHAPTER 1
        General Introduction And Scope Of The Thesis
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General introduction: the LDLR pathway 

 
 Cholesterol is an essential lipid component of cellular membranes, diverse cellular 
processes, and signalling pathways. Its 27-carbon tetracyclic structure provides cholesterol 
with the rigidity, planarity and hydrophobic nature essential for it to integrate into cellular 
membranes, thereby regulating their fluidity. Together with sphingolipids, cholesterol can 
concentrate into so-called lipid rafts, which act as molecular platforms for a diverse array of 
signaling processes at the plasma membrane1,2. In the central nervous system cholesterol is 
the main structural constituent of the myelin coat that envelops neuronal axons3. As a 
metabolic precursor, cholesterol is key to the synthesis of oxysterols, steroid hormones, bile 
acids, and for the production of Vitamin D4. Cells can obtain cholesterol either from de novo 
synthesis, or by uptake of exogenous cholesterol-rich lipoproteins. In his seminal work, for 
which he was awarded the Nobel Prize in Physiology or Medicine in 1964, Konrad Bloch 
characterized the cholesterol biosynthetic pathway and asserted that the process can be 
divided into 4 simple steps: “acetate > isoprenoid intermediate squalene > cyclization product 
> cholesterol”5. Subsequent studies revealed that this “simple” stepwise process is highly 
complex, requiring an intricate series of more than 20 reactions, energy and oxygen in order 
to convert acetate to the cyclic structure of cholesterol6. 

HMG-CoA reductase (HMGCR) is a key enzyme in the process, and generation of 
mevalonate by this enzyme is a rate-limiting step in the synthesis of cholesterol7. In essence, 
all mammalian cells are capable of synthesizing cholesterol and sensing the level of 
intracellular sterol in order to regulate cholesterol production. Yet, cholesterol biosynthesis is 
metabolically demanding and requires the coordinated action of multiple enzymes. For this 
reason, in multicellular organisms cells have also developed specialized pathways to take up 
extracellular cholesterol, which is carried in the form of lipoproteins. Lipoproteins are 
spherical particles composed of a central core of non-polar lipids such as cholesterol esters 
and triglycerides, and a surface monolayer of phospholipids, free cholesterol and 
apolipoproteins. Lipoprotein metabolism is a complex sequence of assembly, secretion, 
processing and catabolism, mainly occurring in the intestine and the liver8. The two major 
circulating lipoproteins found in plasma are the low-density lipoprotein (LDL) and the high-
density lipoprotein (HDL)9-11. Whereas the former serves to deliver cholesterol to cells/tissues, 
the latter is used to export excess cholesterol for subsequent biliary excretion. 
Hypercholesterolemia is a pathological condition characterized by an increased level of 
circulating plasma cholesterol and elevated risk for coronary artery disease12,13. Particularly, 
elevated circulating levels of LDL-cholesterol are an established risk factor for development 
of atherosclerosis and cardiovascular disease14-16.  

The maintenance of cholesterol homeostasis is subject to tight multi-level regulation, 
reflecting a finely tuned balance between dietary uptake, endogenous synthesis, cholesterol 
efflux and removal from the body17. At the cellular level, sterol levels are mainly controlled by 
two families of transcription factors, the Sterol Regulatory Element–Binding Proteins 
(SREBPs) and the Liver X receptors (LXRs)18,19. Acting as intracellular sensors, SREBPs are 
activated when intracellular levels of cholesterol drop to induce the full set of genes required 
for its biosynthesis17. Additionally, SREBP increase the level of the LDL-receptor as a means 
to acquire exogenous cholesterol (see below). Conversely, when cellular sterol content 
increases, oxysterols, oxidized forms of cholesterol, bind and activate LXRs to induce 
cholesterol efflux pathways, which are largely dependent on increased levels of the 
cholesterol efflux transporters of the ABC family, ABCA1 and ABCG1 (Figure1).  
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Figure1 I Schematic representation of the SREBP and LXR pathways in cholesterol homeostasis. Under 
conditions of low cellular sterols, SREBPs, normally residing in the ER membrane, are processed and translocate to 
the nucleus to induce expression of HMGCR and all the other genes of the mevalonate pathway to stimulate 
cholesterol biosynthesis. Under conditions of high cellular sterols, SREBP processing and maturation is inhibited and 
oxysterols bind to LXRs in the nucleus, inducing genes involved in cholesterol efflux and removal from the cell. 
 
 
Discovery of the LDLR and the SREBPs 

In an attempt to understand the molecular mechanisms underlying familiar 
hypercholesterolemia (FH), Brown and Goldstein studied fibroblasts and found that 
cholesterol biosynthesis (i.e. HMGCR activity) was subject to feedback regulation once LDL 
was added to the cell20. Unlike LDL, HDL could not attenuate cholesterol synthesis, which led 
them to propose the existence of a receptor-mediated event for uptake of LDL. In 1974 the 
existence of the LDL Receptor (LDLR) was demonstrated, and in 1985 the LDLR gene was 
cloned21-23. In that same year Brown and Goldstein were awarded the Nobel Prize for 
Physiology and Medicine for their discoveries related to the LDLR. In a series of studies they 
demonstrated that LDLR bound LDL is internalized into endosomes, and that as a result of 
the decrease in pH along the endosomal compartment, the complex dissociates allowing 
sorting of the LDLR back to the cell surface and trafficking of LDL to the lysosome 24,25. Once 
in the lysosome, LDL releases its lipid content of 1600 molecules of cholesterol9,26, thus 
representing a highly efficient and robust mechanism for cells to acquire substantial amounts 
of cholesterol.  
The elucidation of this pathway also led to another seminal finding: in parallel to a decreased 
sterol synthesis rate, LDL uptake also induced repression of LDLR expression27-29. This 
implied the involvement of a sterol-responsive transcriptional regulator controlling both 
cholesterol synthesis and uptake in the cell. In 1993, the SREBPs were identified as the 
transcription factors controlling lipid homeostasis in vertebrate cells17,18,27.  

SREBPs are normally synthetized as inactive precursors residing in the Endoplasmic 
Reticulum (ER) membrane. The SREPBs are retained in the membrane due to formation of a 
tripartite complex with SREBP Cleavage Activating Protein (SCAP) and Insulin-Induced Gene 
(INSIG) proteins. Formation of this complex is largely governed by the cholesterol content of 
the ER membrane, which is sensed by a sterol-sensing-domain (SSD) present in SCAP. 
When cellular cholesterol levels decline30, SCAP undergoes a conformational change which 
releases INSIG allowing the SCAP-SREBP complex to associate with COPII vesicles 
destined for the Golgi apparatus31. In this compartment SREBPs undergo two sequential 
proteolytic cleavages, mediated by the proteases Site-1 protease (S1P) and Site-2 protease 
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(S2P) to release their N-terminal fragments, constituting the active transcription factors18. 
These rapidly translocate to the nucleus to activate transcription of target genes32. SREBPs 
are encoded by two genes, which generate three different isoforms: SREBP1a, SREBP1c 
and SREBP233. SREBP1c regulates expression of genes primarily related to fatty acid 
metabolism34, whereas the cholesterol biosynthesis pathway and the LDLR expression are 
largely controlled by SREBP228,35. SREBP1a can regulate expression of both cholesterol- 
and fatty acid-related genes. SREBPs regulate expression of the LDLR by binding to a 
specific Sterol Regulatory Element (SRE) in the LDLR proximal promoter36.  Maximal 
activation of LDLR transcription requires also the cooperative action of the transcription factor 
Sp137. In addition to regulation by SREBPs, recent studies found that hormones38, growth 
factors39, cytokines40, and second messengers such as cyclic AMP41 can also regulate 
transcription of the LDLR, likely through a Sterol-Independent Regulatory Element (SIRE) 
present in the LDLR proximal promotor42. The physiological significance and implication of 
sterol-independent regulation of the LDLR are not immediately obvious and will require 
further study. However, in the context of cholesterol homeostasis transcriptional regulation of 
LDLR expression by SREBPs is the major transcriptional mechanism controlling LDLR 
abundance. In fact, SREBP-mediated regulation of LDLR is also the underlying mechanism 
behind the therapeutic effects of the statin family of drugs used in lowering plasma LDL-
cholesterol in individuals at risk for cardiovascular disease9. By inhibiting HMGCR, statins 
decrease endogenous cholesterol biosynthesis. This in turn leads to SREBP processing and 
activation, which ultimately results in increased hepatic LDLR expression and LDL uptake, 
therefore re-establishing whole-body cholesterol homeostasis43,44(Figure 2). 

 

 
Figure 2 I The LDLR pathway in cholesterol homeostasis. In addition to cholesterol biosynthesis, SREBP2 
activation promotes expression of the LDLR, increasing the uptake of exogenous LDL. LDLR-mediated uptake of 
LDL requires clathrin-dependent endocytosis, and is followed by recycling of the receptor back to the plasma 
membrane. The internalized LDL particle traffics to the lysosome where its cholesterol content is released. By 
inhibiting endogenous cholesterol synthesis, statins further stimulate activation of SREBPs, resulting in enhanced 
LDLR expression and LDL uptake.  
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In addition to the groundbreaking advances in the field of lipid metabolism regulation, 
the discovery of the LDLR launched a whole new branch in the field of cell biology, by 
introducing the concept of receptor-mediated endocytosis, in which internalization of specific 
molecules is achieved through their binding to membrane receptors displayed on the cell 
surface. The endocytosis of LDL via the LDLR has served as a paradigm for receptor-
mediated endocytosis since its initial description by Brown and Goldstein45.  More importantly, 
their studies revealed clustering of the LDL receptors in coated pits46,47, whose essential 
protein constituent, clathrin, was identified in 1976 by Barbara Pearse48(Figure 2). Brown 
and Goldstein s work on a unique FH individual, known as J.D., homozygote for a mutation in 
the LDLR, revealed the presence of the tetrameric motif NPVY (Asn-Pro-Val-Tyr) in the 
intracellular tail of the receptor, whose integrity is essential for the internalization of the LDLR 
in the clathrin-coated vesicles49. This concept holds also for other receptors containing the 
clathrin-endocytosis motif NPxY50. Therefore, clathrin-dependent endocytosis is the most well 
studied and characterized internalization pathway, and is a vital process in LDLR-mediated 
uptake of LDL, hormones and signaling molecules51,52. 

Scope of the thesis 
Brown and Goldstein s pioneering work on the “LDLR pathway”, described above, 

laid the groundwork for the characterization of the molecular mechanisms governing cellular 
cholesterol homeostasis (e.g. the LDLR and SREBP pathways), supported the functional 
analysis of genetic mutations in the LDLR pathway underlying FH and the biochemical 
characterization of the LDLR protein and its functional domains16,53,54. Finally, their studies 
provided initial and clear evidence for a selective uptake process known as receptor-
mediated endocytosis, and fueled the research on the post-transcriptional events controlling 
the LDLR function, endocytosis, and abundance, accounting for the exquisite fine-tuning of 
intracellular cholesterol homeostasis9. In particular, in the last 10 years of research on the 
LDLR pathway, post-transcriptional mechanisms of protein degradation have emerged as key 
modulators of LDLR half-life and function. In 2003, Abifadel et al. found missense mutations 
in three families with autosomal dominant hypercholesterolemia and premature 
cardiovascular disease, all localized in the gene coding for the protease Proprotein 
Convertase Subtilisin-like/Kexin type 9 (PCSK9)55. PCSK9 is a secreted protease that 
interacts with the LDLR extracellular domain and thereby induces lysosomal degradation of 
the receptor56. In 2009, in search for novel LXR target genes that would impact cholesterol 
homeostasis, Zelcer et al. identified a new post-translational modulator of LDLR, Inducible 
Degrader of LDLR (IDOL)57. By acting as an E3-ubiquitin ligase, IDOL interacts with, and 
promotes ubiquitylation of the intracellular tail of the LDLR, marking it for rapid removal from 
the plasma membrane and for subsequent lysosomal degradation.  

The contribution of these newly discovered degradation pathways to the regulation of 
the LDLR pathway is reviewed in Chapter 2, with a focus on the discovery and initial 
characterization of the IDOL-dependent pathway for LDLR degradation. The following 
chapters encompass the advances in the molecular and functional characterization of the 
LXR-IDOL-LDLR nexus, the main research focus of this thesis. 

Chapter 3 reports the identification of two additional members of the LDLR family, 
VLDLR and ApoER2, as targets of the E3 ligase IDOL. Degradation of these receptors by the 
LXR-IDOL axis is shown to have functional consequences for the Reelin signaling pathway, a 
pathway important in neuronal migration. In addition, it is shown that IDOL-mediated 
degradation of LDLR family members is an evolutionarily conserved mechanism to modulate 
lipoprotein uptake. 
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Chapter 4 describes the first functional and biochemical characterization of the 
FERM and RING domains of IDOL, demonstrating that IDOL is a bona fide E3 ubiquitin 
ligase. Using structural modeling this study developed the first map of the interaction 
interface between the FERM domain of IDOL and the LDLR intracellular tail, which accounts 
for the specificity of IDOL towards the LDLR. 

Chapter 5 reports the first genetic evidence, supported by biochemical and 
molecular analysis, that a loss of function IDOL variant in human individuals could be linked 
to increased clearance of plasma LDL cholesterol. These findings provide support for the 
notion that IDOL plays a role in regulating LDL metabolism in humans and that inhibiting 
IDOL activity may be a novel therapeutic strategy to lower circulating levels of LDL.  

Chapter 6 expands the Brown and Goldstein s concept of receptor-mediated 
endocytosis for the LDLR by reporting that the LXLR-IDOL axis defines a novel internalization 
mechanism for the receptor that is distinct from the “classic”, clathrin-dependent one. Rather, 
IDOL promotes internalization of the LDLR in a clathrin-, caveolae-, and dynamin-
independent manner, which requires sorting of the ubiquitylated receptor by the ESCRT 
endosomal sorting system. 

Chapter 7 reports the identification of the Deubiquitylating enzyme USP2 as a novel 
interacting partner of IDOL. Genetic, molecular and biochemical evidence suggests that 
USP2 is a post-translational regulator of IDOL abundance and activity, with functional 
implications in the modulation of LDL uptake by the LDLR.  
   Chapter 8 summarizes the findings presented in this thesis on the LXR-IDOL-LDLR 
pathway, and suggests new directions for future research in this field.  
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