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8| Chapter 1
Cargo recycling
The endocytic system consists of distinct membrane compartments that act mutually to
regulate the cell surface levels of integral membrane proteins and lipids (also referred to
as cargos). Controlling the composition of the cell surface is essential for the regulation of
various biological processes, including nutrient transport, cell signaling and cell migration,
and ultimately response to intracellular and environmental changes (1).
The recycling pathway is one of the crucial endocytic trafficking steps in the regulation of
cell surface levels of cargos. Recycling starts after internalization of extracellular solutes,
proteins and lipids by endocytosis. Following endocytosis, the cargos are transferred to early endosomes, from whence they can be sorted to various subcellular destinations. Cargos
targeted for degradation are transported to the lysosomes. Cargos not marked for degradation are retrieved from the degradative fate and subsequently recycled back to the cell
surface or transported to the trans-Golgi network (TGN), a process also known as retrograde
transport (1-4) (Fig. 1). Although it was previously assumed that cargo recycling occurs as an
unspecific bulk process, recent studies have unveiled that specific rescue of cargos from the
lysosomal fate is based on cargo sorting motifs (5, 6).
Retromer – Retrieval of cargo from lysosomal degradation
A central player in the process of cargo recognition at the early endosomes to prevent lysosomal degradation is retromer (7-9) (Fig. 2A). Retromer was originally identified in yeast,
where it exists as a heteropentamer of five vacuolar protein sorting (Vps) proteins (10).
These five Vps proteins form two subcomplexes: the cargo-selective complex consisting of
Vps26, Vps29 and Vps35, and a SNX-BAR heterodimer consisting of Vps5 and Vps17, which
facilitates endosomal tubule formation (10, 11). The cargo-selective trimer is evolutionary
highly conserved, and its composition is essentially identical in higher eukaryotes compared
to yeast (12, 13). However, in higher eukaryotes the cargo-selective trimer and the SNXBAR dimer can independently sort various cargos (14, 15), suggesting individual roles of the
two sub-complexes in higher eukaryotes (16, 17). Therefor, in higher eukaryotes retromer is
defined to consist of only the cargo-selective VPS26/VPS29/VPS35 trimer, and the SNX-BAR
dimer is considered to function as an independent protein complex, based on the transient
interaction of these complexes.
To provide specificity to endosomal cargo sorting, retromer associates with cargo specific
adaptors, such as adaptor proteins SNX27 and SNX3, which recognize specific sorting motifs.
For example, SNX27 recognizes PDZ ligands, such as β2 adrenergic receptor (18), and SNX3
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Figure 1. Sorting pathways of the endosomal
network. Cargos are endocytosed and
sorted from the early endosomes to various
subcellular destinations. Cargos targeted for
degradation are sorted first into intraluminal
vesicles (ILVs) and after endosomal
maturation arrive in late endosomes/
multivesicular bodies (MVBs). Finally, after
fusion of MVBs with lysosomes the cargos
are degraded. Cargos that are retrieved from
the degradation pathway are either recycled
back to the plasma membrane, or can be
transported back to the trans-Golgi network
(TGN), a process also known as retrograde
transport.

1

recognizes ØX(L/M) motifs (Ø represents an aromatic residue) within transmembrane proteins, such as the cation transporter DMT1-II (19). Interestingly, adaptor proteins also affect
the subcellular localization of retromer. When retromer interacts with SNX-BAR proteins,
the complex resides mainly on non-branched tubules (20), whereas the SNX3-retromer
complex resides on small clathrin coated vesicles (21).
Together these studies show that retromer is a promiscuous protein complex, which provides specificity to cargo recycling by associating with various adaptor proteins to facilitate
trafficking of cargos with different sorting motifs to multiple subcellular destinations.
The CCC complex – A selective cargo recognition complex
Like retromer, the CCC complex resides on early endosomes and is involved in retrieval and
recycling of multiple cargos, including the low-density lipoprotein receptor (LDLR), the copper transporting P-type ATPase ATP7A, Notch and α5β1-integrin (22-26). The core of the
CCC complex consists of the coiled-coil domain-containing proteins CCDC22 and CCDC93
(24) (Fig. 2B). Although C16orf62 (later renamed to VPS35L) was originally considered to
be a core component of the CCC complex, recent work suggests that C16orf62/VPS35L participates in retriever, a separate heterotrimeric protein complex consisting of C16orf62/
VPS35L, DSCR3 (later renamed to VPS26C) and VPS29 (27) (Fig. 2C).
The core of the CCC complex is decorated with a combination of proteins of the COMMD
family; a family of proteins consisting of ten members (COMMD1-10). COMMD proteins are
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Figure 2. Composition of the protein complexes in the endosomal sorting pathway. Composition of the multiprotein complexes: (A) retromer, (B) the CCC complex, (C) retriever and (D) the WASH complex. C1-C10 = COMMD110, W1-W5 = WASHC1-5.

ubiquitously expressed and are highly conserved throughout evolution (28, 29). COMMDs
are characterized by the COMM domain, and are present in all vertebrates, with significant
conservation among mammals and fish (28). COMMD1, the founder of the COMMD family,
has originally been identified as the gene underlying copper toxicosis (CT) in dogs (30). CT
is a hepatic copper storage disorder caused by impaired copper excretion into the bile. It
has been suggested that COMMD1 regulates hepatic copper homeostasis through the interaction with the copper transporting P-type ATPase ATP7B (31). ATP7B transports excess
hepatic copper into the bile, and the overall topologies and structures of ATP7B are very
similar to ATP7A, and the proteins are highly homologous (33). A recent study showed that
COMMD1 acts in concert with the WASH (Wiskott-Aldrich syndrome protein and scar homolog; see also paragraph 1.4) complex to facilitate the endosomal transport of the copper
transporting P-type ATPase ATP7A (24, 32). Therefore, it is plausible that COMMD1 is also
required for the endosomal transport of ATP7B. Loss of COMMD1 could result in defects
in intracellular transport of ATP7B and, consequently, in impaired ATP7B-mediated biliary
copper excretion (30, 32).
COMMDs are vital for embryonic development in mice, as depletion of Commd1, Commd6,
Commd9 or Commd10 results in embryonic lethality (23, 34-36). Interestingly, these embryos die at different stages of gestational development, suggesting that the COMMD proteins
control specific biological processes. This hypothesis is strengthened by multiple studies.
Firstly, although all ten COMMD proteins can interact with each other through their COMM
domain (28, 37), specific COMMD combinations are preferential; for instance COMMD10
binds preferably to COMMD2 and COMMD5, whereas COMMD9 only weakly binds to COMMD6 (38). Secondly, endosomal sorting of multiple cargos is only dependent on specific
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COMMD proteins; not all COMMDs can bind to ATP7B, and proper Notch levels at the cell
surface rely only on the expression of COMMD5 and COMMD9 (23). Altogether, these studies suggest that the CCC complex is a transitive protein complex in receptor sorting, with a
composition that is likely circumstance and cargo specific.

1

WASH – Targeting of endosomal cargo
After endocytosis, endosomal cargo transport is further facilitated by the WASH complex
(39). WASH is a pentameric protein complex, consisting of components WASHC1-5 (40-45)
(Fig. 2D). In mouse embryonic fibroblasts (MEFs) and Drosophila, depletion of individual
WASH components results in downregulation of all WASH proteins, suggesting that the
WASH components function interdependently to maintain the integrity and the function of
the complex (46, 47).
WASH is recruited to the endosomes via an interaction between the “tail” domain of
WASH component WASHC2 and retromer component VPS35 (26, 48). In turn, WASH recruits the CCC complex via an interaction between CCDC22/93 and WASHC2 (24, 26). Next
to VPS35-dependent endosomal recruitment of WASH, a recent study proposed that the
endosomal localization of the WASH complex can be VPS35-independent (27), possibly due
to a direct interaction between the WASH complex and negatively charged endosomal lipids
(27, 40).
WASH provides morphological stability to endosomal and lysosomal structures (40, 44, 45,
47). In line, endosomes of WASH-deficient MEFs are collapsed and exhibit various atypical
morphologies, including clusters, vacuolar-like structures, and short actin-free sorting tubules (47). Depletion of WASH in MEFs also results in collapsed and aggregated lysosomes
(47), and both endosomes and lysosomes are localized to the perinuclear region WASH-deficient MEFs (47).
Along with its role in overall endo-lysosomal organization, WASH contributes to the segregation of endosomal retrieval and degradative domains. WASH acts a nucleation-promoting
factor (NPF) by recruiting and activating the actin-related protein 2/3 (Arp2/3) complex (3941, 44, 45, 49-51). Arp2/3 nucleates branched actin on the endosomal membrane, forming
sorting domains. These domains restrict the lateral movement of cargos on the endosomes
and facilitate sorting of cargos away from the degradative pathway (52). Depletion of WASH
results in impaired endosomal cargo recycling leading to increased lysosomal degradation of
cargos (22, 47). Furthermore, these endosomal actin patches induce membrane curvature
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Figure 3. CCC- and WASH-mediated endosomal cargo sorting. After endocytosis, cargo is sorted at the endosomes. Recognition of cargo by retromer prevents trafficking of the cargo to the lysosomes for degradation. The
WASH complex is recruited to the endosome through an interaction of the WASH component WASHC2 with the
retromer subunit VPS35, subsequently, the WASH complex recruits the CCC complex via the binging of WASHC2 to
CCDC22/93. The WASH complex facilitates deposition of branched actin patches that form restricted endosomal
domains and induce membrane curvature, which after fission form vesicles to transport cargos back to the plasma
membrane.

and stabilize tubular micro-domains, which after fission form vesicles to transport cargos to
their final subcellular destination (Fig. 3) (40).
Altogether, in vitro studies have shown that WASH is a crucial protein complex in facilitating the transport of a plethora of membrane proteins to multiple subcellular destinations,
including retrograde endosome-to-Golgi transport of CI-MPR (45) and endosome-to-cell
surface transport of ATP7A (24), but the contribution of the WASH complex to physiological
processes remains unclear.
Diseases related to defects in the endosomal sorting machinery
As the endosomal sorting machinery is involved in proper functioning of various cellular
processes (1), disturbance of this machinery can result in a variety of clinical syndromes (Table 1). Mutations in retromer are at the basis of multiple diseases, including gastric and colorectal cancers (53), as well as multiple neurodegenerative disorders, including Alzheimer’s
and Parkinson’s diseases (54). The first indication that retromer was involved in Alzheimer’s
disease was provided when patients with Alzheimer’s disease were found to have reduced
levels of VPS26 and VPS35 in affected regions of the brain (55). Later studies indicated that
depletion of VPS35 enhances amyloid β (Aβ) production, the pathogenic fragment in Alzheimer’s disease (56).
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Multiple VPS35 mutations have been linked to Parkinson’s disease, although it is not clear
whether all variants are causative of the disease (57). The most prevalent causal variant is
VPS35 p.D620N (57). Although this variant is located within the VPS35-VPS29 binding site,
it does not affect retromer trimer formation or folding (58). Rather, WASH recruitment to
endosomes is decreased due to reduced affinity of the VPS35 D620N variant with the WASH
component WASHC2 (58, 59), ultimately resulting in hindered cargo trafficking to the Golgi,
plasma membrane and mitochondria. The D620N mutation results in impaired degradation
of the Parkinson’s disease related protein α-synuclein by preventing both autophagosome
formation (58) and retrograde trafficking of mannose-6-phosphate receptor (CI-M6PR) (60).
Furthermore, incorrect trafficking of multiple mitochondrial addressed cargos due to the
VPS35 D620N mutation results in impaired mitochondrial fusion and increased mitochondrial sensitivity to mitochondrial stressors (61), both of which are pathogenic hallmarks of
Parkinson’s disease (62). Interestingly, the VPS35 variant P316S has also been associated
with familial Parkinson’s disease (63), but characterization of this mutation in HeLa cells
showed no distinct effect on retromer trimer formation or receptor sorting (64); this could
imply that if the P316S variant is indeed the causative mutation in Parkinson’s disease, this
is due to an as of yet unidentified function of retromer.

1

Mutations in WASH components have been associated with developmental and neurological diseases. Heterozygous mutations in WASHC5 have been linked to autosomal dominant
hereditary spastic paraplegia (HSP) (65, 66). Although these mutations do not affect the
formation of the WASH complex or its endosomal localization, characterization of the HSP
causing WASHC5 p.N471D mutation showed that this variant decreased the protein levels
of the WASH components WASHC1 and WASHC2, as well as disturbed endo-lysosomal structure and defects in cell growth, phagocytosis and lysosomal function (67). WASHC4 mutations have been identified in patients with non-syndromic autosomal recessive intellectual
disability (68), while homozygous mutations in WASHC5 have been reported in patients with
Ritscher-Schinzel/3C syndrome (RSS) (69).
The biological importance of the CCC complex is reflected in X-linked intellectual disability
patients, who suffer from a severe developmental disorder caused by hypomorphic mutations in CCDC22, resulting in decreased expression of the whole CCC complex (70, 71).
Beyond developmental and neurological defects, XLID patients also suffer from increased
serum copper and ceruloplasmin levels (24), likely due to impaired endosomal trafficking
of ATP7B. Our recent work suggests that mutations in CCDC22 lead to impaired recycling
of the low-density lipoprotein receptor (LDLR) (22), the key receptor for the clearance of
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Gene

CCDC22

WASHC4

WASHC5

WASHC5

VPS35

Protein
complex

CCC
complex

WASH
complex

WASH
complex

WASH
complex

Retromer

Ritscher–Schinzel/3C
syndrome

Hereditary spastic
paraplegia

p.Leu619Phe
p.Val626Phe
p.Gly696Ala
p.Leu1009Phefs
p.His599Arg
p.Met607Val
p.Asp620Asn
p.Leu774Met
p.Glu787Lys

c.3335+2T>A
c.3335+4C>A
c.3335+8A>G

p.Arg171Ter
p.Arg228Ter
p.Tyr235Terfs
p.Asn471Asp

p.Pro316Ser
p.Tyr507Phe
p.Arg524Trp
p.Ile560Thr
p.Met571Ile

Parkinson’s Disease

Autosomal recessive
intellectual disability

Ritscher Schinzel
syndrome 2

Condition

p.Pro1019Arg

p.Thr17Ala
p.Tyr557Cys

Mutation

Table 1. Summary of pathogenic mutations of the endosomal sorting machinery

?

Total-C↑
LDL-C↑
HDL-C↑

Intellectual disability,
Severely delayed motor development,
Short stature
Intellectual disability
Craniofacial abnormalities
Variable: Dandy Walker malformation
Variable: atrial and ventricular septal defects

Tremor,
Rigidity,
Bradykinesia,
Postural instability

?

?

Total-C↑
LDL-C↑
HDL-C↑

X-linked intellectual disability,
Posterior fossa defects,
Cardiac malformations,
Minor abnormalities of the face
and distal extremities

Spasticity,
Dandy-Walker like malformation,
Atrioventricular septal defects

Plasma
lipids

Phenotype

57

65, 66

69

68

70, 71

Source
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plasma LDL cholesterol (LDL-C) (72). This perturbed LDLR recycling likely causes the hypercholesterolemic phenotype that has been observed in XLID patients (22). In an RSS patient
carrying homozygous mutation in WASHC5, high plasma LDL-C levels were also seen (22).
Together, the latter data suggest that the CCC and WASH complexes are not only involved
in developmental and neurological processes but are also essential to maintain cholesterol
homeostasis.

1

Currently no mutations in COMMD genes have been found in humans, which may suggest
that detrimental mutations in COMMD genes lead to premature death, as has been seen in
mice. Interestingly, in contrast to mice, dogs deficient in COMMD1 do not die during embryogenesis, a fact which might suggest that loss of COMMD1 can be compensated by other
COMMD proteins during embryonic development in dogs.
Aims and scopes of this thesis
It has been well established that the endosomal recycling pathway is crucial for plasma
membrane expression of a plethora of cargos (73, 74). Recently, we established that the
endosomal cargo LDLR is highly dependent on endosomal sorting complexes CCC and WASH
(22, 75). LDLR is the key receptor for cellular uptake of cholesterol, which is indispensable
for the growth and viability of mammalian cells and a precursor of steroid hormones, bile
salts, and several vitamins. However, excess LDL-C is a major risk factor for atherosclerotic
cardiovascular disease (ASCVD) (76). ASCVD and its clinical manifestations, such as ischemic
heart disease and stroke, are worldwide the leading cause of morbidity and mortality (77).
Therefore, all proteins involved in the regulation of receptor-mediated cholesterol clearance
might be potential therapeutic targets to combat ASCVD. In this thesis we aim to further elucidate the molecular regulation of the endosomal sorting machinery in LDLR recycling, and
investigate the contribution of this machinery to cholesterol homeostasis and atherosclerosis. We focus specifically on the protein complexes CCC, WASH, retromer and retriever.
Chapter 2 provides an overview of the LDLR life cycle by giving a mechanistic overview of
the regulation of LDLR trafficking (i.e. endocytosis, recycling and degradation). This overview highlights the current knowledge gap in the molecular regulation of the intracellular
LDLR trafficking pathway, and we suggest that filling this gap may help to explain unresolved
cases of hypercholesterolemia, as approximately 40% of hypercholesterolemia patients
have no mutations in the known hypercholesterolemia genes, such as LDLR, APOB, PCSK9
and ARH (LDLRAP1) (78)
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In chapter 3 we review novel insights into the molecular regulation of LRP1 and LDLR in
cholesterol homeostasis, at both cellular and organismal levels. We discuss the pleiotropic
role of LRP1 and describe the current knowledge of LRP1-mediated processes: 1) clearance
of ApoE-rich chylomicron remnants, 2) efflux of cholesterol to HDL via ABCA1, and 3) insulin-induced Glut2 translocation to the plasma membrane. We describe new insights in
endosomal protein complexes involved in LDLR endocytosis, and the compensatory role of
LDLR in LRP1 function.
Chapter 4 describes our investigation of the contribution of the hepatic CCC complex to the
control of plasma cholesterol levels and atherosclerosis. Our study showed that in addition
to recycling of LDLR (22), the recycling of LRP1 also relies on the CCC complex. We furthermore demonstrated that hepatic depletion of the CCC complex in mice with a human-like
lipoprotein profile accelerates atherogenesis, and assessed the role of other COMMD proteins in CCC-mediated LDLR trafficking. Although it has been thought that COMMD proteins
have unique functions, we showed that hepatic depletion of the CCC components Commd1,
Commd6, Commd9 or Ccdc22 all result in a comparable increase in plasma cholesterol levels. For the first time, we uncovered that hepatic expression of all COMMD proteins and
CCC core components (CCDC22, CCDC93, C16orf62/VPS35L) rely on each other, as loss of
any of these CCC subunits results in destabilization of the CCC complex. In summary, in this
chapter we revealed that all members of the COMMD family are required to maintain normal plasma cholesterol levels by facilitating endosomal transport of LDLR and LRP1 back to
the plasma membrane.
In chapter 5 we investigated the roles of the WASH complex, retromer and retriever in LDL
and HDL metabolism. Our in vitro studies indicated that the WASH complex mediates recycling of LDLR (22). Here, we provided in vivo evidence that the hepatic WASH complex is
involved in the hepatic uptake of LDL-C by orchestrating the endosomal recycling of LDLR
and LRP1. Scavenger receptor class B type 1 (SR-BI) is the main receptor for hepatic uptake
of HDL-CE, and we found that hepatic loss of WASH reduces hepatocyte surface levels of SRBI. Kinetic studies showed that hepatic uptake of cholesterol esters from HDL is also reduced
by the loss of the WASH complex, likely due to impaired endosomal trafficking of SR-BI to
the plasma membrane. In addition, we provided genetic evidence that the CCC and WASH
complexes act together to facilitate endosomal trafficking of the lipoprotein receptors LDLR,
LRP1 and SR-BI. Interestingly, although recent in vitro studies have shown that retromer
is required for the endosomal localization of WASH (26, 48), our in vivo data suggest that
WASH-mediated lipoprotein receptor recycling can be both retromer-dependent (e.g. for
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LDLR and LRP1) and -independent (e.g. for SR-BI). In addition, our results suggest that hepatic retromer regulates triglyceride metabolism in a WASH and CCC-independent manner.
Lastly, we found that hepatic ablation of the retriever component Dscr3/Vps26c leads only
to an increase in plasma LDL-C, but not HDL-C levels, suggesting that like retromer, retriever
only affects LDLR and LRP1 but not SR-BI recycling.

1

In chapter 6, we investigated whether the altered morphology of the endo-lysosomal network in liver specific Washc1 knockout mice affects hepatic cholesterol and bile acid metabolism. We hypothesized that perturbed endo-lysosomal architecture and localization would
hinder intracellular cholesterol transport, resulting in perturbed cholesterol sensing and, ultimately, cholesterol and bile acid metabolism. Interestingly, even though the expression of
several genes of the cholesterol and bile acid metabolism pathways were affected upon hepatic WASH depletion, no effects were present on whole body cholesterol synthesis, cholesterol excretion, or bile acid metabolism. Overall this study suggests that under the studied
conditions the alteration in endo-lysosomal architecture affects neither hepatic cholesterol
homeostasis nor bile acid metabolism.
Finally, chapter 7 provides a critical discussion of the major findings of this thesis. We place
our novel findings in the context of the current understanding of the endosomal sorting
machinery and its role in cholesterol homeostasis, and discuss the possible clinical impact
of these findings.
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Abstract
Purpose of review Long-term exposure to elevated concentrations of low-density lipoprotein
(LDL) cholesterol increases the risk of cardiovascular events. The main player in clearing
LDL cholesterol is the LDL receptor (LDLR) trafficking pathway, however, our fundamental
knowledge about the mechanisms regulating this pathway is still incomplete.
Recent findings The LDLR pathway is very complex and involves multiple proteins.
Endocytosis is regulated by two different adaptor proteins, i.e. autosomal recessive
hypercholesterolemia (ARH) and disabled-2 (Dab2). The proteolysis of LDLR is regulated by
inducible degrader of the LDL receptor (IDOL) and proprotein convertase subtilisin/kexin
type 9 (PSCK9). However, only a few proteins have been identified that provide insights into
endosomal sorting and recycling of LDLR.
Summary Since the discovery of LDLR, knowledge about its function has greatly expanded.
Because of its importance in maintaining homeostatic LDL levels, the LDLR pathway has
emerged as a key therapeutic target to reduce circulating cholesterol. In order to be able
to treat and diagnose individuals with hypercholesterolemia in the future, it is important
to learn more about the LDLR trafficking pathway, as we still lack a full mechanistic
understanding of how LDLR trafficking is controlled.
Keywords: low-density lipoprotein, low-density lipoprotein receptor, intracellular trafficking,
cardiovascular disease
Keypoints:
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•

The LDLR trafficking pathway is orchestrated by numerous proteins and is cell-type
specific.

•

In the liver, which is responsible for the main part of LDL clearance, ARH and PCSK9 are
responsible for endocytosis and degradation respectively, whereas in other cell types
Dab2 and IDOL are also involved.

•

Proteins that are involved in LDLR degradation, such as IDOL and PCSK9, are interesting
pharmaceutical targets to lower LDL cholesterol.

21-10-2019 21:23:18
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Introduction
A high level of circulating low-density lipoprotein-cholesterol (LDL) is a major risk factor for
coronary heart disease (CHD). A central player in regulating the levels of plasma cholesterol
and overall cholesterol homeostasis is the low-density lipoprotein receptor (LDLR) (1). LDLR
belongs to the extended family of LDL receptors, which comprises seven cell surface endocytic
receptors that internalize extracellular ligands for lysosomal degradation (reviewed in (2,
3)). Ligands that can be internalized by LDLR are the very low-density lipoprotein (VLDL),
VLDL remnants, and the low-density lipoprotein (LDL). VLDL and its remnants bind to the
receptor via apolipoprotein (apo) E, whereas LDL-LDLR binding is facilitated by apoB100.
Mutations in LDLR are associated with familial hypercholesterolemia (FH), and more than
1,200 genetic variants have been described that are associated with high plasma LDL
cholesterol levels, dyslipidemia and early CHD (4). Apart from LDLR mutations, FH can
be caused by mutations in genes encoding for proteins involved in the formation of the
LDL-LDLR complex, endocytosis, or degradation of LDLR, such as apoB100, the autosomal
recessive hypercholesterolemia (ARH) protein, and proprotein convertase subtilisin/kexin
type 9 (PCSK9), respectively. These mutations directly affect LDL clearance via LDLR and have
been essential to understanding the LDLR trafficking pathway. Despite these discoveries, our
fundamental knowledge about the mechanisms by which trafficking of LDLR is coordinated
remains incomplete. In this review we will describe our current understanding of the LDLR
“life cycle”.

2

Endocytosis of LDLR
LDLR is synthesized at the endoplasmic reticulum (ER), and is processed to its mature form by
glycosylation in the Golgi apparatus before it is transported to the plasma membrane. Upon
binding of the lipoproteins to the receptor at the cell surface, the LDLR-lipoprotein complex
is internalized through clathrin-coated pits into clathrin-coated vesicles (5) (Fig. 1). These
vesicles fuse with early endosomes, where the acidic environment leads to release of the
lipoprotein from LDLR (6). Subsequently, the ligand and receptor are sorted in two different
directions. LDLR is either sorted back to the plasma membrane for reuse, or directed to the
lysosomes for degradation (see below). During its lifespan, LDLR can make approximately
100 of these cycles (7). The ligand is sorted to the late endosomes and eventually to the
lysosomes, from which cholesterol is taken up by the cell. Endolysosomal trafficking of the
LDLR ligand is likely to depend on the two-pore channel TPC2, while TPC1 is involved in
Ca2+ signaling, which seems to be needed for the endolysosomal fusion processes (8). The
transfer of cholesterol into the cytosol is mediated by the Niemann-Pick disease proteins,
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type C1 and C2 (NPC1 and NPC2) (9).
Internalization of LDLR depends mainly on the NPxY motif within its cytoplasmic tail. The
NPxY motif is a universal signal for mediating endocytosis or signal transduction events in
different protein families, including the LDLR family, the amyloid precursor protein family,
beta integrins and receptor tyrosine kinases (10, 11). The motif serves as a binding site for
many adaptor proteins such as Disabled (Dab) 1, Dab2, ARH, and β-arrestin, but only ARH
and Dab2 appear to play a significant role in targeting LDLR for endocytosis (reviewed in
(10)) (Fig. 1). The importance of the NPxY motif was proven in a patient with the Y807C
mutation. In both fibroblasts of the patient, as well as in Chinese hamster ovary cells in which
LDLR with this cysteine substitution was introduced, disturbance of the NPxY motif led to
an internalization defective receptor (12). Although the NPxY motif within the cytoplasmic
tail of LDLR seems to be indispensable for the binding of many adaptor proteins, ARH
interacts with a wider part of the LDLR cytoplasmic tail than only the NPxY motif, as it binds
to INFDNPVYQKT sequence (13).
When ARH binds to the NPxY motif, LDLR internalization is promoted by ARH binding to
clathrin and adaptin 2 (AP-2), two components of clathrin-coated pits (14). Subsequently,
AP-2 recruits accessory proteins and enzymes that help with the incorporation of LDLR. The
significance of ARH in LDLR endocytosis has been demonstrated in patients with autosomal
recessive hypercholesterolemia (15). Interestingly, despite defective LDL clearance, loss
of ARH translates into a milder disease phenotype than loss of LDLR. This is presumably
because ARH deficiency does not affect VLDL clearance by LDLR, and thus the circulating
precursor pool of LDL will still be cleared (16, 17).
The pathway involved in LDLR internalization is cell-type-specific. ARH is indispensable in
hepatocytes and lymphocytes to internalize LDLR (18). In fibroblasts and the cervical cancer
cell line HeLa however, ARH is redundant. This redundancy was shown by using a single
or a double knockout cell line of ARH and Dab2, where endocytosis was only perturbed
in a major way when both genes were absent (19). Despite the fact that ARH and Dab2
functionally overlap in various cell types, the mechanisms by which ARH and Dab2 sort
LDLR into clathrin-coated pits are slightly different (20). ARH and Dab2 both interact with
LDLR via the NPxY motif and couple the receptor to clathrin-coated pits (21). Furthermore,
both adaptor proteins require simultaneous binding to clathrin and phosphoinositides
(PtdIns(4,5)P2), and to LDLR (22). However, ARH couples the receptor to the coated pits by
binding to AP-2, whereas Dab2-mediated endocytosis is independent of AP-2 (19). Also, in
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Figure 1. Simplified model of the endocytic and proteolytic pathways of the LDL receptor. After internalization,
the LDLR can either be sorted back to the cell membrane or degraded by the lysosomes. (A) Recycling. LDLR is synthesized at the endoplasmic reticulum and transported to the cell membrane via the Golgi apparatus. Rab13and
Rab3b mediate the transport from the Golgi apparatus to the plasma membrane. Rab13 acts between the Golgi
apparatus and the recycling vesicles, whereas Rab3b is likely involved in the direct transport of LDLR to the cell
surface. At the cell membrane, the receptor is constantly being endocytosed, independent of ligand binding. Depending on the cell type, LDLR is either internalized by ARH or Dab2 via clathrin-coated pits. Subsequently, the
receptor is recycled back to the plasma membrane via the endosomes in a SNX17-dependent way. Autosomal
recessive hypercholesterolemia (ARH) might also play a role in directing LDLR from the endosomes to recycling
vesicles, as demonstrated for the LDLR family member Megalin. (B) Proteolysis. Degradation of LDLR can be induced by either PCSK9 or IDOL. Proteolysis via PCSK9 is initiated by binding of PCSK9 to the receptor. This occurs
at the cell membrane or directly after synthesis at the Golgi apparatus. When PCSK9 binds LDLR extracellularly,
the receptor will be internalized dependent on ARH, whereas PCSK9 prevents the acid-dependent conformational
change in the endosomes, which leads to directing the receptor to the lysosomes for degradation. In contrast
to PCSK9, IDOL targets LDLR that is present in lipid rafts. IDOL binds LDLR intracellularly and ubiquitinates the
receptor, as well as itself. Internalization is promoted by Epsin, after which LDLR is transported to the lysosomes
by ESCRT via the multivesicular body pathway. ARH, autosomal recessive hypercholesterolemia; Dab2, disabled-2;
ESCRT, endosomal-sorting complex required for transport machinery; IDOL, inducible degrader of the LDL receptor;
LDLR, LDL receptor; PCSK9, proprotein convertase subtilisin/kexin type 9; SNX17, sorting nexin 17; Ub, ubiquitin.

contrast to Dab2, ARH activity is regulated by nitrosylation via nitric oxide (23). ARH can be
nitrosylated at two cysteines, and this is necessary for ARH to associate with AP2, and thus
for internalizing LDLR (23). This modification of ARH is likely to be involved in additional finetuning of LDLR-mediated LDL uptake in hepatocytes.
In contrast to ARH, no mutations in Dab2 have been reported in patients with
hypercholesterolemia, which could be explained because Dab2 is vital for embryogenesis, as
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previously demonstrated in mice (24). Dab2-deficient mouse embryos die in an early stage
of development due to disorganization of the extra-embryonic endoderm (25). However,
depletion of Dab2 specifically in the embryonic part results in normal development, and
adult mice show elevated levels of plasma LDL cholesterol (24).
Although these in vivo data support the notion that both Dab2 and ARH regulate clearance
of circulating LDL, the elevated LDL levels in Dab2-deficient mice are remarkable as Dab2
is not expressed in hepatocytes, but is mainly expressed in kidney and placenta. Further
research is therefore needed to understand the cell-type-specific role of these two adaptor
proteins in LDLR trafficking.
LDLR trafficking
LDLR can be reused multiple times, but the mechanisms by which internalized LDLR is sorted
from the endosomes and directed back to the plasma membrane has not been completely
resolved yet. To our knowledge, only sorting nexin 17 (SNX17) is shown to be involved in
recycling of LDLR (Fig. 1) (26). So far, 25 members have been identified in the human sorting
nexin family. These proteins are membrane-associated and play a role in various aspects
of endocytosis and protein trafficking. SNX17 binds to LDLR via the NPxY motif, and is also
associated with several other LDLR family members, including the VLDL receptor, ApoER2
and LDLR-related protein (26, 27). Binding of SNX17 to LDLR increases the endocytosis rate
by a factor two, without changing the number of receptors on the cell surface (27, 28).
This suggests that interaction of SNX17 with LDLR does not influence degradation of the
receptor by directing it to the lysosome, but rather accelerates its movement through the
early endocytic compartment (27).
Also the Rab family is likely involved in vesicle transport of LDLR. The Rab family consists
of over 60 members that are associated with intracellular membranes and are regulating
(polarized) membrane traffic (reviewed in (29)). LDLR is transported by Rab3B and Rab13 to
the basolateral membrane (Fig. 1) (30, 31). The specific function of Rab13 in LDLR trafficking
was further elucidated by a study making use of two LDLR variants (31). One variant travels
to the membrane directly, while the other variant first passes the recycling endosomes. In
the case of perturbing Rab13 function, only the LDLR variant that travels via the recycling
endosomes is prevented from reaching the cell membrane, suggesting that Rab13 mediates
LDLR trafficking between the trans-Golgi network and the recycling endosomes (31).
Interestingly, Megalin, another member of the LDLR family, is accompanied by ARH during
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recycling from the plasma membrane through the early endosomes and recycling endosomes
back to the plasma membrane, and ARH is specifically required for trafficking from the early
endosome to the recycling endosome (32). This role of ARH has not yet been investigated in
LDLR (Fig. 1), but it is possible that ARH has a dual role in endocytosis and trafficking.
Degradation of LDLR
Degradation of LDLR is regulated by two independent pathways, which are orchestrated by
PCSK9 and E3 ubiquitin ligase IDOL (inducible degrader of the LDL receptor) (Fig. 1) (33, 34).
PCSK9 was discovered in families suffering from familial hypercholesterolemia. These FH
patients were heterozygous for a PCSK9 gain-of-function mutation that resulted in autosomal
dominant hypercholesterolemia (35). In addition, PCSK9 null mutations have been described
that correlate with very low levels of LDL cholesterol, but without an apparent clinical
phenotype (36). PCSK9 can mediate the proteolysis of LDLR intra- or extracellularly (Fig. 1).
Extracellularly, PCSK9 binds to the epidermal growth factor like-A domain (EGFA) of LDLR,
which induces ARH-dependent internalization (37). When acting intracellularly, PCSK9 binds
to LDLR at the trans-Golgi network after synthesis and directly targets the receptor to the
lysosomes for degradation (38). In both cases, LDLR will be chaperoned to the endosomes
where normal recycling of the receptor is disrupted by preventing the acid-dependent
conformational switch from open to closed (39). The inhibition of this switch marks LDLR
for degradation by the endolysosomal compartment, where both LDLR and PCSK9 are
broken down (40, 41). PCSK9 expression, like LDLR expression, is positively regulated by
sterol regulatory element binding protein 2 (SREBP2). SREBP2 is activated in the case of low
levels of cellular cholesterol and turns on genes for cholesterol uptake such as LDLR (42).
This co-regulation of PCSK9 and LDLR seems contradictory, but immediate breakdown of
LDLR is prevented by the presence of LDL in the plasma. LDL binds to PCSK9, and prevents
PCSK9-mediated LDLR breakdown (43). PCSK9 activity is probably influenced by various
other factors, in addition to protein levels. This has been endorsed by the fact that PCSK9
levels alone cannot predict the amount of PCSK9-LDLR complexes (44). Furthermore, PCSK9
is more prone to dissociate from LDLR when reaching the endosome in PSCK9-resistant
fibroblasts (45), even though the affinity of PCSK9 for LDLR increases dramatically at acidic
pH (41).

2

Similar to PCSK9, IDOL drives the degradation of LDLR, but IDOL’s mechanism of action
differs from PCSK9. Where PCSK9 is upregulated by SREBP2, IDOL expression is regulated by
liver X receptor (LXR), which is activated in the case of intracellular cholesterol excess (34).
Expression of IDOL causes raised plasma LDL cholesterol by sending LDLR for proteolysis.
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This is effectuated by two functional domains. The FERM (Band 4.1, ezrin-radixin-moesin)
domain interacts with the cytoplasmic domain of LDLR, and after binding, the RING (really
interesting new gene) domain ubiquitinates LDLR as well as IDOL itself, which targets both
proteins for lysosomal destruction (34, 46).
The role of IDOL in LDLR degradation was confirmed in mice. Overexpressing IDOL in
the liver led to hypercholesterolemia and exacerbated atherosclerosis (47). In humans,
the association of IDOL with cholesterol homeostasis was first shown in genome-wide
association studies, where a strong statistical association between LDL levels and IDOL
was found (48, 49). One of the SNPs found, rs9370867, encodes for variant N342S and is
associated with cholesterol levels. This variant is located in the FERM domain and S342
results in decreased ability of IDOL to degrade LDLR, whereas N342 causes reduced LDLR
levels (50). Another mutation that has been associated with low circulating LDL levels is
R266X (51). This nonsense mutation leads to a truncated IDOL protein, which lacks the
complete RING domain, rendering it unable to degrade LDLR (51).
When LDLR is targeted by IDOL, LDLR is endocytosed and needs to be sorted before it is
directed to the lysosomes (Fig. 1). A recent study by Scotti et al. showed that the IDOLmediated internalization is independent of clathrin, ARH, caveolin and dynamin (46). They
suggested that IDOL ubiquitinates LDLR present in lipid rafts at the plasma membrane, and
is subsequently internalized in an Epsin-dependent manner. Epsins form a class of ubiquitin
adaptor proteins involved in the internalization of numerous receptors such as Notch, EGFR,
VEGFR2 (52, 53), and Epsin-dependent internalization of LDLR has been demonstrated
in C. elegans (54). After LDLR is internalized, the endosomal-sorting complex required
for transport machinery (ESCRT) mediates the sorting of LDLR to the multivesicular body
pathway and finally into the lysosomes (46, 55). It was also demonstrated that the ubiquitinspecific protease 8 (USP8), a deubiquitinating enzyme (DUB), prevents IDOL-mediated
degradation (46). Altogether, IDOL directs LDLR to the lysosome via different pathways than
those shown for PCSK9 and for LDL uptake.
Why two different pathways regulate LDLR degradation is still not clear. As with endocytosis,
the pathways that mediate LDLR proteolysis are partially determined by the cell type.
The highest levels of PCSK9 activity are detected in the liver, with lower quantities in the
kidney, intestine and brain (56). On the other hand, IDOL exerts only a small effect in the
liver, and LXR-mediated IDOL activation is mainly observed in the intestine and peritoneal
macrophages (34). Because PCSK9 is mainly responsible for degradation of LDLR in the liver,
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it appears to have a dominant role in regulating plasma LDL levels.

Conclusion
Since the discovery in the ‘80s, by Goldstein and Brown, that LDLR is related to familial
hypercholesterolemia (57-60), our knowledge on the LDLR pathway in cholesterol
homeostasis has expanded significantly. The identification of the LDLR-PCSK9-LDL axis
has emerged as one of the most potent drug targets for lowering cholesterol (reviewed
in (61)). Several PCSK9 clinical trials are currently in phase III and have demonstrated that
pharmacological inhibition of PCSK9 can decrease circulating LDL levels by as much as 40-72%
(62). Despite these valuable discoveries, our understanding of the molecular mechanisms
that regulate intracellular trafficking of LDLR remains poor. In particular, we need to learn
more about the mechanisms by which internalized LDLR is sorted at the endosomes to direct
the receptor back to the cell surface or to the lysosomes. A better understanding of these
pathways could provide additional therapeutic targets to treat hypercholesterolemia, since
improved recycling of LDLR increases the cellular uptake of LDL (26). In addition, uncovering
these pathways will likely reveal novel candidate genes that might help to explain the
etiology in unresolved cases of hypercholesterolemia: approximately 40% of patients with
hypercholesterolemia did not have mutations in the known FH genes (63). More research
to broaden our fundamental knowledge on the LDLR trafficking pathway is required to treat
and genetically diagnose individuals with hypercholesterolemia in the future.
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Abstract
Purpose of review Clearing of atherogenic lipoprotein particles by the liver requires hepatic
LDLR and LRP1. This review highlights recent studies that have expanded our understanding
of the molecular regulation and metabolic functions of LDLR and LRP1 in the liver.
Recent findings Various proteins orchestrate the intracellular trafficking of LDLR and LRP1.
After internalization, the receptors are redirected via recycling endosomes to the cell
surface. Several new endocytic proteins that facilitate the endosomal trafficking of LDLR
and consequently the clearance of circulating LDL cholesterol have recently been reported.
Mutations in some of these proteins cause hypercholesterolemia in human. In addition,
LRP1 controls cellular cholesterol efflux by modulating the expression of ABCA1 and ABCG1,
and hepatic LRP1 protects against diet-induced hepatic insulin resistance and steatosis
through the regulation of insulin receptor trafficking.
Summary LDLR and LRP1 have prominent roles in cellular and organismal cholesterol
homeostasis. Their functioning, including their trafficking in the cell, is controlled by
numerous proteins. Comprehensive studies into the molecular regulation of LDLR and LRP1
trafficking have advanced our fundamental understanding of cholesterol homeostasis, and
these insights may lead to novel therapeutic strategies for atherosclerosis, hyperlipidemia
and insulin resistance in the future.
Keywords Trafficking, CCC complex, DAB2, hypercholesterolemia, glucose metabolism,
Key points
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•

LDLR endocytosis requires DAB2 in liver sinusoid endothelial cells.

•

Large group of proteins identified facilitating the endosomal trafficking of LDLR.

•

LRP1 mediates cholesterol efflux through ABCA1 and ABCG1.

•

Hepatocyte LRP1 deficiency increases the susceptibility to diet-induced insulin
resistance and steatosis in mice.
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Introduction
The liver plays a crucial role in cholesterol homeostasis through controlling lipid uptake and
synthesis. Clearance of plasma lipids via the liver is mediated by the low-density lipoprotein
receptor (LDLR) and LDLR-related protein 1 (LRP1) (1-3). Both receptors are member of the
evolutionarily conserved LDLR family (4). The family comprises of seven members (LDLR,
LRP1, very-low-density lipoprotein receptor (VLDR), LRP8/Apoer2, LRP4/MEGF7, LRP1B,
and LRP2/Megalin). These receptors have one transmembrane domain, a large extracellular
domain with one or more ligand binding domains, and a cytoplasmic tail, which contains
at least one NPxY motif (2). Numerous adaptor proteins are binding to this particular motif
to mediate endocytosis and signal transduction. Hepatic LDLR and LRP1 contribute to the
clearance of circulating Apolipoprotein E (ApoE) containing particles, such as chylomicrons
and VLDL. Intestinal-derived chylomicron remnants and hepatic VLDL are removed from
the circulation by the liver after extensive peripheral metabolism. Part of VLDL is converted
to LDL, a cholesterol rich particle that lacks ApoE but contains one apoB100 molecule. In
addition to ApoE, also ApoB-containing particles are taken up by hepatocytes through LDLR
and LRP1 (Fig. 1, and Fig. 2A). The role of LDLR in clearing circulating atherogenic lipoprotein
particles, such as VLDL and LDL, is well established. Familial hypercholesterolemia (FH),
an autosomal dominant inherited disorder characterized by high plasma LDL-c levels and
accelerated atherosclerosis, is caused by a plethora of mutations in LDLR (5). Genetic
ablation of Ldlr in mice also leads to elevation in plasma LDL-c, and make these animals
susceptible to atherosclerosis upon high cholesterol feeding (6, 7). However, the contribution
of hepatic LRP1 in preserving cholesterol homeostasis has been ambiguous. In contrast to
LDLR deficient mice, mice lacking LRP1 in the germline are not viable. LRP1 deficient mice
die at various stages of post-implantation embryonic development, depending upon strain
background (8, 9). An initial study with conditional Lrp1 knockout mice showed that mice
deficient for hepatocyte LRP1 are viable but do not have clear alterations in plasma lipid
levels (3). Interestingly, however, the protein levels of hepatocyte LDLR were markedly
increased in liver-specific Lrp1 knockout mice. Hepatic deletion of both Ldlr and Lrp1
resulted in a marked elevation in plasma chylomicron remnants and LDL levels (3). These
data imply that LDLR can partially compensate for the loss of LRP1 in hepatocytes, and
demonstrate the importance of both receptors for the clearance of circulating atherogenic
lipoprotein particles. Here, we describe recent findings contributing to the understanding of
the molecular regulation and function of LDLR and LRP1, with a focus on lipid and glucose
homeostasis.
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Figure 1. Simplified model of the molecular
regulation of cellular LDLR trafficking.
Cholesterol-rich ApoE- and ApoB-containing
lipoprotein particles bind to LDLR and are
internalized and accordingly directed to the
endosomes together with LDLR. Endocytosis
is mediated by ARH in hepatocytes and recent
data indicate that DAB2 facilitates LDLR
internalization in sinusoid endothelial cells. At
the endosomes, the CCC and WASH complexes
recognize LDLR to sort and redirect LDLR back
to the cell surface. Alternatively, LDLR is sent
to the lysosomes for proteolysis, which is
mediated by PCSK9 and/or IDOL. Esterified
cholesterol is hydrolyzed by lysosomal acid
lipase in the lysosomes, from where free
cholesterol is further distributed to the
plasma membrane and the endoplasmic
reticulum.
ARH:
autosomal
recessive
hypercholesterolemia;
CCC:
COMMD1,
CCDC22, CCDC93, C16orf62; DAB2: Disabled
homolog 2; IDOL: Inducible degrader of the
LDLR; PCSK9: Proprotein convertase subtilisin/
kexin type-9; WASH: WASHC1, WASHC2A,
WASHC3, WASHC4, and WASHC5.

Low-density lipoprotein receptor (LDLR)
In the 1970’s, Goldstein and Brown reported for the first time the existence of a specific
receptor for LDL (1). The expression of LDLR at the cell surface is regulated by cellular
membrane cholesterol content. Low intracellular cholesterol concentrations result in
increased expression of LDLR, which is mediated by the transcription factor sterol regulatory
element binding protein 2 (SREBP2) (10). At the cell surface, LDL binds through ApoB100 to
LDLR. LDL and LDLR are endocytosed together (Fig. 1), which is mediated by several adaptor
proteins such as autosomal recessive hypercholesterolemia (ARH) protein, and Disabled
homolog 2 (DAB2) protein (reviewed in (11) (Fig. 1A). Both adaptor proteins bind to the NPxY
motif of LDLR. Mutations in ARH have been identified in patients with FH. Like FH patients
carrying mutations in both ARH alleles, mice deficient for ARH show elevated LDL-C plasma
levels. DAB2 mutations in human have not yet been reported, and DAB2 deficient mice
are not viable. In mice, DAB2 is likely important for normal development of the placenta
as Dab2 knockout mice with only normal expression of Dab2 in extra-embryonic tissues
are born alive (12). These mice have a slight increase in circulating plasma cholesterol.
Since DAB2 is not expressed in hepatocytes, its contribution to LDLR-mediated cholesterol
clearance is likely very restricted, but a recent study has demonstrated that in the liver DAB2
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is mainly expressed in sinusoid endothelial cells (13). To further investigate the contribution
of DAB2 in cholesterol homeostasis the authors of this study depleted both Dab2 and Arh in
mice. These mice were fed a high sucrose diet to stimulate the production/secretion of VLDL
by the liver. Plasma cholesterol levels were determined and compared with high-sucrose
diet fed Ldlr-/- and Arh-/- mice. Plasma cholesterol levels in DAB2 deficient mice were slightly
increased, and only Dab2-Arh double knockout mice had cholesterol levels comparable
to that of Ldlr-/- mice. Furthermore, the degree of HMG-CoA reductase (HMGCR) and
cholesterol increase in the liver of Dab2-Arh double knockout mice was comparable to that
of Ldlr-/- mice. Based on these findings the authors concluded that ARH is mainly required for
the endocytosis of LDLR in hepatocytes, whereas DAB2 facilitates the intracellular trafficking
of LDLR in liver sinusoid endothelial cells. Hepatocyte HMGCR levels were only elevated in
Dab2-Arh double knockout mice and in Ldlr-/- mice, but not in Arh-/- mice. This could suggest
that LDLR expression in sinusoid endothelial cells has a significant role in the liver uptake
and sensing of cholesterol to preserve homeostatic cholesterol levels. Alternatively, a small
degree of DAB2 expression by hepatocytes, below the level of detection by conventional
methods, might be able to partially compensate for the loss of ARH to allow residual uptake
of LDL cholesterol sufficient to suppress full-blown upregulation of HMGCR expression.

3

Internalized LDLR is delivered to the endosomes and sorted either back to the plasma
membrane, for reuse, or to the lysosomes where LDLR is degraded (14) (Fig. 1). In an ARHdependent fashion, proprotein convertase subtilisin/kexin type 9 (PCSK9) directs LDLR
via the endocytic pathway to the lysosomes and prevents the recycling of LDLR (15, 16)
(Fig. 1). Like PCSK9, ubiquitin ligase inducible degrader of the LDLR (IDOL) stimulates the
proteolysis of LDLR in a variety of tissues including the brain (reviewed in (17) (Fig. 1).
Although the transport of IDOL-mediated LDLR degradation is ARH-independent, it requires
the endosomal-sorting complex required for transport machinery (ESCRT) to direct LDLR
towards the lysosomes (reviewed in (11, 17)). Intriguingly, however, for reasons that are not
understood, IDOL has no significant effect on the degradation of LDLR in murine livers, but
might have a potential role in LDLR proteolysis in human and monkey livers (18).
A recent study has identified a large number of proteins involved in the removal of plasma
cholesterol by coordinating the endosomal trafficking of LDLR (19). Here, Bartuzi and
colleagues linked the coiled-coil domain-containing protein 22 (CCDC22) to plasma LDL
cholesterol clearance. Mutations in CCDC22 cause X-linked intellectual disability (XLID)
syndrome (20, 21). XLID syndrome is characterized by developmental defects, which includes
intellectual disability, cerebellar malformations, cardiac defects and limb abnormalities, but
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this study reports for the first time that these patients (n=6) from two unrelated families also
suffer from hypercholesterolemia. CCDC22 participates in a multiprotein complex, named
the CCC complex (19, 22-24). CCC complex is composed of 4 proteins, COMMD1, CCDC22,
CCDC93 and C16orf62. COMMD1 physically associates with LDLR, through the binding
with the NPxY motif of LDLR (19). COMMD1 deficiency dramatically decreases the levels
of the CCC complex components CCDC22 and CCDC93 in the liver of dogs and mice (19).
This compromised integrity of the CCC complex coincides with elevated plasma cholesterol
levels in these animals, in particularly LDL cholesterol. Studies with primary hepatocytes and
mouse embryonic fibroblast (MEFs) cells lacking COMMD1 revealed that the CCC complex is
required for LDLR trafficking. The levels of LDLR at the plasma membrane were diminished,
and LDLR was mislocalized to endosomes in the absence of COMMD1. Consequently,
mislocalization of LDLR in COMMD1 deficient cells impaired LDL uptake. The CCC complex
has previously been linked to copper homeostasis by coordinating the trafficking of copper
transporting proteins ATP7A and ATP7B (23, 25-29). CCC complex is physically associated
with Wiskott-Aldrich Syndrome Protein and SCAR Homolog (WASH) complex (23), a
multiprotein complex composed of five proteins, WASHC1, WASHC2A, WASHC3, WASHC4,
and WASHC5, also known as WASH1, FAM21, CCDC53, KIAA1033 (SWIP), and KIAA0196
(Strumpellin), respectively (30). WASH facilitates the endosomal trafficking of an array of
transmembrane proteins, including ATP7A (23, 30). The observation that CCC and WASH are
physically connected and are both required for the endosomal trafficking of ATP7A suggests
that they likely act together. This notion was further supported by the study of Bartuzi and
colleagues, in which they showed that LDLR trafficking and its surface expression in MEFs
also rely on the WASH complex. A homozygous mutation in WASHC5 has been associated
with Ritscher-Schinzel/3C syndrome (RSS), and phenotypically RSS patients resemble XLID
patients, and one RSS patient with high plasma LDL-c was included in this study. In summary,
these data now show that both XLID and RSS patients have elevated plasma LDL cholesterol
levels (>95th percentile corrected for age and gender), which further implies that the CCC
and WASH complexes are both involved in endosomal trafficking of LDLR to direct LDLR back
to the cell surface for efficient LDL uptake (Fig. 1).
The importance of the endocytic system for LDL clearance is further supported by other
recent studies in which the small GTPase Rab5 was down regulated in adult mouse livers
using RNA interference technology (31, 32). Rab5 has been identified as a crucial hub in
a large protein network in endosome biogenesis. Rab5 insufficiency results in a reduced
number of early and late endosomes and lysosomes. Interestingly, the total amount of LDLR
was increased in Rab5 insufficient livers, but despite these elevated LDLR levels plasma LDL
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cholesterol levels of these mice were markedly increased. Further analyses revealed that
LDL uptake in primary hepatocytes cells with low levels of Rab5 was impaired, supporting
the notion that LDLR trafficking highly depends on the endocytic system.
As mentioned previously, both PCSK9 and IDOL-mediated LDLR degradation pathways make
use of the endocytic system and it would therefore be informative to assess whether the
CCC and WASH complexes also participate in the sorting of LDLR to lysosomes. Preventing
proteolysis of LDLR or increasing endocytosis/recycling of LDLR would be beneficial to
increase LDL uptake. For example, high expression of the endosome-associated protein
Sortin nexin 17 (SNX17) enhances LDL uptake due to increased endocytosis of LDLR (33).
SNX17 also facilitates the recycling of LRP1 and ApoER2 (34, 35), but whether SNX17 acts in
conjunction with the CCC and WASH complexes, and whether these two complexes are also
required for endosomal sorting of LRP1 or other members of the LDLR family has yet to be
determined.

3

LDLR-related protein 1 (LRP1)
LRP1 is the only other core member of the LDL receptor gene family that is expressed at
functionally significant levels in hepatocytes. LRP1 can mediate the bulk transport of
ApoE-containing lipoproteins that have entered the Space of Disse, following extensive
metabolism by lipolysis or lipid transfer in the periphery and in the circulation (Fig. 2A). Early
genetic insights, gathered from the work by Kita, Brown and Goldstein (1982) (36) implied
the existence of a hepatic ApoE-binding chylomicron remnant receptor distinct from the LDL
receptor. The discovery of LRP1, its structural similarity with the LDL receptor, its expression
on the hepatocyte cell surface (2), and its ability to bind ApoE (37, 38) and deliver internalized
remnant lipoproteins to the lysosome (38) were highly suggestive that LRP1 was the elusive
chylomicron remnant receptor. However, the apparent absence of human mutations in LRP1
causing remnant clearance defects and early embryonic lethality in whole animal mouse
knockout models (8, 9, 39) prevented conclusive genetic proof of this hypothesis. The
introduction of tissue-specific gene disruption technologies in mice ultimately showed that
LDLR and LRP1 jointly mediate the hepatocellular uptake of chylomicron remnants (3, 40).
No effect on plasma lipid levels were reported in initial studies where hepatic Lrp1 was
ablated (3). This is largely due to an approximately 2-fold increase in the protein expression
of hepatic LDLR in the absence of LRP1. However, in another study Basford and colleagues
noted reduced levels of plasma HDL in liver-specific LRP1 deficiency consistent with a
diminished expression of the ATP-binding cassette, subfamily A member 1 (ABCA1) at
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Figure 2. Hepatic LRP1-mediated pathways. (A) Like LDLR (Fig. 1), LRP1 clears cholesterol-rich ApoE-containing
particles from the circulation. (B) LRP1-mediated Cathepsin D (CtsD) uptake is required for processing of
Prosaposin (PSAP) into Saposins. Saposins positively control the translocation of ABCA1 to the plasma
membrane. ABCA1 is an important hepatic cholesterol efflux transporter, and controls plasma HDL levels. (C)
Insulin-induced GLUT2 translocation to the plasma membrane depends on LRP1. Hepatocyte LRP1 deficiency
diminishes surface IR levels and consequently attenuates insulin induced GLUT2 translocation. IR: Insulin receptor.

the liver cell surface (41). A similar, but much more pronounced reduction of ABCA1 had
previously been reported in LRP1-deficient vascular smooth muscle cells (42). ABCA1 acts
as an important hepatic cholesterol efflux transporter, and its activity determines plasma
HDL levels. Congenital deficiency of ABCA1 causes Tangier Disease (OMIM#205400), a
rare genetic disorder characterized by a severe reduction in circulating HDL cholesterol.
Translocation of ABCA1 to the plasma membrane has been reported to be dependent on the
precursor of the glycosphingholipid-hydrolyzing saposins, Prosaposin (PSAP), which is itself
a ligand of LRP1 (43). Furthermore, Cathepsin D (CtsD) mediates the processing of PSAP.
Since LRP1 can also mediate the internalization of CtsD, a possible mechanism by which
LRP1 deficiency might adversely affect the translocation of ABCA1 to the plasma membrane
is due to impaired PSAP trafficking and CtsD-mediated PSAP activation (Fig. 2B). Moreover, a
Genome Wide Association Study (GWAS) found an association between the LRP1 locus and
plasma HDL levels (44). LRP1 might therefore have an additional role in lipid metabolism,
independent of its role as a chylomicron clearance receptor, and thus could contribute to
cardiovascular events in humans, similar to what has previously been reported for scavenger
receptor call B member 1 (SR-B1) (45).
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In smooth muscle cells (SMCs) LRP1 deficiency results in reduced liver X receptor (LXR)mediated ABCA1 expression that coincides with lipid accumulation (42, 46). Recently, El
Asmar and colleagues further investigated the molecular mechanism by which LRP1 controls
ABCA1 expression (47). In this study, the second NPXY motif within the cytoplasmic tail of LRP1
was found to be important for LRP1-mediated expression of ABCA1. This motif is important
for the binding of ERK2 and subsequently for the phosphorylation of Erk1/2 during low
intracellular cholesterol conditions. ERK activation leads to phosphorylation and activation
of cPLA2 (46). Activation of cPLA2 results in increased production of arachidonic acid, which

inhibits LXR (46, 48) and consequently diminishes ABCA1 expression. Furthermore, the study
also reported that activation of the Wnt5a signaling pathway requires LRP1 and that LRP1
deficiency impairs transforming growth factor beta-mediated Wnt5a expression, which in
turn mediates cholesterol export through controlling the expression of the cholesterol efflux
transporter ABCG1, and by blocking SREBP-2 and cholesterol biosynthesis. Taken together,
these data may explain the massive cholesterol accumulation observed in the vascular
wall of mice lacking LRP1 in SMCs (42, 46). These intriguing LRP1-dependent mechanisms
were observed in either SMCs or in MEFs treated with an adipogenic cocktail, but whether
these signaling pathways also occur in other cell types, such as hepatocytes, has yet to be
determined.

3

Another signaling mechanism that is regulated by LRP1 and that is central to the functioning
of the liver and the regulation of hepatic glucose and fatty acid metabolism involves the
insulin receptor. A functional interaction between LRP1 and insulin signaling was first noted
over 20 year ago, when Descamps and colleagues reported on the rapid translocation of
LRP1 from intracellular compartments to the cell surface in response to insulin stimulation
of rat epididymal adipocytes (49). Similar observations were later made in hepatocytes
(50). In addition LRP1 regulates the surface expression of the insulin receptor in neurons
(51) and in the liver (52). In LRP1-deficient livers, reduced surface expression of the insulin
receptor, and subsequently diminished expression of the glucose transporter 2 (GLUT2) (Fig.
2C), creates a latent state of insulin resistance that is unmasked by high fat diet feeding,
leading to a full-blown metabolic syndrome with hepatic steatosis, reduced VLDL secretion,
hepatic insulin resistance, impaired glucose tolerance, hyperglycemia, hyperinsulinemia and
increased gluconeogenesis (52). A moderate reduction in HDL cholesterol levels was also
seen, consistent with the observations by Basford and colleagues (41). Taken together, these
studies indicate that LRP1 and insulin receptor mutually regulate each other’s intracellular
trafficking and surface expression (Fig. 2C), but future studies are required to understand
the contribution of LRP1 to glucose homeostasis in human.
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Conclusions
Although the genetic evidence for a role of LRP1 in lipid metabolism and cardiovascular risk
in humans is less clear, likely because of its pleiotropic function, the contribution of LDLR
has been well established. By contrast, a clear genetic basis for the importance of LRP1 in
the formation of abdominal aneurysms has emerged (42, 53). In recent years novel genes
and proteins controlling LDLR function have been identified, resulting in the development
of new therapies, such as PCSK9 inhibitors, to lower plasma cholesterol levels. Recent
studies identified several novel proteins that are involved in the endosomal trafficking of
LDLR. Moreover, from genetic studies in mice a picture emerges that brings LDLR, LRP1,
ABC transporters and the insulin receptor under a common umbrella where cellular glucose
and lipid homeostasis are integrated to regulate cellular and systemic energy metabolism.
Taking further into account that altering the levels of proteins associated with the endocytic
machinery, either by overexpressing (33) or by using pharmacological compounds (54),
can improve endosomal sorting point towards novel therapeutic opportunities to treat
cardiovascular diseases, diabetes and metabolic syndrome.
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Abstract
Rationale: COpper Metabolism MURR1 Domain-containing (COMMD) proteins are part
of the COMMD-CCDC22-CCDC93 (CCC) complexes facilitating endosomal trafficking of cell
surface receptors. Hepatic COMMD1 inactivation decreases CCDC22 and CCDC93 protein
levels, impairs the recycling of the low-density lipoprotein receptor (LDLR), and increases
plasma LDL cholesterol levels in mice. However, whether any of the other COMMD members
functions similarly as COMMD1, and whether perturbation in the CCC complex promotes
atherogenesis remains unclear.
Objective: To unravel the contribution of evolutionarily conserved COMMD proteins to
plasma lipoprotein levels and atherogenesis.
Methods and Results: Using liver specific Commd1, Commd6 or Commd9 knockout mice
we investigated the relation between the COMMD proteins in the regulation of plasma
cholesterol levels. Combining biochemical and quantitative targeted proteomic approaches,
we found that either hepatic COMMD1, COMMD6 or COMMD9 deficiency resulted in
massive reduction in the protein levels of all ten COMMDs. This decrease in COMMD
proteins levels coincided with destabilization of the core (CCDC22, CCDC93, C16orf62) of the
CCC complex, reduced cell surface levels of LDLR and LRP1, followed by increased plasma
LDL cholesterol levels. To assess the direct contribution of the CCC core in the regulation of
plasma cholesterol levels, Ccdc22 was deleted in mouse livers via CRISPR/Cas9-mediated
somatic gene editing. CCDC22 deficiency also destabilized the complete CCC complex, and
resulted in elevated plasma LDL cholesterol levels. Finally, we found that hepatic disruption
of the CCC complex exacerbates dyslipidemia and atherosclerosis in ApoE3*Leiden mice.
Conclusions: Collectively, these findings demonstrate a strong interrelationship between
COMMD proteins and the core of the CCC complex in endosomal LDLR trafficking. Hepatic
disruption of either of these CCC components causes hypercholesterolemia, and exacerbates
atherosclerosis. Our results indicate that not only COMMD1, but all other COMMDs and CCC
components may be potential targets for modulating plasma lipid levels in humans.
Keywords: hypercholesterolemia, low-density lipoprotein receptor (LDLR), LDLR-related
protein 1 (LRP1), endosome, liver, WASH complex, CRISPR, atherosclerosis, low-density
lipoprotein cholesterol, transgenic mice.
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Introduction
Clearing circulating atherogenic low-density lipoprotein (LDL) cholesterol is highly
dependent on the LDL receptor (LDLR) in hepatocytes (1, 2). LDL binds to LDLR at the cell
surface, and the LDL-LDLR complex is endocytosed via clathrin-coated pits. On entering the
endosomal network LDLR is subjected to one of two fates decisions, either LDLR is sorted
into the lysosome for proteolysis or LDLR is reused and is recycled back to cell surface to take
up the next cargo (3, 4). In the recent years, several proteins, such as proprotein convertase
subtilisin/kexin type 9 (PCSK9) and inducible degrader of the LDLR (IDOL) (5-7), have been
identified that avert the reuse of LDLR through directing LDLR to the lysosomes, but the
mechanism preventing the lysosomal fate and directing LDLR back to the cell surface is still
not fully elucidated.
We recently uncovered the COpper Metabolism MURR1 Domain 1 (COMMD1) as a novel
factor in endosomal LDLR trafficking (8). Loss of hepatic COMMD1 impairs the endocytic
LDLR recycling, which subsequently results in increased levels of plasma LDL cholesterol in
dogs and mice (8). In addition to LDLR, COMMD1 also facilitates the endosomal trafficking
of other receptors, such as the copper transporting protein ATP7A and ATP7B, to maintain
copper homeostasis (9-11). COMMD1 is assembled into the CCC complex together with
C16orf62 and the coiled-coil proteins CCDC22 and CCDC93 (9). The CCC complex localizes
to endosomes through physical association with the Wiskott-Aldrich syndrome protein and
SCAR homologue (WASH) complex (9). The recruitment of the CCC and WASH complexes
to the endosomes is dependent on the retromer subunit VPS35 (8, 9, 12). WASH activates
the actin-related protein 2/3 (Arp2/3) complex to deposit branched actin filaments on
endosomes, which is essential for the architecture of the endosomal and lysosomal network,
and endosomal receptor trafficking (12-14). The exact function of the CCC complex within
the endosomal sorting process is still unknown, but it is hypothesized to coordinate selective
endosomal receptor trafficking.

4

COMMD1 belongs to the COMMD family, which consists of ten members, each characterized
by a carboxyl-terminal COMM domain, which mediates physical interaction with other
COMMD proteins (15). COMMD proteins are ubiquitously expressed and are conserved
throughout evolution from lower organisms to higher vertebrates (15, 16). The COMMD
proteins have a vital role in mouse embryonic development, as Commd1, Commd6,
Commd9 or Commd10 knockout mice are embryonically lethal (17-20), and die at different
stages of embryogenesis, suggesting non-redundant functions of COMMD proteins during
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development. Although several studies have shown that the ten COMMD proteins exist in
large macromolecular complexes containing the CCC core components CCDC22, CCDC93
and C16orf62 (9, 18, 21, 22), their role in the regulation of plasma cholesterol levels and
atherogenesis has yet to be determined.
This study provides novel insights into the molecular organization of the endosomal sorting
machinery in the coordination of intracellular trafficking of members of the LDLR family,
such as LDLR and LDLR-related protein 1 (LRP1), and imply that all ten COMMD proteins
and the CCC core components may be potential targets modulating plasma lipid levels in
humans.

Results
Hepatic Commd6 ablation results in increased plasma LDL cholesterol levels
To understand the biological role of COMMD proteins in lipoprotein metabolism, we used
COMMD6 as a prototype for the COMMD family, as COMMD6 primarily consists of the COMM
domain (15), a region of the COMMD proteins that is crucial for multiple protein-protein
interactions, including the interaction with LDLR and the CCC core component CCDC22 (8, 9).
A Commd6 conditional knockout mouse model was generated by flanking exon 3 of Commd6
with loxP sites (Fig. S1A). Mouse genotypes were confirmed by Southern blot analysis and PCR
(Fig. S1B, C). To assess the role of hepatic COMMD6 in lipoprotein metabolism, we deleted
Commd6 in hepatocytes by crossbreeding Commd6F/F mice with transgenic mice expressing
Cre-recombinase specifically in hepatocytes (Alb-Cre). Liver-specific Commd6 knockout
mice (Commd6ΔHep) were born in the expected Mendelian frequency, and the absence of
COMMD6 in hepatocytes was validated on mRNA and protein levels by quantitative RT-PCR
and Western blot analysis, respectively (Fig. S1D, E). No overt differences were observed
between hepatic Commd6 knockout animals and Commd6F/F littermate controls (hereafter
referred to as WT), with regard to body weight, liver weight and liver histology (Fig. S2A, B,
C). However, hepatic COMMD6 deficiency resulted a ~37% increase (P<0.01) in plasma total
cholesterol (TC) levels on a chow diet and a ~40% increase (P<0.001) in plasma TC levels
on a HFC compared to WT animals (Fig. 1A). Plasma triglyceride (TG), hepatic cholesterol
and triglyceride concentrations were unaltered by hepatic Commd6 ablation (Fig. 1B, C, D).
Using a specifically developed targeted proteomics approach we observed that the plasma
levels of ApoB100 were significantly elevated (P<0.01) in Commd6ΔHep mice, both upon chow
and HFC diet feeding (Fig. 1D, E, insets). Plasma ApoA1 levels were also increased (P<0.01)
in Commd6ΔHep mice, but only after feeding chow diet and not upon HFC diet feeding (Fig.
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Figure 1. Hepatic COMMD6 deficiency increases plasma cholesterol levels. Total cholesterol and triglyceride levels
in plasma (A) and liver (B) of WT and Commd6ΔHep mice fed a chow or a high-fat high-cholesterol (HFC) diet for
1 week (n=7–9). The average total cholesterol levels of FPLC fractionated plasma of the experimental groups of
mice fed either a chow (C) or a HFC (D) diet. (Inset C,D) Plasma ApoB100 and ApoA1 levels of Commd6ΔHep and
WT, indicated by fold change versus WT controls. Group averages and SEM are shown. **p<0.01, ***p<0.001
(compared to control groups).

1E, F, insets). In line with the elevated plasma ApoB100 levels, the lipoprotein profile of WT
and Commd6ΔHep animals fed a chow or HFC diet (Fig. 1E, F, Fig S2D, E) showed an increase in
plasma LDL cholesterol in Commd6 knockout animals. Intriguingly, these data demonstrate
that, similar to Commd1 (8), hepatic Commd6 ablation causes hypercholesterolemia.
COMMD6 colocalizes with the WASH complex and retromer
Previous in vitro data indicated that COMMD1 and the WASH complex act together to
facilitate endosomal trafficking of LDLR (9). We investigated whether COMMD6 is also
associated with the WASH complex on the endosome. Since there are no appropriate
antibodies to determine the subcellular localization of COMMD6 by immunofluorescence
staining, we used the CRISPR/Cas9 gene editing technology to fuse a V5-epitope tag to
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endogenous COMMD6 in HEK293T cells. These cells were targeted with a sgRNA recognizing
the stop codon of COMMD6 and a corresponding repair template to incorporate the V5tag before the stop codon (Fig S3A, B, C, D, E). Immunofluorescence staining showed that
COMMD6 strongly colocalizes with WASH1, FAM21 and COMMD1, almost to a similar
degree as seen between COMMD1 and WASH1 and FAM21 (Fig. S4A, B, C and S5A). The
recruitment of the WASH complex and COMMD1 to the endosomes rely on the retromer
subunit VPS35 (8, 9, 12), and therefore we examined COMMD6 localization relative to
VPS35. COMMD6 overlapped with VPS35 almost to the same extent as COMMD1 and VPS35
(Fig. S4A, B, C and S5A). Next, we determined the effect of COMMD6 deficiency on the total
and surface levels of LDLR in primary hepatocytes. Ablation of COMMD6 impaired the total
expression and the expression of LDLR at the plasma membrane (Fig. S5B). Similar effect
on the total and plasma membrane expression of LRP1 was seen (Fig. S5B). The reduced
total LDLR and LRP1 levels can likely be explained by increased lysosomal degradation due
to impaired receptor recycling, similar as seen in WASH1 deficient mouse fibroblast cells (8,
23). These observations indicate that both COMMD6 and COMMD1 are localized in a WASH
and retromer enriched subcompartment of the endosome, and suggest that COMMD6 may
also participate in the CCC-WASH axis in endosomal sorting of receptors, including LDLR and
LRP1.
COMMD6 is indispensable for COMMD1, CCDC22 and CCDC93 protein expression
To further evaluate the biological role of COMMD6 in CCC complex functioning, we stably
downregulated COMMD6 expression in cells of different origins. The protein and mRNA
levels of COMMD6 were both markedly reduced in HEK293T and RAW264.7 cells expressing
short hairpin RNA (shRNA) targeting COMMD6 (Fig. 2A, B). Unexpectedly, silencing of
COMMD6 significantly decreased COMMD1 protein levels (Fig. 2A) without affecting
COMMD1 mRNA (Fig. 2B). However, silencing of COMMD1 did not reduce COMMD6 protein
levels (Fig. 2A). Taken the effect of liver specific ablation of Commd6 on plasma lipid levels,
we also silenced COMMD6 in the hepatocellular carcinoma cell lines HepG2 and Huh7, and
found similar effects as described above (Fig. 2C). To assess whether reduced COMMD1
levels in COMMD6 knockdown (KD) cells are caused by increased proteasomal degradation
of COMMD1, we treated control and COMMD6 KD cells (HEK293T and RAW264.7) with the
proteasomal inhibitor MG132. Blocking proteasome activity partially restored COMMD1
protein levels in COMMD6 KD cell lines (Fig. 2D), suggesting that COMMD1 instability is
partially ubiquitin dependent. In line with previous studies (15, 24), we observed that
COMMD1 and COMMD6 are physically associated with each other, as determined by coimmunoprecipitation assay (Fig. 2E).
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Figure 2. COMMD6 inactivation downregulates COMMD1 in different cell lines. (A) COMMD1 and COMMD6
protein levels in HEK293T and RAW264.7 cell lines with stable silencing of COMMD1 (COMMD1 KD) or COMMD6
(COMMD6 KD) and control cells (EV) determined by immunoblotting. (B) Relative mRNA levels of COMMD1 and
COMMD6 in COMMD1 KD and COMMD6 KD HEK293T and RAW264.7 cell lines. Average values and SEM are shown
(n=3). (C) COMMD1 and COMMD6 protein levels in hepatocellular carcinoma cell lines HepG2 and Huh7 with
stable silencing of COMMD1 (COMMD1 KD) or COMMD6 (COMMD6 KD) and control cells (EV) determined by
immunoblotting. (D) Western blotting for COMMD1 and tubulin in control and COMMD6 KD HEK293T and RAW264.7
cells treated with proteasome inhibitor MG132 for 0, 2, 4 and 6h. (E) Endogenous COMMD6 immunoprecipitations
in HEK293T cells. Immunoprecipitates were washed, separated by SDS gel electrophoresis and immunoblotted
as indicated. (F) Protein levels of COMMD1, CCDC22 and CCDC93 in livers of WT and Commd6ΔHep determined by
immunoblot analysis. (G) Commd1, Ccdc22, and Ccdc93 expression in livers of Commd6ΔHep and WT mice (n=7–9).
Group averages with SEM are shown.

The results of COMMD6 ablation on COMMD1 levels in different cell lines led us to investigate
the effect of hepatic COMMD6 inactivation on the protein levels of COMMD1, and the CCC
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components CCDC22 and CCDC93 in mice. As observed in COMMD6 KD cells, depletion of
Commd6 in mouse hepatocytes blunted COMMD1 protein levels, accompanied by reduced
protein levels of the CCC core components CCDC22 and CCDC93 (Fig. 2F). The decreased
COMMD1, CCDC22 and CCDC93 levels were not caused by aberrant gene expression (Fig.
2G). These data indicate that COMMD6 form a protein complex with COMMD1 that is
indispensable for the protein stability of CCC complex in endosomal receptor recycling.
Stability of COMMD proteins associated with the CCC complex depends on other COMMD
proteins
Since all COMMDs can participate in the CCC complex through an interaction with CCDC22
(16), we assessed whether COMMD6 deficiency also affects the protein levels of other
COMMD family members. Deletion of hepatic Commd6 markedly decreased all detectable
COMMD proteins (Fig. 3A), however not all to the same degree (Fig. 3A), as COMMD3 levels
were only moderately decreased compared to other COMMD proteins (Fig. 3A). The adverse
effect of Commd6 deletion on COMMD1 protein levels made us decide to also assess the
consequence of hepatic COMMD1 deficiency on the protein levels of COMMDs in mice. The
effect of hepatic Commd1 deletion on COMMD protein amounts was similar to Commd6
depletion (Fig. 3A, B).
Given the difficulty in detecting all COMMD proteins using specific antibodies, we measured
the COMMD protein concentrations in liver homogenates with a specifically developed
targeted proteomics assay. We used isotopically labeled standards combined with LC-MS
analysis for accurate quantification of the proteins studied (25). In line with the Western
blot results, hepatic Commd1 and Commd6 depletion in mice significantly reduced the
expression all COMMD proteins (Fig. 3C, Table S1). Furthermore, the CCC core subunits were
reduced by ~70% (P<0.05) in COMMD1 and COMMD6 deficient livers (Fig. 3C, Table S1),
while the expression of the retromer subunits, LDLR and LRP1 were unaffected (Fig. 3C, Table
S1). Intriguingly, the expression of the WASH component WASH1 was increased by ~50%
(P<0.05) following loss of COMMD1 or COMMD6. Altogether, these results suggest that the
integrity of CCC core complex (CCDC22, CCDC93, C16orf62), and the protein expression of
all COMMDs depend on the expression of COMMD1 and COMMD6.
Although the amount of most COMMD proteins was reduced by ~70% in Commd1 and
Commd6 KO livers compared to WT livers (P<0.05), COMMD3 protein levels were only
decreased by ~50% (P<0.05). To understand which fraction of COMMD3 is adversely
affected by COMMD1 deficiency we assessed the relative distribution of COMMD1 and
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Figure 3. Hepatic Commd deletion perturbs the protein stability of the complete COMMD family. Immunoblotting
to determine COMMD protein levels in livers of wild type (WT), Commd6ΔHep (A) and Commd1ΔHep (B) mice. (C)
Hepatic expression of COMMD protein, CCC complex, LDLR family, WASH complex and retromer determined by
QconCAT technology. Color code depicts relative protein expression in livers of Commd1ΔHep, Commd6ΔHep and
Commd9ΔHep mice compared to WT mice (n=4).

COMMD3 within CCC-, WASH- and retromer-positive endocytic compartments in cells using
sucrose gradient fractionation. In WT livers, COMMD1 and COMMD3 had a very similar
distribution, and partially co-sedimented with vesicles containing the CCC (CCDC22 and
CCDC93) and WASH (WASH1, FAM21) complexes. Furthermore, a percentage of COMMD1
and COMMD3 were present in the same fractions as LDLR (Fig. 4A). Hepatic COMMD1
inactivation not only blunted the expression of CCDC22 and CCDC93 (Fig. 4A), but also
markedly abolished COMMD3 associated with the CCC and WASH complexes and LDLR,
without affecting COMMD3 present in other fractions (Fig. 4A). These results suggest that
the main disturbance of COMMD3 levels upon COMMD1 deficiency is on the fraction of
COMMD3 that is associated with the CCC and WASH complexes, and LDLR.
To assess whether all COMMD proteins and CCC core subunits bind to COMMD1 in mouse
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primary hepatocytes, we measured the amount of COMMD and CCC core molecules in
COMMD1-immunoprecipitates using a targeted proteomics approach. We found that all
COMMD and CCC core proteins interact with COMMD1 (Fig. 4B). These proteins were not
detected in IgG negative control immunoprecipitates.
The association of COMMD1 with all COMMD proteins made us decide to investigate the
role of other COMMDs on the protein stability of the COMMD family and CCC core subunits.
We quantified the COMMD and CCC proteome also in Commd9ΔHep livers by proteomics
analysis. Ablation of Commd9 reduced the expression of the CCC complex subunits CCDC22,
CCDC93 and C16orf62 (P<0.05) to a similar extent as COMMD1 or COMMD6 inactivation
(Fig. 3C, Table S1). However, COMMD9 appears to be less essential for COMMD stability,
because COMMD1, 2, 3, 6, and 8 expression were only reduced by 40–50% (P<0.05)
following Commd9 depletion (Fig. 3C). This partial reduction in COMMD1 and COMMD6
levels was confirmed by Western blot analysis (Fig. 4C, D).
As heterozygous loss of Commd1 or Commd6 does not alter plasma cholesterol levels (8,
10, 26), and since COMMD1 and COMMD6 levels were only reduced by ~40% in COMMD9
deficient livers (Fig. 3C, Table S1), we proceeded by investigating the effect of hepatic
COMMD9 deficiency on plasma TC levels. Ablation of hepatic Commd9 increased plasma TC
levels (P<0,001), ApoB100 levels (P<0.001), including plasma LDL cholesterol (Fig. 6A, B), to
a similar degree as hepatic Commd1 (5) or Commd6 depletion (Fig. 1A), without effecting
body weight, liver weight or liver histology (Fig. S6C, D).
Taken together, these results indicate that the protein expression of COMMDs relies on
each other through forming multiprotein complexes and the degree of dependency differs
between COMMD proteins. In contrast, the stability of the CCC core components (CCDC22,
CCDC93, C16orf62) seems to be entirely dependent on the COMMD proteins. This specific
decrease in the CCC core components in all three models of hepatic COMMD deficiency
coincides with elevated plasma cholesterol levels.
Hepatic ablation of the CCC component CCDC22 increases circulating cholesterol levels
To directly examine whether this specific loss of the CCC core underlies the increased
circulating plasma cholesterol in our mouse models, we targeted one of its key component
Ccdc22 in hepatocytes of mouse livers using CRISPR/Cas9 gene editing technology. Three
gRNAs were designed to simultaneously target exon 1 and exon 2 of Ccdc22 (Fig. S7A).
These gRNAs (Ad-gRNA_Ccdc22) were directed to the liver of either WT or liver-specific
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Figure 4. Depletion of either COMMD1 or COMMD9 perturbs the formation of the CCC complex. (A) Western
blotting of WT and Commd1 KO mouse liver homogenates fractionated by ultracentrifugation on 10–40% sucrose
gradient. (B) Number of COMMD and CCC core components associated with COMMD1 in primary hepatocytes
as determined by immunoprecipation assay and subsequently targeted proteomics analysis (n=5). (C) COMMD1,
COMMD6, CCDC22 and CCDC93 protein expression in livers of WT and Commd9ΔHep were determined by immunoblotting (D) Quantification of Western blot results depicted in (C). Group averages and SEM are shown. *p<0.05,
**p<0.01, ***p<0.001 (compared to control groups).

Cas9-expressing C57BL/6J mice using an adenoviral gene delivery system. One week before
virus administration, blood was collected to ensure the plasma cholesterol values of WT and
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Cas9-expressing C57BL/6J mice were similar (Fig. S7B). Twenty-one days after virus injection,
blood and tissues were collected for analysis (Fig. S7B). Hepatic expression of the three
gRNAs reduced CCDC22 expression by ~70% and diminished the levels of CCDC93, C16orf62
and COMMD1 (Fig. 5A, B). Targeted proteomics analysis showed that the expression of
all COMMD proteins was significantly reduced by targeting Ccdc22, with the exception of
COMMD6 (Fig. S7C). CCDC22 inactivation did not alter the body weight, liver weight, or
cause overt liver pathology (Fig. S7C, D), but it increased plasma TC levels by ~35% (P<0,01)
compared to WT mice injected with Ad-gRNA_Ccdc22 (Fig. 5C). Lipoprotein fractionation
by FPLC revealed that increased plasma cholesterol levels were due to increased plasma
LDL cholesterol (Fig. 5D), supported by the increased plasma ApoB100 levels (Fig. 5E). In
summary, these results indicate that proper formation of the core of the CCC complex in
hepatocytes is required to control plasma LDL cholesterol levels.
Hepatic CCC complex ablation exacerbates hyperlipidemia and accelerates atherosclerosis
The reduced surface levels of both LDLR and LRP1 upon inactivation of the CCC complex (Fig.
S5B) suggest that the CCC complex orchestrates trafficking of both receptors. As LDLR can
compensate for the loss of LRP1, studying LRP1 functioning in the clearance of plasma ApoE
and ApoB-containing particles in mice is only possible in a hepatic LDLR-deficient background
(27). To assess the role of the CCC complex in LRP1 functioning, we overexpressed a gain-offunction variant of PCSK9-D377Y in the liver of WT and Commd1ΔHep mice by intravenously
injecting an adeno-associated virus (AAV) expressing human PCSK9-D377Y (28). PCSK9D377Y expression blunted the protein expression of LDLR, but not LRP1, in the liver of WT
and Commd1ΔHep mice (Fig. 6A). As expected, LDLR deficiency led to a significant increase
in plasma TC and TG (Fig. 6B) in WT mice. Animals that lack the protein expression of both
COMMD1 and LDLR showed higher increase in plasma TC and TG levels as compared to mice
only deficient for LDLR in the liver (Fig. 6B). The plasma concentrations of ApoB100 and
ApoB48 were examined by Coomassie staining and showed that LDLR deficiency resulted
in a marked increase in both apolipoproteins (Fig. 6C). In contrast, hepatic ablation of both
LDLR and COMMD1 further increased ApoB48 levels as compared to control animals (Fig.
6C). This dramatic increase in ApoB48 in mice deficient for both COMMD1 and LDLR is
supported by targeted proteomics analysis of the plasma samples of both groups in which
we specifically determined the plasma concentration of ApoB100 and ApoB48 (Fig. 6D). This
further rise in both plasma TC and ApoB48 levels was also reflected by the marked change
in their plasma lipoprotein profile (Fig. 6E). Hepatic deficiency of both COMMD1 and LDLR
led to a large increase of plasma lipoproteins in the chylomicron remnant/VLDL and LDL size
range. A similar increase in plasma ApoB48 levels and change in lipoprotein profile has been
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Figure 5. Hepatic CRISPR/Cas9-mediated Ccdc22 editing increases plasma cholesterol levels. (A) Protein levels of
CCDC22, CCDC93 and COMMD1 determined by immunoblotting. (B) Quantification of immunoblot results depicted
in (A). (C) Total cholesterol levels in of WT and Cas9 mice on chow, 7 days before and 21 days after injection with
Ad-gRNA-Ccdcc22 (n=5-6). (D) The average total cholesterol levels of FPLC fractionated plasma of WT and Cas9
mice 21 days after Ad-gRNA-Ccdc22 injection. (E) Plasma ApoB100 and ApoA1 levels of WT and hepatic CCDC22
deficient mice, indicated by fold change versus WT controls (n=4-6). Group averages and SEM are shown. *p<0.05,
**p<0.01, ***p<0.001 (compared to control groups)

seen upon hepatic depletion of both Ldlr and Lrp1 (27), suggesting that the CCC complex
also facilitates the functioning of LRP1.
Next, we investigated the contribution of CCC-mediated endosomal LDLR/LRP1 trafficking on
the progression of atherosclerosis. We used ApoE3*Leiden (ApoE3*L) transgenic mice as a
model for atherosclerosis (29) since these mice are hyperlipidemic, develop atherosclerosis
and express LDLR in their livers (30), which we thought to be essential in evaluating the
contribution of the CCC complex to dyslipidemia and atherogenesis. Liver-specific Commd1
knockout (Commd1ΔHep) mice were crossbred with ApoE3*L mice to ablate Commd1 in
hepatocytes (ApoE3*L;Commd1ΔHep). Hepatic COMMD1 deficiency did not affect the total
protein expression of LDLR and LRP1 in the liver of ApoE3*L (Fig. S8A) mice fed a HFC diet
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Figure 6. CCC complex inactivation further increases dyslipidemia in hepatic LDLR deficient mice. (A) Hepatic
LDLR and LRP1 protein levels of uninjected and AAV-PCSK9-D377Y-injected WT and Commd1ΔHep mice. (B) Plasma
total cholesterol and triglyceride levels of WT and Commd1ΔHep mice before and 3 weeks after injection of AAVPCSK9-D377Y (n=9-10). (C) Plasma of uninjected and AAV-PCSK9-D377Y-injected WT and Commd1ΔHep mice was
separated by SDS gel electrophoresis and ApoB100 and ApoB48 were visualized by Coomassie staining. (D) Plasma
ApoB100, ApoB48, and ApoA1 levels of WT and Commd1ΔHep mice 3 weeks after injection of AAV-PCSK9-D377Y
(n=6). (E) Average total cholesterol in FPLC fractionated plasma of AAV-PCSK9-D377Y-injected WT and Commd1
ΔHep
mice (n=9-10). Group averages and SEM are shown. *p<0.05, **p<0.01, ***p<0.001 (compared to controls).

for 12 weeks but resulted in a dramatically rise in plasma TC and TG levels (~100% increase,
P<0.001) (Fig. 7A). VLDL- and LDL-cholesterol levels were notably increased by inactivation
of the CCC complex (Fig. 7B), supported by the increased plasma ApoB100 levels. This rise
in plasma cholesterol levels coincided with ~50% larger atherosclerotic lesion area (P<0.01)
in the aortic root of these animals (Fig. 7C, D). Atherosclerotic lesions in the aortic root were
small and foam-cell rich (Fig. 7C, D). We then assessed atherosclerotic lesion area in the aortic
arch by performing en face analysis using Oil Red O staining. We observed no atherosclerotic
lesions in the aortic arch of both genotypes (Fig. S8B), indicating that atherogenesis did
not yet develop in this part of the aorta. Taken together, hepatic perturbations in the CCC
complex exacerbates hyperlipidemia - likely due to a defect in LDLR and LRP1-mediated
lipoprotein clearance - and accelerates atherosclerosis in ApoE3*L mice.
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Figure 7. Destabilization of the CCC complex exacerbates dyslipidemia and atherosclerosis. (A) Total cholesterol
and triglyceride levels in plasma of ApoE3*L and ApoE3*L;Commd1ΔHep mice fed a high-fat high-cholesterol (HFC)
diet for 12 weeks (n=8–11). (B) Average total cholesterol in FPLC fractionated plasma of mice fed a HFC diet for
12 weeks. (C) Representative images of toluidin blue staining of aortic root of APOE3*L and ApoE3*L;Commd1ΔHep
mice after 12 weeks of HFC feeding. (D) Quantification of plaque size in ApoE3*L and ApoE3*L;Commd1ΔHep mice
after 12 weeks of HFC feeding. Lesion area is the average of 10 cross-sections per animal (n=8-11). Group averages
and SEM are shown. **p<0.01, ***p<0.001 (compared to controls).

Discussion
Removal of atherogenic LDL cholesterol from the circulation is highly dependent on
hepatic LDLR, and progress has been made in our understanding of how LDL trafficking is
mechanistically coordinated. Recently, the CCC complex - a multiprotein complex associated
with vital elements of the endocytic sorting machinery (9) – was identified as a novel factor
of endosomal LDLR trafficking ((8), Fig. S9). In this study, we revealed that the integrity of the
CCC core components, namely CCDC22, CCDC93 and C16orf62, is not exclusively controlled
by COMMD1 (8), but by numerous members of the COMMD family (Fig. S9). In addition, our
data also suggest that the stability of the COMMDs in hepatocytes relies on the CCC core
component CCDC22, indicating a strong interrelation between the COMMD family and the
core of the CCC complex in endosomal trafficking of cell surface receptors, including LDLR
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and LRP1 (8).
It has been implicated that the COMMDs form heterogeneous CCC complexes that
facilitate receptor-specific endosomal trafficking (9, 18, 21, 22), but their contribution
in the formation of the CCC complex in endosomal LDLR trafficking was still unclear. To
investigate this, we generated and characterized different liver specific Commd knockout
mouse models (Commd1, Commd6 and Commd9), and we identified for the first time that
the stability of the core of the CCC complex depends on numerous COMMDs, as CCDC22,
CCDC93 and C16orf62 levels were massively reduced upon hepatic deletion of Commd1,
Commd6 or Commd9. This loss of the CCC core subunits was correlated with elevated
plasma LDL cholesterol levels in all our models (8), indicating that specific disruption of
the CCC core leads to the hypercholesterolemic phenotype (8, 11). Indeed, using CRISPR/
Cas9-mediated somatic gene targeting, we achieved extensive reduction in hepatocyte
CCDC22 levels, and provided evidence for a direct role for the core of the CCC complex in
the regulation of plasma cholesterol levels in mice. In addition, we found that perturbation
of the CCC complex contributes to the progression of atherosclerosis in ApoE3*L mice, a
mouse model with a human-like lipoprotein profile. Although the total protein levels of
hepatic LDLR and LRP1 in WT and ApoE3*L mice are not affected upon CCC inactivation,
this study and our previous work (8) showed that hepatic CCC deficiency reduces surface
levels of LDLR and LRP1 – likely due to impaired endosomal receptor trafficking (8) – leading
to increased plasma LDL cholesterol levels and accelerated atherosclerosis (Fig. S9). In
humans, mutations in CCDC22 cause the severe developmental disorder X-linked intellectual
disability (XLID), and we recently showed that the CCDC22 mutations are also correlated
with hypercholesterolemia in these patients (8). In this study, we provide genetic evidence
that CCDC22 insufficiency directly cause high plasma LDL cholesterol levels in XLID-patients,
and establish that CCC complex-mediated LDLR trafficking is conserved between mice and
humans. However, whether human genetic variants in COMMDs, CCDC93 and C16orf62 exist
that are associated with plasma lipid levels and cardiovascular events needs to be validated.
This study shows also for the first time that the expression of the COMMD proteins in
hepatocytes relies on each other, but intriguingly the degree of dependency differs between
COMMD proteins. For example, COMMD5 and COMMD10 are reduced by ~70%, whereas
COMMD3 is only diminished by 50% upon Commd1, Commd6 or Commd9 depletion. The
exact reason for these differences is unclear, but our cell fractionation experiments showed
that only the fraction of COMMD3 proteins associated with the CCC and WASH complexes
are adversely affected following Commd1 deletion. These results suggest that the portion
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of the COMMDs assembled into the CCC complexes is particularly disturbed by removal of
another COMMD protein. The fraction of a COMMD protein that is not affected by the loss
of another COMMD protein is likely present in other cellular compartments, where they
likely mediate other biological activities, similarly to what has been reported for COMMD1,
which can also regulate NF-κB and HIF-1 signaling (17, 19, 31).
The reduction of all COMMDs and the CCC core subunits (CCDC22, CCD93, and C16orf62)
upon loss of any COMMD studied is very remarkable, and mystifies the biological relevance
of hepatic expression of ten different COMMD proteins that are all assembled into a CCC
complex (9, 18, 21, 22). Since, only COMMD5 and COMMD9 regulate Notch receptor
recycling (18), and only a few COMMDs, including COMMD1, bind to the copper transporting
protein ATP7B to mediate its trafficking (11), it has been postulated that the COMMDs
define multiple different CCC complexes that act in conjunction with the WASH complex
for selective endosomal trafficking of transmembrane proteins. We now show that in
addition to COMMD1, also COMMD3 and COMMD6 are associated with the WASH complex
(9). Based on these novel findings, it is reasonable to speculate that elevated plasma LDL
cholesterol after downregulation of one COMMD protein is indirect and is the consequence
of destabilizing of different CCC complexes, including the CCC complex that directly mediates
endosomal LDLR sorting. Further studies are needed to elucidate the stoichiometry of these
heterogeneous CCC complexes in receptor-specific endosomal trafficking.

4

We recently speculated that LDLR is retrieved by sorting nexin 17 (SNX17) from the lysosomes
before LDLR is transferred to the CCC and WASH complexes for endosomal recycling (Fig. S9)
(8). SNX17 also facilitates endosomal trafficking of LRP1 (32-34). LDLR and LRP1 contain a
NPxY motif in their cytoplasmic tail, and both SNX17 and COMMD1 can bind to this NPxY
motif (8, 34-36), suggesting that the CCC complex can facilitate the endosomal trafficking of
various members of the LDLR-family that contain this motif, including LRP1 (37). Indeed, our
in vitro and in vivo results indicate that the functioning of LDLR and LRP1 are both affected
by inactivation of the CCC complex (Fig. S9B). We therefore speculate that upon entering
the endosomes LDLR and LRP1 are coupled to SNX17 and are recycled by CCC and WASH
complexes (8). McNally and co-workers recently identified a multiprotein complex, called
retriever, which is composed of DSCR3, VPS29 and C16orf62 (33). In this study, the authors
suggest that C16orf62 does not belong to the CCC complex but participates in retriever as
a separate complex in the CCC-WASH axis (33). This is an interesting observation, as our
study implies that C16orf62 does participate in the CCC complex since ablation of either
Ccdc22 or a Commd gene leads to a dramatic reduction in C16orf62 levels. In contrast,
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a decrease in C16orf62 levels has not been seen in HeLa cells deficient for both CCDC22
and CCDC93 (33). The exact reason for these opposite results is unclear, but it might be
that loss of the CCC complex results in mislocalization of C16orf62 - as the recruitment
of the retriever to the endosomes relies on the CCC and WASH complexes (33) - that may
eventually lead to proteolysis of this protein in hepatocytes. Further research is therefore
needed to fully understand the molecular organization of the SNX17-retriever-CCC-WASH
axis in coordinating the endosomal recycling of receptors, including LDLR and LRP1 (Fig. S9).
We speculate that PCSK9 prevents LDLR to be recognized by the CCC-WASH axis and
directly targets LDLR for proteolysis, a process that is independent of the endosomal sorting
complexes required for transport (ESCRT) machinery (38). Receptors that are not retrieved
and recycled by the CCC-WASH axis are sorted into the lysosome for proteolysis, a process
likely mediated by ESCRT (Fig. S9A) (33). Therefore, we hypothesize that the PCSK9-mediated
LDLR degradation and CCC-dependent LDLR recycling pathways are acting independently of
each other, but further research is needed to understand the relation between these two
pathways.
Interestingly, our data show that hepatic ablation of Commd1 (8) and Commd6 in mice fed a
chow diet also lead to elevated plasma HDL cholesterol levels. Plasma HDL cholesteryl esters
uptake is mediated by the Scavenger Receptor Class B Member 1 (SR-B1). Different studies
have shown that SR-B1 can be endocytosed (39), which may indicate that the CCC complex
also plays a role in SR-B1-mediated HDL cholesteryl esters uptake, but further studies are
warranted.
Collectively, our study has uncovered a previously unknown role for the evolutionarily
conserved COMMD proteins in maintaining the integrity and function of the hepatocyte
CCC complex during endosomal LDLR and LRP1 trafficking.

Materials and Methods
A brief description of the methods is provided below. For a detailed description of the
methods please refer to the data supplement.
Animals
All animal studies were approved by the Institutional Animal Care and Use Committee,
University of Groningen (Groningen, the Netherlands). Detailed description of the different
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mouse models can be found in the data supplement.
Hepatic lipid extraction
Lipid was extracted from liver homogenates and prepared as 15% (w/v) solutions in PBS, as
previously described (40). Samples were used to determine total cholesterol and triglyceride
content.
Fast-performance liquid chromatography (FPLC)
Plasma samples of each group of mice were pooled and fractionated by FPLC as previously
described (41), with minor modifications. In brief, the system contained a PU-980 ternary
pump with an LG-980-02 linear degasser and a UV-975 UV/VIS detector (Jasco, Tokyo). EDTA
plasma was diluted 1:1 with Tris-buffered saline, and 300 μL sample/buffer mixture was
loaded onto a Superose 6 HR 10/300 column (GE Health care, Lifesciences division, Diegem)
for lipoprotein separation at a flow rate of 0.5 mL/min. Total cholesterol and triglyceride
content of the fractions was determined as described above.
Cholesterol and triglyceride analysis in plasma and liver homogenates
Total cholesterol (TC) levels were determined using colorimetric assays (11489232, Roche)
with cholesterol standard FS (DiaSys Diagnostic Systems GmbH) as a reference. Triglyceride
(TG) levels were measured using Trig/GB kit (1187771, Roche) with Roche Precimat Glycerol
standard (16658800) as a reference.

4

Cell lines
HEK293T, Huh7, and HepG2 cells were cultured in Dulbecco’s modified Eagle medium
GlutaMAX™, supplemented with 10% fetal calf serum (FCS) and 1% penicillin streptomycin
(pen/strep) solution. RAW 264.7 cells were cultured in RPMI medium GlutaMAX™,
supplemented with 10% FCS and 1% pen/strep. All cell lines were cultured at 5% CO2 and

21% O2. HEK293T, Huh7, HepG2 and RAW264.7 cells, in which COMMD1 and COMMD6 were
stably silenced using shRNA (detailed below), were selected by 1μg/ml puromycin. Primary
hepatocytes were cultured as described previously (8).

RNA interference
COMMD1 was stably silenced in HEK293T and HepG2 cells using shRNA as previously
described (17). A plasmid encoding short hairpin RNA against COMMD6 was generated by
cloning a target sequence specific for human COMMD6 (AATGACGATTCCACAGTTTCA) or
mouse COMMD6 (TGACAATTCCACAATTTCA) into the pLKO-TRC vector. HEK293T, HepG2 and
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RAW264.7 cell lines were infected with lentiviral particles carrying the pLKO-TRC or pLKOshCOMMD6 vector.
Sucrose Gradients
Male mice (WT and Commd1ΔHep) were fasted for 4 h and sacrificed. Livers were isolated, and
processed as described previously (8).
Immunoprecipitation analysis
Immunoprecipitation (IP) experiments were performed as described before (8). In this
study HEK293T cells and primary hepatocytes were used. Mouse anti-COMMD1 (MAB7526,
R&D Systems) antibodies were used to immunoprecipitate COMMD1, rabbit anti-COMMD6
(custom made (24)) was used to immunoprecipitate COMMD6. Normal IgG was used as a
negative IP control.
Gene expression analysis
Cells were grown to 70% confluency and lysed with QIAzol Lysis Reagent (Qiagen). Pieces
of murine liver of approximately 100 mg were homogenized in 1 ml QIAzol Lysis Reagent
(Qiagen). Total RNA was isolated by chloroform extraction. Isopropanol-precipitated and
ethanol-washed RNA pellets were dissolved in RNase/DNase free water. One microgram of
RNA was used to prepare cDNA with the Transcriptor Universal cDNA Master kit (Roche),
according to the manufacturer’s protocol. Twenty nanograms of cDNA was used for
subsequent quantitative real-time PCR (qRT-PCR) analysis using the FastStart SYBR Green
Master (Roche) and 7900HT Fast Real-Time PCR System (Applied Biosystems).
Western blot
For Western blot, total cell lysates and liver homogenates were obtained using NP40 buffer
(0.1% Nonidet P-40 (NP-40), 0.4 M NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA) supplemented
with protease and phosphatase inhibitors (Roche). Protein concentration was determined
using the Bradford assay (Bio-Rad). Thirty micrograms of protein was separated using SDSPAGE and transferred to Amersham™ Hybond™-P PVDF Transfer Membrane (GE Healthcare;
RPN303F). Membranes were blocked in 5% milk in tris-buffered saline with 0.01% Tween20
and incubated with the indicated antibodies. Proteins were visualized using a ChemiDoc™
XRS + System (Bio-Rad) using Image Lab software version 5.2.1 (Bio-Rad).
Antibodies
Antibodies used for Western blot and immunofluorescence are described in the data
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supplement.
Targeted proteomics
To quantify the protein concentrations of the COMMDs, components of retromer, the CCC
and WASH complexes, LDLR, LRP1, ApoA1, ApoB100, and ApoB48 in the samples of the
different mouse models we developed targeted proteomics assay. Detailed description is
provided in the data supplement.
Statistical analysis
In vitro data were obtained from three independent experiments ± standard error of the
mean (SEM). Mouse data show average values ±SEM, n=7–12. Analyses were performed
using GraphPad version 6.05 (GraphPad software). The Student’s t-test was used to test
for statistical significance between two groups. For all experiments, a P-value of <0.05 was
considered statistically significant.
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Supplementary material
Online Methods
Animals
Commd6 conditional knockout mice were generated using the multi-purpose targeting
vector pNTKV1901-frt/loxP (1). Cloning of the targeting construct was performed as
previously described (1). Using homologous recombination in embryonic stem (ES) cells,
we introduced a neomycin (neo) cassette with a cryptic acceptor and donor site in intron
3, and loxP sites flanking exon 3 (Fig. 1A). The neo cassette was flanked with frt sites
(Fig. 1A). The NotI-linearized targeting vector was electroporated into TL1 129Sv/E ES
cells. After selection with G418 and expansion, the presence of the conditional Commd6
allele was confirmed by Southern blot analysis (Fig. 1A). We produced chimeric mice
by microinjecting two independent ES cell-targeted clones into C57BL/6 blastocysts.
Next, we crossed chimeric males with C57BL/6 females and the mutated Commd6 allele
was successfully transmitted to their offspring. We crossed the mutated Commd6 mice
with ROSA26::FLPe mice (The Jackson Laboratory stock#009086) to excise the neo gene
cassette. Then, mice were backcrossed to a C57BL/6 genetic background for at least six
generations, before crossing with Alb-Cre mice (The Jackson Laboratory stock#003574)
to generate liver-specific Commd6 knockout mice. The following primers were used to
genotype the mice: floxed Commd6 forward (5ʹ- AGGGCTTGAGTATGGGACAG-3ʹ) and reverse
(3ʹ-GTGAGAAATACCACTGCCTTG-5ʹ); Alb-Cre forward (5ʹ-GCGGTCTGGCAGTAAAAACTATC-3ʹ)
and reverse (5ʹ-ACGAACCTGGTCGAAATCAGTG-3ʹ). Commd6 conditional knockout mice have
been submitted to The Jackson Laboratory (stock#031057).

4

Liver-specific Commd1 knockout mice were previously described (2). Commd9 ablation
in hepatocytes was accomplished by crossing floxed Commd9 mice(3) with Alb-Cre mice
(#003574, The Jackson Laboratory). Rosa26-LSL-Cas9 knock in mice (#024857, The Jackson
Laboratory)(4) were crossed with Alb-Cre mice to generate liver-specific Cas9-expressing
mice, and were used to target Ccdc22 in mouse livers through CRISPR/Cas9 gene editing
technology.
Except for the atherosclerosis study, in any other studies we used male mice. Mice were
housed individually and fed ad libitum with either a standard rodent chow diet (RMH-B, AB
Diets, the Netherlands) or, starting at 10 weeks of age, a high-fat, high-cholesterol (HFC) diet
(45% calories from butter fat, containing 0.2% cholesterol, SAFE Diets), n=5–9. Mice were
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fed a HFC diet for 1 week, and mice were fasted for 4 hours before the mice were sacrificed.
In all experiments littermates, which are homozygous floxed mice without the Cre-allele,
were used as wild type (WT) controls.
To generate a hepatic LDLR-deficient background, Commd1ΔHep mice and WT littermates
were injected via the orbital vein with 3.0x1011 vector genomes of AAV-PCSK9-D377Y (5)
(n=9-10). Volumes of injection were adjusted to 100 μl with sterile phosphate-buffered
saline (PBS).
For atherosclerosis measurements, ten weeks old female ApoE3*Leiden;Commd1F/F; Albcre (APOE3*L;Commd1ΔHep) and ApoE3*Leiden;Commd1F/F (ApoE3*L) mice were fed a HFC
diet for 12 weeks (n=9-12). After 12 weeks of HFC diet, mice were sacrificed, blood was
collected and the heart was fixed by cold isopentane for histology. Cross-sections of 6µm
were made throughout the aortic root area of the heart and sections were stained with
Toluidin blue. Slides were scanned with a Hamamatsu slide scanner. The average lesion size
was determined from ten sections for each animal with a 24 µm interval. Plaque size was
measured in a blinded fashion using image scope software (Leica Aperio Imagescope). The
aortic arch was dissected, fixed in formalin and stained for lipid deposits using Oil Red-O,
and pinned on silicon-coated dishes. Oil Red O positive areas were quantified using Image J.
Tissues for mRNA and protein expression analysis were snap-frozen in liquid nitrogen and
stored at -80˚C until further analysis. Blood was drawn by cardiac puncture, and plasma
was collected after centrifugation at 3000 rpm for 10 min at 4˚C. All animal studies were
approved by the Institutional Animal Care and Use Committee, University of Groningen
(Groningen, the Netherlands).
Fast-performance liquid chromatography (FPLC) of single plasma samples
Cholesterol concentrations in the main lipoprotein classes (VLDL, LDL and HDL) were
determined using fast protein liquid chromatography (FPLC) as described previously with
some minor modifications (6). The system contained a PU-980 ternary pump with an LG980-02 linear degasser, FP-920 fluorescence and UV-975 UV/VIS detectors (Jasco, Tokyo,
Japan). An extra PU-2080i Plus pump (Jasco, Tokyo, Japan) was used for in-line cholesterol
PAP or Triglyceride enzymatic reagent (Roche, Basel, Switserland) addition at a flowrate
of 0.1 ml/min. Plasma lipoproteins were separated with a Superose 6 HR 10/30 column
(GE Healthcare Hoevelaken, The Netherlands) using TBS pH 7.4, as eluent at a flow rate of
0.31 ml/min. Quatitative analysis of the chromatograms was carried out with ChromNav
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chromatographic software, version 1.0 (Jasco, Tokyo, Japan). Commercially available
lipid plasma standards (low, medium and high) were used for quantitative analysis (SKZL,
Nijmegen, the Netherlands) of the separated lipoprotein fractions.
RNA interference
COMMD1 was stably silenced in HEK293T and HepG2 cells using shRNA as previously
described (7). A plasmid encoding short hairpin RNA against COMMD6 was generated by
cloning a target sequence specific for human COMMD6 (AATGACGATTCCACAGTTTCA) or
mouse COMMD6 (TGACAATTCCACAATTTCA) into the pLKO-TRC vector. HEK293T, HepG2
and RAW264.7 cell lines were infected with lentiviral particles carrying the pLKO-TRC or
pLKO-shCOMMD6 vector. To produce lentiviral particles, HEK293T cells were transfected
with pLKO-TRC or pLKO-shCOMMD6 together with pMDLG-pRRE, pH-CMV-G and pRSV-Rev
packaging plasmids using FuGENE-6 transfection reagent (Promega) at a Fugene to DNA ratio
of 3:1. Virus-containing supernatant culture medium was filtered (0.45 micron, Corning),
mixed with polybrene (4 mg/ml) and used for infection for three consecutive 12 hour
periods. Twenty-four hours after the third infection, the culture medium was supplemented
with puromycin (1μg/ml).

4

Sucrose Gradients
Male mice (WT and Commd1ΔHep) were fasted for 4 h and sacrificed. Livers were isolated, and
processed as described previously.
In short, 200 mg of liver was homogenized in 800 μl homogenization buffer (50 mM Tris-HCl,
ph 7.4, 250 mM sucrose, 25 mM KCl, 5 mM MgCl2, 3 mM imidazole, Roche protease inhibitor
mixture) with 20 strokes in a Dounce homogenizer. Homogenates were centrifuged (1000xg,
10 min at 4°C) to remove nuclei and other debris. A unit of 300 μg of liver homogenates was
loaded on a 3.7-ml continuous 10-40% sucrose gradient and centrifuged using a Beckman
Coulter SW55 Ti rotor for 16 h at 40,000 rpm. 285 μl fractions were collected from the
bottom by puncture the bottom of the tube with a 20-gauge needle. 1/10 of each fraction
were mixed SDS sample buffer and used for Western blot analyses.
Immunoprecipitation analysis
Immunoprecipitation experiments were performed as described before (7). Cells
were lysed in NP-40 buffer (0.4MNaCl, 0.1% NP-40, 10mM Tris-HCl, pH 8.0 and 1mM
EDTA), supplemented with protease inhibitors. In this study HEK293T cells and primary
hepatocytes were used. Mouse anti-COMMD1 (MAB7526, R&D Systems) antibodies were
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used to immunoprecipitate COMMD1, rabbit anti-COMMD6 (custom made (8)) was used to
immunoprecipitate COMMD6. Normal IgG was used as a negative IP control.
Immunofluorescence
HEK293T cells were cultured for 24 h on coverslips, fixed in ice-cold fixative (4%
paraformaldehyde and 0.5% glutaraldehyde in PBS) and incubated for 18 min in the dark at
room temperature, followed by permeabilization for 4 min with 0.2% Triton X-100 in PBS.
Cells were subsequently incubated with primary antibodies at 4°C in a humidified chamber.
Following three washes in PBS, cells were incubated with secondary antibodies (1:500
dilution in blocking buffer) for 1 h at room temperature or overnight at 4°C in a humidified
chamber. After three washes in PBS, coverslips were mounted on slides with Vectashield
mounting medium containing DAPI (Vector Laboratories; H-1200). Images were obtained
with a Zeiss Axio Imager2 with Apotome 2 with a Plan-APOCHROMAT 63x/1.4 oil objective,
using ZEN software (Zeiss).
Adenovirus generation for somatic gene editing by CRISPR/Cas9 technology
Three guide RNAs, targeting either exon 1 or exon 2 of murine Ccdc22 (Fig. 6A), were
separately cloned into a BbsI-digested pSpCas9(BB)-2A-Puro (PX459) plasmid (Addgene
plasmid# 48139) to create U6-guideRNA-sgRNA scaffold cassettes. These cassettes were
amplified by PCR using the following primers: forward sg#1: 5ʹ-GTCGACgagggcctatttcccatgat3ʹ; reverse sg#1: 5ʹ-GGATCCAAAAAAgcaccgactcggtg -3ʹ; forward sg#2: 5ʹGGATCCgagggcctatttcccatgat-3ʹ; reverse sg#2: 5ʹ-tctagaAAAAAAgcaccgactcggtg-3ʹ; forward
##: 5ʹ-TCTAGAAgagggcctatttcccatgat-3ʹ: reverse sg#3: 5ʹ-gcggccgcAAAAAAgcaccgactcggtg-3ʹ,
and were ligated into a SalI-NotI-linearized pENTR2B entry plasmid (Invitrogen #11816-014).
The construct sequence is available upon request. A LR recombination reaction (Invitrogen
#11791-020, following manufacturer’s protocol) with pAd/pL-Dest was performed to obtain
the adeno-expression construct. For virus production, 4 ug of PacI-digested expression
vector was transfection into HEK293A cells (Invitrogen # R705-07). Visible virus production
was observed after 9 days. Reproduction and upscaling of the virus was performed in five
steps, and produced up to 7500 cm2 infected HEK293A cells. Viruses were purified using
cesium chloride density gradients, and stored at -80°C at a concentration of 7.45x1012
particles per ml.
AV particles were injected intravenously in 9–10 week old mice expressing Cas9 specifically
in the liver (see material and method section: animals). All AV doses were 1x1011 particles
and adjusted to 100 μl with sterile phosphate-buffered saline (PBS). Blood was collected
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by retro-orbital bleeding one week before virus administration, and mice were sacrificed 3
weeks after administration.
COMMD6-V5 tag fusions by CRISPR/Cas9 gene editing technology
To fuse a V5-tag to endogenous COMMD6 of HEK293T cells we used CRISPR/Cas9 gene
editing technology. The homology construct for specific integration of the V5-tag was
assembled in pBluescriptII KS+ vectors. The left (225 bp) and right (280 bp) homology
arms and the V5-tag flanking the stop codon were cloned into the vector using standard
cloning techniques. Primer sequences are available upon request. gRNAs were designed
using the online MIT CRISPR designer tool, and cloned into the pX459 vector (Addgene
plasmid #48139). The guide sequence and the homology construct were validated by Sanger
sequencing. gRNA efficiency was tested as previously described (9). HEK293T cells were
transfected with the pX459-sgRNA vector and the V5-tag flanked with the short homology
regions (Fig. S2A). Forty-eight hours after transfection, single cells were seeded to form
colonies. Two week later, colonies were collected and cultured individually in 96-well plates.
Single-cell clones were cultured and correct incorporation of the V5-tag was determined
by PCR amplification and sequencing (Fig S2B, C). Western blot analysis with an anti-V5
antibody detected proteins with the expected molecular weight in targeted HEK293T cells
but not in control cells (Fig. S2D). In addition, COMMD6 fused with V5-tag was specifically
observed by immunofluorescence in gene edited cells and not in control cells (Fig. S2E).

4

Gene expression analysis
Cells were grown to 70% confluency and lysed with QIAzol Lysis Reagent (Qiagen). Pieces
of murine liver of approximately 100 mg were homogenized in 1 ml QIAzol Lysis Reagent
(Qiagen). Total RNA was isolated by chloroform extraction. Isopropanol-precipitated and
ethanol-washed RNA pellets were dissolved in RNase/DNase free water. One microgram of
RNA was used to prepare cDNA with the Transcriptor Universal cDNA Master kit (Roche),
according to the manufacturer’s protocol. Twenty nanograms of cDNA was used for
subsequent quantitative real-time PCR (qRT-PCR) analysis using the FastStart SYBR Green
Master (Roche) and 7900HT Fast Real-Time PCR System (Applied Biosystems). The PCR
reaction was performed as follows: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 sec at
95°C and 1 min at 60°C. Expression data were analyzed using SDS 2.3 software (Applied
Biosystems), using the ‘standard curve’ method of calculation. GAPDH was used as an
internal control for human cell lines (HEK293T and HepG2). PPIA expression was used as
an internal control for mouse samples and RAW 264.7 cells. Primer sequences are available
upon request.
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Antibodies
We used the following antibodies: rabbit anti-COMMD1 (11938-1-AP, Proteintech Group,
1:1000), mouse anti-COMMD1 (MAB7526, R&D Systems, 1:100), rabbit anti-COMMD3
(ab176583, Abcam, 1:1000), rabbit anti-COMMD4 (ab115169, Abcam, 1:1000), rabbit antiCOMMD5 (10393-1-AP, Proteintech Group, 1:1000), rabbit anti-COMMD6 (custom made(8),
1:100), rabbit anti-COMMD9 (192-AP, custom made, Starokadomskyy, 2013, 1:1000), rabbit
anti- COMMD10 (GTX121488, GeneTex, 1:1000), rabbit anti-LDLR (PAB8804, Abnova GmbH,
1:1000), rabbit anti-CCDC22 (16636-1-AP, ProteinTech Group, 1:2000), mouse anti-Flag-M2HRP (A8592, Sigma, 1:2000), HRP-conjugated goat anti-rabbit IgG (H + L) (170-6515, Bio-Rad,
1:10000), HRP-conjugated goat anti-mouse IgG (H + L) (170-6516, Bio-Rad, 1:10000), mouse
anti-b-actin (A5441, Sigma-Aldrich, 1:5000); rabbit anti-tubulin (ab4047, Abcam, 1:2000),
rabbit anti-CCDC22 (16636-1-AP, ProteinTech Group, 1:100), rabbit anti-CCDC93 (208611-AP, Proteintech, 1:5000), goat anti-VPS35 (ab10099, Abcam, 1:100), mouse anti-V5 (460705, Invitrogen, 1:1000), and rabbit anti-V5 (ab9116, Abcam, 1:500). Rabbit polyclonal
antibodies against WASH1 (1:1000) and FAM21 (1:100) have previously been described (10).
Anti-apoB100 (1:1000) and rabbit anti-apoA1 (1:1000) antibodies were a gift from Dr. A.K.
Groen. For generation of the monoclonal antibody against mouse COMMD6, approximately
50 µg of GST-COMMD6 fusion protein dissolved in PBS was emulsified in an equal volume of
incomplete Freund’s adjuvant and C57BL/6J mice were immunized subcutaneously (s.c.) and
intraperitonially (i.p.). 6 weeks after immunization, a 50 µg boost injection was applied i.p.
and s.c. three days before isolation and fusion of the splenic B cells with the myeloma cell line
P3X63Ag8.653 (performed using polyethylene glycol 1500 according to standard protocols)
(11).a Hybridoma supernatants were tested by solid-phase enzyme-linked immunoassay
(ELISA) using GST-COMMD6 fusion protein and verified by Western blot. The hybridoma
cells of COMMD6-reactive supernatant 26F7 were cloned twice by limiting dilution. The IgG
subclass clone 26F7 was determined with ELISA assay as mouse IgG2a kappa light chain. All
experiments targeting mouse COMMD6 were performed with this antibody.
Isotopically labeled standard for targeted proteomics
To quantify the protein concentrations of the COMMDs, components of retromer, the CCC
and WASH complexes, LDLR and LRP1 in the liver homogenates and APOA1 and APOB in
plasma of the different mouse models we developed targeted proteomics assay. Isotopically
labeled peptide standards were used to develop targeted LC-MS assays through selection
of optimal MS settings for two peptides per targeted protein. Quantotypic peptides were
selected for both mouse and human orthologs, based on selection criteria described
previously (12). All target peptides were concatenated into synthetic proteins (Polyquant
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GmbH, Germany) containing 13C-labeled lysines and arginines (so-called QconCATs). The
mouse specific peptide targets for this study are listed in Supplementary Table S2. Additional
13 15
C N-labeled lysine containing synthetic peptides (AQUA QuantPro, Thermo Scientific) were
added for COMMD1 to include peptide variants resulting from missed cleavage (sequence
motifs causing incomplete digest of COMMD1), since the initially selected peptide for
COMMD1 (without missed cleavages) did not yield a LC-MS response above the detection
limit (Supplementary Table S2).
In-gel digestion and sample cleanup for mass spectrometry analysis
For immunoprecipitated (IP) enriched protein samples in SDS loading buffer (0.01%
bromophenol blue, 2% SDS, 4% glycerol, 1% β-mercaptoethanol in 150 mM Tris buffer (pH
6.8)), 20 µL total volume was loaded on the gel. For plasma samples 1 µL plasma plus 1 ng
QconCATs were loaded on the gel. For liver tissue samples: 40 µg total protein plus 28.7 fmol
QconCAT were loaded on the gel and samples were run briefly into a precast 4–12% Bis-Tris
gel (Novex, ran for a maximum of 5 min at 100 V). The sample was run briefly into a precast
4-12% Bis-Tris gel (Novex, ran for maximally 5 min at 100V). The gel was stained with Biosafe
Coomassie G-250 stain (Biorad) and after destaining with milliQ, one band containing all
proteins was excised from the gel.

4

The gel was stained with Biosafe Coomassie G-250 stain (Bio-Rad). After destaining
with milliQ, one band containing all proteins was excised from the gel. To quantify the
concentrations of the COMMD proteins in liver lysates the same samples were also loaded
into a precast 4–12% Bis-Tris gel (Novex), and were run for approximately 15 min at 100 V.
In this way, the small proteins were separated from the larger, more abundant proteins.
The gel was stained with Biosafe Coomassie G-250 stain (Bio-Rad) and after destaining with
milliQ, gel bands containing proteins (including COMMD proteins) with a molecular weight
between 5–25 kDa were excised from the gel.
Each excised gel band was sliced into small pieces, washed subsequently with 30% and 50%
v/v acetonitrile with 100 mM ammonium bicarbonate, and incubated at RT for 30 min while
mixing (500 rpm). Then, 100% acetonitrile was added for 5 min and the gel pieces were
dried at 37°C. The proteins were reduced with 20 μL 10 mM dithiothreitol (30 min, 55 °C)
and alkylated with 20 μL 55 mM iodoacetamide (30 min, in the dark at RT). Then, gel pieces
were washed for 30 min with 50% acetonitrile containing 100 mM ammonium bicarbonate
while mixing (500 rpm) and dried at 37°C before overnight digestion with 20 μL trypsin
(1:100 g/g, sequencing grade modified trypsin V5111, Promega) at 37 °C. The next day, the
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residual liquid was collected and proteins were eluted from the gel pieces with 20 μL 75%
v/v acetonitrile containing 5% v/v formic acid (incubation 20 min at RT, mixing 500 rpm).
For liver tissue and plasma samples, the elution fraction was combined with the residual
liquid and diluted to 1 mL with 0.1% v/v formic acid for cleanup on a C18-SPE column (SPE
C18-Aq 50 mg/1ml, Gracepure). This column was conditioned with 2x1 ml acetonitrile
containing 0.1% v/v formic acid and re-equilibrated with 2x1 mL 0.1% v/v formic acid before
the samples were loaded. Bound peptides were washed with 2x1 mL 0.1% v/v formic
acid and eluted with 2x0.4 mL 50% v/v acetonitrile plus 0.1% v/v formic acid. The eluted
fractions were dried under vacuum and resuspended in 20 μL 0.1% v/v formic acid. For
immunoprecipitated samples and fractions enriched for the COMMD proteins the additional
cleanup step was omitted, samples were dried under vacuum immediately and resuspended
in 10 uL 0.1% v/v formic acid.
Targeted LC-MS analysis
From the IP samples 3 µL was injected in the LC-MS after addition of 6.5 fmol pre-digested
QconCAT and 225 amol COMMD1-peptides. 2 ug total protein of liver homogenates plus
1.4 fmol QconCAT were injected into the LC-MS. In case the relative small proteins (5–25
kDa) were analyzed, an equivalent of 11 µg total protein was injected in the LC-MS after
addition of 3.8 fmol pre-digested QconCAT and 133 amol COMMD1-peptides. For plasma an
equivalent of 25 nL plasma plus 0.5 ng QconCAT was injected.
Targeted LC-MS analyses were performed on a triple quadrupole mass spectrometer
with a nano-electrospray ion source (TSQ Vantage, Thermo Scientific). Chromatographic
separation of the peptides was performed by liquid chromatography on a nano-UHPLC
system (Ultimate 3000, Dionex) using a nano-LC column (Acclaim PepMap100 C18, 75 μm
x 500 mm, 2 or 3 μm, 100 Å, Dionex). Samples were injected using the μL-pickup method
with 0.1% v/v formic acid as a transport liquid from a cooled autosampler (5°C) and loaded
onto a trap column (μPrecolumn cartridge, Acclaim PepMap100 C18, 5 μm, 100 Å, 300 μm
x 5 mm, Dionex). Peptides were separated on the nano-LC column using a linear gradient
from 3–60 % v/v acetonitrile plus 0.1% v/v formic acid for 100 min at a flowrate of 200
nL/min. The mass spectrometer was operated in positive mode at a spray voltage of 1500
V, a capillary temperature of 270°C, a half maximum peak width of 0.7 for Q1 and Q3, a
collision gas pressure of 1.2 mTorr and a cycle time of 1.2 ms. Optimal collision energies (CE)
were predicted using the following linear equations: CE =0.03*m/z precursor ion + 2.905 for
doubly charged precursor ions, and CE=0.03*m/z precursor ion + 2.467 for triply charged
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precursor ions. For each of the peptides, the optimal precursor charge and three optimal
transitions were selected after screening with the QconCAT peptides. The measurements
were scheduled in windows of 5 min around the pre-determined retention time. The LC-MS
peak assignments were manually curated using Skyline software (13) and the integration
peak areas can be used for quantification using the known concentration of the spiked
isotopically labelled standard. For qualitative purposes, the targets were considered
specifically IP enriched if the isotopically spiked peptides were detected in both IP and
control samples, but the endogenous peptide was detected only in the IP sample and not in
the control sample. The targets were considered absent (or below the limit of detection) if
the endogenous peptides were not detected in both samples, but the isotopically labelled
standards were detected in both.
Biotinylation assay
Culture of primary hepatocytes and biotinylation assay were performed as previously
described (14). Cells were washed 3x with ice-cold PBS-CM buffer (PBS, 1mM MgCl2 and
0.1mM CaCl2), subsequently 0.5mg/ml biotin reagent solution (EZ-Link Sulfo-NHS-SS_Biotin,
Thermo Scientific) in biotinylation buffer (10mM triethanolamine, pH 8.0, 150mM NaCl and
2mM CaCl2) was added to the cells for 30 min at 4˚C. Biotin reagent was removed and
cells were washed 1x with quenching buffer (PBS-CM, 25mM Tris-HCl, pH 7.4 and 192mM
Glycine) for 30 min at 4˚C. Next, cells were washed 2x with PBS-CM and 1x with TBS-C
(50mM Tris-Cl, pH 7.4, 100mM NaCl and 2mM CaCl2). Cells were collected by scraping in
TBS-C. Cells were centrifuged (1,000g, 5 min, 4˚C), lysed in biotin lysis buffer (50mM Tris-Cl,
pH 7.4, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 5mM EDTA and 5mM EGTA),
sonicated (10% output for 10 s) and incubated on ice for 15 min, subsequently centrifuged
for 15 min at 12,000 g. Protein concentration was determined; 30 mg was used as input;
300 mg was used diluted in biotin lysis buffer (500μl); 30μl Neutravidin beads (Neutravidin
plus ultralink beads, Thermo Scientific) was added and incubated for 4 h at 4˚C. Beads were
collected by centrifugation (500g, 5min), beads were washed 3x with Biotin lysis buffer, 1x
with high-salt buffer (50mM Tris-Cl, pH 7.4 and 500mM NaCl) and 1x with low-salt buffer
(10mM Tris-HCl). Finally, the beads were resuspended in 30μl 2x loading buffer.
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Supplementary Figure 1. Generation of hepatocyte-specific Commd6 knockout mice. (A) Schematic
representation of the Commd6 gene targeting strategy to generate a conditional Commd6 knockout allele. A
genetic map of Commd6, the targeting vector, the Commd6 locus after homologous recombination, and the final
conditional Commd6 knockout allele after Flp-mediated excision of the Neo cassette are illustrated. Depicted are
the Commd6 exons (blue boxes), loxP sites (black boxes), FRT sites (white boxes) and neomycin selection gene
(Neo). Homologous recombination is marked with dotted lines. (B) Southern blot of EcoRV digested genomic DNA
from two ES cell clones and probed for the DNA fragment indicated in (A). The 10.4 kb and 12.2 kb fragments
represent the wild type (WT) and Commd6 floxed allele, respectively. (C) PCR genotyping of two WT, WT/loxP and
loxP/loxP mice without the Neo cassette. C represents a negative control (H2O). (D) Commd6 mRNA expression in
livers of Commd6ΔHep and WT mice (n=7–9). (E) Immunoblot analysis showing COMMD6 protein levels in the liver
of WT and Commd6ΔHep mice. Group averages and SEM are shown.
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Supplementary figure 2. Body weight, liver weight and liver histology are unaffected by hepatic COMMD6
deficiency. Body weight (A) and liver weight as percentage of body weight (B) for WT and Commd6ΔHep mice (n=7–
9). (C) H&E and ORO staining of hepatic tissue from WT and Commd6ΔHep mice fed a chow or a HFC diet for 1 week.
Representative images shown, scale bar = 100 µm. Total cholesterol levels of FPLC fractionated pooled plasma
sample of the experimental groups of mice fed either a chow (D) or a HFC (E) diet (n=7–9). Immunoblotting of
ApoB100 and ApoA1was performed on fractions #13–26. Group averages and SEM are shown.
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Supplementary figure 3. Generation of a V5 tagged COMMD6 allele in HEK293T cells. (A) Schematic
representation of the construct used to edit endogenous COMMD6. Annotated are the gRNA target sequence
(red), stop codon (orange) and PAM sequence (blue). The repair construct consisted of a V5 tag (green), which
was introduced right before the stop codon (orange) of COMMD6, and two homology arms (HA-L and HA-R) for
homologous recombination (blue lines). F1, R1 and R2 represent the primers used to confirm V5 insertion via PCR.
(B) PCR analysis of wild type and V5-tagged HEK293T monoclonal cell lines (B1 and D12). (C) Western blotting
of V5 and β-actin in wild type and COMMD6-V5 HEK293T cell lysates. (D) Sequence throughout the V5-targeted
region to confirm correct fusion of the V5-tag to the last codon of COMMD6. (E) Immunofluorescence staining of
COMMD6-V5 in HEK293T wild type and COMMD6-V5 monoclonal cell lines (B1).
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Supplementary figure 4. Subcellular localization of COMMD6 overlaps with COMMD1, WASH complex and
retromer. (A) Cellular localization of COMMD6-V5 (green), COMMD1 (red), WASH1 (red), FAM21 (red) and VPS35
(red) in HEK293T cells expressing endogenous V5-tagged COMMD6 determined by indirect immunofluorescence
staining. DAPI (blue) was used to stain nuclear DNA. Representative images are shown. Scale bar = 10 µm. Overlap
coefficient of COMMD6 (B) and COMMD1 (C) with each other, the WASH complex subunits WASH1 and FAM21, and
retromer component VPS35. Group averages and SEM are shown (n≥30).
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Supplementary figure 5. Subcellular localization of COMMD1 overlaps with the WASH complex and retromer. (A)
Cellular localization of COMMD1 (green), WASH1 (red), FAM21 (red) and VPS35 (red) in the HEK293T COMMD6-V5
monoclonal cell line, determined by immunofluorescence staining. Representative images shown, scale bar = 10
µm. (B) Whole cell and cell surface levels of LDLR and LRP1 in WT and Commd6-/- primary hepatocytes.
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Supplementary figure 6. Hepatic COMMD9 regulates plasma cholesterol. (A) Plasma cholesterol and triglyceride
levels of WT and Commd9ΔHep animals after one week of HFC feeding (n=6). (B) Total cholesterol levels of pooled
FPLC fractionated plasma samples of mice fed a HFC diet for one week (n=6). (Inset B) Plasma ApoB100 and ApoA1
levels of Commd9ΔHep and WT, indicated by fold change versus WT controls (n=6) (C) Body weight and liver weight as
a percentage of body weight of WT and Commd9ΔHep animals after one week of HFC feeding (n=6). (D) H&E and ORO
staining of hepatic tissue from WT and Commd9ΔHep mice after one week of HFC feeding. Representative images
shown, scale bar = 200 µm. Group averages and SEM are shown. ***p<0.001 (compared to controls).
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Supplementary figure 7. Body weight, liver weight and liver histology are not affected by hepatic
CCDC22 insufficiency. (A) Schematic representation of the single-vector AV system to target Ccdc22 in
parenchymal cells of hepatic Cas9-expressing mice. Annotated are the target sequences (red) and PAM
sequences (blue) of the gRNAs. (B) Experimental timeline of the CRISPR/Cas9-mediated gene editing
approach. (C) Fold change of protein levels of CCC core complex components and COMMD proteins after
CRISPR/Cas9-mediated Ccdc22 editing (n=4) (D) Body weight and liver weight as a percentage of body
weight of WT and Cas9 animals injected with AV-gRNA-Ccdc22 (n=5-6). (E) H&E staining of hepatic tissue
of WT and Cas9 animals injected with AV-gRNA-Ccdc22. Representative images shown, scale bar = 200 µm.
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Supplementary figure 8. Lipid-rich plaques in the aortic arch of ApoE3*L and ApoE3*L;Commd1ΔHep animals.
(A) Total liver protein levels of LDLR and LRP1 in ApoE3*L and ApoE3*L;Commd1ΔHep animals, as determined by
immunoblotting. (B) Representative images of Oil Red-O stained aortic arch of ApoE3*L and ApoE3*L;Commd1ΔHep
animals.
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Supplemental figure 9. Hypothetical model of the CCC-WASH axis in endosomal LDLR and LRP1 trafficking.
(A) On entering the endosomal network LDLR and LRP1 are subjected to one of two fates decisions, either the
receptors are sorted into the lysosome for proteolysis, likely through the endosomal sorting complexes required
for transport (ESCRT), or the receptors are retrieved and are recycled back to cell surface to take up the next
cargo. We speculate that SNX17 is a LDLR and LRP1-specific adaptor allowing the receptors to enter into retrieval
and recycling pathway, which is coordinated by retriever (DSCR3, C16orf62, VPS29), the CCC complex and WASH
complex. The recruitment of the CCC and WASH complexes to the endosomes may be dependent on the retromer
subunit VPS35. (B) Depletion of one component (either a COMMD protein or a CCC core component) of the CCC
complex destabilizes the complete CCC complex leading to impaired endosomal trafficking of LDLR and LRP1
resulting in enhanced ESCRT-mediated sorting into the lysosomes, decreased surface levels of LDLR and LRP1 and
consequently hypercholesterolemia and enhanced atherogenesis.
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Supplementary table 1: Relative protein levels of the proteins studied
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Peptide

FVLITDILDTFGK

GIGDPLVSVYAR

DLLLFLAER

TFAVTDELVFK

IQQIETTLNILDAK

LADLSLR

GPEGQGLPEVETR

IALSEK

HSTQIHSPVAIIELEFGK

KQGGITSEQAAVISK

QGGITSEQAAVISK

ELFDFYNK

LQAAFSLEK

LDVQLASR

QQIKPAVTIK

LEYQIK

SLPHITDVSWR

FESGDVK

FQVLLAELK

SLQPSVLMQLK

YSVALVLK

YPYVAVMLK

SEVTGQLIDFQWK

FGVTSGSSELEK

VGSIFLQLK

Protein target

C16orf62

C16orf62

CCDC22

CCDC22

CCDC53

CCDC53

CCDC93

CCDC93

COMMD1*

COMMD1*

COMMD1*

COMMD10*

COMMD10*

COMMD2*

COMMD2*

COMMD3*

COMMD3*

COMMD4*

COMMD4*

COMMD5*

COMMD5*

COMMD6*

COMMD6*

COMMD7*

COMMD7*

risk methionine-oxidation, preferably use other peptide for quantification

risk methionine-oxidation, preferably use other peptide for quantification

synthetic peptide, endogenous concentration calculated by sum of endogenous QGGITSEQAAVISK + KQGGITSEQAAVISK

synthetic peptide, endogenous concentration calculated by sum of endogenous QGGITSEQAAVISK + KQGGITSEQAAVISK

low response in the MS

Comments

Supplementary table 2. List of peptides used for targeted proteomics.
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HVLEDVTTFFK

DLSSAEAILALFPENFHQNLK

LVDLDWR

DLYIDRPLPYLIGSK

STGVFQDEELLFSHK

NSAEGTEYFK

NSTFAEEFAHSIR

NVVALDTEVTNNR

SQDGYTYPSR

AVTDEEPFLIFANR

TTLLAGDIEHPR

LASALDLPLLR

YIVDLNR

ELALPGELTQSR

HYLFYDGESVSGK

TLAGDVHIVR

VVTVGQFK

AELAELPLR

ILVGTNLVR

EVVDPSSGR

GPSTGTSEGPGGAFSR

DFWDNLEK

QSFDLSVK

VQGVEFSHR

COMMD8*

COMMD9*

COMMD9*

FAM21

FAM21

KIAA1033 (SWIP)

KIAA1033 (SWIP)

LDLR

LDLR

LRP1

LRP1

Strumpellin (SPG8)

Strumpellin (SPG8)

VPS26A

VPS26A

VPS29*

VPS29*

VPS35

VPS35

WASH1

WASH1

APOA1

APOB

APOB

peptide detecting the sum of APOB100+APOB48#

peptide detecting APOB100 only#

* proteins that were targeted in total liver lysate via excision of the small protein band
# The APOB48 concentration was calculated via the difference between the two APOB peptides

LALSSDK

COMMD8*

Supplementary table 2 - continue
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Abstract
The evolutionary conserved Wiskott-Aldrich syndrome protein and SCAR homologue (WASH)
complex is one of the crucial multi-protein complexes that facilitate endosomal recycling of
transmembrane proteins. In humans, defects in the components of the WASH complex have
been associated with inherited developmental and neurological disorders. A recent in vitro
study suggested that the WASH complex is also involved in the metabolism of low-density
lipoproteins (LDL). Here we show that, in mice, hepatic ablation of the WASH component
Washc1 increases plasma concentrations of cholesterol in both LDL and high-density
lipoproteins (HDL), without affecting hepatic cholesterol content or hepatic very low-density
lipoprotein (VLDL) synthesis. Elevated plasma LDL cholesterol was related to reduced hepatic
surface levels of the LDL receptor (LDLR) and the LDLR related protein (LRP1). Hepatic WASH
ablation also reduced the surface levels of scavenger receptor class B type I (SR-B1) and,
concomitantly, selective uptake of HDL-cholesterol into the liver. Our data also suggest that
WASH-mediated LDLR recycling depends on the endosomal sorting complexes retriever
and retromer, however, these two protein complexes are not required for the endosomal
trafficking of SR-B1. Altogether, these findings identify the WASH complex as a regulator of
LDL as well as HDL metabolism, and provide evidence for endosomal trafficking of SR-B1
in hepatocytes. Here, we also reveal novel molecular insights into the specific role of the
endosomal sorting machinery in cholesterol metabolism.
Keywords: Atherosclerosis; Cardiovascular disease; Cholesterol; Hepatology; Metabolism
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Introduction
The endosomal network plays a crucial role in the delivery of integral membrane proteins
(also referred to as cargo proteins) either to lysosomes for proteolysis, to the trans-Golgi
network, or to the plasma membrane. In recent years, the Wiskott-Aldrich syndrome
protein and SCAR homologue (WASH) complex has emerged as one of the key multiprotein complexes facilitating the endosomal sorting of cargos (1-3), such as the epidermal
growth factor receptor (EGFR) (4), copper-transporting P-type ATPase ATP7A (5), and β2adrenoreceptor (6,7). The WASH complex consists of five subunits: WASHC1 (WASH1),
WASHC2 (FAM21), WASHC3 (CCDC53), WASHC4 (SWIP) and WASHC5 (Strumpellin or
KIAA0196), and governs the destination of cargos by activating the Arp2/3 complex (8,9).
Arp2/3 forms actin-enriched sub-domains on the endosomal membrane whence cargos are
sorted and transported (10,11).
It has been well established that localization of the WASH complex to the endosomes is
directed by retromer, a cargo-selective multiprotein complex consisting of VPS35, VPS26
and VPS29 (9,12,13), but recent work has found a retromer-independent pathway of WASHmediated endosomal cargo recycling (14). This recent study showed that WASH forms
together with the COMMD-CCDC22-CCDC93 (CCC) complex an evolutionary conserved
endosomal cargo sorting pathway, which likely acts partially independently of retromer
(5,14,15). This same study suggests that C16orf62, which was originally considered to be a
component of the CCC complex, participates in retriever, a separate heterotrimeric protein
complex consisting of C16orf62 (VPS35L), DSCR3 (VPS26C) and VPS29 (14), which acts in
parallel to retromer in cargo recycling.

5

Mutations in several components of the WASH complex have been identified in developmental
and neurological disorders; mutations in WASHC4 have been found in patients with nonsyndromic autosomal recessive intellectual disability (16), while defects in WASHC5 have been
reported in patients with autosomal dominant hereditary spastic paraplegia (HSP) (17,18) or
Ritscher-Schinzel/3C syndrome (RSS) (19). Our recent in vitro work also implicated a role for
the WASH complex in the metabolism of low-density lipoprotein (LDL) cholesterol (LDL-C).
We found that WASHC1 deficiency impairs endosomal trafficking of the LDL receptor (LDLR),
leading to LDLR accumulation in endosomes, reduced LDLR surface levels, and impaired LDL
uptake in mouse embryonic fibroblasts (MEFs) (15). Furthermore, we showed that hepatic
destabilization of the WASH-associated CCC (COMMD-CCDC22-CCDC93) complex increases
plasma LDL-C levels in mice, dogs and humans, and accelerates atherosclerosis in mice
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(15,20). Altogether, these data strongly indicate the involvement of the WASH complex in
the regulation of cholesterol homeostasis. Accordingly, we reported a familial RSS patient
presenting hypercholesterolemia (15), beyond developmental malformation and intellectual
disability. However, due to the clinical complexity of RSS and our assessment of the plasma
cholesterol levels being limited to only one RSS patient, the exact contribution of the WASH
complex to the regulation of plasma cholesterol levels remained unclear.
We therefore generated liver-specific WASH-deficient mice to establish the role of the
WASH complex in the regulation of cholesterol metabolism. In addition, we examined the
contribution of retromer and retriever in WASH-mediated cholesterol metabolism in vivo.
We found that ablation of the WASH complex leads to elevated plasma levels of cholesterol
in both LDL and high-density lipoprotein (HDL) fractions. We also observed that WASH is
important not only for the cell surface expression of the LDLR family members, i.e. LDLR
and LDLR related protein 1 (LRP1), but also for the scavenger receptor class B type I (SR-BI),
the main receptor that mediates selective uptake of cholesteryl esters (CE) from HDL into
hepatocytes. Kinetic studies showed that selective HDL-CE uptake was impaired in hepatic
WASH-deficient mice. To further understand the role of retromer in WASH-mediated
lipoprotein receptor recycling, we depleted retromer in the liver by somatic CRISPR/Cas9mediated editing of hepatic Vps35. Interestingly, in contrast to WASH depletion, Vps35
deletion resulted only in accumulation of cholesterol in LDL, and not in HDL particles. In
addition, we found that hepatic loss of retromer but not WASH reduces plasma triglyceride
(TG) levels. Moreover, CRISPR/Cas9-mediated ablation of hepatic Dscr3/Vps26c resulted
only in an increase in plasma LDL-C, without affecting plasma TG levels.
Altogether, our results imply that, in addition to its role in developmental and neurological
processes, the WASH complex in the liver is required for hepatic uptake of LDL-C and HDL-C.
Furthermore, our data suggest that WASH/CCC-mediated LDLR trafficking is both retromerand DSCR3/VPS26C-dependent, whereas SR-BI surface expression is only WASH and CCCdependent.

Results
Depletion of Washc1 destabilizes the WASH complex and adversely affects the lysosomal
architecture in hepatoyctes
To decipher the role of the hepatic WASH complex in cholesterol homeostasis, we generated
a liver-specific Washc1 knockout model (Washc1ΔHep) by cross-breeding mice carrying floxed

Thesis.indb 106

21-10-2019 21:23:32

WASH is required for efficient clearance of plasma cholesterol |107
B.
WT

Washc1

ΔHep

WASHC1

1.2
Relative protein levels

WASHC2
WASHC3
WASHC4
WASHC5
β-actin

WT
Washc1ΔHep
***
***

1μm

1μm
E.

Washc1ΔHep

Washc1ΔHep

***

0.6
0.4
0.2
1

HC

S
WA

WT

**

0.8

0.0

C.

**

1.0

2

HC

S
WA

D.

0.15
Lysosomal area (μm2)

A.

3

HC

S
WA

4

HC

S
WA

5

HC

S
WA

WT
Washc1ΔHep
***

0.10
0.05
0.00

5

1μm

1μm

Figure 1. WASHC1 deficiency destabilizes the WASH complex and perturbs lysosomal structures in primary
hepatocytes. (A) Protein expression of the WASH complex components in liver homogenates of WT and Washc1ΔHep
mice as determined by immunoblotting. (B) Quantification of immunoblot results depicted in A. (C) Electron
microscopy pictures of WT and Washc1ΔHep livers. (D) Quantification of WT (n=57) and Washc1ΔHep (n=63) lysosomal
areas in liver sections. (E) Electron microscopy picture depicting aberrant lysosomal structures in a Washc1ΔHep
hepatocyte. Inset shows magnified area with tubulated lysosomes. For visualization of lysosomal tubulation,
lysosomal perimeters were selected using Lasso tool in Adobe Photoshop and the selected organelles were colored.
Data are presented as the mean ± SEM, **p < 0.01, ***p < 0.001 as determined by Student’s T-test.

Washc1 alleles (Washc1ﬂ/ﬂ) (4) with transgenic mice expressing Cre recombinase under the
control of the Albumin (Alb) gene promoter (AlbCre). Successful ablation of hepatic WASHC1
was confirmed by immunoblotting (Fig. 1A, B). In line with previous findings in MEFs (4),
hepatic WASHC1 deficiency strongly reduced the abundance of all WASH components (Fig.
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1 A, B), illustrating the importance of WASHC1 in the formation of a stable WASH complex in
the mouse liver. Washc1ΔHep mice were born at the expected Mendelian ratio (Fig. S1A) and
showed no overt changes in body weight, liver weight or general liver histology compared
with littermate controls (from now on referred to as wild-type (WT)) (Fig. S1B, C). WASH
binds to many different multiprotein complexes, such as the CCC complex, retriever and
retromer, to coordinate the endosomal trafficking of cargos (5,9,12-15,21). Ablation of the
WASH complex did not affect the abundance of any subunit of these complexes (Fig. S1D).
In vitro studies have shown that WASH deficiency alters the morphology of endosomal
and lysosomal structures (4,8-10). We therefore examined these structures by electron
microscopy in liver sections of WT and Washc1ΔHep mice. Hepatic ablation of the WASH
complex decreased the size of the lysosomes (Fig. 1C, D) and aggravated lysosomal tubulation
(Fig. 1E), but did not noticeably alter the morphology of other organelles such as Golgi,
endoplasmic reticulum, and mitochondria. These results demonstrate that we successfully
deleted Washc1 in mouse livers, resulting in destabilization of the WASH complex and
changes in lysosomal architecture in mouse hepatocytes in vivo.
Loss of hepatic WASH results in elevated plasma LDL and HDL cholesterol levels
To determine the effect of hepatic WASH deficiency on circulating lipids, we measured total
plasma cholesterol (TC) and triglyceride (TG) levels in chow-fed WT and Washc1ΔHep mice.
Hepatic inactivation of the WASH complex increased TC without affecting TG levels (Fig. 2A).
We found no changes in hepatic cholesterol and TG contents, nor in the production of very
low-density lipoprotein (VLDL) (Fig. S2A, B, C). Using targeted proteomics (20) we observed
increased plasma levels of apolipoproteins ApoE and ApoB in Washc1ΔHep mice compared
with WT mice (Fig. 2B). In line with increased ApoB levels, the cholesterol content of the
LDL fraction isolated by fast protein liquid chromatography (FPLC) was increased (Fig. 2C
and D). We also found the HDL fraction to be enriched with cholesterol and increased in size
(Fig. 2C). Although total plasma ApoA-I levels were not affected (Fig. 2B) in Washc1ΔHep mice,
we observed a shift of ApoA-I toward earlier eluted FPLC fractions (Fig. 2E). These fractions
also contained ApoE (Fig. 2F). Altogether, the shift of ApoA-I, ApoE and HDL-C into earlier
eluted FPLC fractions indicates that HDL particles in Washc1ΔHep mice are larger than in WT
mice (22-24).
In contrast to humans, mice do not express cholesteryl ester transfer protein (CETP), which
exchanges HDL cholesterol esters for triglycerides in (V)LDL (25). As a consequence, mice
carry plasma cholesterol mainly in HDL rather than in LDL (26). To assess the effect of hepatic
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Figure 2. Loss of hepatic WASHC1 results in increased plasma LDL and HDL cholesterol. (A) Total plasma
cholesterol and triglyceride levels in WT and Washc1ΔHep mice. (B) Plasma apolipoprotein levels in WT and
Washc1ΔHep mice measured by targeted proteomics, indicated by fold change vs WT controls. (C) Cholesterol levels
in fast-performance liquid chromatography (FPLC) fractionated plasma pools of the experimental groups of mice.
(D-F) Apolipoproteins in pooled FPLC fractionated plasma of WT and Washc1ΔHep mice depicted in C determined by
targeted proteomics, indicated as percentage relative to the total apolipoprotein levels in these fractions, n=5-7.
BDL=below detection limit. Data are presented as the mean ± SEM, ***p < 0.001 as determined by Student’s T-test.

Washc1 deletion on plasma LDL and HDL cholesterol levels in mice with a more human-like
lipoprotein profile, we injected both Washc1ΔHep and WT mice with an adenovirus- expressing
human CETP (Ad-CETP). Similar hepatic levels of human CETP expression were observed in
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Figure 3. Hepatic WASHC1 deficiency results in increased plasma LDL and HDL cholesterol in mice expressing
CETP. (A) Hepatic CETP mRNA expression after Ad-CETP administration. (B) Total plasma cholesterol levels three
days after Ad-CETP administration in WT and Washc1ΔHep mice. (C) Cholesterol levels of FPLC fractionated pooled
plasma of the experimental groups of mice after Ad-CETP administration. n=5-6. Data are presented as the mean ±
SEM, ***p < 0.001 as determined by Student’s T-test.

Washc1ΔHep and WT mice (Fig. 3A). Total plasma cholesterol levels were significantly higher in
CETP-expressing Washc1ΔHep compared with WT mice (Fig. 3B). Hepatic expression of human
CETP resulted in the expected shift of cholesterol from HDL towards LDL in both Washc1ΔHep
and WT mice (Fig. 3C). However, in Washc1ΔHep both LDL-C and HDL-C levels were increased,
compared with WT mice (Fig. 3C). Altogether, these data indicate that the WASH complex
plays an important role in the regulation of plasma LDL-C and HDL-C levels.
The WASH complex is required for normal expression of LDLR and LRP1 at the cell surface.
We have recently shown that WASH mediates endosomal recycling of LDLR back to the
cell surface in MEFs (15). Therefore, we hypothesized that the increased LDL-C levels in
Washc1ΔHep mice are due to reduced surface levels of LDLR caused by impaired LDLR
recycling. To test this, we determined the cell surface levels of LDLR in primary hepatocytes
using a biotinylation assay. We found that the levels of LDLR were reduced on the plasma
membranes of WASH-deficient primary hepatocytes compared with WT cells (Fig. 4A, B).
Previously, we showed that the WASH-associated CCC complex also facilities the trafficking
of LRP1 to the plasma membrane (20). Consistent with this, we found that WASH is also
required for normal levels of LRP1 at the cell surface (Fig. 4A, B). In addition to the surface
levels, the total protein levels of LDLR and LRP1 were also reduced in WASH-deficient
primary hepatocytes (Fig. 4A, B). This is likely due to impaired retrieval of these receptors
from the lysosomal proteolytic fate into the recycling pathway (4,14,15).
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Figure 4. The WASH complex is required for normal cell surface expression of LDLR and LRP1. (A) Whole cell
and cell surface protein levels of LDLR and LRP1 in WT and Washc1-/- primary hepatocytes. (B) Quantification
of immunoblot depicted in A. (C) Immunoblotting of LDLR and LRP1 three weeks after AAV-PCSK9-D377Y
administration. (D) Total plasma cholesterol levels in WT and Washc1ΔHep mice before and three weeks after AAVPCSK9-D377Y administration. (E) Total cholesterol levels of FPLC fractionated pooled plasma of WT and Washc1ΔHep
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In mice, hepatic LRP1 is redundant in the clearance of plasma cholesterol, as LDLR can
compensate for the loss of LRP1 (27). To address the role of WASH in LRP1–mediated
plasma cholesterol uptake we expressed a human gain-of-function variant of PCSK9 (D377Y)
in mouse livers, using an AAV expression system, to ablate LDLR expression (20,28). In
both Washc1ΔHep and WT mice, the expression of PCSK9-D377Y blunted hepatic LDLR levels
but not the levels of LRP1 (Fig. 4C). We found that hepatic Washc1 depletion exacerbated
hypercholesterolemia in PCSK9-induced hepatic LDLR-deficiency (Fig. 4D). Consistent with
increased plasma chylomicron remnant/VLDL and LDL lipoprotein fractions (Fig. 4E), plasma
ApoB48 and ApoB100 levels were elevated in mice deficient in hepatic WASH and LDLR,
compared with mice lacking only hepatic LDLR (Fig. 4F, G). Hepatic WASH/LDLR deficiency
mimics the plasma lipid phenotype in hepatic LRP1-deficient mice with an Ldlr knockout
background (27), suggesting that the WASH complex is also required for hepatic LRP1mediated cholesterol uptake in vivo. Altogether, these data demonstrate that hepatic
depletion of WASH impairs the functioning of both LDLR and LRP1 in the uptake of plasma
cholesterol, thereby leading to hypercholesterolemia.
HDL cholesterol uptake is impaired in hepatic WASH-deficient mice due to reduced surface
SR-BI levels
In addition to accumulation of cholesterol in LDL, we also found plasma levels of HDL-C to be
increased in Washc1ΔHep mice (Fig. 2C). In mice, HDL-C is cleared mainly by SR-BI, a membrane
receptor that takes up CE selectively from HDL rather than internalizing the holoparticle
(29). To assess whether the accumulation of plasma HDL cholesterol in Washc1ΔHep mice
is due to impaired endosomal trafficking of SR-BI to the plasma membrane, we applied a
biotinylation assay to examine the cell surface levels of SR-BI in primary hepatocytes. We
found the cell surface abundance of SR-BI to be markedly decreased in WASH-deficient
hepatocytes compared with WT cells (Fig. 5A). It has been shown that the enzyme hepatic
lipase (HL) is also involved in hepatic HDL-CE uptake (30-33). However, as we found no
difference in plasma HL levels as measured by targeted proteomics (Fig. 5B), it is unlikely
that HL contributes to the increased plasma HDL-C levels in hepatic WASH-deficient mice.
To establish the consequences of the reduced hepatocyte SR-BI surface levels in hepatic
WASH-deficient mice in more detail, we compared the uptake of HDL-associated CE and
HDL holo-particles between WT and Washc1ΔHep mice upon injecting these mice with HDL
particles containing 3H-labeled CE as well as 125I-labeled proteins. Selective HDL cholesterol
uptake was calculated from the difference in the uptake of both tracers. Plasma decay of
radioiodine- reflecting holo-particle HDL was not different between WT and Washc1ΔHep
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Figure 5. Hepatic uptake of HDL cholesterol is impaired by reduced surface levels of SR-BI in hepatic WASHdeficient mice. (A) Immunoblot of whole cell and cell surface SR-BI levels in WT and Washc1-/- primary hepatocytes.
(B) Plasma hepatic lipase levels of WT and Washc1ΔHep mice as determined by targeted proteomics (C) HDL protein
(125I) and HDL cholesterol (3H) plasma decay in WT and Washc1ΔHep mice. (D) Fractional catabolic rate of plasma
HDL holo-particle (125I), HDL cholesterol (3H) and selective HDL-cholesterol clearance (3H -125I) of WT and Washc1ΔHep
mice. (E) HDL holo-particle (125I), HDL cholesterol (3H) and selective HDL-cholesterol uptake (3H -125I) in liver of WT
and Washc1ΔHep mice. n=6-7. Data are presented as the mean ± SEM, *p < 0.05, **p < 0.01, as determined by
Student’s T-test.

mice (Fig. 5C). However, 3H-HDL-CE clearance was delayed upon hepatic WASH inactivation
(Fig. 5C). From the decay curves, we calculated plasma fractional catabolic rates (FCR) and
observed that HDL-CE clearance in hepatic WASH-deficient mice was significantly reduced
compared with WT mice, whereas holo-particle uptake was not changed (Fig. 5D). As a
consequence, the difference reflecting selective HDL-CE uptake by Washc1ΔHep livers was
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significantly decreased compared with WT livers (Fig. 5E). The kidney is the main organ
for the catabolism of small, poorly lipidated ApoA-I molecules and does not express SRBI (29,34). In line with previous studies (35), the renal uptake rate of HDL-CE was much
lower than the hepatic HDL-CE uptake, and no differences were observed between WT and
Washc1ΔHep mice (data not shown). Overall, these results indicate that the hepatic uptake
of HDL-CE is impaired in Washc1ΔHep mice, likely due to reduced expression of SR-BI at the
plasma membrane of hepatocytes.
Previous and current analyses indicate that the WASH and CCC complexes act in concert
to regulate plasma lipid levels. To genetically confirm this, we inactivated both protein
complexes in mouse livers by cross-breeding Washc1ΔHep mice with mice carrying Commd1
floxed alleles (15,36) (Washc1/Commd1ΔHep) (Fig. 6A). Hepatic ablation of both complexes
did not further increase total plasma cholesterol levels when compared with hepatic Washc1
and Commd1 single knockout mice (Fig. 6B). In addition, hepatic ablation of both complexes
resulted in increased plasma LDL-C (Fig. 6C, D) and larger HDL-C particles (Fig. 6D) to an
extent similar to that seen in single knockout models (Fig. 2, (15,20)). Furthermore, targeted
proteomics analysis of FPLC fractions showed a leftward shift of ApoA-I and ApoE (Fig. 6E),
similar to that seen in hepatic Washc1 single knockout mice (Fig. 2D-F). Altogether, these
data support the notion that the WASH and CCC complexes together form a sorting pathway
that is crucial to maintain normal plasma cholesterol levels.
Retromer plays a partial role in WASH-mediated endosomal lipoprotein receptor sorting
It has been well established that recruitment of WASH to the endosomes relies on retromer
through a direct interaction between the retromer subunit VPS35 and the WASH component
WASHC2 (FAM21) (12,13,37). However, a recent study has proposed a model whereby
endosomal localization of the WASH complex is partially dependent on retromer and may
be to a certain degree facilitated through a direct binding of WASH to phospholipids (14).
To determine whether endosomal WASH-mediated lipoprotein receptor trafficking relies
on retromer, we depleted Vps35 in mouse livers using somatic CRISPR/Cas9 gene editing
technology (38,39). Three gRNA’s were designed to target Vps35 (Fig. 7A), and an adenovirus
expression system was used to express the gRNA’s in the liver of hepatic Cas9 expressing
mice (Cas9Hep) (38). As control mice, we used Cas9Hep mice injected with adenovirus that
does not express gRNA’s (Ad-EV). To ensure randomization of both groups we collected
blood and measured plasma total cholesterol levels one week before virus administration
(Fig. S3A). Three weeks after virus injection, we collected blood and tissues for analysis. We
assessed the protein expression of VPS35 in liver homogenates by immunoblotting, and

Thesis.indb 114

21-10-2019 21:23:33

WASH is required for efficient clearance of plasma cholesterol |115

WT

B.

Washc1/
Commd1ΔHep

C.
WT
Washc1ΔHep
Commd1ΔHep
Washc1/Commd1ΔHep

WASHC1
COMMD1
β-actin

0.2
0.1

0.0
Fraction 5
E.
250

10 15 20
VLDL LDL

25 30
HDL

WT
Washc1/Commd1ΔHep

35
F.

3

100
50

50
0
Fractions total 5-18 9-22 3-26 7-30
1
2
2
1

***

2
1
0

0

***

ApoE

ApoB ApoA-I

G.

150
ApoB (%)

ApoE (%)

100

150

n.s.
n.s. n.s.
***
***
***

200

200
150

200

100
50
0

ApoA-I (%)

Cholesterol (mM)

WT
Washc1/Commd1ΔHep

Cholesterol increase (%)

0.3

D.

WT
Washc1/Commd1ΔHep

Relative protein levels

A.

BDL BDL
2
6
0
8
al
tot 15-1 19-2 23-2 27-3

120
80
40
40
30
20
10
0

2
6
0
8
al
tot 15-1 19-2 23-2 27-3

5

Figure 6. Characterization of Washc1/Commd1ΔHep mice. (A) WASHC1 and COMMD1 protein levels in livers of
Washc1/Commd1ΔHep and WT mice as determined by immunoblotting. (B) Plasma cholesterol increase of Washc1ΔHep,
Commd1ΔHep, Washc1/Commd1ΔHep mice compared to their littermate controls (WT), indicated in percentage. (C)
Plasma apolipoprotein levels in WT and Washc1/Commd1ΔHep mice determined by targeted proteomics, indicated
by fold change vs WT controls. (D) Cholesterol levels of FPLC fractionated plasma pools of the experimental groups
of mice. (E-G) Apolipoprotein levels in pooled FPLC fractionated plasma depicted in (D) as determined by targeted
proteomics, indicated as percentage relative to the total apolipoprotein levels in these fractions, n=6-9. BLD=below
detection limit. Data are presented as the mean ± SEM, ***p < 0.001 as determined by Student’s T-test.

observed that expression of Vps35-gRNA’s in Cas9Hep mice resulted in a marked decrease in
VPS35 levels compared with control mice (Fig. 7B). Using quantitative targeted proteomics,
we showed that the level of VPS35 was reduced by ±70%, accompanied by a strong decrease
in protein levels of the retromer subunits VPS26A and VPS29 (Fig. 7C). Hepatic inactivation
of retromer altered neither body weight nor liver to body weight ratio (Fig. S3B, C)
Hepatic Vps35 depletion resulted in a plasma TC increase of ±15% and a TG decrease of
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Figure 7. VPS35 is required for hepatic LDL-C uptake but not HDL-C uptake. (A) Schematic representation of the
single-vector AV system to target Vps35 in parenchymal cells of hepatic Cas9-expressing mice. Annotated are the
target sequences (red) and PAM sequences (blue) of the gRNAs. (B) Western blot of VPS35 after CRISPR/Cas9mediated Vps35 editing. (C) Protein levels of retromer components VPS35, VPS26A and VPS29 in mice targeted
with gRNA-Vps35 as quantified by targeted proteomics. (D) Plasma cholesterol and (E) TG levels after CRISPR/
Cas9-mediated Vps35 editing. (F) Cholesterol levels of FPLC fractionated plasma of mice targeted with gRNA-Vps35.
(G) Plasma apolipoprotein levels, as measured by targeted proteomics. (H) TG levels of FPLC fractionated plasma.
n=4-5. Data are presented as the mean ± SEM, *p < 0.05, ***p < 0.001 as determined by Student’s T-test.
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±40% (Fig. 7D, E). In contrast to WASH depletion, hepatic VPS35 deficiency resulted in an
increase only in plasma LDL-C (Fig. 7F), which was supported by elevated plasma ApoB levels
(Fig. 7G). The TG concentration was reduced in the VLDL fraction of hepatic VPS35 deficient
mice (Fig. 7H), and in line with this decline we observed a significant decrease in plasma
levels of ApoC3, a component of VLDL (Fig. 7G).
Together these data may suggest that retromer is required for WASH-mediated endosomal
LDLR trafficking, whereas WASH-mediated trafficking of SR-BI to the cell surface is retromer
independent. These results further indicate that retromer is also involved in triglyceride
metabolism, independent of WASH. Currently, additional studies are being performed to
further assess the interrelationship of VPS35 and WASH in endosomal trafficking of LDLR
and SR-BI in mouse hepatocytes.
Plasma LDL cholesterol but not HDL cholesterol is increased by depletion of Dscr3/Vps26c
McNally and coworkers have identified retriever as a retromer-like multiprotein complex that
acts in conjunction with WASH and CCC to orchestrate retromer-independent endosomal
cargo trafficking (14). Retriever is composed of DSCR3 (VPS26C), VPS29 and C16orf62
(VPS35L) and shares structural similarities with retromer. Remarkably, C16orf62 has
previously been recognized as a core component of the CCC complex (5,20,40). The strong
reduction in C16orf62 levels upon ablation of either the CCC component CCDC22 or COMMD
proteins (20), but not upon suppression of DSCR3/VPS26C (14), favors the hypothesis that
C16orf62 is assembled into the CCC complex and may not act as a distinct multiprotein
complex in the WASH:CCC axis. These inconsistent data led us to examine the role played
by DSCR3/VPS26C in the WASH-CCC axis to control cholesterol metabolism. Using targeted
proteomics, we first determined the protein levels of DSCR3/VPS26C in hepatic COMMD1
deficient mice and found that loss of COMMD1 reduced the protein levels of DSCR3/VPS26C
(Fig. 8A) in a way similar to that of other components of the CCC complex (20). Second, we
ablated Dscr3/Vps26c in hepatocytes of mouse livers, using an approach similar to the one
we used to ablate hepatic Vps35 (Fig. 8B, S4A). Hepatic expression of Dscr3-gRNA’sin Cas9Hep

5

mice resulted in marked reduction in Dscr3/Vps26c mRNA levels (Fig. 8C), without affecting
body weight or liver to body weight ratio (Fig. S4C). The protein levels of C16orf62, CCDC22
and CCDC93 were unaffected by Dscr3/Vps26c depletion (Fig. 8D), but hepatic ablation of
Dscr3/Vps26c led to an increase in plasma TC levels without affecting plasma TG levels (Fig.
8D, E). Cholesterol accumulation in hepatic DSCR3/VPS26C deficient mice was seen only in
LDL fractions (Fig. 8F).
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Figure 8. Plasma LDL-C is elevated in hepatic DSCR3 deficient mice. (A) DSCR3 protein levels in WT and Commd1ΔHep
mice. (B) Schematic representation of the single-vector AV system to target Dscr3 in parenchymal cells of hepatic
Cas9-expressing mice. Annotated are the target sequences (red) and PAM sequences (blue) of the gRNAs. (C)
Dscr3 mRNA expression after CRISPR/Cas9-mediated Dscr3 editing. (D) Immuno blotting of CCDC22, CCDC93 and
C16orf62 after CRISPR/Cas9-mediated Dscr3 editing. (E) Plasma cholesterol and (F) TG levels of mice targeted with
gRNA-Dscr3. (G) Cholesterol levels of FPLC fractionated plasma of mice targeted with gRNA-Dscr3. n=4-6. Data are
presented as the mean ± SEM, **p < 0.005, ***p < 0.001 as determined by Student’s T-test.

Overall, these data suggest that DSCR3/VPS26 might be involved in trafficking of LDLR
but not of SR-BI, which indicates that DSCR3/VPS26C partially participates in WASH/CCCmediated cargo recycling.
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Discussion
Mutations in subunits of the WASH complex have been correlated with developmental and
neurological defects in humans (16-19,41), and here we report that the WASH complex
also plays a pivotal role in the maintenance of plasma cholesterol levels. Furthermore, our
data indicate that WASH acts in concert with the CCC complex to facilitate the endosomal
trafficking of LDLR/LRP1 and SR-BI, but that retromer and DSCR3/VPS26C (retriever) are
involved only in endosomal trafficking of LDLR.
In agreement with our in vitro studies (15), hepatocyte-specific WASH-deficiency leads to
reduced LDLR and LRP1 levels at the plasma membrane, a reduction which likely underlies
elevated plasma LDL-C levels in Washc1ΔHep mice. Surprisingly, we also found cholesterol
accumulation in HDL, leading to larger HDL particles in Washc1ΔHep mice. SR-BI is the main
receptor in hepatic HDL-C uptake in mice (42,43). The diminished surface levels of SR-BI,
accompanied by reduced selective hepatic HDL-CE uptake, suggest that, in addition to LDLR
and LRP1, the functioning of SR-BI is also dependent on the WASH complex. The importance
of hepatic SR-BI for HDL-C metabolism has also been shown in humans (44). Individuals who
are heterozygous for a loss-of-function variant in SCARB1 (P376L), the gene encoding SR-BI,
have increased levels of plasma HDL-C (44). Furthermore, common genetic variants near
SCARB1 have been found to be correlated with plasma HDL-C levels (45,46), underlining the
importance of SR-BI in HDL-C metabolism in both species.

5

Notably, besides increased plasma LDL-C levels, plasma HDL-C levels were also reported to
be relatively high in an RSS patient with a homozygous hypomorphic WASHC5 allele (15). As
in the RSS patient, both LDL-C and HDL-C are elevated in patients with X-linked intellectual
disability (XLID) caused by mutations in the gene encoding the CCC-complex component
CCDC22 (15). Our current and previous mouse models mimic the dyslipidemic phenotype of
RSS and XLID patients, as both plasma LDL-C and HDL-C levels are elevated upon either WASH
or CCC ablation in mouse livers (15,20), suggesting that both the CCC and WASH complexes
are required for efficient hepatic LDL-C and HDL-C uptake in humans and mice. In vitro
studies have shown that the CCC complex is physically associated with the WASH complex
through the binding of the CCC components CCDC93 and CCDC22 to the WASH subunit
WASHC2 (FAM21) (5). This interaction is required for the localization of the CCC complex
to endosomes and subsequently for endosomal trafficking of integral membrane proteins.
Furthermore, we have shown that loss of the CCC complex led to increased expression of
several WASH subunits, including WASHC1 (20). Here, we provide genetic evidence that

Thesis.indb 119

21-10-2019 21:23:35

120| Chapter 5
the WASH and CCC complexes act in concert in the endosomal cargo recycling pathway,
as simultaneous inactivation of both complexes in mouse livers does not exaggerate the
hypercholesterolemic phenotype.
The findings of our current study are particularly important as very little is known about
the mechanisms regulating endosomal trafficking of SR-BI. Several studies have shown that
SR-BI is endocytosed (47,48) and localized in recycling endosomes (48). Our results indicate
that the localization of SR-BI at the plasma membrane largely relies on the WASH-CCC axis.
Based on the role of the WASH-CCC pathway in endosomal cargo recycling, we hypothesize
that, after internalization, SR-BI is further transported to the endosomes from whence it is
directed back to the plasma membrane. The function behind the endocytosis and recycling
of SR-BI remains unclear, as the selective uptake of HDL-CE by SR-BI is independent of
endocytosis (34,49,50). It has been suggested, however, that SR-BI recycling might be
involved in the retro-endocytosis of HDL, and might facilitate transcytosis and transport of
HDL-C into the bile canaliculus (48). Our results and model may thus offer relevant insights
into the biology of the intracellular trafficking pathway of SR-BI in cholesterol homeostasis.
In the classical view, WASH recruitment to the endosomes is retromer-dependent (9,12,13).
However, it has recently been demonstrated that a significant proportion of WASHC2
(FAM21) is still localized to endosomes in VPS35-deficient HeLa cells (14), suggesting
that the WASH complex may also exert retromer-independent functions. Our in vivo data
support retromer-independent recruitment of WASH, as depletion of hepatic VPS35 results
in a more moderate increase in plasma total cholesterol levels compared with hepatic
WASH depletion. This can be explained by the fact that hepatic VPS35 ablation increases
only plasma LDL-C levels, whereas WASH deficiency in hepatocytes leads to an increase in
both plasma LDL-C and HDL-C. These results may suggest that WASH-dependent endosomal
sorting of LDLR and LRP1 relies on retromer, whereas endosomal SR-BI trafficking is WASHdependent but retromer-independent. Furthermore, in contrast to hepatic depletion of
WASH, retromer depletion results in decreased plasma TGs, implying that retromer also has
a role in TG metabolism, independent of WASH.
Previous studies implied that C16orf62 participates in the CCC-complex, as deficiency of
CCDC22 or COMMD proteins blunts the protein expression of C16orf62 in hepatocytes (20).
However, it was recently speculated that C16orf62 is part of the retriever complex, together
with DSCR3/VPS26C and VPS29 (14). Interestingly, we found here that hepatic deficiency of
the CCC complex leads to a reduction in hepatic levels of DSCR3/VPS26C, whereas hepatic
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DSCR3/VPS26C deficiency leads to reduced protein expression neither of C16orf62, nor the
CCC components COMMD1, CCDC22 and CCDC93. Although DSCR3/VPS26C ablation does
not affect the integrity of the CCC complex, our data indicate that in mice DSCR3/VPS26C
participates in the CCC/WASH-mediated LDLR recycling, as loss of hepatic DSCR3/VPS26C
increases plasma LDL-C. However, SR-BI-mediated hepatic HDL-C uptake does not rely on
DSCR3/VPS26C, as we have found for WASH and CCC. These results suggest that DSCR3/
VPS26C partially participates in the WASH/CCC axis to orchestrate the recycling of cargos,
and is probably involved in selective recognition of cargos. However, more research is
needed to understand the molecular organization of the endosomal cargo sorting pathways.
In conclusion, this study extends our understanding of the mechanistic basis for the
increased plasma cholesterol levels in humans with defects in WASH, the CCC complex,
retromer and retriever, and appeals for extra medical attention to plasma lipid levels and
atherosclerotic cardiovascular disease risk in patients showing mutations in components of
these endosomal multi-protein sorting complexes.

Materials and Methods
Animals
All animal studies were approved by the Institutional Animal Care and Use Committee,
University of Groningen (Groningen, the Netherlands). Washc1f/f C57BL/6 mice (4) were
crossed with Alb-Cre expressing mice (The Jackson Laboratory stock#003574) to generate
liver-specific Washc1 knockout mice. The following primers were used to genotype
the mice: floxed Washc1 forward (5ʹ- CGCATTGATCTTCCTATACGC-3ʹ) and reverse (3ʹTGTCAGTCCTATGCTTAGTG-5ʹ); Alb-Cre forward (5ʹ-GCGGTCTGGCAGTAAAAACTATC-3ʹ) and
reverse (5ʹ-ACGAACCTGGTCGAAATCAGTG-3ʹ). Rosa26-LSL-Cas9 knock in mice (#024857,
The Jackson Laboratory) were crossed with Alb-Cre mice to generate liver-specific Cas9expressing mice, and were used to target Vps35 and Dscr3 in mouse livers through CRISPR/
Cas9 gene editing technology (20). The liver-specific Commd1 knockout mice were generated
as previously described (36). Mice lacking both COMMD1 and WASHC1 in the liver were
obtained by intercrossing liver specific Commd1 and Washc1 knockout mice.
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To ablate hepatic LDLR expression of Washc1ΔHep mice and WT littermates, as previously,
we expressed PCSK9-D377Y in the liver of these mice by retro-orbital injection of 3.0x1011
vector genomes of AAV-PCSK9-D377Y (20). CETP expression was induced by injection of
5.0x1011 Ad-CETP particles via the orbital vein adjusted to 100 μl with sterile phosphate-
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buffered saline (PBS). Ad-CETP virus was kindly provided by Uwe Tietge.
All experiments were performed with male mice (n=4-7). Mice were housed individually
and fed ad libitum with a standard rodent chow diet (RMH-B, AB Diets, the Netherlands).
In all experiments littermates were used as wild type (WT) controls. Before sacrifice, mice
were fasted for 4 hours. Tissues for mRNA and protein expression analysis were snap-frozen
in liquid nitrogen and stored at -80˚C until further analysis. Blood was drawn by cardiac
puncture, and plasma was collected after centrifugation at 3000 rpm for 10 min at 4˚C.
Immunoblotting
For immunoblotting, liver homogenates were obtained using NP40 buffer (0.1% Nonidet
P-40 (NP-40), 0.4 M NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA) supplemented with
protease and phosphatase inhibitors (Roche). Protein concentration was determined using
the Bradford assay (Bio-Rad). Thirty micrograms of protein were separated using SDS-PAGE,
and transferred to Amersham™ Hybond™-P PVDF Transfer Membrane (GE Healthcare;
RPN303F). Membranes were blocked in 5% milk in Tris-buffered saline with 0.01% Tween20,
and incubated with the indicated antibodies. Proteins were visualized using a ChemiDoc™
XRS + System (Bio-Rad) using Image Lab software version 5.2.1 (Bio-Rad).
Antibodies
A list of commercially acquired antibodies is provided in Table S1. Rabbit polyclonal
antibodies against WASH1 (1:1000) (9), FAM21 (1:100) (9), CCDC53 (WASHC3, 1:1000) (51)
and Strumpellin (WASHC5, 1:1000) (51) have previously been described.
Transmission Electron Microscopy sample preparation and analysis
For EM analysis, mice were fasted for 18 hours and perfusion fixed with 4% formaldehyde in
0.1 M phosphate buffer. Their livers were rapidly removed, cut into small pieces (~2 mm3),
and placed and stored in glass vials with 4% formaldehyde until further processed. Samples
were further fixed at room temperature by adding Karnovsky fixative (2.5% glutaraldehyde
and 2% formaldehyde (Electron Microscopy Sciences) in 0.2 M Cacodylate buffer, pH 7.4)
for 2 h at room temperature. They were then postfixed with 1% OsO4/1.5% K3Fe(III)(CN)6
in 0.065 M phosphate buffer for 2 h at 4°C and finally 1 h with 0.5% uranyl acetate. After
fixation, samples were dehydrated and embedded in Epon epoxy resin (Polysciences). 60 nm
ultrathin sections were made and contrasted with uranyl acetate and lead citrate using the
AC20 (Leica) and examined with a Technai T12 electron microscope (FEI Thermo Fischer).
Images were made of 2 different blocks per mouse and per condition. 25 random images
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per block were collected for each mouse per condition (100 random images per condition).
All measurements of the lysosome size were done using FiJi. For quantification of the
lysosome area, the perimeters of lysosomes were selected one-by-one using the freehand
selection tool in FiJi, and the encircled area was measured. For visualization of lysosomal
tubulation, lysosomal perimeters were selected using the Lasso tool in Adobe Photoshop,
and the selected organelles were colored.
Fast-performance liquid chromatography (FPLC)
Plasma samples of each group of mice were pooled and fractionated by FPLC as previously
described (52), with minor modifications. In brief, the system contained a PU-980 ternary
pump with an LG-980-02 linear degasser and a UV-975 UV/VIS detector (Jasco, Tokyo). EDTA
plasma was diluted 1:1 with Tris-buffered saline, and 300 μL sample/buffer mixture was
loaded onto a Superose 6 HR 10/300 column (GE Health care, Lifesciences division, Diegem)
for lipoprotein separation at a flow rate of 0.5 mL/min. The total cholesterol and triglyceride
content of the fractions was determined as described below.
Hepatic lipid extraction
Liver homogenates prepared as 15% (w/v) solutions in PBS were subjected to lipid extraction
according to the Bligh & Dyer method (53). In short, 600 ml of demi-water were mixed with
200 ml of liver homogenate and 3 ml of chloroform. After 30 min of incubation, 1.2 ml of
H2O and 1 ml of chloroform were added, mixed and subsequently centrifuged (10 min, 1,500
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r.p.m. at room temperature). The chloroform layer was transferred into a new glass tube,
and evaporated using nitrogen at 50 °C. Lipids were resolved in 1 ml of chloroform and used
for further determination of cholesterol and TG content.
Cholesterol and triglyceride analysis in plasma and liver
Total cholesterol (TC) levels were determined using colorimetric assays (11489232, Roche)
with cholesterol standard FS (DiaSys Diagnostic Systems GmbH) as a reference. Triglyceride
(TG) levels were measured using Trig/GB kit (1187771, Roche) with Roche Precimat Glycerol
standard (16658800) as a reference.
Targeted LC-MS analysis
To quantify the protein concentrations of ApoA1, ApoB and ApoE in mouse plasma we
used targeted proteomics assay as previously described (20). The protein levels of hepatic
lipase (HL) in non-heparinized plasma were quantified using the isotopically-labeled
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standard peptide LSPDDANFVDAIHTFTR. Isotopically labeled standards were generated
by concatenating all target peptides into synthetic proteins (Polyquant GmbH, Germany)
containing 13C-labeled lysines and arginines (so-called QconCATs). The known concentrations
of these ‘standard’ peptides were used to calculate the concentrations of the endogenous
equivalents of the peptides (in amount of protein (µg or mg) per volume (dL) plasma or FPLC
fraction).
In-gel digestion and liquid chromatography-mass spectrometry analyses were performed as
described previously (20), with the following alterations: for plasma samples, 1 µL plasma
plus 20 ng QconCATs were loaded onto the gel and an equivalent of 100 nL plasma plus 2 ng
QconCATs was injected into the LC-MS for analysis.
For the FPLC fractions, 15 µL of the pooled FPLC fractions were loaded onto the gel.
The QconCATs were mixed after digestion, and the cleanup step after the digestion was
excluded. An equivalent of 3 µL sample plus 0.4-1 ng QconCATs was injected into the LC-MS
for analysis.
Gene expression analysis
100 mg of mouse liver were homogenized in 1 ml QIAzol Lysis Reagent (Qiagen). Total RNA
was isolated by chloroform extraction. Isopropanol-precipitated and ethanol-washed RNA
pellets were dissolved in RNase/DNase-free water. One microgram of RNA was used to
prepare cDNA with the Transcriptor Universal cDNA Master Kit (Roche), according to the
manufacturer’s protocol. Twenty nanograms of cDNA were used for quantitative real-time
PCR (qRT-PCR) analysis, using the FastStart SYBR Green Master (Roche) and 7900HT Fast RealTime PCR System (Applied Biosystems). The following primer sequences were used: CETP
forward (5’-GAATGTCTCAGAGGACCTCCC-‘3) and reverse (5’-CTTGAACTCGTCTCCCATCAG-‘3),
DSCR3
forward
(5’TGCGGGTACCGTCGACGAGGGCCTATTTCC-‘3)
and
reverse
(5’AGACGGATGCGCGGCCGCAAAAAAG-‘3)
and
PPIA
forward
(5’-TTCCTCCTTTCACAGAATTATTCCA-‘3) and reverse (5’-CCGCCAGTGCCATTATGG-‘3). The
PCR reaction was performed as follows: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 sec
at 95°C, and 1 min at 60°C. Expression data were analyzed using SDS 2.3 software (Applied
Biosystems), using the ΔΔCT method of calculation. PPIA expression was used as an internal
control.
Biotinylation assay
Culture of primary hepatocytes and biotinylation assay was performed as previously
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described (Lagace 2006). Cells were washed 3x with ice-cold PBS-CM buffer (PBS, 1 mM
MgCl2 and 0.1 mM CaCl2), and subsequently 0.5 mg/ml biotin reagent solution (EZ-Link
Sulfo-NHS-SS_Biotin, Thermo Scientific) in biotinylation buffer (10mM triethanolamine, pH
8.0, 150 mM NaCl and 2mM CaCl2) was added to the cells for 30 min at 4˚C. Biotin reagent
was removed and cells were washed 1x with quenching buffer (PBS-CM, 25 mM Tris-HCl, pH
7.4 and 192 mM Glycine) for 30 min at 4˚C. Next, cells were washed 2x with PBS-CM and
1x with TBS-C (50 mM Tris-Cl, pH 7.4, 100 mM NaCl and 2 mM CaCl2). Cells were collected
by scraping in TBS-C. Cells were centrifuged (1,000g, 5 min, 4˚C), lysed in biotin lysis buffer
(50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 5 mM EDTA
and 5 mM EGTA), sonicated (10% output for 10 s) and incubated on ice for 15 min, and
subsequently centrifuged for 15 min at 12,000 g. Protein concentration was determined;
30 mg were used as input; 300 mg were used diluted in biotin lysis buffer (500 μl); 30 μl
Neutravidin beads (Neutravidin plus ultralink beads, Thermo Scientific) were added and
incubated for 4 h at 4˚C. The beads were collected by centrifugation (500 g, 5 min), and
washed 3x with Biotin lysis buffer, 1x with high-salt buffer (50 mM Tris-Cl, pH 7.4 and 500
mM NaCl) and 1x with low-salt buffer (10 mM Tris-HCl). Finally, the beads were resuspended
in 30 μl 2x loading buffer.
Radioactive labeling of HDL
Total human HDL (1.063<d<1.21 g/ml) was obtained by sequential ultracentrifugation,
as previously described (54). HDL was labeled with 125I by a modification of the iodine
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monochloride method (55). To label HDL with H-cholesteryl-ether ( H-CE), 500 μCi of HCE resuspended in 50 μl of ethanol were added to a solution containing heat-inactivated
human lipoprotein deficient serum (200 mg protein) and iodinated HDL (6 mg protein).
Radiolabeled HDL was incubated overnight at 37°C with gentle shaking, followed by reisolation of the labeled HDL by sequential ultracentrifugation. Animals were injected with
8333 Bq 3H-CE with an activity of 357 Bq/μg HDL, and 33333Bq 125I-HDL with an activity of
2465 Bq/ μg HDL.
3

3

3

Adenovirus generation for somatic gene editing by CRISPR/Cas9 technology
Synthetic genes were ordered, comprising three U6-crRNA-tracrRNA cassettes flanked
by Sal-I and Not-I sites (GeneArt genesynthesis, Thermo Fisher Scientific), targeting exon
1 and exon 3 of murine Vps35 (Fig. 7A), or exon 1 of Dscr3 (Fig. 8A). The 1.1 kb Not-I/
Sal-I fragments were cloned into the pENTR2B vector (Invitrogen, # 11816-014) and the
adenoviral expression construct was formed by a LR recombination reaction (Invitrogen,
#11791-020 following manufacturer’s protocol) with pAD/pL-dest (Invitrogen, V49420). For
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virus production, 4 ug of PacI-digested expression vector were transfected into HEK293A
cells (Invitrogen # R705-07). Visible virus production was observed after 9 days. Reproduction
and upscaling of the virus took place in five steps, and produced up to 7500 cm2 infected
HEK293A cells. Viruses were purified using cesium chloride density gradients, and stored at
-80°C at a concentration of 7.45x1012 particles per ml.
AV particles were injected intravenously into 9–10 week old mice expressing Cas9, specifically
in the liver (see material and methods section: animals). All AV doses were 1x1011 particles
and adjusted to 100 μl with sterile phosphate-buffered saline (PBS). Blood was collected
by retro-orbital bleeding one week before virus administration, and mice were sacrificed 3
weeks after administration.
VLDL production assay
After a 4-h morning fasting, mice were intraperitoneally injected with 100mg/ml poloxamer
407 (BASF) in PBS (1 g per kg body weight). Blood was drawn by retro-orbital puncture at
time points 0, 30, 60, 120 and 240 min. Plasma samples were used for TG determination.
Statistical analysis
In vitro data were obtained from three independent experiments ± standard error of the
mean (SEM). Mouse data show average values ±SEM, n=4-7. Analyses were performed using
GraphPad version 6.05 (GraphPad software). Unpaired 2-tailed Student’s t-test was used to
test for statistical significance between two groups. For all experiments, a P-value of <0.05
was considered statistically significant.
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Supplementary figure 1. Characterization of Washc1ΔHep mice. (A) Mendelian inheritance of Washc1ΔHep genotype.
(B) Body weight and liver weight of Washc1ΔHep and WT mice. (C) Liver histology of Washc1ΔHep and WT mice. (D)
Protein expression of the members of the CCC complex, retriever and retromer in Washc1ΔHep and WT livers as
determined by immunoblotting. n=5-7. Data are presented as the mean ± SEM.
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Supplementary figure 2. Cholesterol production and excretion are unaffected in Washc1ΔHep mice. Hepatic
cholesterol (A) and triglyceride levels (B) in WT and Washc1ΔHep livers. (C) VLDL production 240 minutes after P407
injection in Washc1ΔHep and WT mice. n=5-8 Data are presented as the mean ± SEM.
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Supplementary table 1. List of used antibodies
Antibody

Distributor

Catalog nr.

Dilution

rabbit anti-LRP1

Abcam

ab92544

1:1000

goat anti-VPS35

Abcam

ab10099

1:1000

rabbit anti-ApoE

Abcam

ab183597

1:1000

rabbit anti-LDLR

Abnova GmbH

PAB8804

1:1000

HRP-conjugated goat anti-rabbit IgG (H+L)

Bio-Rad

170-6515

1:10000

HRP-conjugated goat anti-mouse IgG (H+L)

Bio-Rad

170-6516

1:10000

rabbit anti-VPS26C

Millipore

ABN87

1:1000

goat anti-SR-BI

Novus biologicals

NB400-131

1:1000

rabbit anti-COMMD1

Proteintech Group

11938-1-AP

1:1000

rabbit anti-CCDC22

Proteintech Group

16636-1-AP

1:1000

rabbit anti-CCDC93

Proteintech Group

20861-1-AP

1:5000

rabbit anti-SWIP

Proteintech Group

51101-1-AP

1:1000

mouse anti-COMMD1

R&D Systems

MAB7526

1:100

HRP-conjugated donkey anti-goat IgG (H+L)

Santa Cruz

sc2020

1:10000

mouse anti-β-actin

Sigma-Aldrich

A5441

1:5000

rabbit anti-VPS35L

Thermo Fischer

PA5-28553

1:1000

5

Thesis.indb 133

21-10-2019 21:23:36

Thesis.indb 134

21-10-2019 21:23:37

CHAPTER 6
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Abstract
The architecture and localization of the endo-lysosomal system are highly dependent on the
WASH complex, a pentameric protein complex which promotes the formation of branched
actin patches on endosomes. These actin deposits form endosomal subdomains and are
requisite for the maintainance of the endo-lysosomal structure. The endo-lysosomal system
is indispensable for intracellular cholesterol transport. Cholesterol is transported from the
endo-lysosomal systems to other organelles, such as the plasma membrane, the endoplasmic
reticulum and the Golgi apparatus. This process is facilitated mainly via membrane contact
sites, disruption of which disturbs cellular cholesterol homeostasis. Here, we have studied
how perturbation of the endo-lysosomal network by WASH depletion affects hepatic
cholesterol homeostasis, by quantifying pathways of cholesterol and bile acid metabolism.
We show that WASH depletion results in impaired transactivation of liver X receptor (LXR)
target genes. Nevertheless, we found no alterations in cholesterol and bile acid excretion,
or in hepatic cholesterol synthesis and lipogenesis. Overall, our data suggest that under
the conditions studied the perturbed lysosomal architecture and localization upon WASH
ablation do not result in abnormal hepatic cholesterol and bile acid metabolism.
Keywords: endosome, liver, WASH complex, cholesterol metabolism, bile acid metabolism
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Introduction
Cholesterol is a crucial component in eukaryotic cell membranes, and is the precursor for
the biosynthesis of steroid hormones, bile acids and vitamin D. However, excess cellular
cholesterol contributes to the development of multiple diseases, including atherosclerosis
and non-alcoholic steatohepatitis (1, 2). In mammals, the liver plays an important role
in the maintenance of whole-body cholesterol homeostasis. Essential in this process are
hepatocytes, as these cells take up and secrete cholesterol-containing lipoproteins from
and into the circulation, contributing massively to whole-body synthesis. Additionally,
hepatocytes are also able to remove cholesterol from the body via secretion into bile, either
as such or after conversion into bile acids (3). To maintain cellular cholesterol homeostasis,
the uptake, biosynthesis and excretion of cholesterol are tightly controlled. These pathways
are regulated by the transcription factors liver X receptor (LXR) and the sterol regulatoryelement binding proteins (SREBPs). Low intracellular cholesterol activates SREBP-2, which
initiates cholesterol uptake and biosynthesis (4-6), whereas high intracellular cholesterol
promotes LXR-mediated transcription of genes involved in high-density lipoprotein (HDL)
efflux (7, 8), biliary cholesterol excretion (9, 10), and lipogenesis to provide fatty acids for
cholesterol esterification (10-12). In mice, LXR also activates Cyp7a1 expression, the gene
encoding for the rate-limiting enzyme for cholesterol conversion into bile acids (13, 14). As
the cholesterol content of the endoplasmic reticulum (ER) is very low compared to other
organelles, it functions as a sensitive cholesterol sensor, allowing the cell to respond to
small changes in intracellular cholesterol content (15).
The hepatocyte acquires cholesterol by uptake of low-density lipoproteins (LDL), primarily
via the LDL receptor (LDLR). The expression of LDLR is tightly regulated by SREBP-2 (16).
Cholesterol esters derived from LDL are hydrolyzed in the late endosomes/lysosomes (LE/
LY), and subsequently distributed to other organelles such as the ER, the plasma membrane,
the mitochondria and the Golgi apparatus (17-20). Cholesterol transport is dependent on
membrane contact sites (MCSs); membrane protein-protein interactions of two organelles
in close proximity which enable sterol transfer proteins to shuttle hydrophobic cholesterol
between membranes (15, 21-23).

6

The architecture of LE/LY relies on the pentameric Wiskott-Aldrich syndrome protein and
SCAR homolog (WASH) complex (WASHC1-WASHC5) (Chapter 5, 24, 25). WASH activates
Arp2/3, a nucleating factor that deposits branched actin on endosomes to form endosomal
subdomains. These actin deposits are essential for endosomal structure and fission (26).
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Studies in MEFs show that depletion of WASH results in altered morphology of the endolysosomal system, including clusters, vacuole-like structures, and short actin-free sorting
tubules (26-29). Recently, we showed that WASH is also essential for the endo-lysosomal
architecture in mouse hepatocytes; ablation of hepatic WASH led to smaller, highly
tubulated lysosomes, which clustered at the perinuclear region (Chapter 5, and data not
shown). Furthermore, cell surface levels of the lipoprotein receptors LDLR, LDLR-related
proteins 1 (LRP1), and scavenger receptor class B type 1 (SR-BI) were reduced upon WASH
ablation, resulting in increased plasma levels of LDL-C and HDL-C (Chapter 5).
Here, we studied the expression of LXR and SREBP-2 target genes and subsequently,
quantified the relevant pathways in hepatic cholesterol and bile acid metabolism, to
investigate whether the perturbed architecture of the endo-lysosomal network in WASHdeficient livers affects hepatic cholesterol homeostasis.

Results
LXR target gene expression is reduced upon hepatic WASH deficiency
To assess the effect of perturbed LE/LY architecture in WASH-deficient hepatocytes on
cholesterol and bile acid metabolism, we first determined the hepatic expression of LXR
and SREBP-2 target genes in liver-specific Washc1 knockout mice (Washc1ΔHep) and wild
type littermate controls (hereafter referred to as WT) on a low cholesterol chow diet.
Hepatic WASH deficiency resulted in decreased expression of multiple LXR target genes: the
cholesterol efflux genes Abcg5 and Abcg8 (Fig. 1A), and the lipogenic regulators Scd1 and
Fas1 (Fig. 1B). Washc1 depletion also reduced the mRNA levels of Cyp7a1, but this decrease
did not reach statistical significance (p=0,11) (Fig. 1C). Hepatic WASH deficiency did not
result in significant alteration in the expression of SREBP-2 target gene Hmgcr (Fig. 1D).
We proceeded to evaluate whether this decrease in LXR target gene expression was due
to reduced LXR activity by feeding Washc1ΔHep and WT mice a high-fat high-cholesterol diet
(HFC, 45% calories from butterfat, 0.2% cholesterol), as cholesterol feeding activates LXR as
a result of oxysterol production, which activates LXR. Diet-induced LXR activation restored
the gene expression of Abcg5 and Abcg8 (Fig. 1E), as well as of Scd1 and Fas1 (Fig. 1F).
Interestingly, HFC feeding resulted in increased mRNA levels of Cyp7a1 in Washc1ΔHep livers
compared to WT livers (Fig. 1G). Hmgcr expression was reduced in the livers of HFC-fed WT
mice, but increased in the livers of HFC-fed Washc1ΔHep mice compared with livers of chowfed WT mice (Fig. 1H).
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Figure 1. Washc1 deficiency decreases LXR target gene expression. Hepatic mRNA expression of genes involved in
cholesterol excretion, fatty acid synthesis, cholesterol catabolism and cholesterol synthesis in WT and Washc1ΔHep
mice on chow (A-D) and after HFC feeding (E-H). n=6-8. Data presented as mean ± SEM, *p < 0.05, **p < 0.005,
***p < 0.001 as determined by Student’s T-test.

Altogether these data imply that hepatic WASH deficiency leads to reduced LXR
transactivation, which can be restored by feeding mice a diet supplemented with cholesterol.
SREBP-2 activity is not affected by WASH deficiency in chow-fed conditions, but might be
increased when exposed to a high influx of dietary cholesterol.

6

Reduced hepatic LXR target gene expression in Washc1ΔHep mice affects neither cholesterol
catabolism nor cholesterol excretion
Next, we assessed whether the decreased expression of LXR target genes resulted in altered
excretion of bile acids and cholesterol. Cyp7a1 catalyzes the first and rate-limiting step
in the conversion of cholesterol into bile acids in mice (30); however, decreased Cyp7a1
expression in Washc1 depleted livers did not translate into changes in bile flow, plasma bile
acid concentration, bile acid secretion, or fecal bile acid excretion; factors which represents
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Figure 2. Hepatic Washc1 depletion does not affect cholesterol catabolism or cholesterol excretion. Bile flow (A)
and plasma bile acids (B) in WT and Washc1ΔHep mice on chow. Bile acid excretion (C) and concentration in feces
(D). Biliary cholesterol (E) and fecal neutral sterols (F) in WT and Washc1ΔHep mice on chow. n=4-6. Data presented
as mean ± SEM; statistical significance determined by Student’s T-test.

hepatic bile acid synthesis under steady state conditions (Fig. 2A-D).
ABCG5/ABCG8 dimers constitute the main transporter for biliary cholesterol excretion
(31), but the reduced Abcg5/g8 expression after hepatic WASH depletion did not result in
reduced biliary cholesterol or fecal cholesterol output (Fig. 2E,F). Overall, these data suggest
that even though LXR target gene expression in hepatic WASHC1-deficient mice is reduced,
bile acid and cholesterol secretion rates are not affected.
Bile acid secretion is increased after LXR stimulation in Washc1ΔHep mice
As HFC feeding increased Cyp7a1 expression in WASH-depleted livers, we determined
whether this translated into increased hepatic cholesterol catabolism. Bile flow after HFC
feeding was similar between WT and Washc1ΔHep mice (Fig. 3A), and we indeed observed an
increase in bile acid secretion in Washc1ΔHep mice (Fig. 3B). However, this increase in bile acid
secretion did not lead to altered fecal bile acid excretion or plasma bile acid concentrations
(Fig. 3C, D). Furthermore, we observed no differences in biliary cholesterol and fecal neutral
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Figure 3. WASH deficiency increases biliary bile acid secretion but not fecal bile acid excretion after HFC feeding.
(A) Bile flow in WT and Washc1ΔHep mice. Bile acid excretion (B) and concentration in feces (C) and plasma (D).
Biliary cholesterol (E) and fecal neutral sterols (F) in WT and Washc1ΔHep mice on HFC diet. n=5-7. Data presented as
mean ± SEM; statistical significance determined by Student’s T-test.

sterol excretion (Fig. 3E, F). Together these data imply that although hepatic WASH deficiency
increases bile acid secretion, fecal bile acid and cholesterol excretion remain unaltered after
LXR stimulation by HFC feeding.
Hepatic WASH deficiency does not affect lipogenesis
To determine whether the decreased expression of LXR target genes Fasn and Scd1 in
Washc1ΔHep mice resulted in reduced lipogenesis, we added 13C-acetate to the drinking water
of the mice and measured the label distribution pattern of palmitate (C16:0), palmitoate
(C16:1), stearate (C18:0) and oleate (C18:1). Despite reduced mRNA expression of fatty acid
synthesis genes in Washc1ΔHep livers, lipogenesis between Washc1ΔHep and WT mice did not
change, either in chow- or in HFC-fed mice (Fig. 4A, B).

6

The WASH complex is not involved in regulation of cholesterol production
Increased hepatic expression of Hmgcr in Washc1ΔHep mice after HFC feeding is expected to
translate into an increase in cholesterol biosynthesis. To test this, we added 13C-acetate to
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Figure 4. Fatty acid production is unaltered in Washc1ΔHep mice. Fatty acid production on chow (A) and after HFC
diet feeding (B) in Washc1ΔHep and WT mice after three days of 13C-acetate supplementation, as measured by MIDA.
n=5-7. Data presented as mean ± SEM.

the drinking water of the mice for three consecutive days. We collected bloodspots twice
a day, and determined 13C-incorporation in cholesterol. Although Hmgcr expression was
increased in HFC-fed Washc1ΔHep mice, total cholesterol synthesis did not differ between
Washc1ΔHep and WT mice on a chow diet (Fig. 5A). As expected, HFC feeding reduced
cholesterol synthesis in both groups, but did not result in statistically significant differences
in cholesterol synthesis between Washc1ΔHep and WT mice (Fig. 5B).

Discussion
The WASH complex is a multi-protein complex of the endosomal sorting machinery, and
facilitates endosomal recycling of integral membrane proteins (32). We recently found that
hepatic defects in the WASH complex lead to impaired recycling of lipoprotein receptors
LDLR, LRP1 and SR-B1, resulting in decreased hepatic uptake of LDL-C and HDL-C and
ultimately in hypercholesterolemia (Chapter 5 , (33)). In Chapter 5 we observed that
hepatic WASH is also essential for the architecture of the endo-lysosomal network; loss of
hepatic WASH resulted in smaller lysosomes, increased lysosomal tubulation and increased
perinuclear localization of lysosomes (Chapter 5 and unpublished data). The localization
of LE/LY is controlled by the intracellular cholesterol content; high intracellular cholesterol
levels lead to perinuclear localization of LE/LY, enabling the formation of LE/LY-ER MCSs for
cholesterol transport and hence the ability of the cell to respond to changes in cholesterol
content (22, 34). The importance of lysosomal mobility and structure in maintaining cellular
cholesterol homeostasis led us to hypothesize that the perturbed lysosomal architecture
and localization in WASH-deficient hepatocytes might result in aberrant hepatic cholesterol
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Figure 5. Hepatic Washc1 depletion does not affect cholesterol production. Cholesterol production on chow (A)
and after HFC diet feeding (B) in Washc1ΔHep and WT mice after three days of 13C-acetate supplementation, as measured by MIDA. n=5-7. Data presented as mean ± SEM.

and bile acid metabolism. Our hypothesis was supported by reduced LXR target gene
expression after hepatic WASH depletion, which could be corrected by LXR stimulation via
HFC feeding. However, detailed characterization of hepatic WASH depleted mice did not
substantiate disturbed hepato-cellular cholesterol homeostasis, as no differences were
observed in lipogenesis, bile acid secretion or fecal bile acid and cholesterol excretion under
the tested conditions.
Interestingly, expression of SREBP-2 target gene Hmgcr was increased in Washc1ΔHep mice
after HFC feeding. As SREBP-2 is activated by low ER cholesterol levels, this might suggest
that upon WASH ablation under HFC feeding conditions cholesterol transport from the
lysosomes to the ER is impaired, which might ultimately lead to increased SREBP-2–
mediated Hmgcr expression. However, this increased Hmgcr expression did not translate
into a significant increase in cholesterol synthesis. Although the liver is the major site of
cholesterol production (35) we cannot rule out that other organs may compensate for
aberrant hepatic cholesterol production that might mask the phenotype of hepatic WASHdeficient mice.

6

Intracellular cholesterol transport to the ER can occur via vesicular or non-vesicular trafficking
systems, and it has been speculated that in non-vesicular systems MCSs play a major role in
this transport (36). LE/LY-ER cholesterol transport can occur via two different routes. LDLderived cholesterol can be trafficked from LE/LY to the ER via direct LE/LY-ER membrane
interactions, or indirectly after cholesterol is first distributed to the plasma membrane (19).
Our data imply that SREBP-2-mediated cholesterol biosynthesis is not affected in WASH-
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Figure 6. Overview of the involvement of
the WASH complex in hepatic cholesterol
metabolism. Uptake of cholesterol-containing
lipoproteins via LDLR, LRP1 and SR-BI is WASH
dependent. WASH facilitates endosomal
trafficking of LDLR, LRP1 and SR-BI back to
plasma membrane (Chapter 5). The hepatic
WASH complex is not required for normal
hepatic cholesterol synthesis and excretion or
bile acid metabolism.

deficient hepatocytes, which suggests either that LE/LY-ER cholesterol trafficking is still intact
upon WASH ablation, or that cholesterol transport to the ER is only partially dependent on
LE/LY-ER interaction. This is in accordance with previous studies showing that only 30% of
LDL-derived cholesterol is transported directly from the LE/LY to the ER (17, 18). A more
recent study even suggested that all LDL-derived cholesterol is moved first from LE/LY to the
plasma membrane before being transported to the ER (20). These results imply that despite
perturbed lysosomal architecture and localization in WASH-deficient hepatocytes, LDLderived cholesterol is still adequately transferred to the ER, likely via the plasma membrane
or vesicular transport.
The WASH subunit WASHC2 colocalizes to ER tubules (37), and a recent study indicated
that endosomal-ER contact sites are linked to WASH-dependent endosomal fission events,
although direct evidence of a role for the WASH complex in the formation of LE/LY-ER MCSs
is still lacking. Yet, this study indicates that post-lysosomal cholesterol transport relies
neither on WASH-dependent lysosomal architecture and localization nor on endosomal-ER
contact sites.
Altogether, our data suggest that under the conditions studied the atypical lysosomal
structure and localization in WASH ablated hepatocytes does not affect hepatic cholesterol
homeostasis (Fig. 6). It may well be that more significant conditions, such as overshooting
cholesterol synthesis by applying a fasting/refeeding protocol using a high carbohydrate/
low fat diet to induce SREBP activities, are required to unmask a phenotype (38).

Material and Methods
Animals
All animal studies were approved by the Institutional Animal Care and Use Committee,
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University of Groningen (Groningen, the Netherlands). Liver-specific Washc1 knockout
mice, were generated as previously described (Chapter 5). All experiments were performed
with male mice (n=8-9). Mice were housed individually and fed ad libitum with a standard
rodent chow diet (RMH-B, AB Diets, the Netherlands) or a high fat high cholesterol diet (45%
calories from butterfat, containing 0.2% cholesterol (SAFE Diets)). Littermates were used as
wild type (WT) controls in all experiments. To assess cholesterol synthesis, 2% 13C-acetate
was added ad libitum to the drinking water for 72 h. 13C-acetate supplementation started
at 9 AM, and bloodspots were taken at time points 0, 10, 24, 32, 48, 56, and 72 h. Feces
were collected during 24 h prior to termination. Mice were anesthetized by intraperitoneal
injection of Hypnorm (1 mL/kg) (fentanylcitrate 0.315 mg/mL and fluanisone 10 mg/mL,
VetaPharma, Leeds, UK) and diazepam (10 mg/kg) (Centrafarm, Etten‐Leur, the Netherlands)
and subjected to gallbladder cannulation for 20 minutes as described previously (39). During
bile collection, body temperature was stabilized using an incubator. Bile was stored at −20°C
until analysis. Tissues for mRNA expression analysis were snap-frozen in liquid nitrogen and
stored at -80˚C until further analysis. Blood was drawn by cardiac puncture, and plasma was
collected after centrifugation at 3000 rpm at 4˚C for 10 min.
Gene expression analysis
Gene expression analysis was performed as described elsewhere (40). Used primers can
be found in supplementary table 1. Expression data were analyzed using SDS 2.3 software
(Applied Biosystems), using the ΔΔCT method of calculation. PPIA expression was used as
an internal control.
Biliary excretion of bile acids, cholesterol and phospholipids
Biliary free cholesterol was derivatized using N,O-bis-(trimethylsilyl)trifluoroacetamide
and pyridine (1:1) with 1% tri-methylchlorosilane at room temperature. Biliary bile salt,
cholesterol, and phospholipid concentrations were determined, and the respective biliary
excretion rates were calculated as previously described (41).

6

Fecal excretion of neutral sterols and bile acids
Fecal samples were dried, weighed, and thoroughly ground. Aliquots were used for
determination of BAs and neutral sterols by gas liquid chromatography as described (41).
Hepatic lipid extraction
Liver homogenates prepared as 15% (w/v) solutions in PBS were subjected to lipid extraction
according to the Bligh & Dyer method (42). Lipids were resolved in 1 ml of chloroform and
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used for further determination of the label distribution patterns of palmitate (C16:0),
palmitoate (C16:1), stearate (C18:0) and oleate (C18:1).
Hepatic cholesterol synthesis and lipogenesis
Cholesterol was extracted from blood spots using 1 ml 95% ethanol-acetone (1:1, v/v),
and trimethylsilylated using N,O-bis-(trimethyl)trifluoroacetamide (BSTFA) with 1%
trimethylchlorosilane (TMCS). Mass isotopomer distribution analysis of cholesterol
synthesis was performed using the 13C-acetate method as previously described (35).
Hepatic lipogenesis measurements were performed on Bligh & Dyer extracted liver lipids as
previously described (43).
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Supplementary material
Table S1. Primer sequences for qPCR analysis of LXR and SREBP-2 target genes
Primer sequence

Gene
Apoa1
Abca1
Abcg5
Abcg8
Cyp7a1
Scd1
Fas1
LDLR
Hmgcr
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Fw

5’- CCCAGTCCCAATGGGACA -3’

Rv

5’- CAGGAGATTCAGGTTCAGCTGTT -3’

Fw

5’- GGGAAGGACATTCGCTCGG -3’

Rv

5’- TTGCTTTTCAGCTTGCTCGG -3’

Fw

5’- CTGCATGTGTCCTACAGCGTCA -3’

Rv

5’- AGATGCACATAATCTGGCCACTCTC -3’

Fw

5’- TCAGTCCAACACTCTGGAGGTCA -3’

Rv

5’- ATTTCGGATGCCCAGCTCAC -3’

Fw

5’- AGCAACTAAACAACCTGCCAGTACTA -3’

Rv

5’- GTCCGGATATTCAAGGATGCA -3’

Fw

5’- ATGCTCCAAGAGATCTCCAGTTCT -3’

Rv

5’- CTTCACCTTCTCTCGTTCATTTCC -3’

Fw

5’- CAAGCAGGCACACACAATG -3’

Rv

5’- GGAGTGAGGCTGGGTTGATA -3’

Fw

5’- TCCAATCAATTCAGCTGTGG -3’

Rv

5’- GAGCCATCTAGGCAATCTCG -3’

Fw

5’- AGCTTGCCCGAATTGTATGTG -3’

Rv

5’- TCTGTTGTGAACCATGTGACTTC -3’
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General discussion
As endosomal cargo transport is indispensable for a broad spectrum of cellular processes,
it is not surprising that anomalies in the endocytic system lead to numerous disorders,
including various neurodegenerative diseases and hypercholesterolemia (1, 2). In this thesis
we have provided novel molecular insights into the endosomal sorting machinery in the
context of cholesterol metabolism using sophisticated in vivo models. Our findings implicate
an intricate network of large protein complexes that provides specificity in endosomal
cargo sorting. This last chapter will summarize our major findings and place them in the
perspective of current knowledge of endosomal sorting in general, and the functions of
retromer, WASH, CCC and retriever in particular.
The role of the COMMD family of proteins in endosomal cargo sorting
Together with a core of CCDC22, CCDC93 and, questionably C16orf62/VPS35L, the CCC
complex is composed of a combination of proteins of the COMMD family (3). The founder
of this family, COMMD1, was initially identified as a protein essential to maintain hepatic
copper homeostasis (4). Hepatic COMMD1 deficiency results in hepatic copper accumulation,
likely due to aberrant trafficking of ATP7B, a copper transporting protein that mediates the
excretion of hepatic copper into the bile (5). We have recently shown that COMMD1 also
mediates the trafficking of the low-density lipoprotein receptor (LDLR), and that hepatic
depletion of Commd1 leads to hypercholesterolemia (Table 1), as well as an increased
susceptibility to hepatic copper accumulation (2, 6). Through the COMM domain, all ten
COMMD proteins can interact with each other (7, 8), and form large protein complexes (9),
with preferential, but not exclusive formation of COMMD heterodimers (9, 10). Plasticity in
COMMD-COMMD protein interactions has been suggested to allow the COMMD proteins
to function as adaptors within the CCC complex (9, 10). The different combinations of
COMMDs within the CCC complex might be essential for the specificity of this complex in
the recognition of cargos. However, the true role of the individual COMMD proteins in the
CCC complex and in CCC-mediated cargo sorting is yet to be determined.
To obtain better insights into the specific role of each COMMD protein in cargo sorting,
we studied different mouse models in which we specifically ablated one member of the
COMMD family in hepatocytes (Commd1 (2), Commd6 (Chapter 4), Commd9 (Chapter 4)
and Commd10 (unpublished)). Surprisingly, hepatic deficiency of a specific COMMD protein
(COMMD1, COMMD6 or COMMD9) also blunted the protein expression of the CCC core
proteins (CCDC22, CCDC93 and C16orf62) (Chapter 4). In addition to the core components,
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Table 1. Effects of depletion of endosomal sorting machinery proteins on plasma lipids.
Protein complex

CCC complex

Gene

Organism

CCDC22

Human

Source
(1)

Commd1

Mouse

Total-C↑

(1)

Commd6

Mouse

LDL-C↑

(2), Chapter 4

Commd9

Mouse

HDL-C↑

(2), Chapter 4

Commd10

Mouse

Washc1
WASH complex

Plasma lipids

WASHC5

Mouse
Human

Unpublished data
Total-C↑
LDL-C↑
HDL-C↑

Chapter 5
(4)

Total-C↑
Retromer

Vps35

Mouse

LDL-C ↑
HDL-C -

Chapter 5

TGs ↓
Retriever

WASH and CCC complex

Dscr3

Commd1 and
Washc1

Mouse

Total-C↑
LDL-C ↑

Chapter 5

Total-C↑
Mouse

LDL-C↑

Chapter 5

HDL-C↑

the protein expression of all COMMD proteins was strongly reduced, but not all to the
same extent (Chapter 4). Although not all COMMD proteins may be equally important for
each other’s function, hepatic ablation of each COMMD protein (COMMD1, 6, 9, or 10)
resulted in a similar increase in plasma cholesterol levels (Chapter 4, unpublished data, (2)).
Furthermore, our unpublished data imply that all COMMD proteins are required to maintain
hepatic copper homeostasis, as hepatic depletion of Commd1, Commd6 or Commd9 leads
to an increase in hepatic copper levels after dietary copper supplementation (Fig. 1A and
(6)). Together these results suggest that in mouse livers all COMMD proteins are equally
important in endosomal sorting of cargos in cholesterol and copper transport.
Conflicting results have been obtained on individual functions of COMMDs in endosomal
cargo trafficking using in vitro models. Systematic siRNA-mediated downregulation of each
COMMD in HEK293T cells revealed that the cell surface expression of Notch2 is dependent
only on COMMD5 and COMMD9, and not on the other COMMDs (10). In addition, in
two different kidney cell lines the trafficking of EGFR relies only on COMMD5 but not on
COMMD1 (11), suggesting that each COMMD protein has a specific role in the recognition
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of cargos during endosomal cargo trafficking. This specific role in cargo recognition is further
supported by the finding that not all COMMD proteins can physically interact with ATP7B
(12).
In contrast, our in vivo models imply that all COMMDs in hepatocytes are equally important
for the endosomal transport of cargos such as LDLR and ATP7B (Chapter 4, unpublished
data). These contradicting results may be due to different effects of the down regulation of
a COMMD protein on the protein expression of the CCC core components (CCDC22, CCDC93
and C16orf62/VPS35L). In various cell lines, deficiency of a single COMDD protein does
not always adversely affect the protein levels of CCDC22, CCDC93 and C16orf62 (10,11),
whereas in mouse hepatocytes, loss of any COMMD results in a decrease of protein levels
of the CCC core components. It is therefore likely that the effect of the loss of a COMMD
on plasma cholesterol levels is indirect and caused by the disruption of the complete CCC
complex upon ablation of any COMMD. Thus, these data imply that the integrity of the
CCC complex in hepatocytes is completely dependent on each individual COMMD protein,
whereas this might be different in other cell types. To understand the mechanism by which
this cell specific effect is regulated, future systematic investigation of the CCC complex
formation in cargo sorting is warranted.
Participation of WASH and the CCC complex in cargo-specific molecular pathways
Recent in vitro studies have indicated that WASH and the CCC complexes act together, as
depletion of either WASH or CCC components in HeLa cells results in mislocalization of the
copper transporting protein ATP7A (3). Our in vivo data support this model; depletion of
either protein complex results in hypercholesterolemia due to compromised recycling of the
lipoprotein receptors LRP1, LDLR and SR-B1 (Chapters 4 and 5, Table 1). Combined hepatic
ablation of both WASH and CCC does not further increase plasma cholesterol levels in mice;
this further supports the notion that both complexes act in a linear pathway (Chapter 5).
Interestingly, our preliminary data suggest that the CCC complex and the WASH complex do
not contribute equally to biliary copper transport. Loss of the CCC complex (Fig. 1A and (6))
results in a ±10 fold increase in hepatic copper levels after high copper feeding, whereas
hepatic depletion of Washc1 leads only to a ±3-fold increase (Fig. 1B). These results imply
that although both complexes are essential to maintain hepatic cholesterol and copper
transport, and the level of contribution to biliary copper excretion of both complexes may
differ. Further research is therefore needed to fully understand the roles of both complexes
in copper homeostasis. In addition, it is currently unclear which other cargos in hepatocytes
rely on both complexes and whether a complex-specific set of cargos exists. Moreover,
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Figure 1. Hepatic depletion of Commd6, Commd9 or Washc1 results in hepatic copper accumulation after high
copper supplementation. A) Relative hepatic copper levels of Commd6ΔHep and Commd9ΔHep mice compared with
WT mice. B) Relative hepatic copper levels of Wash1ΔHep mice compared with WT mice (n=6-8). Data presented as
mean ± SEM, **p < 0.005, ***p < 0.001 as determined by Student’s T-test.

the exact role of the CCC complex in the CCC-WASH axis remains unclear. Initially, CCC
was thought to act as an adapter to provide an extra layer of fine-tuning in selective cargo
transport, but it is also possible that the CCC complex plays a role in regulating the function
of WASH to promote Arp2/3-induced F-actin accumulation on endosomes, as hepatic loss
of the CCC complex increases the protein level of several WASH components (Chapter 4).
Do retriever and retromer act as independent protein complexes in cargo sorting?
The CCC complex has originally been characterized as a protein complex consisting of
CCDC22, CCDC92, C16orf62/VPS35L and the ten COMMD proteins. The first description
of the CCC complex in this composition was by Phillips-Krawczak et al, who showed that
all proteins of the CCC complex readily coprecipitate (3). Later studies advocated other
compositions of the CCC complex. Computational approaches based on co-evolution and
characterization of the human interactome suggested that the CCC complex also contains
DSCR3 (later renamed VSP26C), a protein homologous to the retromer component VPS26
(13). Since C16orf62/VPS35L shows high homology with the retromer component VPS35,
it has been suggested that C16orf62/VPS35L and DSCR3/VPS26C might have a function
parallel to that of retromer, with the COMMD proteins providing cargo selection specificity
(13). This hypothesis was further developed by McNally et al, who suggested that C16orf62/
VPS35L and DSCR3/VPS26C in combination with retromer subunit VPS29 form a separate
retromer-like heterotrimeric complex, termed retriever (14). Retriever facilitates endosomal
sorting of sorting nexin 17 (SNX17) cargos independently of retromer (14). According to this
model the CCC complex recruits retriever to the endosomes and retrieves cargos from the
degradative pathway in a WASH-dependent manner (14).
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A.

= LDLR/LRP1
Plasma membrane

= LDL
= SNX17
= DSCR3/VPS26C
= CCC complex
= WASH complex
Early endosomes

= Retromer
= Actin

B.
Plasma membrane

= SR-BI
= HDL

?

= CCC complex
= WASH complex
Early endosomes

= Actin

C.
Plasma membrane

?

= Sortilin
= LDL
= Retromer
= VLDL

Early endosomes
Golgi apparatus

Figure 2. Hypothetical models of endosomal sorting of lipoprotein receptors. A) Endosomal sorting of LDLR/
LRP1. After binding of LDL to LDLR/LRP1, sorting nexin 17 (SNX17) recognizes the NPxY domain in the cytoplasmic
tail of LDLR or LRP1 and, together with DSCR3/VPS35C, retrieves the receptors from lysosomal degradation after
endocytosis. The WASH complex is recruited to the endosomes, which might occur via retromer, or via an unknown
retromer-independent mechanism. Subsequently, WASH recruits the CCC complex via an interaction of WASHC2
with CCDC22/CCDC93. DSCR3/VPS35C couples LDLR/LRP1 to the WASH:CCC axis, after which the WASH complex
facilitates deposition of branched actin patches, enabling the formation of vesicles for transport of LDLR/LRP1
back to the plasma membrane. B) Retromer- and retriever-independent recycling of SR-B1. SR-BI facilitates uptake
of HDL cholesterol, and is recognized by an unknown adaptor protein and is coupled to the WASH:CCC axis that
facilitates the recycling of SR-BI back to the plasma membrane. C) Retromer-mediated retrograde transport of
Sortilin (SORT1). Recognition of SORT1 by retromer at the early endosomes facilitates retrograde transport
to the Golgi apparatus, where it facilitates VLDL production and secretion. Additionally, SORT1 facilitates LDLR
independent uptake of LDL. Trafficking of SORT1 to the plasma membrane has not yet been well established and
might either occur directly from the early endosomes or indirectly via the Golgi apparatus.
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In contrast to the hypothesis that retriever functions as an independent protein complex,
we have previously shown that deficiency of CCC components results in a dramatic
downregulation of C16orf62/VSP35L (Chapter 4), whereas ablation of DSCR3/VPS26C in
HeLa’s did not show this effect (3). Deficiency of both CCDC22 and CCDC93 in HeLa cells
did not lead to a decrease in C16orf62/VPS35C levels (14). In this thesis we aimed to obtain
further insights into the function of retriever as an independent protein complex in cargo
transport. In addition to the CCC-dependent protein stability of C16orf62/VPS35L, we
showed that hepatic DSCR3/VPS26C protein levels also rely on the CCC complex, as hepatic
depletion of Commd1 resulted in a marked reduction in DSCR3/VSP26C levels (Chapter 5). To
further determine the role of retriever in cholesterol metabolism, using the somatic CRISPRCas9 gene editing approach to target hepatic Dscr3/Vps26c, we observed that only plasma
LDL-C levels were increased (Chapter 5, Table 1). This observation implies that DSCR3/
VPS26C has a specific function within the CCC:WASH-axis and facilitates the trafficking of
LDLR but not SR-B1. This would support the notion that DSCR3/VPS26C specifically assists
the trafficking of SNX17 cargos (14). Through its FERM-domain, SNX17 recognizes NPxY/
NxxY motifs in cargos, such as the receptors of the LDLR family (15).
An increase in plasma LDL-C, and not HDL-C, was also seen in hepatic VPS35 deficient mice
(Table 1), which would imply that, like retriever, retromer also facilitates endosomal LDLR
but not SR-BI transport. Interestingly, however, McNally and colleagues suggested that
retriever and retromer act independently to maintain the surface levels of cargos (14).
Here the authors showed that loss of VPS35 affected neither the endosomal localization
of retriever nor a large pool of WASHC2. These authors suggested that retriever:CCC:WASH
and retromer:CCC:WASH pathways are functionally distinct. Our data do not completely
support this model, as plasma LDL-C are increased in both models (hepatic DCSR3/VPS26C
and VPS35-deficient models) (Table 1), indicating that LDLR recycling is retriever:SNX17:CC
C:WASH:retromer-dependent (Fig. 2A). However, based on the plasma lipid phenotype of
the different models (Chapters 4 and 5), SR-B1 is CCC:WASH-dependent but retriever and
retromer-independent (Fig. 2B).
Alternatively, the increased plasma LDL-C levels in hepatic VPS35 deficient mice may be
caused by a different mechanism. This is supported by the finding that plasma TG was also
reduced in these mice, whereas this was not observed in the knockout models for CCC,
WASH and DSCR3/VPS26C. The endosomal trafficking of sortilin (SORT1) is coordinated by
retromer (16) and SORT1 has also been shown to play an essential role in lipid metabolism
(17, 18). It regulates VLDL production and is involved in hepatic LDL-C cholesterol uptake in
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an LDLR-independent manner (17-20). Thus, the regulation of LDL-C levels by retromer may
be independent of the retriever:SNX17:CCC:WASH pathway and partially phenocopy the
CCC and WASH deficient models (Fig. 2C).
Taken together, these results lead to our current hypothesis that DSCR3/VPS26C functions as
an adaptor protein, which couples SNX17 with the CCC:WASH-axis to mediate the recycling
of cargos, such as LDLR and LRP1 (15, 21). SR-BI is recognized independently of retromer
and retriever, by an as yet to be identified adaptor which connects SR-BI to the CCC:WASH
pathway. Sorting of SR-BI into the CCC:WASH pathway prevents lysosomal degradation
and results in trafficking of the receptor back to the cell surface. Additional studies are
needed to assess whether retromer participates in the retriever:SNX17:CCC:WASH axis to
coordinate LDLR recycling or in another pathway to control plasma LDL-C levels. In addition,
since plasma TG level is an additional risk factor for cardiovascular disease (22, 23), it would
be of interest to further elucidate the mechanism by which VPS35 controls plasma TG levels.
Role of WASH components outside the pentameric complex
The WASH complex is a pentameric protein complex, consisting of WASHC1-5, that regulates
sorting and trafficking of cargos (24-27), but recently debate has arisen about the function
of WASH components outside of their pentameric context. The first indication of individual
roles of WASH components was that whereas WASHC2 puncta remained localized at the
endosomes in HeLa cells, independently of WASHC1 expression, other WASH components
were abolished (26). Analysis of the protein stability of all 5 WASH components in Jurkat
T-cells confirmed this finding, and added that WASHC1 and WASHC3 protein levels are
decreased by knock down of all other WASH components, whereas WASHC2, WASHC4 and
WASHC5 are decreased only by each other’s depletion, and not by depletion of WASHC1 and
WASHC3 (28). In pancreas cells, WASHC1 downregulation does not affect WASHC2, whereas
WASHC2 downregulation results in diminished protein levels of WASHC1, suggesting the
existence of a separate WASHC2 pool (29). In MEFs, however, depletion of Washc1 resulted
in substantial decrease of all WASH subunits (27). We confirmed the latter findings in vivo,
and showed that hepatic depletion of Washc1 in mice resulted in a significant decrease in
protein levels of all WASH components in the liver (Chapter 5)
Next to their collective role in endosomal sorting, individual WASH components have
separate functions. Independent of pentameric WASH, WASHC2 can be located in the
nucleus, where it results in diminished NF-κB target gene activation (29). WASHC1 covers
the WASHC2s nuclear localization signal, thereby preventing nuclear localization of WASHC2
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when incorporated in the endosomal pentameric WASH complex (29).
In addition, a heterotrimeric WASH complex is located at the centrosome (30). Here, HSBP1
promotes the assembly of WASHC1, WASHC2 and WASHC3. This trimeric WASH complex was
shown to be critical for tumor cell invasion in breast cancer (30). The authors of this study
suggest that all typical WASH functions are carried out by ternary WASH complex, as HSBP1depleted cells have a phenotype identical to that of WASH-depleted cells. In accordance with
this hypothesis, Washc5 depleted cells still contain active WASHC1-4 and F-actin clusters at
the endosomal surface, which supports the existence of WASH subcomplexes (31).
Overall these data suggest that WASH components have ambiguous functions and can
participate in multiple processes, either as individual proteins, or by forming subcomplexes
composed of different WASH subunits. Studies strongly suggest that these WASH
subcomplexes are cell type specific, as we implied for the CCC complex, but whether these
WASH and CCC subcomplexes act together remains to be investigated.
Endosomal recycling machinery as therapeutic target to treat hypercholesterolemia
Defects in the endocytic recycling machinery underlie many phenotypes, including
hypercholesterolemia, multiple neurological diseases, and cancer types (32, 33).
Hypercholesterolemia can be caused by disruption of multiple facets of cholesterol
metabolism, including decreased LDL uptake due to non-functioning LDLR, or increased
LDLR degradation due to overactive PCSK9 (34). Characterization of molecular pathways
can be crucial for the understanding of disease processes, and subsequently to applying
this fundamental knowledge in treatment, or possibly tailored treatment. One of the most
potent novel therapies to lower plasma LDL-C involves inhibition of PCSK9 (35). PCSK9 targets
LDLR for lysosomal degradation and inhibition of PCSK9 increases LDLR levels, subsequently
ameliorating plasma LDL-C clearance (36). However, when LDLR cannot be properly recycled
back to the plasma membrane, and taking into account that during its lifespan LDLR can be
recycled up to 100 times (37), one can envision that preventing degradation of LDLR might
not be sufficient to improve plasma cholesterol levels when endosomal LDLR recycling is
impaired. Combining knowledge of molecular processes in hypercholesterolemia with
individual screening of hypercholesterolemia patients may help in development of optimal
treatment strategies for patients.

7

Since impairment of the endosomal sorting machinery lies at the base of multiple diseases,
amelioration of endosomal cargo sorting can be considered a potential therapeutic target,
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for instance by stabilizing proteins of the endosomal sorting machinery to improve recycling
of specific cargos. Such a strategy has been studied for both retromer and the CCC complex.
Stabilization of retromer has been tested as a potential strategy in the treatment of
Alzheimer’s disease. Neuronal retromer facilitates recycling of amyloid-precursor protein
(APP), both via retrograde trafficking or direct trafficking to the cell surface (38). Retromer
deficiencies result in accumulation of APP at endosomes, where it will be cleaved to
amyloid-β (Aβ), the pathogenic fragment of Alzheimer’s disease. The pharmacological
chaperone R33 was developed to bolster the core structure of the trimeric retromer complex,
thereby increasing complex stability and enhancing retromer function (39). Incubation of
human induced pluripotent stem cells (hiPSCs) with chaperone R33 resulted in reduced Aβsecretion and TAU phosphorylation, both drivers of Alzheimer pathology (40). This study
suggests that pharmacological intervention to stabilize retromer could be an interesting
therapeutic strategy to ameliorate Alzheimer’s disease.
Increased functioning of the CCC complex has recently been associated with lower plasma
LDL-C levels (41). GWAS were analyzed to identify loci of the endosomal sorting machinery
associated with low LDL-C and low total cholesterol plasma levels. This strategy resulted in
the identification of a missense variant rs17512204 in CCDC93. Carriers with this variant
present with reduced myocardial infarction prevalence, and in vitro studies demonstrated
that this variant increased the protein stability of CCDC93. These results suggest that
pharmacological agents that improve the functioning of the CCC complex might be
applicable to ameliorate LDLR recycling and subsequent hepatic LDL-C uptake. Interestingly,
increased LDL-C uptake was also seen in cells overexpressing SNX17 (42), further supporting
the potential of the endosomal sorting machinery as a therapeutic target.
These initial studies show promising effects for the stabilization of the endosomal sorting
machinery to treat disease; however, the versatile nature of endosomal sorting should be
carefully considered when developing therapeutics, as the endosomal sorting machinery
facilitates recycling of large groups of cargos.
Concluding remarks
In recent years, advances in understanding the mechanisms of endosomal cargo sorting
have been realized by unraveling the molecular organization of the endosomal sorting
pathways and the identification of the cargos sorted by these pathways. Endosomal sorting
processes have been investigated primarily in vitro (continuous cell cultures), which has
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hindered relating this fundamental knowledge to its physiological significance. In the studies
addressed in this thesis, we combined classical methods with state-of-the-art gene editing
technologies to study the physiological role of the different complexes of the endosomal
sorting machinery in vivo, with a focus on cholesterol metabolism. Our studies have provided
novel insights into how the intracellular trafficking of different lipoprotein receptors (e.g.
LDLR, LRP1, and SR-BI) is molecularly coordinated. We have expanded our understanding
of the intricate interplay between the different protein complexes of endosomal sorting
machineries. Although our in vivo and recent in vitro data show some inconsistencies in
the molecular organization of the different complexes, we strongly believe that combining
different research disciplines, such as cell biology, physiology, genetics and proteomics, will
increase our understanding of the molecular organization of endosomal sorting pathways
and their contribution to (patho)physiological processes. This knowledge can pave the way
for better prognosis, diagnosis and realization of innovative therapies to treat diseases
caused by damaged endosomal sorting processes, such as hypercholesterolemia, as well as
copper-storage and neurological diseases.
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Summary
The endosomal network plays a major role in the intracellular transport of integral
membrane proteins and their associated proteins and lipids (together termed cargos). This
network dictates the destiny of cargos, which are either transported to the lysosome for
proteolysis or recycled to the plasma membrane or trans-Golgi network. By coordination
of these crucial decisions, the endosomal network has an essential function in regulating
various biological processes, including nutrient transport, cell signaling and cell migration.
It is therefore not surprising that anomalies in this network are associated with numerous
disorders, including various neurodegenerative diseases.
For decades, the endosomal network has been studied in great detail, thus providing
relevant fundamental insights into the molecular regulation of this complex system.
However, these studies have been performed mainly in cells (in vitro systems) and rarely
in animal models or human clinical samples, hampering the translation of basic knowledge
of the endocytic system into physiological and clinical relevance. We made this transition in
this thesis by using classical and state-of-the-art gene editing technologies to study in mice
the physiological role of different protein complexes of the endosomal network. We focused
specifically on the contribution of the endosomal network to cholesterol metabolism
and atherosclerosis by studying the molecular regulation of the endosomal transport of
lipoprotein receptors, including low-density lipoprotein receptor (LDLR), LDLR-related
protein 1 (LRP1) and scavenger receptor class B, type I (SR-BI).
The first part of this thesis consists of two literature reviews, describing the current
fundamental knowledge of the molecular regulation of endosomal trafficking of LDLR and
LRP1. LDLR is the main receptor facilitating the hepatic uptake of LDL cholesterol (LDL-C),
whereas hepatic LRP-1 likely plays a subordinate role in LDL-C uptake, and its contribution
to cholesterol homeostasis is ambiguous. Deleterious mutations in the LDLR gene are the
most common cause of familial hypercholesterolemia and increase the risk of premature
coronary heart disease. In chapter 2 we review the known determinants of the LDLR life
cycle. We provide a mechanistic overview of the LDLR trafficking pathway (i.e. endocytosis,
recycling and degradation) and conclude that increasing our fundamental knowledge of
the molecular regulation of intracellular LDLR trafficking will lead to the identification of
novel players in cholesterol metabolism, thereby helping to explain unresolved cases of
hypercholesterolemia. Chapter 3 provides an overview of the current insights into the
endosomal trafficking pathway of LDLR and LRP1, at molecular, cellular and organismal
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levels. We describe the distinct mechanisms of LDLR endocytosis and provide an overview
of the recently identified proteins involved in the hepatic uptake of plasma cholesterol
by coordinating the endosomal trafficking of LDLR. Finally, we discuss the pleiotropic role
of LRP1 in cholesterol and glucose metabolism. Overall, this literature study implies that
improving the function of the endocytic recycling machinery may provide novel therapeutic
opportunities to treat cardiovascular diseases as well as diabetes.
In chapters 4, 5 and 6 of this thesis we describe our investigation of the molecular interactions
between the protein complexes involved in endosomal trafficking of lipoprotein receptors
and, subsequently, their contribution to cholesterol metabolism and atherosclerosis in mice.
A crucial component of the endosomal LDLR trafficking machinery is the COMMD/CCDC22/
CCDC93 (CCC) complex. In chapter 4 we provide novel insights into the involvement of
the hepatic CCC complex in the maintenance of cholesterol homeostasis. We show that
the CCC complex facilitates the recycling of LDLR and LRP1. Additionally, we demonstrate
that hepatic ablation of the CCC complex in mice with a human-like lipoprotein profile
accelerates atherosclerosis. Understanding of the interrelation of the components of the
CCC complex has been increased by our findings that loss of any of the CCC subunits results
in destabilization of the whole CCC complex, and that hepatic depletion of any of the CCC
components results in a comparable increase in plasma cholesterol levels. Overall, this
chapter shows that all CCC components are required to maintain normal plasma cholesterol
levels and, ultimately, to attenuate atherosclerosis by facilitating the transport of LDLR and
LRP1 from the endosome back to the plasma membrane.
In chapter 5 we study the contribution of multiple components of the endosomal
sorting machinery to the recycling of lipoprotein receptors. We provide in vivo support
that the hepatic WASH complex, which governs the fate of multiple cargos, orchestrates
endosomal recycling of both LDL (LDLR and LRP1) and HDL (SR-BI) receptors. In addition,
we provide genetic evidence that endosomal trafficking of these lipoprotein receptors
relies on an interaction between the CCC and WASH complexes. Furthermore, we study
whether recycling of lipoprotein receptors is also governed by the multiprotein complexes
retromer and retriever. Retromer is a cargo-selective protein complex, which is essential
for retrieval and recycling of cargo from the early endosomes. Retriever is a recently
established protein complex in cargo recycling, which exhibits remarkable similarity to
retromer. Recent studies have shown that retromer and retriever act in distinct routes of
the endosomal sorting pathway. Our in vivo data partially confirm these studies by showing
that CCC:WASH-mediated SR-BI trafficking is retromer and retriever independent, whereas
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LDLR/LRP1 recycling might rely on both retromer and retriever. Interestingly, hepatic
retromer regulates plasma triglyceride (TG) levels in a manner that is likely WASH and CCCindependent. Together these data suggest that the protein complexes of the endosomal
sorting machineries act in various compositions, allowing them to fine-tune endosomal
cargo sorting and tightly regulate various biological processes, including lipid metabolism.
Next to its role in endosomal cargo sorting, the WASH complex is essential for the
maintenance of endo-lysosomal architecture (chapter 5). As intracellular cholesterol
transport is highly dependent on the endo-lysosomal network, we hypothesized that
perturbed endo-lysosomal architecture and localization upon hepatic WASH depletion
would adversely affect intracellular cholesterol transport and, subsequently, intracellular
cholesterol sensing. Accordingly, these defects would result in compromised cholesterol
and bile acid metabolism. In chapter 6 we first determined the activity of LXR and SREBP,
two main transcription factors known to regulate the expression of genes involved in lipid
and bile acid metabolism, and which are regulated by changes in intracellular cholesterol
content. Although the expression of LXR and SREBP target genes were decreased upon
hepatic WASH depletion, no effects were seen on whole body cholesterol synthesis,
cholesterol excretion, or bile acid metabolism. Overall this study suggests that the altered
endo-lysosomal architecture in hepatic WASH deficient mice impairs neither hepatic
cholesterol homeostasis nor bile acid metabolism under the studied conditions.
In conclusion, this thesis highlights a crucial role for the CCC and WASH complexes in hepatic
cholesterol uptake by orchestrating the endosomal recycling of LDLR, LRP1 and SR-BI. We
provided novel insights into how the different CCC components interrelate to maintain the
integrity of the CCC complex. We introduced somatic CRISPR/Cas9 gene editing technology,
a sophisticated methodology to study the interplay between different endosomal sorting
complexes in vivo. Using this technology, we found that both retriever and retromer likely
participate in the CCC-WASH axis to facilitate endosomal recycling of LDLR, but not SR-BI.
Moreover, we showed that hepatic retromer controls plasma TG levels independently of the
CCC-WASH pathway. Overall, this thesis provides novel insights into the intricate interplay
between the different protein complexes of endosomal sorting machineries in the regulation
of lipid metabolism.
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Het endosomale netwerk speelt een belangrijke rol bij het intracellulaire transport van
integrale membraaneiwitten en hun bijbehorende eiwitten en lipiden (tezamen ook wel
cargo’s genoemd). Het endosomale netwerk bepaalt de bestemming van cargo’s, die of
worden getransporteerd naar het lysosoom voor proteolyse, of worden gerecycled naar het
plasmamembraan of trans-Golgi-netwerk. Door de coördinatie van deze cruciale beslissingen
heeft het endosomale netwerk een essentiële rol bij de regulatie van verschillende
biologische processen, waaronder intercellulaire communicatie, celmigratie en het
transport van voedingsstoffen. Het is daarom niet verrassend dat afwijkingen in dit netwerk
geassocieerd zijn met talrijke aandoeningen, waaronder verschillende neurodegeneratieve
ziekten.
Decennia lang is het endosomale netwerk tot in detail bestudeerd, wat relevante fundamentele
inzichten heeft opgeleverd in de moleculaire regulatie van dit complexe systeem. Deze
studies zijn echter voornamelijk uitgevoerd in cellen (in vitro-systemen) en nauwelijks in
diermodellen of in humane klinische monsters, wat de vertaling van fundamentele kennis
van het endosomale systeem naar fysiologische en klinische relevantie belemmert. Om hier
verandering in te brengen hebben we in dit proefschrift gebruikt gemaakt van klassieke en
geavanceerde gen-editingtechnologieën om de fysiologische rol van verschillende complexen
van het endosomale netwerk te bestuderen in muizen. We hebben ons specifiek gericht op
de bijdrage van het endosomale netwerk aan cholesterolmetabolisme en atherosclerose
door de moleculaire regulatie van het endosomale transport van lipoproteïne-receptoren,
waaronder de lage-dichtheidslipoproteïne receptor (LDLR), LDLR-gerelateerd eiwit 1 (LRP1)
en de scavenger-receptor klasse B, type I (SR-BI) te onderzoeken.
Het eerste deel van dit proefschrift bestaat uit twee literatuuroverzichten, die ons huidige
begrip beschrijven van de moleculaire regulatie van het endosomale transport van LDLR
en LRP1. LDLR is de belangrijkste receptor voor de opname van LDL-cholesterol (LDL-C)
door levercellen. De rol van LRP-1 is waarschijnlijk ondergeschikt aan LDLR in LDL-C
opname, en de bijdrage van LRP-1 aan cholesterol homeostase is tot op heden onduidelijk.
Mutaties in het LDLR-gen zijn de meest voorkomende genetische defecten die familiaire
hypercholesterolemie veroorzaken, een aandoening die op zeer jonge leeftijd tot een
hartinfarct kan leiden. In hoofdstuk 2 bespreken we bekende factoren die de levenscyclus
van LDLR reguleren. We geven een mechanistisch overzicht van de LDLR-transportroute
(d.w.z. endocytose, recycling en degradatie) en concluderen dat het vergroten van onze
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fundamentele kennis van de moleculaire regulatie van intracellulair LDLR-transport kan
leiden tot de identificatie van nieuwe spelers in het cholesterolmetabolisme. Deze kennis zou
vervolgens kunnen bijdragen aan het verklaren van onopgeloste gevallen van patiënten met
hypercholesterolemie. Hoofdstuk 3 geeft een overzicht van onze huidige kennis betreffende
het endosomaal transport van LDLR en LRP1, op moleculair, cellulair en organismaal
niveau. We beschrijven de verschillende mechanismen van LDLR-endocytose en bieden een
overzicht van de recent geïdentificeerde eiwitten die betrokken zijn bij de coördinatie van
het endosomaal transport van LDLR. Ten slotte bespreken we de pleiotrope rol van LRP1 in
het cholesterol- en glucosemetabolisme. Samenvattend impliceert deze literatuurstudie dat
het verbeteren van het recyclen van LDLR en LRP1 nieuwe therapeutische mogelijkheden
biedt om hart- en vaatziekten en diabetes te behandelen.
Hoofdstuk 4, 5 en 6 van dit proefschrift beschrijven onze studies naar de moleculaire
interacties tussen de eiwitcomplexen die betrokken zijn bij het endosomaal transport
van lipoproteïne-receptoren. Vervolgens leveren deze studies een beter inzicht in de rol
van deze eiwitcomplexen in de cholesterolhuishouding en atherosclerose. Een cruciaal
onderdeel van endosomaal LDLR-transport is het COMMD/CCDC22/CCDC93 (CCC) complex.
In hoofdstuk 4 bestuderen we de bijdrage van het CCC-complex in levercellen aan de
handhaving van cholesterolhomeostase. We laten zien dat het CCC-complex niet alleen de
recycling van LDLR, maar ook van LRP1 faciliteert. Verder tonen we aan dat inactivatie van
het CCC-complex in levercellen atherosclerose in muizen met een humaan lipoproteïneprofiel versnelt. We vergroten ons begrip van de onderlinge relatie van de componenten van
het CCC-complex door aan te tonen dat verlies van individuele CCC-subeenheden resulteert
in destabilisatie van het gehele CCC-complex en dat depletie van iedere CCC-component
in levercellen resulteert in een vergelijkbare verhoging van plasmacholesterolwaarden. In
conclusie laat dit hoofdstuk zien dat alle CCC-componenten vereist zijn om het transport van
LDLR en LRP1 van endosomen terug naar het plasmamembraan te faciliteren om vervolgens
normale plasmacholesterolwaarden te handhaven, en uiteindelijk de kans op hart en
vaatziekte te verlagen.
In hoofdstuk 5 ontrafelen we de bijdrage van meerdere componenten van de endosomale
sorteringsmachinerie aan de recycling van lipoproteïne-receptoren. Ons in vivo werk laat
zien dat het WASH-complex, een complex dat het lot van meerdere cargo’s bepaalt, de
endosomale recycling van zowel LDL (LDLR en LRP1) als HDL (SR-BI) receptoren faciliteert.
Daarnaast leveren we genetisch bewijs dat endosomaal transport van deze lipoproteïnereceptoren afhankelijk is van de interactie tussen het CCC- en WASH-complex. Verder
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bestuderen we of recycling van lipoproteïne-receptoren wordt gereguleerd door retromeer,
een cargo-selectief eiwitcomplex dat essentieel is voor het recyclen van cargo’s vanuit de
vroege endosomen, of retriever, een recentelijk ontdekt eiwitcomplex in cargo-recycling
dat grote gelijkenis toont met retromeer. Onze in vivo studies ondersteunen deels de
eerdere studies die hebben aangetoond dat retromeer en retriever in afzonderlijke takken
van de endosomale sorteerroute actief zijn. We laten zien dat CCC:WASH-gemedieerde
SR-BI-transport retriever en retromeer onafhankelijk is, terwijl onze data suggereert dat
het CCC:WASH-gemedieerde LDLR/LRP1-recycling afhankelijk is van zowel retromeer als
retriever. Omgekeerd is plasmatriglyceriden (TG) regulatie door retromeer waarschijnlijk
WASH- en CCC-onafhankelijk. Onze resultaten suggereren dat de eiwitcomplexen betrokken
bij endosomaal transport verschillende samenstellingen aangaan, waardoor ze endosomale
cargo-sortering nauwkeurig kunnen controleren, om vervolgens verschillende biologische
processen accuraat te reguleren.
Naast zijn rol in endosomale cargo-sortering is het WASH-complex essentieel voor het
behoud van de endo-lysosomale structuur (hoofdstuk 5). Intracellulair cholesteroltransport
en cholesterol detectie is in hoge mate afhankelijk van een goed functionerend endolysosomaal netwerk. Op basis van deze informatie stelden we de hypothese dat intracellulair
cholesteroltransport en -detectie nadelig beïnvloed zouden zijn door de verstoring van
de endo-lysosomale structuur en -lokalisatie in levercellen met een defect in het WASHcomplex, met als gevolg dat het cholesterol- en galzoutmetabolisme aangetast zouden zijn.
In hoofdstuk 6 tonen we aan dat de activiteit van LXR en SREBP verlaagd zijn nadat we het
WASH-complex in levercellen hebben geïnactiveerd. LXR en SREBP zijn transcriptiefactoren
die de expressie van genen reguleren die betrokken bij lipiden- en galzoutmetabolisme.
Zowel de activiteit van LXR als die van SREBP is afhankelijk van intracellulaire cholesterol
content. Ondanks de verlaagde expressie van verschillende LXR en SREBP-target genen
konden we geen duidelijke veranderingen in cholesterolsynthese, cholesteroluitscheiding of
galzoutmetabolisme aantonen in lever specifieke WASH knock-out muizen. Samenvattend
suggereert deze studie dat de veranderde endo-lysosomale architectuur in WASH-deficiënte
levercellen noch de levercholesterolhomeostase, noch het galzoutmetabolisme in muizen
beïnvloedt onder de bestudeerde omstandigheden.
De studies in dit proefschrift benadrukken de cruciale rol van het CCC- en WASH-complex
in de opname van plasmacholesterol door levercellen, door het endosomaal transport van
LDLR, LRP1 en SR-BI te faciliteren. We hebben nieuwe inzichten verkregen in de onderlinge
relaties tussen de verschillende CCC-componenten om de integriteit van het CCC-complex te
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behouden. Daarnaast hebben we met het gebruik van somatische CRISPR/Cas9-technologie
een verfijnde methodologie geïntroduceerd om het samenspel tussen verschillende
endosomale sorteringscomplexen in vivo te bestuderen. Met het gebruik van deze
methodologie laten we zien dat zowel retriever als retromeer deelneemt aan de CCC:WASHafhankelijke route om de endosomale recycling van LDLR, maar niet SR-BI, te faciliteren. Ten
slotte wijzen onze data erop dat het retromeer complex plasma-TG-spiegels reguleert, een
proces dat onafhankelijk is van de CCC:WASH-route. Alles tezamen biedt dit proefschrift
nieuwe inzichten in het complexe samenspel van de verschillende eiwitcomplexen van de
endosomale sorteringsmachinerie in de regulatie van lipidenmetabolisme.
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