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Abstract
Mutations in VPS33B and VIPAS39 cause the rare multisystem disorder
Arthrogryposis, Renal dysfunction and Cholestasis(ARC) syndrome.

The

encoded VPS33B and VIPAR proteins interact and act as part of an as yet
only partly characterized tethering complex; the class C Homologues in
Endosome-Vesicle Interaction (CHEVI) complex. Severe ichthyosis is also
ever present in ARC syndrome patients but is currently understudied.
Previous studies showed entombed lamellar body-like structures in the
cornified skin layer; however the molecular mechanisms underlying this
ichthyosis and the specific role of the CHEVI complex in the epidermis are yet
to be defined.
VPS33B and VIPAR were recently shown to be required for the delivery of
lysyl hydroxylase 3 (LH3), a collagen-modifying enzyme, to intracellular
collagen.

Co-immunoprecipitation analysis demonstrated interactions with

Rab10 and Rab25 GTPases, whose activity is required for LH3 delivery. This
allowed confirmation that a novel VPS33B variant was pathogenic in patients
with a mild ARC-like phenotype, as this variant disrupted VPS33B interactions
with Rab GTPases. The variant also disrupted LH3 delivery and patient skin
biopsies showed parallel phenotypes to VPS33B-deficient mice further
confirming that this variant is pathogenic for this novel syndrome.
Inducible Vps33b and Vipar (Vipas39) ubiquitous knockout murine models
develop a skin phenotype similar to ARC patients with analysis of skin
biopsies showing defects in epidermal differentiation. Trans-epidermal water
loss measurements indicated defective barrier function.

A reduction in

epidermal lipids was identified in the epidermis of these mice and
5

abnormalities in lamellar bodies that secrete these lipid layers were identified,
suggesting disrupted lipid delivery is causing the defective barrier function.
My findings suggest VPS33B-VIPAR are important for epidermal delivery of
lipids and/or lamellar bodies in addition to their role in LH3 delivery. VPS33B or
VIPAR deficiency leads to defects in lipid and LH3 delivery, producing defects
in keratinocyte differentiation and the epidermal barrier.
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Chapter 1 - Introduction
In this thesis I present my work on the role of VPS33B and VIPAR in the
delivery of a collagen-modifying enzyme to intracellular collagen and the
defects underlying the skin disease of patients with ARC syndrome. In this
chapter I will summarize the symptoms of patients with ARC syndrome and
the mutations causing this disorder.

The proteins associated with ARC

syndrome are hypothesized to form an intracellular tethering complex which
regulates vesicle fusion events, so I will also describe vesicular trafficking
events and the components of the intracellular tethering machinery. Patients
with ARC syndrome develop a dry scaly skin disease but the roles of VPS33B
and VIPAR in the skin are yet to be defined. Therefore, in the final part of this
chapter I will outline the structure of the skin and the epidermis to give a basis
for understanding the work I will present in the following chapters.

1.1. ARC syndrome
It is important to investigate rare genetic diseases that manifest with defects
in cell polarity and intracellular trafficking, as many common disorders also
present with abnormalities in these pathways. Investigating the molecular
pathology of these rare diseases can help delineate how intracellular
molecular mechanisms regulate intracellular trafficking and maintain cell
polarity and may help advance many areas of basic and clinical research.
Arthrogryposis, Renal dysfunction and Cholestasis (ARC) syndrome (OMIM
#208085 and #613404) is a rare autosomal recessive multisystem disorder,
with defects in apicobasal polarity and apical membrane protein targeting, that
was first reported in the 1970’s (Lutz-Richner and Landolt, 1973; Nezelof
et al., 1979).
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Characteristic clinical manifestations of ARC syndrome include arthrogryposis
(abnormally formed joints), renal proximal tubule dysfunction, neonatal
cholestasis (defective bile secretion) and severe failure to thrive (Gissen
et al., 2006).

Patients also present with other symptoms as part of this

syndrome including ichthyosis (dry, scaly skin), sensorineural deafness,
abnormal platelet α-granule biosynthesis,

osteopenia,

absent corpus

callosum, recurrent infections and mild dysmorphia (Gissen et al., 2006). The
majority of those affected by ARC syndrome die in infancy, generally from
sepsis, dehydration, or acidosis caused by recurrent infections (Abu-Sa’da
et al., 2005), however, a few patients have been reported to survive until
childhood with an attenuated ARC syndrome phenotype (Bem et al., 2015;
Smith et al., 2012).
1.1.1. VPS33B
Germline mutations in the gene VPS33B, vacuolar protein sorting 33
homologue B, are responsible for 75% of all ARC syndrome cases (Cullinane
et al., 2009; Gissen et al., 2004). VPS33B, located at chromosome 15q26.1
(Gissen et al., 2004) is 24,206 nucleotides in length with 23 coding exons
(Smith et al., 2012).

Most mutations linked to ARC syndrome cause

premature termination of VPS33B transcription; nucleotide substitutions and
deletions have been reported to introduce stop codons at the point of
mutation or cause a frame shift leading to introduction of a stop codon, or
affect transcript splicing, leading to shorter transcripts (Cullinane et al., 2009;
Gissen et al., 2006; Hershkovitz et al., 2008; Lo et al., 2005; Smith et al.,
2012). Analysis of VPS33B expression in these ARC patients has indicated
that these mutations can lead to loss of VPS33B protein expression
(Cullinane et al., 2009; Lo et al., 2005). A missense mutation, not predicted to
disrupt the VPS33B transcript, has also been reported: c.89T>C, p.Leu30Pro

26

(Gissen et al., 2004), this is predicted to disrupt an α-helix in VPS33B (Gissen
et al., 2005).
VPS33B is ubiquitously expressed producing transcripts of 2,420 or 2,767
nucleotides in length, dependent on the inclusion of an exon towards the end
of the VPS33B transcript. This encodes VPS33B, a 617 amino acid protein
predicted to be 70.6 kDa in size (Carim et al., 2000), one of the two
mammalian homologues of the yeast protein Vps33p.

Vps33p and its

mammalian homologues, VPS33A and VPS33B, are members of the
Sec1/Munc18 (SM) protein family; members of this protein family interact with
soluble N-ethylmaleimide-sensitive factor attachment protein receptors,
SNAREs (Carr and Rizo, 2010; Gissen et al., 2005) to regulate vesicle fusion
events.

Sequence analysis of VPS33B indicated a sec1-like domain in

VPS33B (Dai et al., 2016; Gissen et al., 2004); sec1-like proteins, including
SM proteins, are often involved in membrane trafficking events (Carr and
Rizo, 2010); I will further explain the function of SM proteins and SNAREs in
sections 1.4.3 and 1.4.2.
Yeast Vps33p is important for protein delivery to the vacuole (Sato et al.,
2000) and comprises part of the class C core vacuole/endosome tethering
(CORVET) and homotypic fusion and vacuole protein sorting (HOPS)
complexes that are necessary for protein trafficking to the yeast vacuole
(Balderhaar and Ungermann, 2013); I will further explain the function of
tethering complexes in section 1.4.4.

Current data suggest mammalian

VPS33A is part of the mammalian HOPS (Graham et al., 2013; van der Kant
et al., 2015; Wartosch et al., 2015) and CORVET complexes (Perini et al.,
2014; van der Kant et al., 2015) but the complex that VPS33B forms part of
has yet to be fully described; I will discuss this further in sections 1.4.5 and
1.4.6.
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1.1.2. VIPAR
Cases of ARC syndrome without a VPS33B mutation are caused by
mutations in VIPAS39, which encodes vps33b-interacting protein involved in
polarity and apical protein restriction, VIPAR, also referred to as SPE-39,
VPS16B and VIPAS39 (Cullinane et al., 2010).

VIPAS39, located at

chromosome 14q24.3 is 30,966 nucleotides in length with 19 coding exons
(Smith et al., 2012). Similarly to mutations in VPS33B , section 1.1.1, most
ARC syndrome cases are caused by premature termination of VIPAS39
transcription; nucleotide substitutions and deletions introducing stop codons
or frame shifts causing introduction of a premature stop codon (Cullinane
et al., 2010; Smith et al., 2012). Missense mutations, which are not predicted
to cause premature termination of the VIPAS39 transcript have also been
reported:

c.638T>C, p.Leu213Pro (Smith et al., 2012) and c.1021T>C

p.Cys341Arg (Ackermann et al., 2014), which are predicted to disrupt an
α-helix in the core of the VIPAR protein and to have “deleterious” effects on
the protein respectively (Ackermann et al., 2014; Smith et al., 2012).
The VIPAS39 transcript of 2,934 nucleotides encodes VIPAR, a 493 amino
acid protein of approximately 57 kDa (Cullinane et al., 2010). Alternative
splicing of exons towards the end of the transcript can produce sequence
variants of between 444 and 519 amino acids. VIPAR is 15% identical to
yeast Vps16p, which interacts with yeast Vps33p and is another component
of the yeast HOPS and CORVET complexes, but is highly similar to proteins
of the golgin family, with most of VIPAR forming a golgin A5 domain
(Cullinane et al., 2010).

Golgins have been identified as important in

maintaining Golgi cisternae structure and regulating intra-Golgi transport
(Munro, 2011).

In silico analysis of VIPAR predicted a disordered

amino-terminal domain, not required for the interaction with VPS33B, and a
carboxy-terminal alpha-solenoid structurally similar to the carboxy-terminal of
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VPS16, the mammalian homologue of yeast Vps16p, that is important for the
interaction with VPS33B (Banushi et al., 2016; Cullinane et al., 2010).

1.2. Phenotypes of VPS33B and VIPAR deficiencies
1.2.1. Non-metazoan models of VPS33B and VIPAR deficiencies
Work in model organisms supports roles for VPS33B and VIPAR in protein
trafficking and apicobasal cell polarity; deficiency of VPS33B homologues
causes defects in vesicular fusion in Drosophila melanogaster (Akbar et al.,
2011), intracellular organelle formation and fusion in Caenorhabditis elegans
(Gengyo-Ando et al., 2016; Solinger and Spang, 2014; Zhu et al., 2009) and
defective bile tract formation in Danio rerio (Matthews et al., 2005), Table 1.1.
Model organism

VPS33B
homologue

Phenotype description

D. melanogaster

Vps33b

Defective phagosome-lysosome fusion (Akbar
et al., 2011)

C. elegans

VPS-33.2

Defective membranous organelle formation
(Gengyo-Ando et al., 2016; Zhu et al., 2009)
Endosomal fusion defects (Solinger and
Spang, 2014)

D. rerio

Vps33b

Defective bile tract formation (Matthews et al.,
2005)

Table 1.1: Phenotypes of model organisms with defects in homologues of VPS33B.

Deficiencies of VIPAR homologues in these organisms show similar
phenotypes, with defects in organelle formation and fusion and bile tract
formation (Akbar et al., 2011; Cullinane et al., 2010; Zhu and L’Hernault,
2003), Table 1.2. This similarity of phenotypes further demonstrates the likely
similarity in the intracellular roles of VPS33B and VIPAR; which interact and
are thought to act as part of the same complex (Cullinane et al., 2010).
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Model organism

VIPAR
homologue

Phenotype description

D. melanogaster

Fob
(Vps16B)

Defective fusion of phagosomes with late
endosomes or lysosomes (Akbar et al., 2011)

C. elegans

SPE-39

Defective for fusion of membranous organelles
for sperm function (Zhu and L’Hernault, 2003)

D. rerio

Vipar

Abnormal
bile
tract
formation
and
accumulation of vesicles in epithelial cells
(Cullinane et al., 2010)

Table 1.2: Phenotypes of model organisms with defects in homologues of VIPAR.

Many of the observed phenotypes suggest a role in lysosomal transport,
however, VPS33B and VIPAR are not required for lysosomal fusion with
endosomes or autophagosomes in mammalian cells (Wartosch et al., 2015).
Interestingly, these models also suggest some cell-type specific phenotypes
for the VPS33B-VIPAR complex and these phenotypes do not overlap with
those of VPS33A and VPS16 deficient models (Akbar et al., 2009;
Gengyo-Ando et al., 2016; Gissen et al., 2005; Pulipparacharuvil et al., 2005;
Sriram et al., 2003).
1.2.2. Murine models of VPS33B and VIPAR deficiencies
Various murine models have been developed to further the understanding of the
mechanisms underlying ARC syndrome. However, both constitutive and early
embryonic induction of Vps33b knockout is embryonically lethal (Bem et al.,
2015; Dai et al., 2016) and so tissue-specific or tamoxifen-inducible knockout
mice have been generated.
Tamoxifen-inducible ubiquitous Vps33b and Vipar (Vipas39) knockout mice,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice, have demonstrated the importance of
VPS33B and VIPAR in intracellular delivery of the collagen modifying enzyme
LH3 (Banushi et al., 2016). Vps33bfl/fl ERT2 mice, megakaryocyte-specific and
haematopoietic stem cell-specific Vps33b knockout mice have also
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demonstrated a requirement for VPS33B in α-granule biogenesis and
trafficking (Bem et al., 2015; Dai et al., 2016), in platelet endocytosis and in
integrin recycling (Xiang et al., 2015). In addition, knockout of Vps33b in
haematopoietic stem cells demonstrated a role for VPS33B in exosome
maturation and secretion (Gu et al., 2016). Liver specific Vps33b knockout
mice, where Cre recombinase expression is driven by the albumin promoter
with the alpha-fetoprotein enhancer element (Vps33bfl/fl AlfpCre) developed a
liver phenotype similar to that of patients with ARC syndrome, with defects in
hepatocyte polarity and bile secretion (Hanley et al., 2017), but there have not
yet been further studies on the phenotypes of ubiquitous Vps33b and Vipar
knockout mice.
These models suggest roles for VPS33B and VIPAR in various post-Golgi
trafficking pathways; delivery to collagen carriers, α-granule formation, apical
protein restriction, exosome maturation and integrin recycling (Banushi et al.,
2016; Bem et al., 2015; Dai et al., 2016; Gu et al., 2016; Hanley et al., 2017;
Xiang et al., 2015).
1.2.3. Patients with ARC syndrome
In humans, VPS33B and VIPAR deficiency cause ARC syndrome, which
presents with defects in multiple organ systems, including the polarized cells
of the kidney and liver, but interestingly, no VPS33B and VIPAR specific
defects have been reported in other polarized cell types such as intestinal or
pulmonary epithelia (Gissen et al., 2006). Work in model organisms suggests
roles in protein trafficking and polarisation for VPS33B and VIPAR, with
defects in intracellular organelle formation and fusion and defects in bile tract
formation in zebrafish, see Tables 1.1 and 1.2.
Polarised epithelia require exquisite regulation of protein trafficking to ensure
correct localisation of proteins to the apical or basolateral membrane domains
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(Stoops and Caplan, 2014).

In liver biopsies from patients with ARC

syndrome, bile salt export pump (BSEP), a protein that is sorted from the
trans-Golgi network (TGN) to the apical plasma membrane via recycling
endosomes (RE) (Wakabayashi et al., 2004), is mislocalised, whereas
multidrug resistance-associated protein 2 (MRP2), a protein known to bypass
RE in transport to the plasma membrane (Nies and Keppler, 2007), is
correctly targeted (Ackermann et al., 2014; Bull et al., 2006; Gissen et al.,
2004). Mislocalisation of apical membrane proteins in ARC patient liver and
kidney biopsies and apical junction abnormalities in animal and polarised cell
models indicate that VPS33B-VIPAR may be required for specific protein
transport to the apical plasma membrane via RE and may also have a role in
maintenance of apical-basolateral polarity (Cullinane et al., 2010; Gissen
et al., 2004).

1.3. Vesicular trafficking
Eukaryotic cells contain membrane bound organelles, and require movement
of proteins and lipids between these organelles and also between these
organelles and the extracellular environment. Vesicles can mediate this cross
talk, transporting protein and lipid cargo between compartments and to/from
the extracellular space (Tokarev et al., 2009). This process involves vesicle
formation at a donor compartment; requiring cargo selection and fission of the
budded vesicle from the donor compartment, movement of the vesicle to the
acceptor compartment and fusion with this compartment (Alberts et al., 2002).
There are many different vesicle trafficking pathways in eukaryotic cells
including the secretory pathway of newly synthesised proteins, specialised
secretory pathways, the endocytosis of surface or extracellular molecules and
endocytic recycling of proteins to the cell surface via early endosomes
(Tokarev et al., 2009), Figure 1.1. I will describe the secretory pathway in the
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following sections and introduce some general concepts of vesicular
trafficking, with endoplasmic reticulum (ER) to Golgi transport as an example.

Early
endosome

Conventional
secretion

Regulated
secretion

Late
endosome
Lysosome

TGN

cis-Golgi
ER

Nucleus

Figure 1.1: A representation of some vesicular trafficking routes.
Proteins to be secreted are co-translationally transported into the ER, trafficked from
the ER to the Golgi and through the Golgi complex from the cis-Golgi cisternae to
the trans-Golgi network (TGN). From the TGN, proteins are sorted into pathways for
secretion or degradation; into carriers that transport cargo to the plasma membrane
for ‘conventional secretion’, to secretory carriers that are not constitutively secreted
for ‘regulated’ secretion and to endosomes for entry into recycling or degradative
pathways. Proteins internalised into endosomes may also be trafficked to late
endosomes and lysosomes for degradation or returned to the cell surface via endocytic
recycling pathways.
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I will then describe the special case of collagen biosynthesis and transport as
VPS33B and VIPAR are important for delivery of a collagen modifying enzyme
to collagen carriers, as discussed in section 1.6.2.
1.3.1. The secretory pathway
The conventional secretion pathway from the ER to the Golgi complex to the
plasma membrane was initially defined in the 1960’s (Farquhar and Palade,
1981). Most proteins are synthesised in the ER and so require sorting and
transport to other compartments or to the plasma membrane for secretion
(Gillon et al., 2012).
Proteins are often co-translationally translocated into the ER lumen where
they fold and can undergo post-translational modifications (Alberts et al.,
2002). Sorting cargo, proteins and lipids, for exit from the ER is then mediated
by coat protein complex II (COPII) vesicle formation and budding from ER exit
sites, discussed further in section 1.3.2. COPII vesicles then fuse with Golgi
membranes, discussed further in section 1.3.3, which may be cis-Golgi
cisternae or ER-Golgi-intermediate compartments.

Cargo molecules then

traverse the Golgi cisternae, through both the maturation of Golgi cisternae
and the formation of vesicular carriers, acquiring any further post-translational
modifications that are required (Barlowe and Miller, 2013). Transport from the
Golgi can then occur through a variety of pathways: via tubules or vesicles
directly to the plasma membrane, to endosomes or lysosomes for degradation
or recycling back to the plasma membrane, to secretory granules for
regulated secretion at the plasma membrane or other less well characterised
pathways including exosome secretion (Spang, 2015).
1.3.2. Vesicle formation
Vesicle formation at membranous compartments requires machinery to form
vesicle buds, to recruit cargo to the vesicle and to allow fission of the nascent
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vesicle from the donor compartment (Alberts et al., 2002). In the secretory
pathway COPII vesicle formation at ER exit sites requires several proteins,
including coat and adaptor proteins (Jensen and Schekman, 2011), Figure
1.2.

Cytoplasm
COPII
vesicle
SEC13-SEC31
SEC24

SAR1-GDP
SEC23
SAR1-GTP
SEC12

ER
Figure 1.2: Formation of COPII vesicles at the ER.
SEC12 initiates the exchange of GDP for GTP on SAR1, this leads to the association
of SAR1-GTP with the ER membrane through an α- helix. SAR1-GTP then recruits
SEC23-SEC24 which then recruits SEC13-SEC31 heterotetramers. Assembly of
these proteins leads to membrane curvature and COPII vesicle formation and fission
from the ER. Adapted from Malhotra and Erlmann (2015).

1.3.2.1. COPII vesicle formation and coat proteins
Initiation of COPII vesicle formation comes from the activation of SAR1, a
small GTPase, by SEC12, leading to guanine nucleotide exchange of
SAR1-bound guanosine triphosphate (GTP) to guanosine diphosphate (GDP)
and exposure of an amphipathic α-helix which leads to association of SAR1
with the ER membrane (Gillon et al., 2012).
proteins

SEC23-SEC24

and

forms

This recruits the inner coat

‘pre-budding’

complexes,

which

accumulate at ER exit sites and begin membrane deformation due to the
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concave surface of the SEC23-SEC24 dimer (Jensen and Schekman, 2011).
These pre-budding complexes are further stabilised by heterotetramers of the
outer coat proteins SEC13-SEC31. Accumulation of these coat proteins on
the ER membrane leads to budding of spherical vesicles of about 60 nm
(Jensen and Schekman, 2011), as assembly of these five proteins, SAR1,
SEC23-SEC24 and SEC13-SEC31 is sufficient to create the vesicle and lead
to fission from the ER compartment (Matsuoka et al., 1998). GTP hydrolysis
by SAR1 then leads to uncoating of formed COPII vesicles.
1.3.2.2. COPII cargo selection and adaptor proteins
There are several mechanisms for ensuring protein cargoes are included in
COPII vesicles for export from the ER (Jensen and Schekman, 2011). SEC24
can recognise signal sequences in transmembrane proteins and bind to them,
concentrating these proteins to the ER exit sites (Miller et al., 2002). Soluble
proteins in the ER can be recruited by transmembrane adaptors that interact
with SEC24 (Baines and Zhang, 2007), concentrating them into the vesicles, or
can enter COPII vesicles via bulk flow (Thor et al., 2009) without active sorting.
1.3.3. Vesicular tethering and fusion
Formed vesicles then need to fuse with the acceptor membrane to complete
delivery of cargo molecules.

This requires close juxtaposition of the two

membranes so that the two membranes can fuse and their contents can mix,
Figure 1.3.

Transport of vesicles within the cell can be mediated by

interactions with motor proteins that interact with cytoskeletal structures for
correct vesicle localisation (Hutagalung and Novick, 2011; Stenmark, 2009).
Two compartments can then be brought together through the interaction of
tethers and Rab GTPases, discussed further in sections 1.4.4 and 1.4.1. This
brings the two compartments closer together and allows regulation of
membrane mixing by SNARE complex formation, see section 1.4.2.
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For

example, in the delivery of COPII vesicles to the Golgi, coiled coil tethers:
p115, GM130 and GRASP65, the transport protein particle I multi subunit
tethering complex, Rab1 GTPase, SNARE proteins: syntaxin 5, membrin,
BET1 and SEC22B and the SM protein SLY1 to ensure correct delivery of
COPII vesicle cargo to Golgi cisternae (Brandizzi and Barlowe, 2013).

SNAREs

SNARE
complex

Rab

Rab

Tethering
complex
Figure 1.3: A simplified scheme of vesicular tethering and fusion.
Rab GTPase proteins and tethering complexes can bring two compartments into
close proximity. This allows SNARE complex formation of SNARE molecules from
both membrane compartments which can be regulated by SM proteins in tethering
complexes or other SM proteins, see section 1.4.3 for further detail. After SNARE
complex formation the energy barrier to membrane mixing can be overcome and the
two compartments can fuse, see section 1.4.2 for further detail. Partly adapted from
Balderhaar and Ungermann (2013).

As VPS33B and VIPAR are likely to be part of a tethering complex, I will now
describe the regulation of vesicular tethering in greater detail.

1.4. Vesicular tethering in intracellular trafficking
Vesicular fusion, and ultimately the mixing of two separate compartments, is
required in intracellular trafficking to ensure correct protein localisation
throughout the cell and plasma membrane. This requires stringent regulation
to ensure fusion of the correct compartments and involves identification of the
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correct compartments, movement of the compartments into close proximity
and control of the mixing of their membranes. Tethering complexes, Rab
GTPases and SNAREs interact with each other, and other effectors, to
co-ordinate the regulation of specific fusion events (Baker and Hughson,
2016).
1.4.1. Rab GTPases
Rab GTPases are a family of over 60 small GTPases, of the Ras superfamily,
that can bind to guanosine triphosphate (GTP) and hydrolyse it to guanosine
diphosphate (GDP). Rab GTPases can cycle between GTP-bound, also
referred to as the ‘active’ state, and GDP-bound, or ‘inactive’, conformations,
Figure 1.4.
GTP GDP

GDI
GDP
GG Rab GDF
GGT

GEF
GTP E
ffector
Rab
Eff
ec
tor

GDP
Rab

GDP
Rab
REP

GAP
Pi

Figure 1.4: Regulation of the Rab GTPase cycle.
Rab GTPases cycle between GDP and GTP-bound conformations. Exchange of GDP
for GTP can be catalysed by a GEF (guanine nucleotide exchange factor) and the
hydrolysis of GTP to GDP activated by a GAP (GTPase-activating protein). Inactive
GDP-bound Rab GTPases can be bound by a REP (Rab escort protein) if newly
synthesized, or by a GDI (GDP dissociation inhibitor), which can stabilise the inactive
conformation of the Rab GTPase. A GDF (GDI displacement factor) regulates return
of the GDP-bound Rab GTPase to the membrane. Geranylgeranyl (GG) modifications
are added at the Rab GTPase carboxy-terminus by a geranylgeranyl transferase
(GGT). Adapted from Stenmark (2009).

In their inactive GDP-bound state, Rab GTPases can be bound by guanine
nucleotide exchange factors (GEFs), which catalyse exchange of GTP for the
GDP moiety (Barr and Lambright, 2010). Rab GTPases have a low level of
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GTPase activity but this can be activated by Rab GTPase-activating proteins
(GAPs), causing a change in conformation to the inactive form of the Rab
GTPase (Barr and Lambright, 2010). Rab GDP dissociation inhibitors (GDIs),
which bind the membrane associated GDP-bound form of Rab GTPases,
remove the Rab GTPase to the cytosol and prevent exchange of GDP for
GTP (Ullrich et al., 1993).

Return of the Rab GTPase to the correct

membrane can be regulated by association with a membrane bound GDI
displacement factor (GDF), which is believed to be important for compartment
specific Rab GTPase localisation (Sivars et al., 2003) .
Rab GTPase effectors mainly recognise the active conformation of Rab
GTPases and so in their active state Rab GTPases can regulate distinct
mechanisms, through their interaction with a wide variety of effectors
(Stenmark, 2009).

Rab GTPases have an extensive number of roles in

vesicle trafficking. They have been shown to be required for activation of
sorting receptors for cargo recruitment in vesicle formation and for uncoating
vesicles after budding through regulation of membrane phosphoinositide
levels by recruiting phosphoinositide kinases or phosphatases (Stenmark,
2009). Rab GTPases are also involved in vesicular movement as they can
interact motor adaptor proteins or bind to the motor proteins themselves.
They are also required for vesicular tethering and recruit tethering factors,
described in section 1.4.4, and SM proteins, described in section 1.4.2, for
regulation of vesicular tethering and fusion (Stenmark, 2009).
Rab GTPases associate with cellular membranes through geranylgeranyl
modifications at their carboxy-terminus; different Rab GTPases can associate
with distinct membrane compartments (Barr, 2013).

The relatively large

number of different Rab GTPases, more than 60, allows distinction of many
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compartments, and allows regulation of so many distinct vesicular trafficking
steps.
1.4.2. SNARE proteins
Soluble N-ethylmaleimide-sensitive factor attachment protein receptors,
SNAREs, are a protein superfamily with a common coiled-coil SNARE motif,
which are essential for membrane fusion (Jahn and Scheller, 2006). SNARE
proteins typically have transmembrane motifs and are localised to specific
membrane compartments. When two compartments are in close proximity the
SNARE proteins on each membrane can interact to form a SNARE complex
(Fasshauer et al., 1998).

SNARE proteins have different preferences for

association into SNARE complexes, which allows regulation of vesicle fusion.
The relatively large number of SNAREs, again more than 60, also means a
number of membrane compartments can be distinguished for fine-tuned
regulation of vesicular targeting (Malsam et al., 2008).
The formation of a SNARE complex across two membranes can overcome
the energy barrier to lipid mixing of the two membranes, and so allow fusion of
the two compartments (Jahn and Scheller, 2006; Kozlovsky et al., 2002).
Regulation of SNARE complex formation by SM protein and Rab GTPase
binding not only adds to the specificity of vesicular fusion, but is also important
for SNARE complex formation; SNARE proteins are much smaller in size and
may require tethering of the two compartments together before the SNARE
complexes can assemble (Baker and Hughson, 2016; Han et al., 2017).
1.4.3. Sec1/Munc18 (SM) proteins
SM proteins are a family of proteins that interact with SNARE proteins to
regulate SNARE complex formation, and can be part of tethering complexes
or interact with a tethering complex to regulate vesicular fusion. Their role in
SNARE complex formation and regulation has been complicated by the
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variety of reported SM protein functions and methods of SNARE regulation
(Carr and Rizo, 2010; Han et al., 2017). SM proteins can bind to SNARE
complexes and activate SNARE complex assembly and fusion as well as
protect SNARE complexes from disassembly (Dubuke and Munson, 2016). A
recent study reporting the crystal structures of yeast Vps33p in complex with
two SNAREs concluded that if Vps33p were to bind the two SNAREs at the
same time, they would be correctly aligned to allow SNARE complex
formation (Baker et al., 2015).
1.4.4. Tethering complexes
Tethering complexes are another important component for the regulation of
fusion between intracellular compartments; they can bind to target and donor
membranes bringing membrane compartments into close proximity, interact
with SNAREs through SM proteins and interact with Rab GTPases and other
effectors to regulate vesicular fusion (Baker and Hughson, 2016; Dubuke and
Munson, 2016). There are several classes of tethering complexes, and they
can be long coiled coil proteins or multisubunit protein complexes (Hong and
Lev, 2014).
Multisubunit tethering complexes have been characterised into different types;
complexes associated with tethering containing helical rods (CATCHR)
complexes, class C vacuolar protein-sorting (vps) complexes, and transport
protein particle (TRAPP) complexes (Bröcker et al., 2010). A recent study
identified a common architecture to these complexes, although their protein
components were different (Chou et al., 2016). This may indicate a similar
mechanism of action of these complexes while the specific protein
composition adds specificity to the interactions. These complexes contain SM
proteins or can interact with SM proteins to bind membrane associated
SNAREs and Rab GTPases to facilitate membrane tethering (Hong and Lev,
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2014; Spang, 2016).

Specifically the HOPS complex has been recently

shown to bind the Rab GTPase, Rab7, on two apposing membranes to
facilitate vesicle fusion (Ho and Stroupe, 2015; Lürick et al., 2017).
1.4.5. HOPS and CORVET tethering complexes
HOPS and CORVET complexes were first identified in yeast; they are
involved in the regulation of endocytosis and targeting of cargo to the yeast
vacuole and they share a core of four common proteins; Vps11p, Vps16p,
Vps18p and the SM protein Vps33p (Peplowska et al., 2007; Peterson and
Emr, 2001).

The CORVET complex regulates homotypic fusion of

Rab5-positive early endosomes and also contains the Rab GTPase
interacting proteins Vps3p and Vps8p (Peplowska et al., 2007), whereas the
HOPS complex regulates late endosome and lysosome fusion events of
Rab7-positive endosomes and contains the Rab GTPase interacting proteins
Vps39p and Vps41p, in place of Vps3p and Vps8p (Plemel et al., 2011).
These Rab GTPase binding proteins, found at opposite ends of the tethering
complexes, are hypothesized to interact with the different membranes of
fusing vesicles simultaneously to promote vesicle tethering and fusion (Ho
and Stroupe, 2015; Lürick et al., 2017). The Rab GTPase binding proteins
also promote specificity of fusion as they recognise distinct Rab GTPases
(Peplowska et al., 2007; Plemel et al., 2011). Interestingly, the SM protein
Vps33p is common to both complexes, suggesting that this SM protein can
regulate the association of distinct SNARE complexes as the two tethering
complexes are important for distinct interactions (Balderhaar and Ungermann,
2013).
The metazoan HOPS and CORVET complexes contain homologues of the
proteins found in the yeast complexes and are required for correct delivery to
the lysosome, (Perini et al., 2014; van der Kant et al., 2015; Wartosch et al.,
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2015). However, in metazoans there are multiple homologues of some of the
yeast HOPS and CORVET complex subunits. These are hypothesized to
form a higher number of tethering complexes required for the increased
complexity of vesicle fusion regulation that developed after evolutionary
divergence from yeast (Spang, 2016).
In particular, the two Vps33p homologues in metazoans could indicate that
each homologue, VPS33A or VPS33B, may be specific to one of the HOPS or
CORVET complexes. Studies from D. melanogaster and C. elegans indicated
that VPS33A is part of the HOPS complex (Akbar et al., 2009; Gengyo-Ando
et al., 2016; Solinger and Spang, 2013) and D. melanogaster or C. elegans
VPS33B

cannot

rescue

VPS33A

phenotypes

(Akbar

et

al.,

2009;

Gengyo-Ando et al., 2016), suggesting VPS33B is not part of the metazoan
HOPS complex. This is supported by studies in mammalian cells, where
VPS33B and VIPAR are not required for lysosomal fusion with endosomes or
autophagosomes (Wartosch et al., 2015), further indicating VPS33A, not
VPS33B, is the Vps33p homologue in the mammalian HOPS complex.
Work in C. elegans initially implicated VPS33B as the SM protein of the worm
CORVET complex, suggesting the worm HOPS and CORVET complexes
contained distinct SM proteins, VPS-33.1 homologue as part of HOPS and
VPS-33.2 as part of CORVET (Solinger and Spang, 2014). However, another
study in C. elegans suggests that VPS-33.2 does not have a crucial role in the
worm endolysosomal system (Gengyo-Ando et al., 2016). However, VPS33A
and not VPS33B was shown to act with the other subunits of the CORVET
complex for early endosome fusion in mammalian cells (Perini et al., 2014).
Interactions between VPS33B/VIPAR and the HOPS and CORVET core
component VPS18 were also not found (van der Kant et al., 2015; Wartosch
et al., 2015), which strongly suggests that VPS33B is not part of either the
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mammalian HOPS or CORVET complexes. The Vps33p homologues in C.
elegans, VPS-33.1 and VPS-33.2, also diverged before mammalian VPS33A
and VPS33B (Solinger and Spang, 2013; Spang, 2016), which may explain
the differences between results from mammalian cells and C. elegans.
Graham et al. (2013) also demonstrated that VPS33B and VIPAR cannot
interact with VPS16 or VPS33A respectively, and if the sequence of VPS33A
was altered to resemble the VPS33B sequence, this prevented interaction
with VPS16.

These results indicate that structural restrictions prevent

VPS33B interacting with VPS16, suggesting that VPS33B cannot form part of
the HOPS or CORVET complexes.

It is likely that VPS33B and VIPAR

regulate distinct vesicular transport from the HOPS and CORVET complexes
possibly as part of another tethering complex that has yet to be defined
(Rogerson and Gissen, 2016).
1.4.6. The class C Homologues in Endosome-Vesicle Interaction (CHEVI)
tethering complex
VPS33B and VIPAR homologues were first shown to interact in D.
melanogaster (Giot et al., 2003; Pulipparacharuvil et al., 2005). The human
VIPAR protein, encoded by a previously uncharacterised open reading frame,
was first identified in a yeast two-hybrid assay as a VPS33B interactor
(unpublished data, Gissen Lab) and human VPS33B and VIPAR were
confirmed to interact and form a complex (Banushi et al., 2016; Cullinane
et al., 2010). As discussed above, whilst VPS33B and VIPAR do seem to be
important for endocytic delivery of some cargo, (Galmes et al., 2015;
Gengyo-Ando et al., 2016) there is now a strong set of data that these
proteins are not part of the mammalian HOPS and CORVET complexes, and
they are proposed to form part of another tethering complex, recently named
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the class C homologues in endosome-vesicle interaction (CHEVI) complex
(Spang, 2016).

1.5. Collagen biosynthesis and trafficking
There are 28 types of collagen molecules, numbered with Roman numerals,
but they all share the structural feature of a common triple helical domain
(Ricard-Blum, 2011). Here I will introduce the special case of the biosynthesis
and secretion of collagen:

collagen molecules undergo a variety of

co-translational and post-translational modifications extremely important for
collagen function (Myllyharju, 2005) and I will discuss what is known about
how these modifications occur. Collagen molecules are also much larger than
the cargo normally transported on the biosynthetic route from the ER to the
plasma membrane, which requires distinct transport mechanisms (Malhotra
and Erlmann, 2015) and I will discuss what is known about how this is
controlled. Most of the work understanding collagen biosynthesis has focused
on collagens that form fibrils, therefore the schemes presented below may not
apply to all collagen molecules.
1.5.1. Collagen structure and assembly into higher order structures
Collagen molecules all have common triple helical “collagenous” domains
made up of three chains of amino acids, known as α-chains, see Figure 1.5A
for a schematic of collagen monomer assembly. These core collagenous
domains have the consensus amino acid sequence of Gly-X-Y, where X is
frequently a proline residue and Y is often 4-hydroxylated-proline, and these
domains can vary in size and number between different collagen types (Kühn,
1985). Collagenous domains from three α-chains assemble together and form
a right handed triple helix. Different isoforms of α-chains are also expressed
which can assemble into homotrimers or heterotrimers; most collagens form
homotrimers, with collagen I and IV forming well described heterotrimers
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(Ricard-Blum, 2011). The distinct structures of the different collagen types,
including numbers and lengths of collagenous domains, the structures of
non-collagenous domains and the different α-chain isoforms allow the
different collagen types to form distinct higher order structures including fibrils
and fibres, beaded filaments, anchoring fibrils and collagen networks (Mouw
et al., 2014).
At either end of an α-chain are non-collagenous domains that are important
for collagen assembly and are often cleaved from the rest of the collagen
molecule before organisation into higher order structures (Hulmes, 2002). In
the assembly of collagen α-chains into collagen monomers or ‘tropocollagen’
molecules,

the

α-chains

zip

up

via

recognition

domains

in

the

carboxy-terminal non-collagenous domains, initiating the folding of the triple
helical domains from the carboxy-terminus to the amino-terminus, see Figure
1.5A, to form a triple helix and the ‘procollagen’ molecule (Mouw et al., 2014).
The procollagen molecules are then delivered to the plasma membrane, most
likely via the Golgi complex, as outlined in section 1.5.3, and late in the
secretory pathway or upon secretion of the procollagen molecules the
non-collagenous domains at either end of the molecules are enzymatically
cleaved to produce rod-like tropocollagen (Canty et al., 2004; Zhang et al.,
2005). Tropocollagen molecules can then spontaneously self-assemble into
fibres with a consistent 67 nm ‘stagger’, stabilised by hydrogen bonds and
electrostatic interactions between lysine and aspartate residues, Figure 1.5B
(Ricard-Blum, 2011).

These rods of tropocollagen are cross-linked by

enzymatic reduction of lysine and hydroxylated lysine residues, as detailed in
section 1.5.2, and these fibrils can also be organised into more other higher
order arrangements, such as fibres and tendons, by a variety of factors
(Hulmes, 2008).
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Figure 1.5: Collagen structure and assembly into higher order structures.
A - Collagen α-chains are synthesised with collagenous domains (consensus sequence
Gly-X-Y) and non-collagenous domains at the amino-terminus (NT) and the carboxyterminus (CT). Three α-chains assemble, starting from the carboxy-terminus of the
polypeptide chains, forming triple helical procollagen. Cleavage removes the NT and
CT domains to produce a collagen monomer; tropocollagen.
B - Assembly of fibril forming collagens, such as collagen I, into higher order
structures; procollagen monomers are cleaved to remove non-collagenous domains.
The resultant tropocollagen molecules spontaneously self assemble into fibrils where
the monomers are regularly staggered. Cross-links form between tropocollagen
molecules through lysine residues to stabilise the structure. These fibrils can then
form higher order structures through arrangement of several fibrils into structures such
as fibres or tendons.
C - Assembly of collagen IV occurs through interaction of globular non-collagenous
domains: the amino-terminal 7S domains and the carboxy-terminal NC1 domains. This
allows formation of large network-like arrays of collagen IV.
Adapted from figures in Mouw et al. (2014).

Non-fibril forming collagens arrange in different ways to form distinct
structures (Mouw et al., 2014). Network forming collagens, such as collagen
IV, arrange together through non-collagenous globular domains at the aminoand carboxy-termini of the triple helical collagen structure, Figure 1.5C. Two
7S domains at the amino-terminus of two collagen IV monomers interact to
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form a 7S dimer and NC1 domains at the carboxy-terminus can link into NC1
hexamers (Mouw et al., 2014).

These interactions allow collagen IV

molecules to link into large network like arrays important for formation of
structures such as basement membranes.
1.5.2. Co-translational and post-translational modifications of collagen
All

collagen

molecules

undergo

specific

co-

and

post-translational

modifications which are essential for collagen function (Myllyharju, 2005).
Without these modifications defects can occur in collagen biosynthesis and
secretion; proline hydroxylation is essential for collagen triple helix formation
(Brodsky and Persikov, 2005) and collagen glycosylation is important for
collagen IV and VI secretion (Sipila et al., 2007).
After collagen mRNA reaches the cytoplasm, ribosomes direct synthesis of
the polypeptide chains to the ER and the polypeptide is translocated into the
ER lumen co-translationally. In the ER lumen collagen prolyl 4-hydroxylase,
lysyl hydroxylase, prolyl 3-hydroxylase, collagen galactose-transferase and
collagen glucose-transferase enzymes act on the individual α-chains
(Myllyharju, 2005).

These enzymes catalyse the hydroxylation of specific

proline and lysine residues and further catalyse the galactosylation and
glucosylation of hydroxylated lysine residues.
Polypeptide

α-chains

amino-terminus,

assemble

initiated

non-collagenous domains.

by

from

the

interactions

carboxy-terminus
between

to

the

carboxy-terminal

The protein disulphide isomerase enzyme

catalyses the formation of disulphide bonds within and between the
polypeptide α-chains in both carboxy- and amino-terminal non-collagenous
domains to stabilise formation of the procollagen structure (Myllyharju, 2005).
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Enzymatic removal of the non-collagenous domains of the procollagen
molecule, hypothesized to start intracellularly in carriers from the Golgi to the
plasma membrane,

forms the tropocollagen monomer and initiates

spontaneous fibril formation.

The final post-translational modification of

collagen occurs in fibril formation, lysyl oxidases catalyse the reduction of
lysine or hydroxylated lysine residues to peptidyl aldehydes, which react
spontaneously with other aldehydes or amino groups of unmodified lysine or
hydroxylated lysine residues in other tropocollagen molecules to form
covalent cross-links that stabilise collagen higher order structures (Yamauchi
and Sricholpech, 2012).
1.5.3. Collagen secretion
Collagen α-chains undergo several co- and post-translational modifications
and carefully controlled assembly in the ER, as described in sections 1.5.1
and 1.5.2, resulting in the formation of extended rod-like procollagen
molecules. These, except for transmembrane collagens, are then transported
via the Golgi complex and secreted at the plasma membrane. However, these
rigid triple helical molecules can be as large as 400 nm in length, which would
preclude their inclusion into COPII coated vesicles that export other
synthesized molecules from the ER to the Golgi, which average 60-90 nm in
diameter (Malhotra and Erlmann, 2015). This indicates the presence of an
alternative secretion pathway for this large cargo protein (Malhotra and
Erlmann, 2015).
COPII machinery such as the cytoplasmic SEC23-SEC24 dimer, coat protein
SEC13 and the GTPase SAR1 have been implicated in the secretion of
procollagen molecules (Boyadjiev et al., 2011; Nogueira et al., 2014; Sarmah
et al., 2010; Townley et al., 2008). However, these components normally
catalyse the formation of 60-90 nm COPII vesicles, and are cytoplasmic or
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membrane associated proteins that would also be unable to recognise
collagen monomers which are in the lumen of the ER (Malhotra and Erlmann,
2015). A transmembrane adaptor protein, TANGO1, is required for collagen
VII secretion, and potentially secretion of multiple collagens, although it does
not seem to be required for secretion of collagen I (Saito et al., 2009).
TANGO1 mediates collagen secretion by interacting with SEC23-SEC24
through a cytoplasmic domain and collagen VII through a lumenal domain
(Malhotra et al., 2015; Saito et al., 2009).

TANGO1 also recruits Sedlin,

reported to control SAR1 GTPase cycling, to the ER, although how this is
affects collagen carrier formation is unclear (Malhotra and Erlmann, 2015;
Venditti et al., 2012). cTAGE5, a TANGO1-like protein without a collagen
binding domain, is also required for collagen synthesis (Saito et al., 2011).
cTAGE5 interacts with SEC23-SEC24 and TANGO1, and also recruits
SEC12, a GEF for SAR1, leading to the recruitment of further SEC23-SEC24
dimers and creating an ER domain enriched in collagen monomers,
promoting collagen transport (Saito et al., 2011, 2014).

Ubiquitination of

SEC31 in the COPII coat is then hypothesized to allow formation of larger
COPII coats, potentially with other factors, to form a ‘mega-carrier’ at the ER
(Jin et al., 2012).
There are different possibilities for the transport of procollagen molecules
from the ER to the Golgi.

Membrane from the ER-Golgi–intermediate

compartment fuses with ER at domains enriched in collagen monomers
(Nogueira et al., 2014); this could allow the formation of ‘mega-carriers’ which
bud off from the ER before fusing with the Golgi complex, alternatively this
could allow direct transfer through fusion of ER and Golgi membranes
creating a tubule that allows transfer of procollagen straight to the Golgi
complex (Malhotra and Erlmann, 2015).
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Once in the Golgi, procollagen molecules have been shown to be transported
via cisternal maturation (Bonfanti et al., 1998), however, how all protein cargo
are moved through the Golgi is not yet entirely understood, and there are no
known molecular partners in procollagen Golgi transport to determine the
mechanisms of transport (Malhotra and Erlmann, 2015). Additionally, collagen
I is known to traverse the Golgi complex, but it is also not known whether all
other collagens traffic through the Golgi before secretion (Bonfanti et al.,
1998; Malhotra and Erlmann, 2015).
The mechanism of collagen sorting and packaging for transport from the Golgi
to the plasma membrane is unknown. There is not currently any evidence for
TANGO1-like collagen adaptor proteins at the export from the Golgi complex
and ubiquitination is not required (Malhotra and Erlmann, 2015).

Several

proteins including protein kinase C-δ, Cdc42, phospholipid binding protein
annexin A2 and the GTPase Rab10 and GAP Crag in D. melanogaster have
been implicated in post-Golgi collagen transport of collagen, although how
these proteins mediate collagen secretion is still not clear (Dassah et al.,
2014; Lengfeld et al., 2012; Lerner et al., 2013).

1.6. CHEVI-dependent trafficking pathways
Roles for VPS33B and VIPAR in vesicular trafficking and cell polarity were
inferred from model organism studies and research on samples from patients
with ARC syndrome models, see Section 1.2, and have implicated the
VPS33B-VIPAR complex in delivery of a diverse range of cargo to varied
organelle compartments. Recent studies have implicated VPS33B-VIPAR in
distinct post-Golgi trafficking pathways, which I will discuss in the following
sections, suggesting that VPS33B-VIPAR and the rest of the postulated
CHEVI complex may be important for different post-Golgi trafficking pathways
in different cell types.
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1.6.1. The CHEVI complex at recycling endosomes
Work in murine inner medullary collecting duct (mIMCD3) cell lines deficient
for VPS33B or VIPAR also supported the proposed role of the complex in
apical protein delivery via RE inferred from samples from patients with ARC
syndrome, see Section 1.2.3. In mIMCD3 cells deficient for VPS33B or VIPAR
the neurotrophin receptor protein p75 was correctly localised to the apical
plasma membrane, however, when protein synthesis was inhibited the
concentration of p75 at the plasma membrane decreased (Cullinane et al.,
2010). The above suggests VPS33B and VIPAR are important for recycling
proteins back to the cell surface after endocytosis, or that there is a weaker
membrane association of p75 than in control cells.
Cullinane et al. (2010) also showed that VPS33B and VIPAR interact with active
Rab11a, a master regulator of RE protein transport, important for polarised
endocytic transport (Jing and Prekeris, 2009). The ability of this single GTPase
to regulate many different steps is thought to be due to its association with
different effectors and it is possible that the VPS33B-VIPAR complex acts with
Rab11a to regulate a subset of these roles.
Immuno-electron microscopy of human embryonic kidney (HEK293) cells also
localised VPS33B to typical transferrin receptor positive RE structures (Smith
et al., 2012).

However previous work in HEK293 cells transferrin chase

experiments did not show any co-localisation between VPS33B, VIPAR and
fluorescently labelled transferrin (Cullinane et al., 2010).

Another study

implicated VPS33B in phagosomal clearance in macrophages, but showed
that VPS33B was not required for transferrin recycling in these cells (Akbar
et al., 2016). It is therefore currently unclear whether VPS33B and VIPAR are
required for recycling pathways that interact with the transferrin receptor
recycling pathway, or if they have roles in other trafficking pathways.
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1.6.2. CHEVI-dependent delivery of LH3 to intracellular collagen
To further dissect the roles of the VPS33B-VIPAR complex in intracellular
trafficking our lab performed a pull-down with purified VPS33B-VIPAR
complex as bait to identify novel interactors with the complex.

Mass

spectrometry analysis identified lysyl hydroxylase 3 (LH3) as a putative
interactor of the complex;

co-localisation and co-immunoprecipitation

experiments confirmed an indirect interaction between LH3 and VIPAR
(Banushi et al., 2016). LH3, encoded by procollagen-lysine 2-oxoglutarate
5-dioxygenase 3 (PLOD3), is a collagen modifying enzyme that is found both
intracellularly and extracellularly (Salo et al., 2006a), and has lysyl
hydroxylase, glucosyltransferase and galactosyltransferase activity, required
for post-translational modification of lysine residues in specific collagenous
domains (Salo et al., 2006b; Sricholpech et al., 2011).
In wild-type mIMCD3 cells, LH3 co-localises with intracellular compartments
containing type IV collagen.

LH3 delivery to these intracellular collagen

carriers requires VPS33B and VIPAR; as VPS33B or VIPAR deficiency
prevents LH3 co-localisation with intracellular collagen, LH3 accumulates in
the TGN and LH3-dependent modification of collagen is disrupted (Banushi
et al., 2016). Co-localisation studies with Rab GTPases indicated Rab10 and
subsequently Rab25 activity are required to deliver LH3 to these collagen
carriers, and led to the proposal of a VPS33B-VIPAR dependent pathway as
outlined in Figure 1.6 (Banushi et al., 2016). My work studying this delivery
pathway is outlined in Chapter 3.
A patient heterozygous for two PLOD3 mutations, causing an overall
decrease in LH3 activity, showed collagen defects and symptoms similar to
some that manifest in ARC syndrome; joint contractures, osteopenia, growth
retardation and sensorineural deafness (Salo et al., 2008). Depletion of LH3
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Figure 1.6: A proposed pathway for VPS33B-VIPAR dependent LH3 delivery to
collagen IV carriers.
A diagram of the proposed mechanism of LH3 delivery to intracellular collagen in
mIMCD3 cells. An LH3-positive vesicle forms at the TGN; VPS33B-VIPAR and Rab10
are required for this process, and this vesicle is trafficked through the cell. Rab10
vesicles are converted to Rab25 endosomes which fuse with intracellular collagen IV
containing carriers, prior to collagen secretion (Banushi et al., 2016).

activity in murine models and cell lines caused defects in post-translational
collagen modifications and unexpected intracellular accumulation of collagen,
disrupting basement membrane formation (Ruotsalainen et al., 2006), and
collagen I fibrillogenesis (Sricholpech et al., 2011, 2012), supporting a role for
VPS33B and VIPAR in collagen homeostasis.
There was not however a complete overlap of symptoms and phenotypes
between the patient with PLOD3 mutations and patients with ARC syndrome.
Several severe symptoms are observed in patients with ARC syndrome that
were not reported in the patient with mutations in PLOD3 (Gissen et al., 2006;
Salo et al., 2008) The differences in phenotype may be due to alterations in
LH3 localisation and possibly activity; in VPS33B or VIPAR deficiency LH3
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intracellular localisation is affected (Banushi et al., 2016), whereas in the
patient with PLOD3 mutations enzymatic function is disrupted as opposed to
localisation (Salo et al., 2008).
The fact that there are symptoms in patients with ARC syndrome that are not
observed in the patient with the PLOD3 mutations also indicates that LH3 is
probably not the only cargo of VPS33B-VIPAR complex and VPS33B and
VIPAR are likely to be required for the correct targeting of other cargoes to
specific intracellular compartments.

Whether the pathway that involves

VPS33B-VIPAR dependent trafficking of LH3 to intracellular collagen,
illustrated in Figure 1.6, is responsible for trafficking other cargoes remains to
be ascertained. VPS33B and VIPAR are also likely to be interacting with other
proteins to ensure correct delivery of LH3 to this intracellular collagen
compartment; the other factors in this pathway remain to be determined.
1.6.3. CHEVI-dependent trafficking in platelets
Patients with ARC syndrome have reported bleeding defects (Gissen et al.,
2006) and analysis of their platelets indicated increased numbers of
δ-granules, decreased numbers of α-granules and α-granule proteins and
defective platelet aggregation (Lo et al., 2005).

Platelets extracted from

tamoxifen induced Vps33bfl/fl ERT2 mice confirmed findings from patient
samples, with a dramatically reduced number of distinguishable α-granules
and EM analysis of murine megakaryocytes showed abnormal vacuolar
structures and smaller α-granule-like vesicles, possibly due to defective
multi-vesicular body (MVB) maturation into α-granules (Bem et al., 2015). In
the MVBs that normally mature into α-granules, there was also a decrease in
staining for von Willebrand factor, an α-granule protein, suggesting trafficking
of proteins to MVBs is also disrupted.
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In contrast to results from Bem et al. (2015), megakaryocyte-specific VPS33B
deletion affected integrin recycling in platelets but did not cause α-granule
defects (Xiang et al., 2015). This may have been due to some remaining
VPS33B expression in the murine megakaryocytes as haematopoietic stem
cell-specific knockout of Vps33b caused platelet α-granule deficiency and
alterations in the trafficking of α-granule proteins (Dai et al., 2016), further
indicating a role for VPS33B in transport of proteins to MVBs and MVB
maturation into α-granules.
1.6.4. CHEVI-dependent trafficking in hepatocytes
Patients with ARC syndrome present with severe cholestasis, defective bile
flow, and have increased levels of alkaline phosphatase and bile acids in their
blood due to a failure to deliver these molecules to the bile (Gissen et al.,
2006).

Analysis of liver biopsies from patients with ARC syndrome

determined that the apical membrane proteins BSEP (also known as
ABCB11) and CEA were not correctly delivered to hepatocyte apical
membranes, whereas another apical membrane protein MRP2 was correctly
localised (Cullinane et al., 2010; Gissen et al., 2004). Work in liver-specific
Vps33b knockout mice, Vps33bfl/fl -AlfpCre, confirmed that VPS33B deficiency
leads

to

increased

plasma

alkaline

phosphatase

and

bile

acids,

mislocalisation of the apical membrane proteins BSEP, ABCG8 and CEA
without affecting MRP2 or basolateral protein localisation, or the movement of
MRP2 trafficked molecules into the bile (Hanley et al., 2017).
BSEP, ABCG8 and CEA are all proteins that are delivered to the apical
membrane of hepatocytes via Rab11a-dependent sorting endosomes; ABC
transporters are trafficked from the TGN to the apical membrane (such as
BSEP and ABCG8) (Gissen and Arias, 2015; Kipp and Arias, 2000;
Wakabayashi et al., 2004) and other proteins can be first targeted to the
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basolateral membrane and then via a sorting endosome to the apical surface
(such as CEA). Proteins such as MRP2, however, bypass the recycling
endosomes (Nies and Keppler, 2007).

As VPS33B deficiency leads to

mislocalisation of apical proteins that require trafficking through a
Rab11a-dependent compartment but does not affect proteins that bypass this
compartment it is likely that VPS33B function in hepatocytes is also
connected to the Rab11a-dependent recycling endosomes.
1.6.5. CHEVI-dependent trafficking in the epidermis
Severe ichthyosis is an ever-present symptom in patients with ARC syndrome
and both Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice develop dry, scaly and irritated
skin (Banushi et al., 2016; Bem et al., 2015; Gissen et al., 2006). Analysis of
the epidermal ultrastructure of skin biopsies from patients with a VPS33B
mutation: c.701-1G>C p.Asp234His, which leads to truncation of the VPS33B
protein (Hershkovitz et al., 2008), revealed abnormal lamellar body (LB)
structures and lipid lamellae structures in the stratum corneum which were
postulated to be due to ineffective LB secretion prior to stratum corneum
formation (Hershkovitz et al., 2008), indicating a role for VPS33B in LB
biogenesis or secretion. Rab11a is also associated with LBs in the epidermis
(Ishida-Yamamoto et al., 2007) and essential for LB biogenesis (Reynier
et al., 2016). As Rab11a is an interactor of VPS33B-VIPAR (Cullinane et al.,
2010), it is possible that LB biogenesis and trafficking is another VPS33B and
Rab11a dependent trafficking pathway.
A novel genetic variant in VPS33B: c.[392G>A;390G>A] p.Gly131Glu, was
recently identified in three Austrian patients with a very severe skin
phenotype, sensorineural deafness and mild renal tubular leak, but that do not
present with other characteristic ARC syndrome symptoms (Gruber et al.,
2017). As this partial ARC phenotype suggests only some of VPS33B activity

57

is affected in these patients, the study of the p.Gly131Glu variant could yield
important information regarding VPS33B function. Together with the group of
Dr Andreas Janecke in Austria I confirmed the pathogenicity of the
p.Gly131Glu variant and helped to investigate the skin phenotype of these
patients, further implicating VPS33B in LB function; this work is outlined in
Chapter 4.
1.6.6. Potential machinery of CHEVI-dependent transport
Multisubunit tethering complexes, such as HOPS and CORVET, are made up
of several proteins that together perform a tethering function. VPS33B and
VIPAR are homologues of two proteins from these complexes, and therefore it
has been hypothesized that these proteins may interact with other proteins to
act as a multisubunit tethering complex (Spang, 2016). Interactions between
VPS33B and VIPAR and VPS18 (a core component of the HOPS and CORVET
complexes) have been reported (Cullinane et al., 2010) but were later disproved
(van der Kant et al., 2015; Wartosch et al., 2015), and other subunits of the
CHEVI complex have yet to be determined.
Tethers interact with other components of the trafficking machinery such as
SNAREs and Rab GTPases in order to regulate vesicular fusion so there are
likely to be other proteins that are specific to VPS33B-VIPAR dependent
trafficking steps. The VPS33B-VIPAR complex interacts with the Rab GTPase
Rab11a, a master regulator of recycling endosome function, (Cullinane et al.,
2010) and I demonstrate interactions between VPS33B-VIPAR and both
Rab10 and Rab25, see Chapter 4 (Banushi et al., 2016). Interactions with
Rab GTPases are consistent with a role as a tethering complex; with more
than one interaction suggesting the complex is important for the regulation of
multiple trafficking steps.
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The role as a tethering complex is further supported by interactions between
VPS33B-VIPAR and SNARE proteins. The D. melanogaster homologue of
VPS33B, dVps33b interacts with both Avl (syntaxin 7) and syntaxin 16 (Akbar
et al., 2009) and mammalian VPS33B interacts with the SNARE protein
SEC22B (Dai et al., 2016). SEC22B is important for ER to Golgi transport
(Hay et al., 1997) but has also been implicated in endosomal fusion in
dendritic cells (Cebrian et al., 2011) which could indicate a role for endosomal
fusion with the CHEVI complex, which has already been reported in
endosomal transport (Akbar et al., 2011; Galmes et al., 2015), in a TGN to
α-granule pathway.
Other

proteins

have

also

been

identified

as

interacting

with

the

VPS33B-VIPAR complex including α-tubulin (Dai et al., 2016) which may
indicate a transport mechanism for vesicles with the VPS33B-VIPAR complex
on their surface; other tethers interact with cytoskeleton components for
transport (Richardson et al., 2003). Interactions were also identified with LH3,
see Section 1.6.2, integrin β-subunits (Xiang et al., 2015) and RILP (a Rab7
effector) (van der Kant et al., 2015) which may indicate other pathways
regulated by VPS33B and VIPAR.
Other proteins are extremely likely to be involved in VPS33B-VIPAR delivery
as regulators will be required for vesicle budding and fusion as well at the
tethering step. Additionally, VPS33B and VIPAR positive vesicles will likely be
transported along the cytoskeleton for delivery to correct acceptor
compartments. Transport along cytoskeletal structures requires interaction
with motor proteins such as class V myosins which interact with the actin
cytoskeleton (Hammer and Sellers, 2011). Myo5B of the class V myosins has
been shown to interact with both of the Rab GTPases involved in
VPS33B-VIPAR dependent delivery of LH3 to collagen, Rab10 and Rab25
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(Lapierre et al., 2001; Roland et al., 2009), and is implicated in delivery of
proteins to the plasma membrane via endosomal recycling pathways
(Lapierre and Goldenring, 2005; Lapierre et al., 2001; Roland et al., 2011).
This may suggest that Myo5B could be the motor protein required for LH3
delivery to collagen; I will outline my work on this hypothesis in section 3.3.3.
Interestingly pull-down experiments which have been performed by different
groups to identify VPS33B and/or VIPAR interactors have yielded distinct
results with a lack of overlap of identified interactors (Banushi et al., 2016; Dai
et al., 2016; Xiang et al., 2015).

This may indicate that the interactions

between VPS33B-VIPAR and other proteins are cell-type specific or
particularly transient in CHEVI-dependent trafficking.

1.7. The physiology of the skin
The skin acts as a barrier between an organism and their external
environment and is important in protecting the body from external factors such
as pathogens or chemicals, as well as preventing water loss, helping to
maintain correct internal temperature, sensing the external environment and
signalling to other organ systems about changes in this environment
(McGrath et al., 2004).
The skin is made up of the epidermis, dermis and subcutaneous adipose layers
(McGrath et al., 2004). The epidermis is the outermost compartment of the skin
and is a stratified epithelium of keratinocytes, which is important for most of the
barrier functions of the skin (Madison, 2003). Below this is the dermis layer,
mostly comprised of matrix proteins and fibroblasts, which plays a structural
role and lies above the subcutaneous adipose tissue.
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There are differences in the structure of the skin between human and mouse
tissues (Khavari, 2006; Pasparakis et al., 2014). Mouse epidermis is only
about 2-3 keratinocyte layers thick (approximately 25 μm) whereas human
epidermis contains about 6-10 layers and is approximately 100 μm thick
(Khavari, 2006). Mouse epidermis is more proliferative with a higher turnover
of keratinocytes (Berking et al., 2002; Potten, 1981). Mice also have many
more hair follicles than humans, who have a much greater proportion of
interfollicular epidermis; human epidermis also contains rete ridges which are
projections of the epidermis into the dermis and are not see in murine
epidermis (Gudjonsson et al., 2007). Murine dermis is thinner than human
dermis and contains more hair follicles; murine skin also contains a layer of
muscle, the panniculus carnosus, which is not present in human skin
(Wojciechowicz et al., 2013). These differences suggest that caution should
be taken when comparing skin biology between murine models and human
patient phenotypes; however, they are still an extremely useful model for
genetic disorders and can be used to determine underlying defects
(Gudjonsson et al., 2007).

1.8. The dermis
Above the subcutaneous adipose layer of the skin lies the dermis; consisting
of an extensive vascular system, fibroblasts, and macrophages embedded in
an extracellular matrix (ECM) composed mainly of collagen I and III fibrils,
elastin and proteoglycans (McGrath et al., 2004). While epidermal keratins
are important for stability, mutations in keratin 5 or 14 producing a form of
epidermolysis bullosa with fragile skin (Pfendner et al., 2005), the dermis
performs the mechanical strength function of the skin and acts to maintain
tensile strength and elasticity of skin (Hussain et al., 2013). As the epidermis
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is non-vascular the dermis is also important for supplying the epidermis with
nutrients and other required molecules.

1.9. The dermo-epidermal junction
Between the dermis and the epidermis lies a basement membrane that
connects the two compartments of the skin,

also known as the

dermo-epidermal junction or basal lamina (McGrath et al., 2004).

This

structure is a highly specialised ECM that connects the most basal layer of the
keratinocytes to the extracellular collagen fibrils and other fibrous components
of the dermis (Has and Nyström, 2015).
The dermo-epidermal junction can be divided into distinct structures,
hemidesmosomes, Lamina lucida, Lamina densa and anchoring fibrils (Has
and Nyström, 2015). In basal keratinocytes cytolinkers: plakin homologues,
bullous pemphigoid antigen 1 and plectin, connect the cytoskeleton (keratins
5 and 14) to the hemidesmosomes, which are junctions across the basal
keratinocyte plasma membrane.

The hemidesmosomes, comprising the

transmembrane proteins, α6β4 integrin, CD151 and collagen XVII, connect
the keratinocytes to the basement membrane (Walko et al., 2015).

The

extracellular domains of the hemidesmosomal proteins extend into the
Lamina lucida, an electron lucent area parallel to the basolateral edge of the
SB keratinocytes, and connect with the laminin network of this structure (Has
and Nyström, 2015). The laminin network of the Lamina lucida is in turn
connected to the Lamina densa through the protein perlecan (Behrens et al.,
2012).

The Lamina densa is an electron dense portion of the

dermo-epidermal junction, directly beneath the Lamina lucida; containing
collagen IV fibres that are joined to each other to form a reticular network
essential for skin stability (Pöschl et al., 2004).

The Lamina densa also

contains laminin 332, nidogens and other structural proteins. Laminin 332 and
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collagen IV fibres of the Lamina densa interact with collagen VII fibrils,
anchoring fibrils, that emanate from the Lamina densa, extend into the dermis
below and attach to the fibrillar collagens there (Has and Nyström, 2015).
Connection of the basal keratinocyte membrane to the basement membrane is
also mediated by focal adhesions. They contain the integrins α2β1 and α3β1,
collagen XIII and kindlins, but are thought to have roles beyond adhesion as
they cannot compensate for the loss of the hemidesmosome α6β4 integrin (Has
and Nyström, 2015).

1.10. The epidermis
The epidermis is the topmost layer of cells of the skin and is a highly
organised stratified epithelium of keratinocytes that is responsible for skin
barrier function (Madison, 2003). As well as keratinocytes there are also
immune cells such as Langerhans cells and lymphocytes, Merkel cell
mechanoreceptors and pigmented melanocytes, which with the keratinocytes
form a protective barrier (McGrath et al., 2004).
The keratinocytes form most of the epidermis and exist in four layers as
illustrated in Figure 1.7. In the most basal layer, the stratum basale (SB), are
keratinocytes that proliferate and their daughter cells populate the upper
layers. These daughter cells differentiate, first forming the spinous layer, the
stratum spinosum (SS), then differentiating into stratum granulosum (SG)
keratinocytes before undergoing the last step of the terminal differentiation
program (Watt, 1989).
In this last step of keratinocyte differentiation the uppermost granular
keratinocyte secretes the contents of lysosome-related organelles, lamellar
bodies (LBs), at the junction between the SG and SC (Elias et al., 1998). The
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Figure 1.7: Epidermal organisation.
The epidermis has four keratinocyte layers: the stratum basale (SB), stratum spinosum
(SS), stratum granulosum (SG) and stratum corneum (SC), which can be easily
visualised by hematoxylin and eosin (H&E) staining. Lamellar bodies (black arrows)
are produced mainly by the SG layer and are secreted at the junction between the
SG and the SC and contribute to the formation of the SC. The H&E staining shown is
Vps33bfl/fl ERT2 dorsal epidermis, as shown in Section 5.3.

granular keratinocytes become progressively cornified as they form the upper
layer, and the contents of these LBs are reorganised into lipid layers, or
lamellae forming the stratum corneum (SC), enucleate corneocytes
surrounded by highly organised lipid lamellae (Simpson et al., 2011).
The layers of the epidermis can be distinguished through their specific
expression of different keratins, intermediate filaments that provide the
epidermis with a certain amount of resilience to pressure (Fuchs and
Cleveland, 1998; Tseng et al., 1982).

The filaments organise into an

intracellular cytoskeleton anchored to the epidermal desmosomes, that attach
keratinocytes to one another, and the hemidesmosomes, which attach SB
keratinocytes to the basal lamina. The keratin filaments are formed from
heterodimers of type I (acidic) and type II (basic) keratin filaments. In SB
keratinocytes this is keratins 14 (K14) and 5 (K5), respectively, which are
highly expressed in basal keratinocytes but their expression is downregulated
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in SS and SG keratinocytes (Woodcock-Mitchell et al., 1982).

As the

expression of K14 and K5 is downregulated, the expression of keratin 10
(K10) and 1 (K1) is upregulated in keratinocytes of the SS and SG
(Woodcock-Mitchell et al., 1982).

Other keratins are also expressed in

site-specific or environment specific regions; such as keratin 6 (K6), which is
upregulated in the palms and soles of the feet (Swensson et al., 1998), in
wound healing (Paladini et al., 1996) and hyperproliferative diseases (Weiss
et al., 1984).
A major function of the epidermis is to form a barrier to the external
environment, preventing entry of unwanted molecules and microorganisms
but also preventing loss of water (Madison, 2003). These functions have been
attributed to both the SC and the junctions of the epidermis.

The

hydrophobicity of the SC, mainly through the density of lipids in it, prevents
the diffusion of polar molecules across it (Pechtold et al., 1998); and the
presence of antimicrobial compounds, free fatty acids and a low pH allows the
SC to act as a microbial barrier (Feingold, 2009). Epidermal junctions, a band
of tight junctions in the SG and arrays of desmosomes across the epidermis,
not only form cell-cell contacts that act as a physical barrier to microorganism
entry but can also act as a barrier to water and solute loss (Kirschner et al.,
2013; Proksch et al., 2008).
1.10.1. The cornified layer
The organisation of the cornified layer has been compared to a structure of
“bricks and mortar”,

with the terminally differentiated keratinocytes

(corneocytes) resembling bricks surrounded by the “mortar” of lipid lamellae
(Madison, 2003).

It is a dynamic structure formed from the terminal

differentiation of granular keratinocytes into corneocytes, which continue to
mature within the SC (Matsui and Amagai, 2015). At the most external layer
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of the SC there is also the continual loss of the outer layers of corneocytes
due to a process called desquamation where junctions between corneocytes,
corneodesmosomes, are degraded and corneocytes are lost from the skin
surface (Simon et al., 2001).
This differentiation process, also known as cornification, has been described
as a controlled cell death program.

The corneocytes do not contain any

internal structures; when undergoing differentiation they lose their nucleus
and all intracellular organelles, although this process is not yet completely
defined (Eckhart et al., 2013). By transmission electron microscopy (TEM) the
interiors of the corneocytes appear free from internal compartments with a
homogeneous electron density, Figure 1.8. Keratohyalin granules, comprised
of keratin filaments and keratin binding proteins such as profilaggrin, frequent
in the SG, also disappear at this stage. This is suggested to be through the
processing of profilaggrin to filaggrin monomers, which organise keratin
filaments into bundles or “rods” forming the internal structure of the
corneocytes (Norlén and Al-Amoudi, 2004).

A

B

Figure 1.8: Ultrastructure of the SC and lamellar bodies.
A - TEM of the SG-SC junction showing the part of SC corneocytes that are devoid of
internal structures surrounded by the cornified envelope (white arrows).
B - TEM of the highly organised internal lipid structures of a lamellar body.
Scale bars = 0.2 μm. Images were obtained as outlined in section 2.7.
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Around the corneocytes is an electron dense bounding structure, known as
the cornified envelope (CE), and between these envelopes are highly
organised lipid layers (Matsui and Amagai, 2015).

The CE forms a

hydrophobic barrier around the corneocytes and also connects the
corneocytes to the intracellular lipid lamellae that form the rest of the SC. The
CE is formed upon differentiation from SG keratinocytes into SC corneocytes.
It is primarily proteinaceous (Sun and Green, 1976) made up of the proteins
loricrin, involucrin, envoplakin, periplakin and small proline-rich proteins,
which are cross-linked to a lipid component (Swartzendruber et al., 1987), or
“scaffold” of ω-hydroxyceramides with very long fatty acid chains, by
transglutaminases, which also function to organise the surrounding lipid
layers (Kalinin et al., 2001).
The lipid lamellae of the SC are composed of the lipids, ceramide, free fatty
acids and cholesterol (Gray et al., 1982). These lipids are required in an
equimolar ratio for the correct organisation of the lamellae and formation of
the water barrier, without one type the lipid lamellae structure is compromised
as is the barrier (Schmuth et al., 2000). Additionally, if the ratio of the lipid is
altered this can disrupt the formation of the lamellae and the water barrier
function of the skin (Feingold and Elias, 2014).
The formation and homeostasis of the corneocytes and lipid layers is heavily
dependent on the secretion of LB contents from keratinocytes of the SG
(Feingold and Elias, 2014). These contents include lipid layers, Figure 1.8B,
that once secreted are further processed to form the SC lipid lamellae, and
other molecules such as enzymes, which are essential for corneocyte
differentiation and cornified envelope formation.
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1.10.2. Epidermal lamellar bodies
Epidermal lamellar bodies (LBs), also referred to in the literature as Odland
bodies, keratinosomes or lamellar granules, are lysosome-related organelles
(Chapman and Walsh, 1989) approximately 100-500 μm in diameter by
transmission electron microscopy, Figure 1.8B. They are produced by
keratinocytes of the SS and SG and secrete their contents at the junction
between the SG and SC. A large proportion of their interior consists of lipid
lamellae organised into disc-like arrays; these comprise phospholipids,
glucosylceramides, sphingomyelin and cholesterol (Raknerud, 1976). Along
with these lipid structures LBs contain a wide variety of proteins and other
molecules including proteases, protease inhibitors, structural proteins, lipid
processing enzymes, glycosidases and antimicrobial peptides.

This

combination of components is essential for the formation of the lipid lamellae,
for differentiation into corneocytes, for protection against pathogens and for
desquamation (Feingold, 2012).
LB secretion occurs at the junction between the SG and SC and is regulated
by Ca2+ levels.

A calcium gradient exists across the epidermis from low

concentrations in the SB to high concentrations of Ca2+ in the SG (Mauro
et al., 1998), and then a sharp drop to a very low concentration in the SC
(Proksch et al., 2008). Defects in the barrier causing damage to the SC can
lead to a sharp change in the Ca2+ gradient and increased secretion of LB
contents.

The mechanisms for formation and maintenance of the Ca2+

gradient are still unclear but it is clearly important for the correct differentiation
of the epidermal barrier (Elsholz et al., 2014).
Although correct loading and secretion of LB contents are essential for skin
function relatively little is known about LB biogenesis and secretion. LBs are
formed from the trans-Golgi network (TGN) and form a tubulo-reticular
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cisternal membrane system (Elias et al., 1998), which studies have suggested
stretches to the apical surface of keratinocytes and may be connected to both
the TGN and apical plasma membrane, removing the requirement for fusion
of LBs and suggesting a membrane unfolding model of delivery (Norlén,
2001; Norlén et al., 2003).
However, there is also evidence to suggest that SNARE-mediated fusion is
required for correct LB structure and secretion. The Rab GTPase, Rab11a,
co-localises with known LB cargoes and is essential for LB biogenesis
(Ishida-Yamamoto et al., 2007; Reynier et al., 2016), which suggests a vesicle
fusion event is required for the biogenesis and/or secretion of LBs. Mutations
in VPS33B and SNAP29, encoding a SNARE protein, both lead to diseases
with dry skin conditions and LB defects (Hershkovitz et al., 2008; Schiller
et al., 2016; Sprecher et al., 2005), also suggesting a vesicle fusion event is
required for LB function.
Additionally, other trafficking proteins have been associated with LBs;
Raymond et al. (2008) identified a wide range of proteins associated with a
purified LB fraction, including other SNARE proteins, VAMP8 and syntaxin 4,
and CLIP-170, a protein known to connect organelles with microtubules.
CLIP-170 co-localised with cathepsin D, a protease known to be secreted by
LBs, and produced staining similar to that of LB distribution in the SG. Rab7
and Cdc42, previously implicated to act with CLIP-170 in the exocytosis of
endosomal/lysosomal vesicles, were also localised to LBs containing
CLIP-170 or the LB protein corneodesmosin; these proteins are likely to
mediate LB transport by connecting the LBs with microtubules. Caveolins,
scaffolding proteins that promote the formation of caveolae microdomains,
were also localised to LBs suggesting that caveolins may bind cholesterol-rich
microdomains in LB assembly or trafficking (Sando et al., 2003).
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It also seems that contents are not homogeneous between LBs; there seem
to be distinct sub-populations of LBs. LB cargoes such as kallikrein (KLK)
proteases and corneodesmosin were shown to be sorted independently in LB
structures

(Ishida-Yamamoto

et

al.,

2004),

the

protease

inhibitor

lympho-epithelial Kazal-type-related inhibitor (LEKTI) and its target proteases
KLK5 and KLK7 localised separately in the LB system (Ishida-Yamamoto
et al., 2005), and the localisation of Cdc42 and CLIP-170 in the LB system
had some areas without overlap (Raymond et al., 2008), suggesting that
sub-populations of the LB system may have distinct trafficking mechanisms
as well as distinct contents.

1.11. Thesis aims
ARC syndrome is a severe multisystem disorder caused by mutations in
VPS33B or VIPAS39.

The proteins encoded by these genes have been

shown to interact and be important for correct protein trafficking within cells,
including protein recycling and LH3 localisation.

However, it still remains

unclear where in the highly regulated and complex system of vesicular
trafficking these proteins are important and which other cargoes/binding
partners are also involved.

The work in our lab aims to determine other

proteins involved in VPS33B-VIPAR dependent trafficking and investigate the
intracellular trafficking pathways in which this complex is involved.
In this thesis I aim to investigate the intracellular trafficking pathways regulated
by the VPS33B-VIPAR complex. I will study their roles as Rab effectors in the
intracellular delivery of LH3 to collagen carriers in kidney cells in Chapter 3,
and focus on their roles in the epidermis in Chapters 4 to 6.
The p.Gly131Glu variant in VPS33B was identified in patients with a
syndrome allelic to ARC syndrome; a variant in VPS33B that causes a milder
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disease than ARC syndrome could help dissect VPS33B function, as this
variant likely causes only a partial disruption of VPS33B function.

To

determine the pathogenicity of the p.Gly131Glu variant in VPS33B, I will study
its effects on known VPS33B interactions and VPS33B-dependent functions
in Chapter 4.
VPS33B has previously been implicated in LB biosynthesis and/or secretion
and I will use tamoxifen inducible ubiquitous knockout Vps33b and Vipar mice
to describe the underlying defects in the epidermis in VPS33B and VIPAR
deficiency in Chapter 5. I will also look at the effects of VPS33B and VIPAR
deficiency on LB function, epidermal junctions and collagenous structures of
the skin to begin to dissect the primary effect of VPS33B and VIPAR
deficiencies in the epidermis in Chapter 6.
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Chapter 2 - Materials and Methods
All reagents were from Sigma-Aldrich and tissue culture plastics were from
Corning unless otherwise specified.

Details of antibodies, primers and

plasmids containing tagged full-length cDNA can be found in Appendices,
pages 239-241.

2.1. Molecular biology
2.1.1. DNA extractions, sequencing and plasmid storage
DNA extractions were performed using QIAprep Spin Miniprep Kit (QIAGEN),
EndoFree Plasmid Maxi Kit (QIAGEN) or GenElute HP Plasmid Maxiprep
Kits. A NanoDrop ND-1000 Spectrophotometer was used to measure the
DNA concentration and quality (the ratio of absorbance at 260 nm to 280 nm,
and 260 nm to 230 nm; a ratio of approximately 1.8 indicates good quality of
purity for DNA). To verify plasmid sequences, samples were commercially
sequenced by Source Bioscience and the results analysed with DNASTAR
Lasergene or Snapgene Viewer. Primers used for sequencing are compiled
on page 241.
For plasmids with verified sequences, glycerol stocks were created by mixing
500 μl of an overnight culture of bacteria carrying the plasmid to 500 μl of 50%
glycerol in a cryovial and freezing at -80 °C.
2.1.2. Restriction cloning
VPS33B(p.Gly131Glu) was subcloned from the YFP-VPS33B(p.Gly131Glu)
construct, from Dr Holly Smith (Gruber et al., 2017) into the HA-VPS33B
construct (Cullinane et al., 2010) using KpnI-HF and EcoRI restriction
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enzymes. Both constructs were incubated at 37 °C for 3 h in a mixture as
outlined in Table 2.1 below.
10x NEB Buffer 4 (New England Biolabs)

5 μl

KpnI-HF (New England Biolabs)

10 U

EcoRI (New England Biolabs)

10 U

DNA construct

2 μg

dH2 O

Make up to 50 μl

Table 2.1: Reaction mixture for restriction digestion of DNA constructs.

The products of this reaction were run on a 1% agarose gel and the bands that
corresponded to the VPS33B(p.Gly131Glu) and the pCMV-HA backbone were
extracted from the gel using a QIAquick Gel Extraction Kit (QIAGEN). To ligate
the VPS33B(p.Gly131Glu) insert into the vector, 50 ng of vector was mixed with
3-fold molar excess of the insert and 2x Instant Sticky-end Ligase Master Mix
(NEB) on ice. 2 μl of the mixture was used to transform competent bacteria as
in section 2.1.4.
2.1.3. Site directed mutagenesis (SDM)
Two complementary primers were designed using the QuikChange Primer
Design online design tool (Agilent Technologies) to contain the desired
mutation and have the following characteristics:
• 25-45 base pairs in length
• 10-15 base pairs of correct sequence on each side of the desired mutation
• Guanine-cytosine content (%GC) greater than 40%
• Melting temperature (Tm ) greater than or equal to 78 °C
– Calculated using Tm = 81.5 + 0.41(%GC) - (675/N) - % mismatch;
where N is the primer length in bases
• Terminate in one or more G/C bases
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Details of the primers used can be found on page 241. The mutagenesis
reaction was set up as in Table 2.2 and the PCR run as outlined in Table 2.3.
10x HiFi reaction buffer

5 μl

Template construct

10 ng

Forward primer

125 ng

Reverse primer

125 ng

dNTP mix

1 μl

QuikSolution

3 μl

Platinum Taq HiFi

1 μl

dH2 O

Make up to 50 μl

Table 2.2: Reaction mixture for site-directed mutagenesis. Materials were from
the QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies) except for
Platinum Taq HiFi DNA polymerase (Life Technologies).

Initial denaturation

18 cycles

95 °C

1 min

Denaturation

95 °C

50 s

Annealing

60 °C

50 s

Extension

68 °C

1 min/kb of template

68 °C

7 min

Final extension

Table 2.3: Thermocycler conditions for site-directed mutagenesis reactions.

To digest the unwanted template construct DNA 1 μl of Dpn I (Agilent
Technologies) was added to the samples and incubated for 1 hour at 37 °C.
Dpn I is a nuclease that specifically digests methylated DNA; most DNA
synthesised by competent bacteria is methylated, but the in vitro synthesized
mutagenesis product would be unmethylated and so would not be removed
by this step (Nelson and McClelland, 1992). Chemically competent bacteria
were transformed with the mutagenesis product and resultant colonies
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screened for introduction of the mutation by colony PCR, as outlined in
sections 2.1.4 and 2.1.5.
2.1.4. Bacterial transformation
NEB 10-beta competent Escherichia coli competent cells (New England
Biolabs) were defrosted on ice for 15 min. A suitable amount of DNA was
added to 25 μl of competent cells and incubated on ice for 15 min. The
mixture was subjected to heat shock at 42 °C for 30 seconds and put back
onto ice for 2 min. 200 μl of SOC medium (New England Biolabs) was added
and the cells allowed to recover at 37 °C in a Kuhner shaker at 220 rpm for 60
to 90 min. A suitable amount of the bacterial suspension was plated onto agar
plates with 50 μg/ml kanamycin or 100 μg/ml ampicillin and incubated
overnight at 37 °C.
2.1.5. Colony PCR
Overnight colonies were picked and resuspended in 10 μl of water. This
suspension was used in the PCR, as outlined in Table 2.4, with primers that
amplified the area containing the desired mutation, page 241, with the cycling
conditions specified in Table 2.5.
Colony suspension

1 μl

Forward primer (10 μM)

125 ng

Reverse primer (10 μM)

125 ng

10x HiFi Reaction Buffer

5 μl

MgCl2 (50 mM)

2 μl

dNTP mix (10 μM)

1 μl

Platinum Taq HiFi (Life Technologies)

0.2 μl

dH2 O

Make up to 50 μl
Table 2.4: Reaction mixture for colony PCR.
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Initial denaturation

30 cycles

96 °C

10 min

Denaturation

94 °C

30 s

Annealing

55 °C

30 s

Extension

68 °C

1 min/kb of template

Table 2.5: Thermocycler conditions for colony PCR.

The PCR products were cleaned using ExoSAP-IT (Affymetrix) to remove
primers and dephosphorylate unused dNTPs; 1.5 μl ExoSAP-IT was added to
8.5 μl of PCR product and the solution heated to 37 °C for 45 min and 80 °C
for a further 15 min. Sanger sequencing was used to determine whether the
mutation had been introduced, see section 2.1.1.

Samples with correct

mutations (and no other mutations) were selected and 5 μl of initial colony
resuspension added to 5 ml of LB broth, supplemented with kanamycin or
ampicillin, and cultured overnight at 37 °C in a Kuhner shaker at 220 rpm.
Plasmids were extracted using the kits outlined in section 2.1.1.
2.1.6. Agarose gel electrophoresis
For separation of DNA oligomers, 1-4% agarose gels were run (depending on
the oligomer size and the separation required).

1-4% w/v agarose was

dissolved in 1x TAE (2 M Tris acetate 100 mM sodium EDTA) (GeneFlow) and
heated in a microwave until the agarose had dissolved. The solution was
allowed to cool slightly before 20 ng/ml ethidium bromide (Life Technologies)
was added to allow visualisation of the DNA. Gels were submerged in 1x TAE
in the gel tray of a Bio-Rad horizontal electrophoresis system. A suitable
amount of sample was mixed with 6x loading dye (2 mM EDTA, 50% glycerol
and 0.1% orange G) and loaded into the gel. As a reference the 2-log DNA
ladder (New England Biolabs) was most commonly used. Gels were run at
between 50 and 100 mV using a BioRad PowerPac Basic until suitable
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separation of the oligomers had occurred. DNA was then visualised using a
UV transilluminator or Gel-Doc system.

2.2. Protein biochemistry
2.2.1. Protein lysate collection
Confluent cells were rinsed once in 1x DPBS (Life Technologies) before being
scraped into a suitable volume of RIPA buffer (50 mM Tris-HCl pH 8.0, 150
mM sodium chloride,

0.1% sodium dodecyl sulphate,

0.5% sodium

deoxycholate, 1% igepal, 1 mM EDTA and cOmplete Mini EDTA-free protease
inhibitor (Roche)).

The lysates were incubated for 30 min on ice before

centrifugation at 19 000 g for 10 min at 4 °C. The protein concentration was
determined using a Bradford assay as described below in section 2.2.2 and
the lysates diluted in 2x Laemmli buffer (125 mM Tris-HCl pH 6.8, 20% w/v
Glycerol, 4% w/v SDS, 10% β-mercaptoethanol, 0.05% bromophenol blue) as
required.
2.2.2. Determination of protein concentration
2000 μg/ml of BSA was diluted six times in two-fold serial dilutions to make
six protein standards; lysis buffer alone was used as a blank. The Bio-Rad
DC™ Protein Assay was used; 10 μl of reagent S was added to 500 μl of
reagent A to make solution A’. In a flat-bottomed 96-well plate, 5 μl of each
standard and sample was pipetted in triplicate. To each well 25 μl of A’ followed
by 500 μl of reagent B was added and pipetted up and down to mix. The
plate was incubated in the dark at room temperature (RT) for 15 min and the
absorbance read at 650 nm. The protein standards were used to create a
calibration curve that was used to determine protein concentration. Protein
lysates were generally diluted to 1 μg/μl of protein in lysis buffer and 2x Laemmli
buffer before boiling for 10 min.
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2.2.3. Western blotting
2.2.3.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)
Gels were cast using Mini-PROTEAN® casting stands with frames and glass
plates (Bio-Rad) using the solutions outlined in Table 2.6, or precast gels were
purchased from BioRad. Most often 10% gels were run but to probe for VIPAR
12% gels were used. The resolving gel was made first and, immediately after
adding the TEMED, poured into the assembled plates up to just below where
the comb would finish (Bio-Rad). The gel was left to set with an isopropanol
layer on top to prevent air bubbles and drying out of the gel. The gels were
rinsed thoroughly with water, the stacking gel was made up and poured on top
of the resolving gel immediately after the TEMED was added, and a suitable
comb inserted.
Resolving gel

Resolving gel

Stacking gel

10%

12%

Water

3.9 ml

3.2 ml

3.4 ml

30% Acrylamide

3.3 ml

4 ml

1 ml

Tris-HCl pH 8.8

2.5 ml

2.5 ml

-

Tris-HCl pH 6.8

-

-

1.5 ml

10% SDS

100 μl

100 μl

60 μl

10% APS

200 μl

200 μl

90 μl

TEMED (added at the end)

8 μl

8 μl

6 μl

(GeneFlow)

Table 2.6: Resolving and stacking gels formulation for SDS-PAGE

20 μg of protein, or suitable amounts of co-IP samples, pre-boiled in 2x
Laemmli buffer, were loaded and PageRuler or PageRuler Plus (Life
Technologies) used as known molecular weight ladders. The gels were run
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using the Mini-PROTEAN® Tetra Cell system (Bio-Rad) in SDS-PAGE Tank
Buffer Tris-Glycine SDS (GeneFlow), stacking at 100 mV for about 10 min
and then running at 120-150 mV until the loading dye front had run off the gel.
2.2.3.2. Wet transfer to a polyvinylidene difluoride (PVDF) membrane
Before immunoblotting, the protein was transferred to a PVDF membrane
(Hybond-P-membrane, GE Healthcare) using a Mini Trans-Blot® Cell system
(Bio-Rad) using Tris-Glycine Electroblotting Buffer (GeneFlow) with 20%
methanol. The PVDF membrane was incubated in methanol for 10 s and
rinsed in transfer buffer prior to use. The blot ‘sandwich’ was compiled, in the
order outlined below, making sure all components were wet in transfer buffer
and ensuring no air bubbles were present between the layers.
Sponge
3 pieces of filter paper
Gel (removing the stacking gel)
Membrane
3 pieces of filter paper
Sponge
The holder was closed and placed in the gel tank with the membrane towards
the anode and the gel towards the cathode. The transfer was carried out for 2
h at 250 mA, with a constant amplitude, at RT with an ice pack or overnight at
150 mA at 4 °C.
2.2.3.3. Immunoblotting the membrane
Membranes were blocked in 5% w/v non-fat dried milk powder (Marvel) in PBS
0.1% Tween (PBST) for 30 min at RT, or overnight at 4 °C, on a roller. Primary
antibodies were diluted in 5% milk as detailed on page 239 and incubated for
1 h at RT, or overnight at 4 °C, on a roller. The membrane was washed three
times in PBS-T in small dishes on a shaker for a total of 20 min. Horseradish
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peroxidase (HRP)-linked secondary antibodies (DAKO) were diluted in 5% milk,
for dilutions see section on page 239, and the membrane incubated for 1 h at
RT on a roller. Three washes in PBS-T in small dishes were performed on a
shaker for at least a total of 20 min.
2.2.3.4. Detection
The HRP-linked antibodies could then be detected using the Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare). Solution A and
solution B were mixed 1:1 and the membrane incubated in the mixture for 1 min.
The signal was detected using Amersham™ Hyperfilm™ ECL (GE Healthcare)
and developed using a Xograph Compact X4 film processor. Quantification of
the protein levels was performed by densitometry using Fiji (Schindelin et al.,
2012) and were normalised to the expression of GAPDH as a loading control.
2.2.3.5. Stripping membranes
If necessary to strip the membrane for blotting with a different antibody the
membrane was incubated in fresh stripping buffer (0.2 M glycine, 0.1% w/v
SDS, 0.1% Tween 20, pH to 2.2) for two 10 min incubations.

Stripped

membranes were washed twice in PBS for 10 min followed by another two 5
min washes in PBST. Membranes were then blocked and probed with
antibodies as above in section 2.2.3.3.
2.2.4. Co-immunoprecipitation
2.2.4.1. Protein extraction
Protein was extracted from HEK293 cells 48 hours after transfection using
Lipofectamine 2000 (Life Technologies) and the protocol outlined in section
2.5.3. The cells were washed once with ice cold PBS and then scraped into
ice cold PBS. The cells were pelleted at 200 g for 5 min at 4 °C. The
supernatant was discarded and the pellet frozen at -20 °C for at least 30 min.
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The pellets were thawed for a maximum of 5 min at RT and the remaining
steps performed on ice. Lysis in 250 μl of NP40 lysis buffer (10 mM HEPES
pH 8.5, 5 mM MgCl2 , 10 mM KCl, 0.3% NP-40 (Fluka) and cOmplete Mini
EDTA-free protease inhibitor tablets (Roche)) was performed on an
end-over-end rotator for at least 30 min at 4 °C. The samples were sonicated
for two bursts of 20 seconds and centrifuged at 18000 g for 15 min at 4 °C.
The supernatant was transferred to a fresh tube and immediately incubated
with antibody-conjugated beads, conjugated as outlined in section 2.2.4.2.
2.2.4.2. Antibody conjugation
All washing steps were performed away from a magnetic rack. To separate
the beads from the supernatant tubes were left on the rack for one minute.
For each co-immunoprecipitation reaction 20 μl of Dynabeads Protein G (Life
Technologies) were transferred to a 1.5 ml tube, placed in a magnetic rack
and the supernatant removed. The beads were washed three times in 500 μl
citrate phosphate buffer (24.5 mM citric acid (VWR), 51.7 mM dibasic sodium
phosphate (VWR) pH 5.0). 4 μg of the required antibody was diluted in 20 μl of
PBS for each co-immunoprecipitation reaction and added to dry beads before
incubating for 1 hour at RT with end-over-end mixing. The antibodies used
were directed against Myc (Sigma, clone 9E10) or HA (Sigma, clone HA-7).
The supernatant was removed and the beads washed three times in 1 ml
citrate phosphate buffer, then three times in 1 ml 0.2 M triethanolamine. The
antibodies were cross-linked to the beads by incubating for 30 min with 1 ml
20 mM dimethyl pimelimidate in 0.2 M triethanolamine. The cross-linking
reaction was quenched by removing the supernatant and incubating with 1 ml
50 mM Tris pH 7.5 for 15 min. The beads were washed three times with 500
μl PBS 0.1% Tween-20 and resuspended in 20 μl PBS 0.1% Tween-20 for
each co-immunoprecipitation reaction and stored at 4 °C.
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2.2.4.3. Co-immunoprecipitation
Antibody-conjugated beads were washed three times in citrate phosphate
buffer and resuspended in lysis buffer (20 μl/reaction). 40 μl of protein lysate
was removed as the ‘input’ sample and mixed with 40 μl 2x Laemmli buffer.
20 μl of beads were added to the remaining protein lysate and incubated with
end-over-end rotation at 4 °C overnight. After placing on the magnet the
following day the supernatant was removed and the beads washed three
times in NP40 lysis buffer supplemented with 150 mM NaCl. After the last
wash the beads were resuspended in 20 μl 2x Laemmli buffer and 20 μl NP40
lysis buffer. All samples were boiled for 10 min at 96 °C and western blots run
to determine co-immunoprecipitating proteins.
2.2.5. Mass spectrometry of patient samples
Patient fibroblasts were cultured, as in section 2.5.10, for 4 weeks with the
addition of 100 μM ascorbic acid to stimulate collagen secretion. Sample
preparation and mass spectrometry was performed by Dr Blerida Banushi
(University College London, UK) following previously published methods
(Banushi et al., 2016). The ratio of the collagen-derived amino acid response
to the

13

C6 15 N-Lysine internal standard was calculated and then the ratio of

these values to the degree of the lysine response.

2.3. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice
Vps33bfl/fl ERT2 mice were developed with LoxP sites flanking exons 2 and 3 of
Vps33b and Cre recombinase under the control of the tamoxifen inducible
ERT2 promoter (Bem et al., 2015). Viparfl/fl ERT2 mice were developed with
LoxP sites flanking exon 10 of Vipar and Cre recombinase under the control
of the ERT2 promoter promoter (Banushi et al., 2016).

Intraperitoneal

injections of tamoxifen at 100 mg/kg/day for 5 consecutive days were
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performed on 6-8 week old mice. Tamoxifen induced the excision of Vps33b
exons 2 and 3 or Vipar exon 10 leading to a frameshift and premature
truncation of the Vps33b or Vipar

mRNA. Animal husbandry and

intraperitoneal injections were kindly performed by Dr Danai Bem, Dr Joanna
Hanley and Ms Rebeca Fiadeiro. Analysis of the mice was carried out 5-6
weeks post-induction.
Control mice are age-matched littermates that are CreERT2+ untreated,
Vps33bfl/fl CreERT2- treated or Viparfl/fl CreERT2- treated mice and data from
these controls was pooled due to invariability of results as also verified in Bem
et al. (2015). Experiments were always performed on controls from each of
the Vps33bfl/fl ERT2 and Viparfl/fl ERT2 lines; these were also pooled due to the
invariability of results.
United Kingdom Home Office approval was obtained for all experiments,
licence number PPL 70/7470, in accordance with the Animals (Scientific
Procedures) Act of 1986. Photos were obtained with the permission of the
Named Veterinary Surgeon of the Biological Services Unit of UCL.
2.3.1. Trans-epidermal water loss (TEWL) measurements
TEWL measurements across murine ventral abdomen were performed with a
VapoMeter (Delfin Technologies) according to the manufacturer’s instructions.
Their fur was cut short with an electric hair trimmer immediately prior to the
measurements. Three measurements were taken per mouse and averaged.
Temperature and humidity were recorded for each set of measurements to
ensure there were no substantial changes in the surrounding environment.
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2.4. Patient samples
Experiments using patient samples were approved by the institutional review
board of the Medical University of Innsbruck and UK National Research Ethics
committee (REC13/LO/0168), and complied with the Declaration of Helsinki
Principles. Written, informed patient consent was obtained for the experiments.
2.4.1. Fixation, processing and histology of human skin biopsies
5 mm punch biopsies were obtained with informed consent from the skin of
patients palms, fixed in 4% formaldehyde, embedded in paraffin and sectioned
by Dr Robert Gruber (University of Innsbruck, Austria). For histological analysis
paraffin embedded sections of 6 μm thickness were stained with hematoxylin
and eosin, also by Dr Robert Gruber.
2.4.2. Immunofluorescent staining of human skin sections
Paraffin embedded sections of 3 μm thickness were kindly provided by Dr
Robert Gruber. Sections were deparaffinised with two 5 min incubations in
Histoclear (National Diagnostics, USA) and rehydrated with 5 min incubations
in 100%, 80% and 70% ethanol and a final wash in PBS. The sections were
boiled in Target Retrieval Buffer (DAKO, Denmark) for two 5 min periods,
using a microwave at full power, to ensure antigen retrieval. After 3 washes in
0.5% Tween 20 in PBS the sections were blocked with 3% BSA in PBS with
0.5% Tween 20 for 1 hour at RT. Primary antibodies were diluted in the
blocking buffer and incubated overnight at 4 °C, for dilutions see page 239.
The following day the sections were washed three times in the blocking
solution. Alexa fluorophore-conjugated secondary antibodies were diluted in
blocking buffer, for dilutions see page 239, and incubated on the sections for
two hours at RT. The sections were washed twice in PBS, co-stained with
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DAPI for 10 min, washed twice more in PBS, mounted with ProLong Gold
(Life Technologies) and imaged on a Leica SP5 confocal microscope system.

2.5. Cell culture
2.5.1. Commercial cell lines and culture
The human kidney cell line, HEK293, and human epithelial cell line, HeLa,
were a gift from ER Maher (University of Cambridge, UK) (Zatyka et al.,
2002). Canine kidney cells, Madin Darby canine kidney (MDCK) cells, were a
gift from K Matter (University College London, UK) (Shoshani et al., 2005) and
murine kidney cells, murine inner medullary collecting duct (mIMCD3) cells
were obtained from the American Type Culture Collection (CRL2123). All
lines were regularly tested for mycoplasma using the MycoAlert™
Mycoplasma Detection Kit (Lonza).
HEK293, HeLa and MDCK cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) high glucose, 4500 mg/L, (Life Technologies) supplemented
with 2 mM L-glutamine, Minimum Essential Medium (MEM) non-essential
amino acids (Life Technologies) and 10% Fetal bovine serum (FBS). mIMCD3
cells were cultured in DMEM-F12 (Life Technologies) supplemented with 10%
FBS. Stable mIMCD3 cell lines expressing shRNAs targeted to VPS33B or
VIPAR mRNAs and control shRNAs have been described previously
(Cullinane et al., 2010); these were maintained in the presence of 1.5 μg/ml
puromycin. For cell line maintenance, cells were cultured in 25 or 75 cm2
tissue culture flasks (Corning) and passaged when confluent by detaching
from the surface in 1x trypsin-EDTA. MDCK and mIMCD3 cells were rinsed
once in 0.25% trypsin-EDTA (Life Technologies) prior to detachment. Cells
were counted using an improved Neubauer counting chamber (Hawksley) and
diluted as required. For protein and RNA analysis, cells were seeded into
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multi-well plates (Corning) and, for immunostaining and confocal imaging,
cells were seeded onto glass coverslips or into 8-well tissue culture treated
µ-slides (Ibidi). All lines were incubated in a humidified atmosphere at 37 °C
with 5% CO2 .
2.5.1.1. 3D MDCK cell culture
Geltrex (Life Technologies) was prepared according to the manufacturer’s
protocol and stored at -20 °C. Aliquots were thawed on ice and pre-chilled tips
used to transfer 50 μl to pre-chilled 8-well tissue culture treated µ-slides
(Ibidi), this was set for 30 min at 37 °C. 2% Geltrex was made up in complete
medium, as specified on page 86, on ice and warmed to 37 °C. MDCK cells
were harvested with trypsin and diluted to 1 x 105 cells/ml in 2% Geltrex. 200
μl of this suspension was pipetted on top of the set Geltrex layers and the
slides incubated in a humidified atmosphere at 37 °C with 5% CO2 . The
following day 50 μl of medium was removed and replaced with 50 μl of
complete medium (without Geltrex). After four days of culture the spheres
were fixed in ice-cold methanol and stained as in section 2.6.1.
2.5.2. Cryopreservation
For storage of cell lines, cells were passaged as above and counted, a suitable
number of cells, 1-5 x 105 cells per ml, were resuspended in 1 ml freezing
medium (70% complete medium, 20% FBS and 10% DMSO), transferred to
a cryovial (Corning) and placed in a “Mr Frosty” freezing container (Appleton
Woods) which cools at 1 °C per minute when placed at -80 °C. After cooling
to -80 °C the cryovials were transferred to liquid nitrogen tanks for long term
storage.
For retrieval of the cell lines, cryovials were rapidly thawed in a 37 °C bath and
the contents transferred to pre-warmed complete medium. This suspension
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was spun down at 1100 rpm and the cells resuspended in complete medium
and transferred to suitable cell culture dishes.
2.5.3. DNA transfection of tissue-culture cells
HEK293 and HeLa cells were seeded the day prior to transfection at 2 x 105
cells/ml. mIMCD3 and MDCK cells were seeded on the day of transfection at
1-2 x 105 cells/ml and allowed to settle for 2 - 3 h before transfection.
Transfections were carried out with either Lipofectamine 2000 (Life
Technologies) or jetPRIME (Polyplus Transfection).
Lipofectamine transfections are shown in Table 2.7.

Conditions for
Lipofectamine was

diluted in half of the serum free medium and incubated at RT for 5 min whilst
DNA was added to the rest of the serum free medium. The DNA solution was
added to the Lipofectamine solution and the resulting mixture incubated at RT
for 20 min before being added to cells in fresh complete medium. MDCK cells
were rescued 3 hours post-transfection by changing the medium.

For

jetPRIME transfection 0.2 μg of DNA was diluted in 25 μl of jetPRIME buffer
before 0.5 μl of jetPRIME reagent was added. The solution was incubated for
10 min at RT before being added drop wise to cells in fresh serum-containing
medium in Ibidi 8-well μ-slides.
Serum free

Lipofectamine

DNA (μg)

Complete

medium (μl)

2000 (μl)

6-well plate

500

8

4

2

24-well plate

100

2

1

0.5

8-well μ-slide

50

1

0.5

0.2

medium (ml)

Table 2.7: Conditions for Lipofectamine 2000 transfections.

Transfection efficiency for HEK293 and HeLa cells was approximately 70-80%
for all DNA constructs used in these lines.The efficiency in MDCK and mIMCD3
cells was slightly lower at 40-50% for all DNA constructs used in these lines.
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2.5.4. Isolation and culture of primary murine keratinocytes
2.5.4.1. Primary murine keratinocyte isolation and maintenance
In a method adapted from (Lichti et al., 2008) tail skin from control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice was obtained and in the evening the
tails were spread out on sterile lids of bacterial culture dishes dermis side
down. After cleaning with betadine (EcoLab), water and 70% ethanol using
sterile cotton buds they were cut in half to obtain two short lengths of tail.
Carefully holding the short side of the spread tail with two forceps, the skin
was transferred onto 3 ml of EDTA-free trypsin (Life Technologies) in a well of
a 6-well plate and floated epidermis side up. This was incubated overnight at
4 °C.
The following morning glass coverslips, Ibidi μ-slides or 10 cm tissue culture
dishes were coated with 10 μg/ml fibronectin in CnT-Prime medium
(CELLnTEC) at 37 °C for at least 45 min.

Antimycotic-antibiotic (Life

Technologies) was added to all aliquots of medium used for isolation. 10 ml of
CnT-Prime+Ca (CnT-Prime with 1.3 mM calcium chloride) was added to the
bottom of non-tissue culture treated petri dishes (Thermo Scientific), keeping
the lid dry. The skin pieces in trypsin were transferred to the dry lid of the
bacterial plates epidermis side down and spread out with forceps to make
maximum contact with the lid. The dermis was removed and discarded or
used for fibroblast isolation, see section 2.5.5.1.
The epidermal pieces were carefully transferred to CnT-Prime+Ca medium in
the bottom of the bacterial dishes and minced using sterile scissors until the
pieces could fit into a 10 ml pipette. The samples were pipetted up and down
with a 10 ml pipette about 10 times, and the cell suspension transferred to a 50
ml falcon (Corning), leaving most of the stratum corneum pieces behind. The
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petri dish was rinsed with 5 ml CnT-Prime+Ca which was also transferred to
the falcon. The suspension was centrifuged at 150 g for 5 min at 4 °C.
The supernatant was discarded along with any floating stratum corneum and
the pellet resuspended in 5 ml CnT-Prime+Ca. The resulting suspension was
filtered through a 100 μm cell strainer (VWR) into a new falcon, rinsing with
additional medium to dislodge any trapped cells.

The suspension was

centrifuged again at 150 g for 5 min at 4 °C and the pellet resuspended in 1 ml
CnT-Prime+Ca. Cells were stained with trypan blue and counted using an
improved Neubauer cell counting chamber. The suspension was centrifuged
a third time at 150 g for 5 min at 4 °C and resuspended in CnT-Prime (without
added calcium) to 2.5 x 105 cells/ml for control cells and 3 x 105 cells/ml for
Vps33bfl/fl ERT2 or Viparfl/fl ERT2 cells and seeded onto the fibronectin coated
coverslips or dishes.
The following day the medium was removed and attached keratinocytes
rinsed with PBS before it was replaced with fresh CnT-Prime. The medium
was changed every other day until the keratinocytes reached confluency. The
keratinocytes were cultured for a maximum of 10 days after seeding; beyond
this point the keratinocytes started to lose their cobblestone morphology,
cease proliferation and detach from the dish.
For cell spreading experiments keratinocytes were passaged by incubating
with Accutase for 10 min at 37 °C, 5% CO2 , and resuspended in complete
medium for plating at 1 x 105 cells/ml for cell spreading assays. Repeated
passage of these cells was not possible as they began to lose their
cobblestone morphology and cease proliferation. Cryopreservation of these
lines was attempted but without successful recovery of viable cells.
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2.5.4.2. Primary murine keratinocyte stratification
For stratification of primary murine keratinocytes, keratinocytes were isolated,
seeded and cultured as above until they reached 70-90% confluency. The
cells were passaged with a 10 min Accutase treatment at 37 °C, 5% CO2 and
resuspended to a density of 2 x 105 cells in 400 μl of CnT-Prime. This was
added to previously wetted 12 mm polycarbonate 0.4 µm pore Millicell cell
culture inserts (EMD Millipore) in a suitable tissue culture dish and CnT-Prime
added outside the insert until level with the medium inside. Cells were grown
at 37 °C, 5% CO2 to confluency, and media changed after two days if
necessary.
Upon confluency CnT-Prime was replaced with CnT-Prime-3D, 3D barrier
medium, (CELLnTEC) and the inserts returned to 37 °C, 5% CO2 overnight.
The following day the media from inside the insert was removed, with care not
to disturb the keratinocyte monolayer on the membrane and this surface left
dry. The media outside the insert was replaced but only until level with the
insert membrane. These inserts were cultured at 37 °C, 5% CO2 for 12 days
with 3 changes of medium (outside the insert) per week. At day 12 inserts
were fixed overnight with 4% paraformaldehyde (PFA) (TAAB), rinsed with
PBS the following day, the membrane was then carefully cut off the insert
support and paraffin-embedded for histological analysis or immunostaining.
2.5.5. Isolation and culture of primary murine fibroblasts
2.5.5.1. Primary murine fibroblast isolation and culture
Fibroblasts were isolated from dermal samples generated during keratinocyte
isolation, see section 2.5.4.1. These dermal pieces were minced using sterile
scalpels and then transferred to 6 ml of 1x trypsin in PBS (0.25% trypsin-EDTA
diluted 1:5 in sterile PBS (Life Technologies)). This suspension was incubated
in a humidified atmosphere at 37 °C with 5% CO2 for 1 h.
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After 1 h 3 ml of the liquid fraction was removed to a 50 ml falcon containing
25 ml DMEM fibroblast medium (DMEM high glucose with L-glutamine, 15%
FBS, 1x penicillin-streptomycin and 0.1 mM β-mercaptoethanol). 3 ml of fresh
1x trypsin was added to the dermal pieces and the suspension returned to the
incubator.

After 20 minutes the removal of 3 ml of cell suspension and

replacement with fresh trypsin was repeated. This was repeated a further 2-4
times until the cell suspension removed appeared clear.

The remaining

suspension was filtered through a 100 μm cell strainer into the collection
falcon and the suspension centrifuged at 200 g for 5 min before being
vigorously shaken and the spin repeated. The pellet was resuspended in 2 ml
medium per tail and plated into suitable culture dishes.

The fibroblasts

generally became confluent 5-7 days after isolation.
2.5.5.2. Primary murine fibroblast cryopreservation
For primary murine fibroblasts the procedure as described in section 2.5.2
was followed but the freezing medium replaced with 90% FBS, 10% DMSO.
Retrieval of the fibroblasts from cryopreservation was possible but they did
not proliferate as robustly as prior to freezing.
2.5.6. Wound healing assays
Cells were seeded into Ibidi 8-well tissue cultured treated μ-slides and cultured
to confluency. Upon confluency a 200 μl pipette tip, held at 90° to the well
surface, was used to scratch, in one fluid motion, a portion of the well clear from
fibroblasts. An image of the scratch was taken on an EVOS XL Core widefield
light microscope (Life Technologies) using the 10x objective (t=0). The dishes
were returned to the incubator overnight and the scratch area imaged using the
EVOS microscope at 16 h and 24 h after the scratch. The area of the scratch
was quantified by drawing around the area in Fiji and using the BoneJ ImageJ
plugin to measure the area free from cells.
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2.5.7. Cell spreading assays
Cells approaching confluency were passaged with Accutase, counted, diluted
to 1 x 105 cells/ml and seeded into Ibidi 8-well tissue cultured treated μ-slides.
After 1 h of culture the cells were rinsed with PBS, fixed in -20 °C methanol for 5
min and rinsed in PBS a further 3 times. After fixation the samples were stained
with 1:200 Alexa-labelled WGA and 1:5000 DAPI (5 mg/ml) for 10 min. The
cells were imaged using the Leica TCS SP5 system and 3 images taken with
the 40x objective were analysed. The CellProfiler software (Carpenter et al.,
2006) was used to identify the nucleus of each cell from the DAPI stain and this
was used to identify the outline of the spreading cells from the WGA stain, using
propagation with a global threshold strategy and Otsu threshold method. Very
small and round cells were excluded from the analysis as they might be cell
fragments or cells undergoing apoptosis. The area in pixels from CellProfiler
was converted to µm2 and the results analysed in Prism. The solidity of the
shape of the cells was also calculated in CellProfiler, the area of the cell outline
divided by the convex area of the cell shape.
2.5.8. Co-culture of primary murine keratinocytes and fibroblasts for a full
thickness skin model
A few days after isolation fibroblasts were changed from maintenance in DMEM
fibroblast medium (see section 2.5.5.1) to CnT-Prime Fibroblast (CELLnTEC).
Upon approaching confluency the fibroblasts were passaged with Accutase and
diluted to 1 x 105 cells/ml. Millicell hanging cell culture inserts with 0.4 µm pores
(Millipore, MCHT12H48) were placed into a 12-well plate, 2 ml of CnT-Prime
Fibroblast added outside the insert and 1 ml of the cell suspension transferred
to the inside of the insert. The fibroblasts were cultured in this way for 9-10
days with medium changes 3 times per week.
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After fibroblasts were seeded into the inserts keratinocytes were isolated, as
above in section 2.5.4.1, and cultured on fibronectin until they approached
confluency. On day 9 or 10 of fibroblast culture, and when keratinocytes were
approaching confluency, keratinocytes were passaged using Accutase and
resuspended to a concentration of 2 x 105 cells/ml in CnT-Prime-FTAL
(CELLnTEC). CnT-Prime Fibroblast was removed from the wells and the
inserts containing the established fibroblast cultures, 2 ml of CnT-Prime-FTAL
was added outside the insert and 1 ml of the keratinocyte suspension inside
the insert. These co-cultures were incubated for three days, with a medium
change on the second day.
On the third day, to raise the cultures to the air-liquid interface, a 12-well
spacer plate (CELLnTEC, CnT-SP) was sterilised in 70% ethanol for 30 min,
air dried and placed onto a new 12-well plate. Inserts containing established
co-cultures were transferred to this plate, CnT-Prime-FTAL added outside the
insert, only up to the level of the membrane (approx. 2 ml), and the inside of
the insert left dry. The co-cultures were grown in this way for a further 12 days
with medium changes 3 times a week. For immunofluorescence analysis the
resultant skin models were fixed in 4% PFA overnight before paraffin
embedding and sectioning.
2.5.9. Trans-epithelial electrical resistance measurements of primary
keratinocyte cultures
To measure the resistance across cultures of primary murine keratinocytes,
cells were isolated, seeded onto 12 mm polyester 0.4 µm Transwell inserts
(Corning) in 12-well plates and stratified, as described in section 2.5.4.2,
except with media changes every day due to the low volume of medium in
these wells. Before a trans-epithelial electrical resistance (TEER) reading was
taken 500 μl of fresh CnT-Prime-3D was added to the inside of the Transwell
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inserts, 1.5 ml to the well surrounding the inserts and the plate returned to 37
°C, 5% CO2 for 30 minutes. A SSTX01 electrode (Millipore) connected to a
Millicell ERS-2 Voltohmmeter (Millipore) was sterilised in 70% ethanol and
allowed to dry. The electrode was placed around the insert with the long tip
outside the insert and the short tip inside but not touching the membrane.
Readings were also taken across empty Transwell inserts. The resistance of
each well was calculated as the raw resistance measurement across that
membrane, subtracted by the average resistance of two empty membranes
measured on the same day.

Keratinocyte lines were always seeded in

duplicate wells and the average of these two wells used. The Unit Area
Resistance (Ωcm2 ) was calculated as the product of the resistance and the
surface area of the Transwell membrane (1.12 cm2 ).
2.5.10. Patient derived cell culture
Patient skin fibroblast cell lines were developed from skin biopsies with
informed

consent

and

the

research

was

(REC13/LO/0168) Research Ethics Committees.

approved

by

London

Human fibroblasts were

cultured in DMEM high glucose, 4500 mg/L, (Life Technologies) with 2 mM
L-glutamine, MEM non-essential amino acids (Life Technologies) and 10%
FBS and maintained as other cell lines in section 2.5.1.

All lines were

mycoplasma tested and cryopreserved as in section 2.5.2.
2.5.11. Secreted extracellular matrix preparation from patient derived
fibroblasts or primary murine fibroblasts
In a method adapted from Caley et al. (2015) primary murine fibroblasts or
human fibroblasts were seeded into Ibidi 8-well tissue cultured treated μ-slides
and maintained until they reached confluency. Upon confluency the cells were
cultured for a further 10 days in complete medium with 100 μM ascorbic acid to
promote the secretion of collagen. After 10 days the cells were rinsed once in
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PBS before being frozen at -20 °C overnight and defrosted at RT three times,
to remove the cells from the matrix. The slides were rinsed with 1% sodium
deoxycholate to remove cell debris and then PBS before being fixed with 4%
PFA in PBS for 10 min and stained for collagen I (see section 2.6.1). Images
were acquired as in section 2.6.1 and analysed using Fiji. The alignment of
the fibres was quantified using the ImageJ Directionality plugin; the standard
deviation of the Gaussian fit of fibre orientation and the range were used as a
measure of how well fibres were aligned in a particular direction (Theocharidis
et al., 2015).

2.6. Light microscopy techniques
2.6.1. Immunofluorescence in tissue-culture cells
Visualisation

of

cellular

protein

localisation

was

carried

out

using

immuno-labelling of proteins of interest followed by labelling with fluorescently
labelled secondary antibodies. Cells were rinsed once in phosphate buffered
saline (PBS) before fixation in 4% PFA (TAAB) in PBS for 20 min at RT, and
then washed three times in PBS. Cells were permeabilised in 0.1%
triton-X100 in PBS for 8 min and then blocked in 2% BSA in PBS for 30 min at
RT. Primary antibodies were diluted, as indicated on page 239, in 2% BSA in
PBS and cells incubated with the dilution at RT for 1 h.
The cells were washed for 3 periods of 5 min in 2% BSA in PBS. Alexa Fluor
conjugated secondary antibodies (Life Technologies) were also diluted in 2%
BSA in PBS, as outlined on page 239, and added to the cells for a further 1 hour
at RT. The cells were washed for 3 periods of 5 min in PBS. If DAPI staining
was required a further 10 min incubation in 1:5000 DAPI (5 mg/ml) in PBS was
performed followed by a further 3 washes in PBS. Ibidi 8-well tissue cultured
treated µ-slides were kept in an excess of PBS with 0.05% sodium azide or
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VectaShield (Vecta Laboratories) in each well; cells seeded on coverslips were
mounted onto microscopes slides (VWR) with ProLong gold (Life Technologies)
and left to set. Prepared slides were kept at 4 °C before imaging on a Leica TCS
SPE3 or SP5 confocal microscope system. For imaging with CFP and YFP, the
microscope settings were set up using single transfections of the fluorescent
proteins to ensure no leak-through between the channels.
Some antibodies required methanol fixation, for these the cells were fixed in
pure methanol (VWR) for 5 min at -20 °C and then washed three times in PBS.
Cells were blocked and permeabilised in 1% BSA, 0.1% saponin in PBS for
30 min. Primary antibodies were diluted, as on page 239, in 1% BSA, 0.1%
saponin in PBS and added to the cells at RT for 1 h. The cells were washed
for 3 periods of 5 min in 1% BSA, 0.1% saponin in PBS. Secondary antibodies
were also diluted in 1% BSA, 0.1% saponin in PBS, as outlined on page 239,
and incubated on the cells at RT for a further 1 h. The cells were washed for
3 periods of 5 min in 1% BSA, 0.1% saponin in PBS and then processed as
above for PFA fixed samples.
2.6.2. Fixation and processing of murine epidermal tissue samples
Approximately 1 cm2 murine epidermal skin sections were obtained from
control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice and fixed as soon as possible in
10% formalin or frozen in optimum cutting temperature compound in an
isopentane bath cooled over liquid nitrogen and then stored at -80 °C.
Formalin fixed samples were paraffin embedded, sectioned and processed for
histological staining by the Biomedical Research Centre at the Institute of
Child Health,

London,

UK. Optimum cutting temperature compound

embedded samples were sectioned using a Leica CM1850 Cryostat; 7 μm
sections collected on microscopy slides and stored at -80 °C.
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2.6.3. Hematoxylin and eosin staining
Hematoxylin and eosin (H&E) staining of murine skin sections was performed
by the Biomedical Research Centre (Institute of Child Health, UK). H&E
staining of differentiated cultures of keratinocytes or co-cultures of
keratinocytes and fibroblasts was performed on cryosections; sections were
rinsed with PBS, incubated with hematoxylin QS (Vector Laboratories) for 2
min, rinsed with tap water for 5 min, incubated with eosin Y solution for 30 s,
rinsed with 95% ethanol, dehydrated with 95% ethanol and then 100%
ethanol before mounting in VectaMount non-aqueous mounting media (Vector
Laboratories). For all samples images were taken with a Zeiss Axioplan2
microscope fitted with a Zeiss AxioCam HRc colour camera.
The number of cells per field of view was calculated by counting nuclei, with
the help of the Fiji Cell Counter plugin; the number of cells per mm was
calculated using the length of the dermal-epidermal junction in the field of
view as a measure of the length of epidermis being analysed. The average
cell area was calculated by drawing around the entire epidermis in Fiji and
measuring the total epidermal area; the cell area was calculated as the total
epidermal area of the field of view divided by the number of cells identified in
that area. The average epidermal height was calculated by drawing around
the entire epidermis in Fiji and using the BoneJ Fiji plugin (Doube et al., 2010).
2.6.4. Masson’s trichrome and picrosirius red staining
Murine epidermal tissue sample staining with Masson’s trichrome and
picrosirius red was performed by the Biomedical Research Centre (Institute of
Child Health, UK) and brightfield images were taken with a Zeiss Axioplan2
fitted with a Zeiss Axiocam HRc colour camera.
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For analysis of the birefringence of picrosirius red staining, the sections were
illuminated with circularly polarised light and images were taken using a Zeiss
Axiophot with a Q Imaging colour camera; the position of the circular polarisers
in the essential crossed position was checked by rotating the sample by 90 °and
checking that the same results were obtained. The images were analysed with
Fiji; thresholding was used to sort the image signals into three colours by hue,
red 0-15, yellow 16-25 and green 26-96, and the area of the images that these
colours covered was measured.
2.6.5. Immunohistochemistry of paraffin sections
Paraffin embedded murine skin sections were stained for cleaved caspase-3
using the following method.

Slides were deparaffinised in xylene for 3

incubations of 5 min and then rehydrated in 100% ethanol, 80% ethanol and
70% ethanol for 5 min each. After a 5 min wash in PBS, antigen retrieval was
performed in a pressure cooker in Tris-EDTA retrieval buffer (10 mM Tris
Base, 1 mM EDTA Solution, 0.05% Tween 20, pH 9.0). After cooling to RT,
the slides were washed 3 times for 5 min in PBS and endogenous peroxidase
activity blocked using 3% hydrogen peroxide (prepared in water) for 15 min at
RT. After a further three 5 min washes samples were blocked for 1 h at RT
with 5% goat serum in PBST (PBS with 0.05% Tween 20). The α-cleaved
caspase-3 antibody was diluted 1:200 in 5% goat serum in PBST and slides
incubated with the primary antibody at 4 °C overnight.
The following morning the slides were washed 3 times for 5 min in PBST.
Biotinylated α-rabbit secondary antibody was diluted 1:200 in 5% goat serum
in PBST and slides incubated with the secondary for 1 h at RT. Meanwhile the
ABC reagent (Vector Laboratories) was prepared and left at RT for 30 min.
The slides were washed in PBST 3 times for 5 min and incubated with the
ABC reagent for 30 min at RT. During a further three 5 min washes the DAB
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substrate was prepared and immediately used, incubating the slides with the
DAB substrate for 5 min and then rinsing in tap water.

The slides were

counterstained with Mayer’s hematoxylin (DAKO) for 30 s and rinsed in
running tap water for approximately 5 min. The slides were dehydrated in
70% ethanol, 80% ethanol, 100% ethanol, incubated in xylene, mounted with
DPX mountant and left to dry. Images were taken with a Zeiss Axioplan2 fitted
with a Zeiss Axiocam HRc colour camera.
2.6.6. Immunofluorescent staining of cryosections
Cryosections were removed from storage at -80 °C, rinsed in PBS, fixed for
15 min in 4% PFA, rinsed twice in PBS, fixed for 8 min in -20 °C methanol and
rinsed in PBS. Endogenous fluorescence was quenched with a 10 min
incubation in 50 mM ammonium chloride, the slides rinsed twice with PBS
and the sections permeabilised with 0.25% Triton X-100 in PBS for 15 min
before a further 2 washes in PBS. Blocking was performed with 1% goat or
donkey serum in PBST (PBS with 0.5% Triton X-100). Primary antibodies
were also diluted in the blocking solution, see section on page 239, and the
slides incubated with the primary antibodies overnight at 4 °C.
The following morning the slides were washed three times with the blocking
solution and incubated with Alexa-conjugated secondary antibodies, also
diluted in blocking solution for 2 h at RT. After 2 rinses in PBS the slides were
stained with DAPI (1:5000 of 5 mg/ml) for 10 min at RT and rinsed twice in
PBS before mounting with Prolong Gold and leaving to set overnight.
Prepared slides were kept at 4 °C before imaging on a Leica TCS SP5
confocal microscope.
2.6.7. Oil red O staining of murine skin cryosections
Cryosections of murine epidermal samples were used for Oil red O (ORO)
staining. Slides were rinsed with PBS, fixed in 4% PFA for 15 min and rinsed
100

in PBS again. Slides were washed three times with tap water and incubated
with 60% isopropanol for 5 min. A 3 mg/ml stock solution of ORO in 100%
isopropanol was used to prepare the working ORO solution by diluting 3:2 in
deionised water and filtering through Whatman filter paper.

Slides were

incubated with the ORO working solution for 15 min and then rinsed with tap
water until the solution ran clear.

Slides were counterstained with DAPI

(1:5000 of 5 mg/ml stock) for 10 min, rinsed in water and mounted in Prolong
Gold (Life Technologies). Prepared slides were kept at 4 °C before imaging
on a Leica TCS SP5 confocal microscope.
2.6.8. Co-localisation analysis
For analysis of the co-localisation of two fluorescent signals, the Fiji JACoP
plugin was used (Bolte and Cordelieres, 2006). Images with several z-planes
were transformed into a 3D projection, the two channels to be analysed were
separated and loaded into the plugin. The Pearson’s coefficient after Costes
automatic threshold was used as a measure of co-localisation. For the results
analysed in Figure 4.7 the Mander’s coefficient of co-localisation was used; this
is a better measure of co-localisation when the signals being analysed are in
intracellular compartments with very different localisation patterns (Dunn et al.,
2011).

2.7. Transmission electron microscopy (TEM) of murine skin
biopsies
Mouse skin biopsies were taken using 1.5 mm biopsy punches (Medisave) on
1 cm2 sections of skin fixed in 4% glutaraldehyde (TAAB) in 0.1 M sodium
phosphate. Biopsies were washed three times in 0.1 M phosphate buffer and
incubated overnight in a freshly prepared solution of 1% osmium tetroxide
(TAAB) and 1.5% potassium ferrocyanide at 4 °C. The following day the
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samples were washed three times in 0.1 M sodium cacodylate and left at RT
until the afternoon. The samples were incubated overnight in 0.1% tannic acid
(TAAB) in 0.05 M sodium cacodylate (TAAB) at RT in the dark.
The samples were washed in water four to five times, over the course of
approximately one hour, before being dehydrated in two 15 min washes of
70%, 90% and then 100% dry ethanol. The samples were incubated in 1:1
mixture of propylene oxide (Agar Scientific) and freshly made epon resin
(TAAB) for 2 hours. Further incubations in epon only were performed for 2 h,
overnight and then for a further 2 h before the samples were arranged in fresh
epon in coffin moulds and baked at 60 °C for at least overnight. Ultra-thin
sections were cut using a Leica UC7 microtome and placed on formvar (Agar
Scientific) grids before staining with lead citrate and imaging on a Tecnai T12
Spirit Biotwin (FEI) with a Morada CCDl camera.

Imaging platform for

transmission electron microscopy, iTEM (EMSIS), was used for image
acquisition and analysis.

2.8. Statistics
All analyses were performed using GraphPad Prism 7 and all graphical
representations demonstrate mean values ± standard deviation. For all tests
statistical significance was defined as p≤0.05.

The significance level is

demonstrated on figures by ns p>0.05 (non-significant), * p≤0.05, **
p≤0.01,*** p≤0.001, **** p≤0.0001.
For the comparison of two datasets, two-tailed unpaired t-tests were
performed and an F-test used to ensure that the variances were not
significantly different between the two datasets. For experiments where the
variances differed significantly between the datasets a Welch-corrected t-test
was performed.
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To compare three or more data sets an ordinary one-way ANOVA was
performed and a Brown-Forsythe test was used to ensure the variances were
not significantly different between the datasets.

A Tukey’s multiple

comparisons post-test was then used to analyse the differences between
pairs of the datasets. Where a Brown-Forsythe test indicated the variances
were

significantly

different

between

the

datasets

a

non-parametric

Kruskal-Wallis test was performed, with a Dunn’s multiple comparisons
post-test.
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Chapter 3 - VPS33B and VIPAR co-operate with
Rab GTPases for LH3 delivery to collagen
carriers
3.1. Introduction
VPS33B and VIPAR proteins show a high degree of similarity to their yeast
homologues Vps33p and Vps16p, which are required for protein trafficking to
the yeast vacuole (Sato et al., 2000) as components of class c core
vacuole/endosome tethering (CORVET) and homotypic fusion and vacuole
protein sorting (HOPS) multiprotein complexes (reviewed in Balderhaar and
Ungermann (2013)). Metazoans have two other homologues of Vps33p and
Vps16p: VPS33A and VPS16A. VPS33A and VPS16A interact and act as
components of the mammalian HOPS and CORVET complexes (Graham
et al., 2013; Perini et al., 2014; Wartosch et al., 2015) whilst VPS33B and
VIPAR form a sub-complex that may act separately or as components of a
distinct and as yet only partly characterised tethering complex, the class C
homologues in endosome-vesicle interaction (CHEVI) complex (Rogerson
and Gissen, 2016; Spang, 2016).
To determine the roles of the VPS33B-VIPAR complex in intracellular
trafficking

our

lab

previously

performed

a

pull-down

VPS33B-VIPAR complex as bait in HEK293 cells.

with

purified

Mass spectrometry

analysis identified the collagen modifying enzyme lysyl hydroxylase 3 (LH3)
as a novel interactor of the VPS33B-VIPAR complex, and this was confirmed
by co-localisation and co-immunoprecipitation (co-IP) experiments (Banushi
et al., 2016). LH3 is a collagen modifying enzyme, found both intracellularly
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and extracellularly (Salo et al., 2006a),

that has lysyl hydroxylase,

glucosyltransferase and galactosyltransferase activities. These activities are
necessary for post-translational modification of specific lysine residues of
collagenous domains (Salo et al., 2006b); LH3 deficiency leads to defects in
post-translational

collagen

accumulation of collagen,

modifications

and

unexpected

intracellular

disrupting basement membrane formation

(Ruotsalainen et al., 2006).
In our cell line model, mIMCD3 cells, originally isolated from murine inner
medullary collecting ducts and used by Cullinane et al. (2010) to determine
polarisation defects in VPS33B and VIPAR deficiency, we found that LH3
co-localises with VPS33B and VIPAR and with intracellular collagen IV puncta
(Banushi et al., 2016). However, in VPS33B or VIPAR deficient mIMCD3 cells
LH3 co-localisation with collagen IV is lost and LH3 accumulates at the
trans-Golgi network (TGN). This indicates the VPS33B-VIPAR complex is
responsible for LH3 delivery from the TGN towards intracellular collagen
carriers. Additionally, basement membrane and collagen fibre structures were
disrupted in VPS33B and VIPAR deficient mice, indicating this pathway is
required for collagen homeostasis (Banushi et al., 2016).
As VPS33B and VIPAR are thought to comprise part of a cytosolic tethering
complex, and LH3 is a lumenal enzyme, it seems likely that the
VPS33B-VIPAR interaction with LH3 is indirect and VPS33B and VIPAR are
interacting with other, as yet unidentified proteins, to ensure correct delivery of
LH3 to collagen. Vesicle tethers can interact with Rab GTPases and act as
Rab effectors (Hutagalung and Novick, 2011); VPS33B-VIPAR interact with
Rab11a (Cullinane et al., 2010).

Co-localisation experiments with Rab

GTPases showed LH3 co-localises with Rab10 and Rab25 in mIMCD3 cells
but not with Rab11a (Banushi et al., 2016). Rab10 is important in post-Golgi

106

trafficking and delivery of cargo to the basement membrane (Lerner et al.,
2013; Liu et al., 2013) and Rab25 (also known as Rab11c) is a member of the
Rab11 subfamily of Rab GTPases and is important for recycling endosome
function (Casanova et al., 1999; Dozynkiewicz et al., 2012).
Further work, outlined in this Chapter, below, demonstrates that VPS33B and
VIPAR interact with Rab10 and Rab25. It was also shown that the GTPase
activity of both Rab10 and Rab25 is required for LH3 delivery to intracellular
collagen. However, interestingly, this pathway does not require Rab11a activity
(Banushi et al., 2016). This work lead to the proposition of a VPS33B-VIPAR,
Rab10 and Rab25 dependent LH3 delivery pathway that is necessary for LH3
delivery to collagen IV carriers, as outlined in Figure 3.1.
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Figure 3.1: The proposed model of VPS33B-VIPAR dependent LH3 delivery.
A representation of the proposed mechanism of LH3 delivery to intracellular collagen
IV carriers in mIMCD3 cells (Banushi et al., 2016). LH3-containing vesicles form
at the TGN, requiring VPS33B-VIPAR and Rab10. This vesicle is trafficked across
the cytoplasm and is converted to a Rab25-positive endosome which fuses with
intracellular collagen IV containing carriers.

The majority of the work outlining this pathway has been performed in
mIMCD3 cells. However, Madin-Darby canine kidney (MDCK) cells, derived
from the distal tubule cells of a canine kidney (Herzlinger et al., 1982), have
been

more

extensively

used

to

study

trafficking

pathways

and

apical-basolateral polarisation of cells. When grown in a 3D matrix MDCK
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cells form polarised cysts with a lumen, which has been particularly important
for such research (Bryant et al., 2014; Dukes et al., 2011; Rodriguez-Boulan
et al., 2005). mIMCD3 cells also form cysts in 3D culture and upon VPS33B,
VIPAR or LH3 knock-down, lumen formation was impaired (Banushi et al.,
2016). There are a variety of well-established protocols and tools to enable
dissection of different transport routes in MDCK cells and, in addition to their
tractability for 3D culture, this makes them a good candidate for further
studies on the involvement of VPS33B, VIPAR and LH3 in trafficking, cell
polarisation and lumen formation. If the LH3 delivery pathway is present in
MDCK cells these could be a more pertinent model for further study of
VPS33B-VIPAR dependent trafficking, both in relation to the LH3 pathway
and also for determination and study of delivery of other cargoes and roles in
lumen formation.

3.2. Aims
To dissect the roles of VPS33B and VIPAR in protein trafficking, I will further
investigate their roles as Rab effectors in the intracellular delivery of LH3 to
collagen carriers in mIMCD3 cells. To advance the characterisation of VPS33BVIPAR dependent trafficking, I will also investigate the suitability of MDCK cells
as a potential cell line model for the dissection of VPS33B-VIPAR function.

3.3. Results
3.3.1. VPS33B and VIPAR interact with Rab10 and Rab25
VPS33B and VIPAR are required for the delivery of LH3 to intracellular
collagen, however, neither had been found to co-localise with intracellular
collagen carriers and it was unclear where they act in this pathway (Banushi
et al., 2016). Additionally, VPS33B and VIPAR were found to co-localise with
Rab10 and Rab25, which also co-localise with LH3 (Banushi et al., 2016), so
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their role may be concomitant with either, or both, Rab10 and Rab25; this may
be through a direct interaction between VPS33B-VIPAR and Rab10 and
Rab25, with the VPS33B-VIPAR complex acting as a Rab effector.
VPS33B and VIPAR can co-immunoprecipitate Rab11a (Cullinane et al., 2010),
and I confirmed this co-immunoprecipitation (co-IP), Figure 3.2. GFP-Rab11a
co-immunoprecipitated with Myc-VIPAR and HA-VPS33B when pulled down
with anti-HA (α-HA) antibodies. As previously published (Cullinane et al., 2010),
VIPAR does not seem to be essential for VPS33B binding to Rab11a; when
expressed alone VPS33B can still pull down Rab11a, Figure 3.2, but it may
also be that endogenous VIPAR is mediating this interaction in this system.

+
+

HA-VPS33B
Myc-VIPAR
GFP-Rab11a

+
+

+
+
+

IP: α-HA
WB: α-GFP
Input
WB: α-HA

Input

WB: α-Myc Input
Figure 3.2: Rab11a co-immunoprecipitates with VPS33B and VIPAR.
Co-immunoprecipitation experiment performed with an α-HA antibody on lysates of
HEK293 cells expressing HA-VPS33B, Myc-VIPAR and GFP-Rab11a. HEK293 cells
were used for co-immunoprecipitation experiments as a higher transfection efficiency
was obtained compared to mIMCD3 cell transfections. The images shown are
representative of two independent experiments.

To test whether the VPS33B-VIPAR complex similarly interacts with Rab10
and Rab25 I performed co-IP experiments with VPS33B, VIPAR, Rab10 and
Rab25 proteins overexpressed in HEK293 cells. Figure 3.3 shows that Rab10
and Rab25 do interact biochemically with the VPS33B-VIPAR complex.
GFP-Rab10

(Figure

3.3A)

and

GFP-Rab25

(Figure

3.3B)

co-immunoprecipitate with HA-VPS33B when pulled down with α-HA
109

antibodies. Similarly to the interaction with Rab11a, both Rab10 and Rab25
can be pulled down without overexpression of VIPAR. This suggests VPS33B
mediates the Rab interaction but it may also be that endogenous VIPAR is
compensating in this system.
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Figure 3.3: Rab10 and Rab25 co-immunoprecipitate with VPS33B and VIPAR.
A - Co-immunoprecipitation experiment performed with an α-HA antibody on lysates of
HEK293 cells expressing HA-VPS33B, Myc-VIPAR and GFP-Rab10.
B - Co-immunoprecipitation experiment performed with an α-HA antibody on lysates of
HEK293 cells expressing HA-VPS33B, Myc-VIPAR and GFP-Rab25.
HEK293 cells were used for co-immunoprecipitation experiments as a higher
transfection efficiency was obtained compared to mIMCD3 cell transfections. The
images shown are representative of two independent experiments.

Ideally, co-IPs with antibodies directed against the endogenous proteins
should be used to confirm these interactions, however, in our experience, the
available antibodies against VPS33B and VIPAR recognise other proteins in
western blot analysis producing non-specific bands, this would suggest that
other proteins may be precipitated by these antibodies which may reduce the
specificity of these experiments. Reports have also mentioned that antibodies
against endogenous Rab proteins often do not produce suitable staining
results (Barrow et al., 2014) and have a high likelihood of cross-reactivity with
other Rab GTPases due to high levels of similarity with other members of the
Rab GTPase family (Pereira-Leal and Seabra, 2000; Stenmark and Olkkonen,
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2001) which does not support their suitability for specific isolation of
endogenous Rab proteins.
3.3.2. Rab10 and Rab25 GTPase activity is required for LH3 delivery
As

Rab10

and

Rab25

co-localise

(Banushi

et

al.,

2016)

and

co-immunoprecipitate with VPS33B-VIPAR, Figure 3.3, it is likely that the
GTPase activity of these proteins is involved in VPS33B-VIPAR dependent
delivery of LH3 to intracellular collagen IV. To determine whether their
GTPase activity was necessary, site-directed mutagenesis of Rab10 and
Rab25 constructs was performed to generate constructs that would express
Rab GTPases locked in the GDP bound state, Figure 3.4. Rab GTPases
normally cycle between GTP and GDP bound states and GDP locked
GTPases have been widely used to determine whether Rab GTPase activity
is important in membrane trafficking (Zhen and Stenmark, 2015). They act as
a ‘dominant negative’ (DN), binding to and sequestering Rab guanosine
diphosphate/guanosine triphosphate exchange factors (GEFs).

Dominant

negative Rab proteins bind to Rab GEFs but as they are GDP locked they are
not released from the Rab GEF. This prevents Rab GEFs from binding to and
activating wild-type (wt) Rab proteins, inhibiting the activity of wt Rab proteins
in the cell as they cannot be activated (Feig, 1999).
Site directed mutagenesis of the 68th nucleotide of the Rab10 cDNA sequence
in our vector, from cytosine to adenine, causes mutation of the 23rd amino acid,
from threonine (T) to asparagine (N), to generate a GDP-locked form of Rab10,
Rab10 T23N, which can act as a dominant negative (Babbey et al., 2006). In
the same way the 77th nucleotide of the Rab25 cDNA sequence in our vector
was changed from cytosine to adenine, causing mutation of the 26th amino acid
from threonine to asparagine, to generate GDP-locked Rab25, Rab25 T26N,
known to act as a dominant negative (Kessler et al., 2012).
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Figure 3.4: Sequencing results from site directed mutagenesis of Rab10 and
Rab25 constructs.
A - Sequencing results around the 68th nucleotide (highlighted blue) of wt Rab10 and
the site-directed mutagenesis generated Rab10 T23N.
B - Sequencing results around the 77th nucleotide (highlighted blue) of wt Rab25 and
the site-directed mutagenesis generated Rab25 T26N.
Results were visualised with SnapGene® software (from GSL Biotech; available at
snapgene.com).

Expression of the dominant negative forms of Rab25 and Rab10 in mIMCD3
cells prevented LH3 co-localisation with intracellular collagen, suggesting that
the activity of Rab10 and Rab25 is required for LH3 delivery to collagen
(Banushi et al., 2016). Upon expression of Rab25 T26N, LH3 co-localised
with Rab10-positive puncta, but expression of Rab10 T23N did not cause LH3
co-localisation with Rab25-positive puncta, suggesting that LH3 delivery to
collagen may occur sequentially through Rab10 and then Rab25-positive
endosomes (Banushi et al., 2016).
Interestingly the dominant negative form of Rab11a, Rab11a S25N, did not
affect LH3 delivery to collagen, suggesting that the activity of Rab11a is not
required for LH3 delivery to intracellular collagen (Banushi et al., 2016)
although VPS33B and VIPAR co-localise and interact with Rab11a (Cullinane
et al., 2010). This may indicate the VPS33B-VIPAR complex is not only acting
in the delivery of LH3 to collagen through a pathway involving Rab10 and
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Rab25, but is also involved in a separate pathway that requires interaction
with Rab11a.
3.3.3. Myo5B is not required for LH3 delivery
Both Rab10 and Rab25 have previously identified roles in vesicle trafficking.
Rab25 has been implicated in apical recycling and transcytosis from both
apical to basolateral membranes and from basolateral to apical domains in
polarised cells (Rodriguez-Boulan and Macara, 2014).

Rab25 has been

shown to interact with other trafficking proteins to carry out these roles,
including Myo5B (Hutagalung and Novick, 2011; Lapierre et al., 2001). Rab10
has been implicated in phagosome maturation, glucose transporter trafficking
and polarised trafficking from the TGN to the basolateral membrane (Galvez
et al., 2012; Lerner et al., 2013) and has been indicated to co-operate with
other proteins including Myo5B (Liu et al., 2013; Roland et al., 2011).
Both Rab10 and Rab25 have been associated with Myo5B which suggested
that Myo5B could be a motor protein involved in vesicle movement in the LH3
delivery pathway. To determine whether Myo5B was involved in LH3 delivery
to collagen, I tested co-localisation with known components of the LH3
delivery pathway and determined whether dominant negative Myo5B
truncations affected LH3 delivery. Figure 3.5 shows that when overexpressed
in mIMCD3 cells VPS33B and VIPAR do not co-localise with full-length
Myo5B, suggesting that Myo5B is not involved in VPS33B-VIPAR dependent
trafficking.
However, it is possible that VPS33B-VIPAR co-localisation with Myo5B is
transient in LH3 delivery trafficking and therefore difficult to detect. In order to
further test whether Myo5B is involved in LH3 delivery to collagen, I
expressed constructs expressing truncated forms of Myo5B in mIMCD3 cells,
a gift from Dr David Bryant (University of Glasgow, UK). These truncations, or
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“tails”, contain the cargo-binding domain of Myo5B but lack the motor domain,
resulting in the accumulation of Myo5B dependent recycling vesicles in the
perinuclear region (Lapierre et al., 2001) and acting as a dominant negative
for Myo5B dependent trafficking. Figure 3.6 shows overexpression of the
Myo5B motorless tail causes collapse of Myo5B puncta into a perinuclear
cluster, however, LH3 distribution was unaffected and puncta were present
throughout the cytoplasm, suggesting that LH3 is not a Myo5B cargo.

YFP-VPS33B

CFP-VIPAR

RFP-Myo5B
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Figure 3.5: Myo5B does not co-localise with VPS33B-VIPAR puncta in mIMCD3
cells.
Representative mIMCD3 cell expressing YFP-VPS33B, CFP-VIPAR and RFP-Myo5B.
Co-localisation was not seen between Myo5B positive puncta and VPS33B-VIPAR
puncta.
Scale bar = 10 μm. Images are single z-slices from z-stack images, dashed line
indicates approximate position of nucleus. Images are representative of the results
from two independent experiments.

Motorless Myo5B tails that also lack exon D, part of the cargo domain
required for Myo5B interaction with Rab10 (Roland et al., 2011, 2009), were
also expressed in mIMCD3 cells. Unsurprisingly, as the motorless Myo5B tail
had no effect on LH3 localisation, the tail domain without exon D also caused
accumulation of Myo5B in a perinuclear region without affecting the
distribution of LH3 puncta, Figure 3.6, further indicating that Myo5B is not
essential for LH3 trafficking.
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Figure 3.6: Myo5B tail mutants do not affect LH3 localisation in mIMCD3 cells.
Representative mIMCD3 cells expressing LH3-mCherry and GFP-Myo5B tail or GFPMyo5B tail without exon D (-D), co-localisation was not seen between Myo5B tail
clusters and LH3 puncta, which remained dispersed towards the cell periphery.
Scale bars = 10 μm. Images are single z-slices from z-stack images, dashed lines
indicate approximate position of nuclei. Images are representative of the results from
two independent experiments.

To confirm the full-length and truncated Myo5B proteins were fully functional
in mIMCD3 cells, I analysed the known Myo5B interaction with Rab11a and
Rab25 trafficking (Lapierre and Goldenring, 2005; Lapierre et al., 2001). Figure
3.7 shows that Rab11a does co-localise with full-length Myo5B and this colocalisation also occurs with both motorless Myo5B tails (with or without exon
D). The expression of both Rab11a and the Myo5B tails is restricted to the
perinuclear area.
This was also the case with Rab25: Rab25 co-localised with full-length Myo5B,
the Myo5B tail and the Myo5B tail lacking exon D. This indicates the Myo5B
constructs are expressing Myo5B proteins in mIMCD3 cells that are behaving
as previously reported. This supports my results indicating that Myo5B is not
required for LH3 delivery in mIMCD3 cells.
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Figure 3.7: Full-length and truncated Myo5B co-localises with Rab11a.
Representative mIMCD3 cells expressing RFP-Myo5B full-length (FL) with GFPRab11a, GFP-Myo5B tail or GFP-Myo5B tail without exon D (-D) with Myc-Rab11a,
stained with an α-Myc antibody.
Scale bars = 10 μm. Images are single z-slices from z-stack images, dashed lines
indicate approximate position of nuclei. Images are representative of the results from
a single experiment.
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Figure 3.8: Full-length and truncated Myo5B co-localises with Rab25.
Representative mIMCD3 cells expressing RFP-Myo5B full-length (FL) and GFPRab25, GFP-Myo5B tail or GFP-Myo5B tail without exon D with untagged-Rab25,
stained with an α-Rab25 antibody.
Scale bars = 10 μm. Images are single z-slices from z-stack images, dashed lines
indicate approximate position of nuclei. Images are representative of the results from
a single experiment.
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3.3.4. VPS33B-VIPAR dependent LH3 delivery occurs in MDCK cells
Much of the work delineating the mechanism of LH3 delivery to intracellular
collagen has been performed in mIMCD3 cells, in this chapter, Cullinane et al.
(2009) and Banushi et al. (2016). MDCK cells are another polarised kidney
cell line which has been widely used in studies of trafficking and polarisation
leading to a wide number of protocols, antibodies and tools being developed to
enable dissection of different transport routes in these cells. Additionally, they
are tractable for 3D culture and form spheres with lumens, Figure 3.9. As a
result, MDCK cell lines could be a good option for further study of VPS33BVIPAR dependent trafficking.

E-cadherin
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Merge

Figure 3.9: 3D sphere formation in wt MDCK cells.
Cysts formed from wt MDCK cells stained for E-cadherin and collagen IV; wt MDCK
cells were seeded at very low density onto set Geltrex layers, in tissue culture dishes,
and cultured for four days, as detailed further in section 2.5.1.1. This allowed single
cells to form 3D spheres with an identifiable lumen surrounded by a single layer of cells
that form a spheroid shape. Images are representative of a single experiment.
Scale bar = 20 μm. Images are single z-slices from z-stack images.

The Canis lupus familiaris genome contains genes for canine VPS33B,
VIPAS39 and PLOD3; the cDNA and protein sequences are highly similar to
the murine and human sequences, Table 3.1, supporting the hypothesis that
this pathway may be conserved in canine cells.
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Percent similarity:

Percent similarity:

canine to murine

canine to human

cDNA

Protein

cDNA

Protein

VPS33B

89.7

96.4

92.5

97.4

VIPAR

88.5

95.3

92.4

97.4

LH3

86.1

92.2

89.1

94.6

Table 3.1: Sequence similarity of canine and murine or human VPS33B, VIPAR and
LH3. Analysed using the Clustal Omega sequence alignment tool (Sievers et al., 2011).

The expression of VPS33B, VIPAR and LH3 in the MDCK cell line was
checked by western blot of wt MDCK cell lysates. As α-VPS33B and α-VIPAR
antibodies have previously shown non-specific bands around the molecular
weight for VPS33B and VIPAR (approximately 70 and 55 kDa respectively),
see Figure 4.1B and Banushi et al. (2016). MDCK cells were transfected with
tagged human VPS33B and VIPAS39 constructs to help detect expression of
these proteins. Figure 3.10B shows immunodetection of a protein of about the
correct molecular weight for VIPAR in untransfected cells that is increased in
cells with Myc-VIPAR, although it is slightly increased in molecular weight due
to the presence of the Myc tag.
There was no clear suitably sized band for endogenous VPS33B in MDCK
cell lysate without the overexpression of HA-VPS33B, Figure 3.10A. It is
possible that VPS33B is not expressed in these cells or expressed at too low
a level for detection before the signal from the lower molecular weight
non-specific band obscures the correct size band. It is also possible that
despite the high levels of homology between canine and human or murine
protein sequences (Table 3.1) this antibody does not recognise canine
VPS33B. It is unlikely that VPS33B is not expressed as the expression of
VPS33B and VIPAR is co-regulated; decreased VPS33B expression leads to
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downregulation of VIPAR (van der Kant et al., 2015) and when VIPAR
expression is reduced VPS33B expression is also decreased (Urban et al.,
2012). Therefore we would expect that without VPS33B expression, VIPAR

α-VIPAR

α-GAPDH

α-GAPDH

-V
yc

un

tra

ns
f

ec
te

d

C

y
pt

α-VPS33B

+M

+H

+M

A-

yc

-e

VP

m

pt
em
A+H

B

S3

y

3B

A

IP
AR

would not be expressed.

α-LH3

90

Figure 3.10: MDCK cells express VIPAR and LH3.
A - Western blots of MDCK cell lysates expressing HA-empty or HA-VPS33B plasmids,
blotted for VPS33B and GAPDH.
B - Western blots of MDCK cell lysates expressing Myc-empty or Myc-VIPAR plasmids,
blotted for VIPAR and GAPDH.
C - Western blot analysis of MDCK cell lysates without transfection, blotted for LH3.
Images are representative of two independent immunoblotting experiments.

Figure 3.10C shows that there is an endogenous protein of the correct
molecular weight in MDCK cells (85 kDa) for LH3; suggesting VIPAR and LH3
are expressed in MDCK cells and VPS33B-VIPAR dependent LH3 delivery to
collagen may be present in these cells.
To characterise whether LH3 delivery in wt MDCK cells was occurring in a
similar pathway to mIMCD3 cells I performed co-localisation studies, similar to
those performed in Banushi et al. (2016). Unfortunately, I was unable to
convincingly immunostain collagen IV in MDCK cells. I tested four antibodies
including an antibody raised against collagen IV α1 and another raised
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against collagen IV α2, both previously reported to stain collagen in MDCK
cell cultures (Peng et al., 2015; Yu et al., 2004) and several fixation protocols.
No co-localisation was seen between any of these antibodies with LH3, with
any of the fixation protocols, which could suggest LH3 delivery to collagen
does not occur in these cells or these antibodies are recognising a different
population of collagen IV carriers, compared to the one visualised in mIMCD3
cells. Co-staining with antibodies for α1 and 2 chains did not result in an
overlap of their signal, which is unexpected considering the α1 and 2 chains
comprise the same triple helical pro-collagen molecule (Khoshnoodi et al.,
2008). Another explanation for the lack of LH3-collagen co-localisation could
be the lack of specific staining of collagen IV by these antibodies.
The two antibodies that had been previously used to stain MDCK cell cultures
in the literature (Peng et al., 2015; Yu et al., 2004), were used in those studies
to stain extracellular collagen in polarised cell culture (as I also performed in
Figure 3.9) which does not necessarily support the theory that these antibodies
specifically recognise MDCK cell secreted collagen as the surrounding media
(Geltrex, matrigel or collagen gels) contains collagen IV.
It is also possible that different secretion pathways are present in mIMCD3
and MDCK cells; they were isolated from distinct parts of the kidney, the inner
medullary collecting duct (Rauchman et al., 1993) and the distal tubule
(Herzlinger et al., 1982) respectively, which have distinct functions (Madsen
et al., 1988). Additionally, they are both adapted to indefinite tissue culture
and may have acquired distinct mechanisms to survive in vitro.
As the final step of the LH3 delivery pathway could not be confirmed without
specific collagen IV staining, I analysed LH3 co-localisation with other
components of the LH3 delivery pathway to determine whether LH3 is
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delivered through a similar pathway in MDCK cells.

Localisation of LH3,

Figures 3.11 and 3.12, mirrors exactly that seen in mIMCD3 cells (Banushi
et al., 2016) suggesting this delivery pathway is present in MDCK cells.
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Figure 3.11: LH3 co-localises with VPS33B-VIPAR puncta in MDCK cells.
Representative MDCK cell expressing YFP-VPS33B, CFP-VIPAR and LH3-mCherry,
which almost completely co-localise.
Scale bar = 10 μm. Images are single z-slices from z-stack images, dashed lines
indicate approximate position of nuclei. Images are representative of the results from
two independent experiments.

LH3 did co-localise with VPS33B and VIPAR in MDCK cells when
overexpressed, Figure 3.11. There was little co-localisation between LH3 and
Rab11a, but areas of co-localisation with Rab10 and Rab25, Figure 3.12, and,
importantly, transfection of dominant negative Rab25 T26N caused LH3 to
almost completely co-localise with Rab25 T26N, Figure 3.12, whereas there
was only part co-localisation with wt Rab25, suggesting that the dominant
negative Rab25 T26N is affecting LH3 delivery, as was seen in mIMCD3 cells
(Banushi et al., 2016).
There was also almost no co-localisation between LH3 and a marker of late
endosomes and lysosomes, CD63, Figure 3.13.

This is the same as in

mIMCD3 cells (Banushi et al., 2016), further supporting the idea that the
same LH3 delivery pathway is present in MDCK cells, as LH3 is not being
diverted to an alternative pathway via late endosomes or to lysosomes.
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Figure 3.12: LH3 co-localises with Rab10, Rab25 and Rab25 T26N in MDCK cells,
but not with Rab11a.
Representative MDCK cells expressing LH3-mCherry and GFP-Rab11a, GFP-Rab10,
GFP-Rab25 or GFP-Rab25 T26N. Co-localisation was not visible with Rab11a, some
puncta co-localised with Rab10 (arrow) and a larger amount co-localised with Rab25.
Rab25 T26N showed extensive co-localisation with almost all of the LH3 signal.
Scale bar = 10 μm. Images are single z-slices from z-stack images, dashed line
indicates approximate position of the nucleus. Images are representative of the results
from two independent experiments.
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Figure 3.13: LH3 shows little co-localisation with CD63 in MDCK cells.
Representative MDCK cell expressing GFP-CD63 and LH3-mCherry; a very low level
of co-localisation is visible in the perinuclear area only.
Scale bar = 10 μm. Images are single z-slices from z-stack images, dashed line
indicates approximate position of the nucleus. Images are representative of the results
from two independent experiments.

3.4. Conclusions
3.4.1. VPS33B and VIPAR co-operate with Rab10 and Rab25 for LH3
delivery in mIMCD3 cells
VPS33B and VIPAR are required for LH3 delivery to intracellular collagen and
co-localise with the known regulators of vesicle trafficking Rab10 and Rab25
(Banushi et al., 2016), in addition to Rab11a, a previously identified VPS33BVIPAR interactor (Cullinane et al., 2010). To further characterise the VPS33BVIPAR dependent trafficking of LH3 I determined that VPS33B can pull-down
both Rab25 and Rab10, suggesting these proteins do interact, although this
may be an indirect interaction.
It is possible that the GTPase activity of Rab GTPases that interact with
VPS33B-VIPAR is necessary for LH3 delivery to collagen.

To determine

whether these Rab GTPases are involved in LH3 trafficking, I generated
dominant negative forms of Rab10 and Rab25.

Dominant negative Rab

protein expression in mIMCD3 cells prevented LH3 delivery to collagen
confirming Rab GTPase activity is required for LH3 delivery (Banushi et al.,
2016), leading us to postulate the trafficking pathway outlined in Figure 3.1.
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Both Rab10 and Rab25 play important roles in vesicle trafficking (Babbey
et al., 2006; Casanova et al., 1999) and there is some evidence that Rab10
and Rab25 may cooperate in the same trafficking pathways (Lapierre et al.,
2006; Udayar et al., 2013). It is possible that we are describing a novel role of
previously studied delivery pathways or perhaps an as yet uncharacterised
pathway.
A patient heterozygous for two LH3 variants, that cause decreased LH3
activity, has collagen defects and similar symptoms to ARC syndrome, joint
contractures, osteopenia, growth retardation and sensorineural deafness
(Salo et al., 2008). However, there is not a complete overlap of symptoms,
several other symptoms are observed in patients with ARC syndrome
indicating that VPS33B and VIPAR deficiency causes other defects beyond
LH3 mislocalisation and LH3 may not be the only cargo of VPS33B-VIPAR
complex. It is likely that VPS33B and VIPAR are also required for the correct
targeting of other cargoes to specific intracellular compartments. What these
cargoes are and whether their VPS33B-VIPAR dependent trafficking follows
the same Rab10 and Rab25 dependent pathway remains to be ascertained.
3.4.2. Myo5B is not important for LH3 delivery in mIMCD3 cells
Myo5B has been identified as an interactor for both Rab10 and Rab25
(Lapierre et al., 2001; Roland et al., 2009) in other protein trafficking pathways
so it was hypothesized that Myo5B could be a motor responsible for LH3
delivery to collagen. When overexpressed in mIMCD3 cells full-length Myo5B
did not co-localise with VPS33B and VIPAR, suggesting that Myo5B is not
involved in trafficking vesicles where VPS33B and VIPAR are also present.
Additionally, truncated motorless forms of Myo5B, which result in the
accumulation of Myo5B dependent recycling vesicles in the perinuclear region
(Lapierre et al., 2001), did not affect LH3 distribution in mIMCD3 cells,
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suggesting that LH3 does not require Myo5B motor activity for its localisation.
Co-localisation of full-length Myo5B and motorless Myo5B tails with Rab11a
and Rab25 confirmed that the Myo5B constructs were behaving as described
in the literature, interacting with Rab11a and Rab25 trafficking (Lapierre and
Goldenring, 2005; Lapierre et al., 2001) and causing collapse of Rab11a and
Rab25 positive vesicles to the perinuclear area upon expression of motorless
Myo5B tails.
These results suggest that Myo5B is not important for LH3 delivery to
intracellular collagen and another motor protein may be involved.

It is

possible that this could be another Myo5 family protein such as Myo5A, which
also interacts with Rab10 (Chen et al., 2012).
3.4.3. MDCK cells are a suitable model for future characterisation of
VPS33B-VIPAR function
The majority of the work delineating LH3 delivery to intracellular collagen has
been performed in mIMCD3 cells, a mouse kidney cell line. MDCK cells are
a canine cell line also derived from the kidney, with a much greater volume of
research on their trafficking pathways and polarisation regulation. It would be
interesting to be able to study VPS33B-VIPAR trafficking in this cell line and
benefit from the range of tools available for membrane trafficking research, if
the VPS33B-VIPAR dependent LH3 delivery pathway is present.
I was unable to convincingly immunostain collagen IV in MDCK cells but could
demonstrate that VPS33B and VIPAR co-localise with LH3 in wt MDCK cells,
indicating that this delivery pathway may also be present in this cell line. LH3
also co-localised with Rab10 and Rab25, regulators of the LH3 delivery
pathway, but not with Rab11a or CD63, giving further evidence that the LH3
delivery pathway is operating in the same way as in mIMCD3 cells.

In

addition, the Rab25 T26N dominant negative almost completely co-localised
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with LH3, more than LH3 with wt Rab25, suggesting that there is a LH3
delivery pathway in MDCK cells that is dependent on Rab25 activity.
Confirmation of LH3 localisation to collagen carriers in MDCK cells would,
however, be essential before use of this cell line as an alternative cell line for
further study of VPS33B-VIPAR dependent trafficking, but this does also
further confirm that the LH3 delivery pathway is not solely found in mIMCD3
cells.
In summary, I have shown that VPS33B and VIPAR can interact with Rab10
and Rab25. I have also helped to demonstrate that the GTPase activity of
these Rab GTPases is necessary for LH3 delivery to collagen, but that the
motor activity of Myo5B, a Rab10 and Rab25 interactor, is not required and the
motor protein essential for LH3 delivery to collagen remains to be determined. I
also demonstrated the LH3 delivery pathway is similarly present in MDCK cells,
which, with the wealth of prior knowledge regarding trafficking and polarisation
pathways in these cells, would be a good cell line to develop for further study
of VPS33B-VIPAR dependent trafficking.
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Chapter 4 - A novel mutation in VPS33B is
associated with ARKID syndrome
4.1. Introduction
Mutations in VPS33B and VIPAS39 cause the rare severe multisystem
disorder ARC syndrome (Cullinane et al., 2010; Gissen et al., 2004). Most
patients with ARC syndrome suffer from failure to thrive and die in infancy due
to recurrent infections (Abu-Sa’da et al., 2005), but patients with attenuated
forms of the disease have been reported to survive to childhood (Smith et al.,
2012).

Along with other symptoms, patients present with sensorineural

deafness and severe ichthyosis (Gissen et al., 2006). Previous analysis of
patients with ARC syndrome with a VPS33B mutation:

c.701-1G>C

p.Asp234His, causing expression of a truncated VPS33B protein (Hershkovitz
et al., 2008) identified defects in the epidermal ultrastructure.

Lamellar

structures were present in patient corneocytes which the authors suggested
were “entombed” lamellar bodies (LBs) that had not been secreted before
formation of the corneocyte cornified envelope.
Various types of skin disease present with dry skin.

Palmoplantar

keratoderma (PPK), a group of such disorders, is characterised by
hyperkeratosis, abnormal thickening of the stratum corneum (SC), on the
palms and soles. Two forms of hereditary PPK syndromes with sensorineural
deafness are Vohwinkel syndrome, VWS (OMIM #124500), and keratodermaichthyosis-deafness, KID (OMIM #148210) caused by mutations in the gap
junction protein, connexin 26, gene GJB2, and generally inherited in an
autosomal dominant manner. Another autosomal dominant cause of VWS is
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mutation in LOR, encoding loricrin, a component of the epidermal cornified
envelope (OMIM #604117) (Maestrini, 1999; Schmuth et al., 2004) and, rarely,
mutations in MT-TS1 encoding the mitochondrial serine tRNA can also cause
VWS (OMIM #590080) (Sevior et al., 1998).
Three patients of Austrian origin were recently identified with characteristic
VWS

symptoms,

including

severe

palmoplantar

hyperkeratosis

and

sensorineural deafness. No mutations were found in the PPK associated
genes GJB2, LOR or MT-TS1 and whole exome sequencing identified a novel
variant in VPS33B: c.[392G>A;390G>A] p.Gly131Glu in all three patients.
This variant has not been previously identified in patients with ARC syndrome
and was not found in Single Nucleotide Polymorphism Database (dbSNP),
Exome Sequencing Project or Exome Aggregation Consortium databases or
300 anonymous blood donors from Western Austria (Gruber et al., 2017).
Two patients are homozygous for the variant and the third patient is
compound heterozygous with a previously identified splice site mutation
c.240-1G>C p.(?), with an unknown effect on VPS33B protein expression,
which causes ARC syndrome in homozygous form (Smith et al., 2012).
The patients carrying the p.Gly131Glu variant of VPS33B share some
symptom similarities with patients with ARC syndrome. They have a severe
skin disease, sensorineural deafness and mild renal tubular leak, however,
they do not present with other characteristic symptoms of ARC syndrome.
They have also all survived into adulthood, whereas only a few patients with
ARC syndrome have been reported to survive into childhood (Smith et al.,
2012); most patients with classical ARC syndrome die in infancy.

This

suggests this novel syndrome is allelic to ARC syndrome and in the study of
this syndrome we have named it Autosomal Recessive Keratoderma
Ichthyosis Deafness (ARKID) syndrome (Gruber et al., 2017).
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4.2. Aims
The p.Gly131Glu variant in VPS33B was identified in patients with a
syndrome allelic to ARC syndrome.

Determining the underlying genetic

mutation in this syndrome can help understand the pathology of this disease.
In addition, identification of a variant in VPS33B that causes a milder disease
than ARC syndrome would also help study VPS33B function, as this variant
probably leads to only a partial disruption of VPS33B function. To determine
the pathogenicity of the p.Gly131Glu variant in VPS33B, its effects on known
VPS33B interactions and VPS33B-dependent functions were studied. The
effects on the VPS33B-VIPAR interaction, VPS33B-VIPAR interactions with
Rab GTPase binding partners, the intracellular localisation of VPS33B and
the intracellular delivery of known VPS33B cargo were investigated.

4.3. Results
4.3.1. Variant p.Gly131Glu does not affect expression of VPS33B or VIPAR
Previously identified mutations in VPS33B have been shown to affect
VPS33B expression (Cullinane et al., 2009), Figure 4.1B. To determine
whether the p.Gly131Glu variant affected VPS33B expression, protein lysates
were extracted from fibroblasts derived from the patients and immunoblotted
for VPS33B expression.

Figure 4.1A shows there is not a substantial

decrease in the expression of VPS33B in the patient with ARKID syndrome,
unlike the decrease seen in classical ARC syndrome patients, Figure 4.1B.
When VPS33B expression is decreased, for instance by shRNA treatment,
knockout of gene exons in murine models, or in patients with a VPS33B
mutation, the expression of VIPAR is also reduced (van der Kant et al., 2015),
Figure 4.1B. The reciprocal is also seen, when VIPAR expression is reduced
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VPS33B expression is also decreased (Urban et al., 2012), Figure 4.1B.
However, VIPAR expression in the ARKID patient sample was similar to that
of a control patient. This indicates the expression of both VPS33B and VIPAR
is unaffected by the p.Gly131Glu variant in VPS33B and it is not a reduction in
the expression of VPS33B or VIPAR that is causing these patients’ symptoms.
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Figure 4.1: VPS33B and VIPAR expression in patients with ARKID or ARC
syndromes.
A - ARKID patient and control adult derived fibroblast lysates. ARKID patient 2
is homozygous for the VPS33B c.[390G>A;392G>A] variant. VPS33B and VIPAR
expression is not reduced in this patient.
B - ARC patient and control neonatal derived fibroblast lysates. ARC patient 1
is compound heterozygous for variants in VPS33B: c.939+2T>C, c.1594C>T which
cause disruption of a splice site, and introduce a premature stop codon respectively.
ARC patient 2 is homozygous for the VIPAS39 variant c.638T>C, which causes a
missense mutation p.Leu213Pro. In both patients the expression of VPS33B and
VIPAR is reduced.
Arrows indicate the specific band in α-VPS33B western blots as there is a
slightly smaller non-specific band. Images are representative of two independent
immunoblotting experiments.

4.3.2. Variant p.Gly131Glu does not affect the VPS33B-VIPAR interaction
The human VIPAR protein was initially identified as a protein involved in ARC
pathogenesis through its interaction with VPS33B; the two proteins co-localise
and co-immunoprecipitate when overexpressed (Cullinane et al., 2010).
Variants identified in patients with classical ARC syndrome have shown a
reduction in the VPS33B-VIPAR interaction leading to changes in intracellular
staining and loss of co-localisation compared to wt VPS33B (Cullinane et al.,
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2010; Smith et al., 2012; Tornieri et al., 2013; van der Kant et al., 2015). To
study the effect of variant p.Gly131Glu on VPS33B function, I introduced the
variant into existing YFP-tagged and HA-tagged VPS33B overexpression
plasmids. As can be seen from western blots in Figure 4.2 and confocal
imaging in Figure 4.3 these plasmids can express VPS33B in mIMCD3 and
HEK293 cells.

-

+

-

HA-VPS33B-p.Gly131Glu +
Myc-VIPAR

-

+

+

+

HA-VPS33B

WB: α-Myc

WB: α-HA

IP: α-HA
Input
IP: α-HA
Input

Figure 4.2: p.Gly131Glu variant VPS33B interacts with VIPAR.
Co-immunoprecipitation experiment performed with an α-HA antibody on lysates
of HEK293 cells expressing HA-VPS33B or HA-VPS33B(p.Gly131Glu) with MycVIPAR. HEK293 cells were used for co-immunoprecipitation experiments as a higher
transfection efficiency was obtained compared to mIMCD3 cell transfections. The
images shown are representative of two independent experiments.

To test whether the p.Gly131Glu variant disrupts the VPS33B-VIPAR
interaction I performed co-immunoprecipitation experiments in HEK293 cells
and co-localisation experiments in mIMCD3 cells.

Figure 4.2 shows that

VPS33B(p.Gly131Glu) can still pull-down VIPAR in HEK293 cells. Figure 4.3
shows that co-localisation between VPS33B and VIPAR is also unaffected.
Interestingly, when overexpressing VPS33B(p.Gly131Glu) and VIPAR the
number of puncta present in each cell was consistently reduced compared to
wt VPS33B and VIPAR.
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Figure 4.3: p.Gly131Glu variant VPS33B co-localises with VIPAR in mIMCD3
cells.
A - Representative mIMCD3 cells expressing wt YFP-VPS33B or YFPVPS33B(p.Gly131Glu) and mCherry-VIPAR.
B - Quantification of the level of co-localization between wt or VPS33B(p.Gly131Glu)
with VIPAR.
Scale bars = 10 μm. Images are a maximum projection of a z-stack of images.
Number of cells analysed (n) from two independent experiments is indicated. Data
are mean ± standard deviation, unpaired t-test, non-significant (ns) p>0.05.

To ensure that the co-localisation between VPS33B or VPS33B(p.Gly131Glu)
and VIPAR was not affected by the nature of the tags, I also overexpressed
HA-tagged VPS33B, VPS33B(p.Gly131Glu) and Myc-tagged VIPAR. Figure
4.4 shows that when tagged with the affinity tags there is still an extremely
high level of co-localisation between wt VPS33B or VPS33B(p.Gly131Glu)
and VIPAR. This is similar to the results with fluorescent tags, confirming that
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the variant does not affect the VPS33B-VIPAR interaction, unlike variants
known to cause ARC syndrome.
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Figure 4.4: Affinity-tagged wt VPS33B and VPS33B(p.Gly131Glu) also colocalise with VIPAR in mIMCD3 cells.
A - Representative mIMCD3 cells expressing wt HA-VPS33B or HAVPS33B(p.Gly131Glu) and Myc-VIPAR, stained with α-HA and α-VIPAR antibodies.
B - Quantification of the level of co-localisation between wt VPS33B and
VPS33B(p.Gly131Glu) with VIPAR.
Scale bars = 10 μm. Images are a maximum projection of a z-stack of images.
Number of cells analysed (n) from a single experiment is indicated. Data are mean ±
standard deviation, unpaired t-test, non-significant (ns) p>0.05.

This is also supported by the location of the Gly131 residue in a predicted
model of VPS33B tertiary structure (Gruber et al., 2017) provided by Dr
Federico Forneris (University of Pavia, Italy). As can be seen in Figure 4.5,
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the Gly131 residue is predicted to be in a cluster of negatively charged
residues on the surface of the protein, approximately 20 Å from the
VPS33B-VIPAR interaction site. This illustrates that the p.Gly131Glu variant
is unlikely to disrupt the VPS33B tertiary structure or the VPS33B-VIPAR
interaction, but it is interesting that the introduction of the negatively charged
glutamate residue into this negatively charged region is affecting VPS33B
function.

A

B

Figure 4.5: Location of residue Gly131 in a predicted structural model of the
VPS33B-VIPAR complex.
Representations of a model of the VPS33B-VIPAR complex using crystal structures
of the human VPS33A-VPS16 and fungal VPS33–VPS16 complexes as references,
provided by Dr Federico Forneris. The disordered N-terminus of VIPAR is omitted.
A - VPS33B is coloured orange and the alpha solenoid region of VIPAR (residues 140450) blue. Residue Gly131 of VPS33B is shown as a green sphere.
B - VPS33B is coloured according to the surface potential; from -5 kb Tec -1 in red to
+5kb Tec -1 in blue and the alpha solenoid region of VIPAR is dark grey.
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4.3.3. Variant p.Gly131Glu affects VPS33B dependent delivery of LH3 to
collagen
VPS33B is required for the delivery of a collagen-modifying enzyme, LH3, to
intracellular collagen (Banushi et al., 2016).

In wt mIMCD3 cells LH3

co-localises with intracellular collagen IV whereas in VPS33B or VIPAR
deficient mIMCD3 cells LH3 is delivered to compartments distinct from
intracellular collagen IV, Figure 4.6A and Banushi et al. (2016).
Defective LH3 delivery in VPS33B or VIPAR deficient mIMCD3 cells can be
rescued by overexpression of VIPAR with wt VPS33B but not with VPS33B
containing ARC patient variants (Banushi et al., 2016).

To test whether

VPS33B(p.Gly131Glu) can rescue VPS33B deficiency I performed a similar
experiment. As can be seen in Figure 4.6B, and, quantified in Figure 4.7, the
expression of wt VPS33B and VIPAR can rescue the co-localisation between
LH3 and collagen IV, but VPS33B(p.Gly131Glu) and VIPAR cannot,
suggesting that the p.Gly131Glu variant is affecting LH3 delivery. This may be
causing the phenotypes observed in these patients.
To determine whether LH3 delivery was affected in the patients with the
p.Gly131Glu variant I assessed the distribution of LH3 in human palmar skin
sections. LH3 staining in patient dermal fibroblasts was substantially less
punctate than in the control palmar skin sections, Figure 4.8, indicating
altered LH3 distribution in fibroblasts of these patients, which suggests
defects in LH3 delivery to intracellular collagen.
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Figure 4.6: p.Gly131Glu variant VPS33B cannot rescue defective LH3 delivery in
VPS33B deficient mIMCD3 cells.
A - Representative mIMCD3 cells expressing non-silencing or VPS33B-silencing
shRNA, transfected with LH3-mCherry and stained for collagen IV.
B - Representative mIMCD3 cells expressing VPS33B-silencing shRNA transfected
with YFP-VPS33B or YFP-VPS33B(p.Gly131Glu), CFP-VIPAR and LH3-mCherry, and
stained for collagen IV. For ease of visualisation CFP-VIPAR channels are shown in C.
C - CFP-VIPAR channels from the cells shown in part B.
Scale bars = 10 μm. Images are a maximum projection of a z-stack of images.
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Figure 4.7: Quantification of LH3 and collagen IV co-localisation in wt and
VPS33B deficient mIMCD3 cells.
Quantification of co-localisation of LH3-mCherry with intracellular collagen IV in control,
VPS33B shRNA treated lines and VPS33B shRNA treated lines with VPS33B or
VPS33B(p.Gly131Glu) and VIPAR. The number of cells analysed from four pooled
independent experiments (n) are indicated. Data are mean ± standard deviation,
Kruskal-Wallis test, ** p≤0.01, **** p≤0.0001.
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Figure 4.8: LH3 distribution is affected in ARKID patient dermal fibroblasts.
Staining of LH3 in dermal fibroblasts in control and ARKID patient skin sections
showing reduced granular distribution of LH3 in ARKID patient skin. Nuclei are
counterstained with DAPI. Scale bars = 10 μm. Images are single z-slices from z-stack
images. Staining is representative of three independent experiments.
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4.3.4. Patients with the p.Gly131Glu variant have lower levels of LH3
dependent collagen modification
LH3 is a collagen modifying enzyme important for the hydroxylation,
galactosylation and glucosylation of lysine residues in collagenous domains
(Salo et al., 2006b). In patients with ARC syndrome, defective LH3 delivery
can lead to the accumulation of collagen I and a decrease in LH3 dependent
post-translational modifications of collagen in both urine and fibroblast protein
lysates (Banushi et al., 2016). Collagen I was extracted from patient derived
fibroblast cultures and the fibroblast lysate from a patient with variant
p.Gly131Glu produced results similar to patients with classical ARC
syndrome, Figure 4.9.

LH3 dependent modifications of collagen were

decreased compared to control samples, with a reduction of a similar extent
to that of patients with classical ARC syndrome. Unfortunately, only neonatal
control fibroblast lysates, not age-matched adult controls, were available for
this analysis.
To confirm this, urine samples from two patients with the variant were also
analysed. Figure 4.10 shows that these results were very similar to those from
the fibroblasts; lysine hydroxylation was not particularly affected in the urine
samples but the galactosylation and glucosylation were substantially reduced.
However, lysine hydroxylation can also be performed by other enzymes
including lysine hydroxylases LH1 and LH2 which may compensate for the
reduction in LH3 activity. The subsequent galactosylation and glucosylation
modifications reactions are unique to LH3 and these are decreased in both
the fibroblast and urine samples, indicating that altered LH3 delivery in these
patients is affecting LH3-dependent collagen modification.
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Figure 4.9: LH3 dependent collagen modifications are reduced in ARKID patient
fibroblasts.
Relative quantification of (A) hydroxylysines (Lys-OH), (B) galactosyl hydroxylysines
(Lys-O-Gal) and (C) glucosylgalactosyl hydroxylysines (Lys-O-GalGlc) in collagen I
isolated from control, ARKID patient 2 and ARC syndrome patient fibroblasts using
liquid chromatography tandem mass spectrometry analysis.
Data are the mean of two experimental repeats, with ± standard deviation for the
five ARC patient samples, statistical significance was not calculated as only single
ARKID patient samples were analysed. Sample preparation and mass spectrometry
was kindly performed by Dr Blerida Banushi.
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Figure 4.10: LH3 dependent collagen modifications are decreased in ARKID
patient urine.
Relative quantification of (A) hydroxylysines (Lys-OH), (B) galactosyl hydroxylysines
(Lys-O-Gal) and (C) glucosylgalactosyl hydroxylysines (Lys-O-GalGlc) in urine from
patient 1 and his father, patient 2 and her mother, age matched controls and ARC
syndrome patients, using liquid chromatography tandem mass spectrometry analysis.
Mean ± standard deviation is shown for the 20 neonatal control and 3 ARC patient
samples; statistical significance was not calculated as only single ARKID patient
samples were analysed. Sample preparation and mass spectrometry was kindly
performed by Dr Blerida Banushi.
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Collagen modifications are important for collagen cross-links and structure, and
changes in these modifications can alter these structures (Ruotsalainen et al.,
2006; Sipila et al., 2007; Sricholpech et al., 2012). To determine the effect
of deficiency of these modifications on the dermis, fibroblasts derived from a
patient with the p.Gly131Glu variant were cultured in the presence of ascorbic
acid to stimulate collagen secretion. The structure of the secreted matrix was
immunostained for collagen I, Figure 4.11A, and the tendency of the fibres to
align in particular directions, the ‘directionality’ was measured.
Directionality analysis measures the amount of collagen I staining that aligns
in every direction and fits a gaussian distribution to the results, Figure 4.11B.
Fibroblasts derived from a patient with the p.Gly131Glu variant deposited a
matrix with a much greater dispersion of direction than control cultures. To
quantify the differences in alignment, the standard deviation of the Gaussian
function, a measure of how tightly aligned the matrix is, and the range of the
Gaussian function, indicating the number of fibres aligned in the most common
direction compared to the least common, were analysed.
Fibroblasts derived from a patient with the p.Gly131Glu variant had a larger
standard deviation, Figure 4.11C, and a lower range of the Gaussian
distributions, Figure 4.11D, than control fibroblasts, indicating the fibres were
more dispersed.

This suggests alterations in LH3 dependent collagen

modifications are affecting collagenous structure formation in this patient.
This finding was confirmed by transmission electron microscopy (TEM) of the
dermo-epidermal junction in a skin biopsy from a patient with the p.Gly131Glu
variant (Gruber et al., 2017). There is a decrease in the size of the basement
membrane, hemidesmosomes appear less obvious and the number of
anchoring fibrils was decreased in patients with the p.Gly131Glu variant.
Furthermore, collagen fibres appeared reduced in number and were less fixed
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to the anchoring fibrils, indicating disruption of the basement membrane
structure, likely to be due to defective LH3 modification of collagen,
supporting the conclusion that LH3 delivery is compromised in these patients
(Gruber et al., 2017).
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Figure 4.11: Dispersion of collagen fibres is increased in ARKID patient
fibroblast cultures.
A - Collagen I staining of decellularised matrix from patient derived fibroblast cultures.
Scale bars = 200 μm. Images are maximum projections of a z-stack of images.
B - Directionality analysis of fibres in ‘A’. At least ten images were measured for each
culture from two independent experiments.
C - Standard deviation (SD) of the Gaussian function fitted in ‘B’.
D - Amplitude of the Gaussian function fitted in ‘B’ (Max - Min).
Data are mean ± standard deviation, unpaired t-test, * p≤0.05, ** p≤0.01.
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4.3.5. Variant p.Gly131Glu affects VPS33B interactions with Rab GTPases
The p.Gly131Glu variant shows disruption of LH3 delivery without affecting
the VPS33B-VIPAR interaction, therefore it is likely that this variant is
disrupting

interactions

between

VPS33B

and

other

proteins.

In

VPS33B-VIPAR dependent delivery of LH3 to collagen, VPS33B and VIPAR
are known to co-operate with two Rab GTPases, Rab10 and Rab25, and
Rab10 and Rab25 activity is required for this delivery, see Chapter 3 and
Banushi et al. (2016). VPS33B and VIPAR also interact with Rab11a and,
although the activity of Rab11a is not required for LH3 delivery to collagen
(Banushi et al., 2016), it is known to be required for LB biogenesis (Reynier
et al., 2016).
To test whether any of the interactions with these Rab GTPases are affected
by the p.Gly131Glu variant I performed co-IP experiments in HEK293 cells
and

co-localisation

experiments

in

HEK293

and

mIMCD3

cells.

Co-immunoprecipitation experiments in HEK293 cells, Figure 4.12, show that
VPS33B(p.Gly131Glu) can still pull-down Rab11a and Rab25 but to a lesser
extent than wt VPS33B. However, the ability to pull-down Rab10 does not
seem to be affected by the p.Gly131Glu variant. These co-IPs indicate that
the p.Gly131Glu variant does disrupt some VPS33B interactions with Rab
GTPases, which may be direct or indirect interactions.
Co-localisation experiments in HEK293 and mIMCD3 cells also indicate that
the p.Gly131Glu variant disrupts interactions with Rab GTPases. In mIMCD3
cells wt VPS33B co-localises with Rab11a, Rab25 and Rab10 whereas the
p.Gly131Glu variant shows significantly less co-localisation with Rab11a
(Figure 4.13), Rab25 (Figure 4.14) and Rab10 (Figure 4.15), even though the
variant did not affect the co-IP of Rab10 in Figure 4.12.
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Figure 4.12: p.Gly131Glu variant VPS33B shows reduced immunoprecipitation
of Rab11a and Rab25 but not Rab10.
A - Co-immunoprecipitation experiment performed with an α-HA antibody on lysates
of HEK293 cells expressing HA-VPS33B or HA-VPS33B(p.Gly131Glu), Myc-VIPAR
and GFP-Rab11a. Reduced amounts of GFP-Rab11a were detected when HAVPS33B(p.Gly131Glu) was pulled down.
B - Co-immunoprecipitation experiment performed with an α-HA antibody on lysates
of HEK293 cells expressing HA-VPS33B or HA-VPS33B(p.Gly131Glu), Myc-VIPAR
and GFP-Rab25. Reduced amounts of GFP-Rab25 were detected when HAVPS33B(p.Gly131Glu) was pulled down, even though there was a greater amount of
VPS33B pulled down than with wt VPS33B.
C - Co-immunoprecipitation experiment performed with an α-HA antibody on lysates of
HEK293 cells expressing HA-VPS33B or HA-VPS33B(p.Gly131Glu), Myc-VIPAR and
GFP-Rab10, showing similar amounts of GFP-Rab10 detected when HA-VPS33B and
HA-VPS33B(p.Gly131Glu) were pulled down.
HEK293 cells were used for co-immunoprecipitation experiments as a higher
transfection efficiency was obtained compared to mIMCD3 cell transfections. Images
are representative of two independent co-immunoprecipitation experiments.
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Figure 4.13: The p.Gly131Glu variant disrupts co-localisation with Myc-Rab11a
in mIMCD3 cells.
A - Representative wt mIMCD3 cells expressing YFP-VPS33B or YFPVPS33B(p.Gly131Glu), mCherry-VIPAR and Myc-Rab11a, and stained with an
α-Myc antibody.
B - Quantification of co-localisation between wt VPS33B or VPS33B(p.Gly131Glu)
with Rab11a.
Scale bars = 10 μm. Images are a maximum projection of a z-stack of images.
Number of cells analysed (n), from two independent experiments, is indicated. Data
are mean ± standard deviation, Welch-corrected t-test, **** p≤0.0001.
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Figure 4.14: The p.Gly131Glu variant disrupts co-localisation with CFP-Rab25
in mIMCD3 cells.
A - Representative wt mIMCD3 cells expressing YFP-VPS33B or YFPVPS33B(p.Gly131Glu), mCherry-VIPAR and CFP-Rab25.
B - Quantification of co-localisation between wt VPS33B and VPS33B(p.Gly131Glu)
with Rab25.
Scale bars = 10 μm. Images are a maximum projection of a z-stack of images.
Numbers of cells analysed (n), from two independent experiments, is indicated. Data
are mean ± standard deviation, unpaired t-test, **** p≤0.0001.
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Figure 4.15: The p.Gly131Glu variant disrupts co-localisation with GFP-Rab10
in mIMCD3 cells.
A - Representative wt mIMCD3 cells expressing wt HA-VPS33B or HAVPS33B(p.Gly131Glu), mCherry-VIPAR and GFP-Rab10 and stained with an
α-HA antibody.
B - Quantification of co-localisation between wt VPS33B and VPS33B(p.Gly131Glu)
with Rab10.
Scale bars = 10 μm. Images are a single z-slice from a z-stack file. Numbers of
cells analysed (n), from two independent experiments, is indicated. Data are mean ±
standard deviation, unpaired t-test, ** p≤0.01.
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These results support the hypothesis that the p.Gly131Glu variant disrupts
VPS33B interactions with Rab GTPases. It is interesting to note the disruption
of co-localisation but not co-IP with Rab10, although these experiments were
performed in two different cell lines, and co-localisation, or lack of
co-localisation, does not necessarily confirm interactions or lack thereof.
The same results were broadly seen in HEK293 cells; Rab25 co-localisation
with VPS33B(p.Gly131Glu) was reduced compared to wt, Figure 4.16.
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Figure 4.16: The p.Gly131Glu variant disrupts co-localisation with CFP-Rab25
in HEK293 cells.
A - Representative wt HEK293 cells expressing YFP-VPS33B or YFPVPS33B(p.Gly131Glu), mCherry-VIPAR and CFP-Rab25.
B - Quantification of co-localisation between wt VPS33B and VPS33B(p.Gly131Glu)
with Rab25.
Scale bars = 10 μm. Images are a single z-slice from a z-stack file. Number of
cells analysed (n) from a single experiment is indicated. Data are mean ± standard
deviation, unpaired t-test, **** p≤0.0001.
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However,

the p.Gly131Glu variant increased co-localisation between

VPS33B(p.Gly131Glu) and Myc-Rab11a compared to wt, Figure 4.17. This is
also slightly different to the results of co-IPs in HEK293 cell lysates, Figure
4.2, where the interaction with Rab11a was reduced with the p.Gly131Glu
variant VPS33B.

VPS33B
constructs

mCherryVIPAR

Myc-Rab11a

Merge

p.Gly131Glu

wt

A

B

n=14

n=7

Figure 4.17: The p.Gly131Glu variant alters co-localisation with Myc-Rab11a in
HEK293 cells.
A - Representative wt HEK293 cells expressing YFP-VPS33B or YFPVPS33B(p.Gly131Glu), mCherry-VIPAR and Myc-Rab11a and stained with α-Myc
antibody.
B - Quantification of co-localisation between wt VPS33B and VPS33B(p.Gly131Glu)
with Rab11a.
Scale bars = 10 μm. Images are a single z-slice from a z-stack file. Number of
cells analysed (n) from two independent experiments is indicated. Data are mean ±
standard deviation, Welch-corrected t-test, non-significant (ns) p>0.05.
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However, conversely to the experiment in mIMCD3 cells, Figure 4.13, there
was very low co-localisation between wt VPS33B and Rab11a in the HEK293
cells, Figure 4.17, reflecting results from Cullinane et al. (2010), and the colocalisation of VPS33B(p.Gly131Glu) with Rab11a seemed very variable, with a
large standard deviation for the co-localisation coefficients. Interestingly, there
were cells with perinuclear accumulation of VPS33B(p.Gly131Glu) in a cluster
of large vesicles, very different from the localisation of VPS33B(p.Gly131Glu)
in the other experiments in this chapter. It could be that the overexpression
of this variant with Rab11a affects HEK293 cells differently and co-localisation
does not necessarily indicate a physical interaction between proteins.
4.3.6. Variant p.Gly131Glu does not cause VPS33B to enter lysosomal or
autophagosomal degradative pathways
As can been seen in Figure 4.3, and figures throughout this chapter, the
pattern of VPS33B(p.Gly131Glu) expression differs from wt VPS33B in both
mIMCD3 and HEK293 cells. The pattern is punctate, suggesting the presence
of VPS33B(p.Gly131Glu) in a vesicular compartment, however, these are not
Rab11a, Rab25 or Rab10 positive vesicles, Figures 4.13, 4.14 and 4.15. To
determine the intracellular compartment containing VPS33B(p.Gly131Glu) I
co-stained mIMCD3 cells expressing VPS33B and VIPAS39 constructs with
markers for different vesicular compartments.
Wt and p.Gly131Glu variant VPS33B did not co-localise with CD63, a marker
for late endosomes/lysosomes, (Figure 4.18), Lamp1, a lysosomal protein
(Figure 4.19), or LC3, present on autophagosomes (Figure 4.20).

This

indicates the p.Gly131Glu variant does not localise to Rab11a, Rab25 or
Rab10 containing endosomes, or vesicles of lysosomal or autophagosomal
degradative pathways.
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Figure 4.18: wt and p.Gly131Glu variant VPS33B do not co-localise with CD63
in mIMCD3 cells.
Representative wt mIMCD3 cells expressing wt HA-VPS33B or HAVPS33B(p.Gly131Glu), Myc-VIPAR and GFP-CD63, stained with α-HA and α-Myc
antibodies.
Scale bars = 10 μm. Images are a single z-slice, from a single experiment.
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Figure 4.19: wt and p.Gly131Glu variant VPS33B do not co-localise with Lamp1
in mIMCD3 cells.
Representative wt mIMCD3 cells expressing wt HA-VPS33B or HAVPS33B(p.Gly131Glu), Myc-VIPAR and GFP-Lamp1, stained with α-HA and
α-Myc antibodies.
Scale bars = 10 μm. Images are a single z-slice from a z-stack file and are
representative of two independent experiments.
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Although, there is some evidence that autophagy pathways can occur
independently of LC3 (Engedal and Seglen, 2016), there could be a different
autophagosomal pathway for degradation of these proteins, or they could be
targeted for degradation by the proteasome.

It is possible that these

VPS33B(p.Gly131Glu) puncta represent cytosolic aggregations of VPS33B
and VIPAR, although those would be expected to be targeted for degradation.
This suggests the p.Gly131Glu variant may be causing localisation to an
intracellular compartment independent from endocytic, recycling, lysosomal or
LC3-dependent autophagosomal pathways.
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Figure 4.20: wt and p.Gly131Glu variant VPS33B do not co-localise with LC3 in
mIMCD3 cells.
Representative wt mIMCD3 cells expressing wt HA-VPS33B or HAVPS33B(p.Gly131Glu), Myc-VIPAR and GFP-LC3 and stained with α-HA and
α-Myc antibodies.
Scale bars = 10 μm. Images are a single z-slice from a z-stack file and are
representative of three independent experiments.

4.3.7. Variant

p.Gly131Glu

affects

epidermal

and

lamellar

body

homeostasis
These experiments so far indicate that the p.Gly131Glu variant affects LH3
trafficking through disruption of Rab GTPase interactions, which could lead to
the phenotype of these patients. As the patients have severe palmoplantar
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keratoderma and ichthyosis we looked in further detail at the underlying
defects in the epidermis of these patients. H&E staining of ARKID patient
palmar skin showed thickening of the suprabasal layers of the epidermis
(acanthosis), thickening of the SC (hyperkeratosis) and increased prevalence
of granules in the SG, (hypergranulosis) (Gruber et al., 2017). TEM of patient
abdominal skin showed defects in the SC with inclusion of lipid bilayers in the
corneocytes, aberrant appearing LBs in the SG, inhomogeneous secretion of
LBs at the interface of the SG and SC and retention of LBs in the SC (Gruber
et al., 2017).

These defects are similar to those found in ARC patient

epidermis (Hershkovitz et al., 2008), suggesting that the p.Gly131Glu variant
of VPS33B is affecting LB homeostasis in ARKID patients.
In order to confirm that the p.Gly131Glu variant is altering LB homeostasis in
these patients I stained control and patient palmar skin for the LB cargo
kallikrein 5, KLK5, to further assess the presence and localisation of LBs,
Figure 4.21.
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Figure 4.21: Distribution of the LB cargo KLK5 is affected in ARKID patient
epidermis.
Control and ARKID patient palmar skin sections stained for the LB cargo KLK5 showing
a region encompassing the SG-SC junction. ARKID patient SC shows flattened nuclei
and a reduction in staining for KLK5. Nuclei are counterstained with DAPI.
Scale bars = 10 μm. Images are a maximum projection of a z-stack of images. Staining
is representative of three independent experiments.
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Figure 4.21 shows that the expression of KLK5 is greatly reduced and its
distribution is substantially altered in patient keratinocytes compared to
controls.

This indicates that the p.Gly131Glu variant is altering a

VPS33B-dependent function in LB biogenesis and/or secretion, possibly due
to the disruption of the interaction between VPS33B and Rab11a, Figure 4.13,
whose intact function is essential for LB biogenesis (Reynier et al., 2016).
4.3.8. The region near Gly131 may be a Rab GTPase interacting domain
As the p.Gly131Glu variant disrupts co-IP and co-localisation with Rab
GTPases it is possible that this disruption is due to alteration of a Rab
GTPase binding domain located at or near the Gly131 residue.

The

replacement of the glycine residue with a glutamate would introduce an
additional negatively charged residue at this site. To test this hypothesis, Dr
Federico Forneris altered residues around the Gly131 residue in HA-tagged
VPS33B constructs to introduce alterations in this region of VPS33B,
indicated in Table 4.1.
Constructs

Amino acids
128-131

VPS33B

EEEG

VPS33B(p.Gly131Glu)

EEEE

VPS33B(AAAE)

AAAE

VPS33B(ARAE)

ARAE

VPS33B(KRKG)

KRKG

Table 4.1: Amino acid sequences of residues 128-131 of VPS33B constructs used in
this thesis. A = Alanine (hydrophobic), E = Glutamate (-), G = Glycine, K = Lysine (+),
R = Arginine (+).

In wt VPS33B the Gly131 residue (G) immediately follows three glutamate
residues (E) and the p.Gly131Glu variant introduces a further negatively
charged glutamate residue after these three. The VPS33B(AAAE) construct
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contains the p.Gly131Glu variant and replaces the three prior glutamate
residues with three hydrophobic uncharged alanine residues.

The

VPS33B(ARAE) construct contains the p.Gly131Glu variant and replaces the
three prior glutamate residues with two uncharged alanine residues and a
positively charged arginine residue. The VPS33B(KRKG) construct does not
contain the p.Gly131Glu variant, retaining the glycine residue at this site,
however the three prior glutamate residues, are replaced with three positively
charged residues, two lysine and one arginine.
To test whether these amino acid alterations also affected the interactions
between VPS33B and Rab GTPases I overexpressed these constructs in
mIMCD3 and HEK293 cells for co-localisation and co-IP experiments.
Preliminary experiments suggest that these variants behave similarly to the
VPS33B(p.Gly131Glu) variant, Figure 4.22. All three constructs showed high
levels of co-localisation with VIPAR and localised to only a few intracellular
puncta when expressed in mIMCD3 cells, Figure 4.22. The three constructs
also showed lower levels of co-localisation with Rab25, with a low Pearson’s
co-localisation coefficient, in comparison to wt VPS33B in Figure 4.23.
Average coefficients of co-localisation were 0.1296 for VPS33B(AAAE),
0.1327 for VPS33B(ARAE) and 0.2677 for VPS33B(KRKG) compared to
0.5019 for wt VPS33B, Figure 4.23. This suggests that any alteration in this
region of VPS33B disrupts its localisation with Rab25 in mIMCD3 cells.
Co-IPs in HEK293 cells also showed that some of these variants have altered
abilities to pull-down Rab25, Figure 4.24.

Interestingly, neither the triple

alanine replacement, VPS33B(AAAE), nor the complete replacement with
positively charge residues VPS33B(KRKG) , affected the immunoprecipitation
as much as the single arginine replacement in VPS33B(ARAE). Perhaps the
negative charge at residue 131, in addition to amino acid residues larger than
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Figure 4.22: VPS33B(AAAE), VPS33B(ARAE) and VPS33B(KRKG) variants in
VPS33B do not co-localise with YFP-Rab25 in mIMCD3 cells.
Representative wt mIMCD3 cells expressing HA-VPS33B(EEEG), HAVPS33B(EEEE), HA-VPS33B(AAAE), HA-VPS33B(ARAE) or HA-VPS33B(KRKG)
with mCherry-VIPAR and YFP-Rab25 and stained with an α-HA antibody.
Scale bars = 10 μm. Images are a single z-slice from a z-stack file. Results are
representative of two independent experiments.

alanine prior to residue 131, are required for disruption of the interaction.
These results indicate the residue alterations affects VPS33B function as a
Rab GTPase interactor similarly to the p.Gly131Glu variant, and the area
around these residues may be important for Rab GTPase interactions.
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Figure 4.23: Quantification of co-localisation between VPS33B variants and
mCherry-VIPAR or YFP-Rab25.
A - Quantification of co-localisation between the VPS33B variants and VIPAR.
B - Quantification of co-localisation between the VPS33B variants and Rab25.
Number of cells analysed from two independent experiments (n) is indicated. Data
are mean ± standard deviation, ordinary one-way ANOVA , ** p≤0.01, * p≤0.05. All
comparisons not marked were non-significant (ns) p>0.05.
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Figure 4.24: VPS33B(AAAE), VPS33B(ARAE) and VPS33B(KRKG) variants in
VPS33B have altered abilities to pull-down GFP-Rab25 in HEK293 cell lysates.
Co-immunoprecipitation experiment performed with an α-HA antibody on lysates
of HEK293 cells expressing HA-VPS33B, HA-VPS33B(p.Gly131Glu), HAVPS33B(AAAE), HA-VPS33B(ARAE) or HA-VPS33B(KRKG), Myc-VIPAR and GFPRab25. Reduced amounts of GFP-Rab25 detected when HA-VPS33B(p.Gly131Glu)
and HA-VPS33B(ARAE) were pulled down. The ratio of the intensity of the GFP-Rab25
signal to the HA-VPS33B signal was calculated for comparison of pull-down efficiency.
The ratio of intensities is an average from three independent experiments. HEK293
cells were used for co-immunoprecipitation experiments as a higher transfection
efficiency was obtained compared to mIMCD3 cell transfections.
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4.4. Conclusions
The p.Gly131Glu variant causing a single amino acid alteration in VPS33B
was found in three Austrian patients presenting with palmoplantar
keratoderma, ichthyosis and sensorineural deafness. Modelling this variant in
VPS33B overexpression constructs illustrated that this is a pathogenic variant
leading to changes in collagen glycosylation and LBs in these patients,
causing ARKID syndrome through altering VPS33B dependent trafficking.
4.4.1. Variant p.Gly131Glu disrupts trafficking of a known VPS33B cargo
Overexpression of VPS33B(p.Gly131Glu) could not rescue VPS33B
deficiency in mIMCD3 cells; particularly defects in LH3 delivery to collagen.
This indicates that the p.Gly131Glu variant may affect interactions required for
LH3 delivery to intracellular collagen.

The disruption to LH3 delivery to

collagen was confirmed in the patients; LH3 distribution was altered in patient
dermal fibroblasts and LH3 dependent collagen modifications were reduced in
patient fibroblast lysates and urine.
Control of procollagen processing and subsequent modifications is essential
for collagen fibril assembly, stability and secretion and for the homeostasis of
the structures they comprise such as the basement membrane (Ruotsalainen
et al., 2006; Sipila et al., 2007; Sricholpech et al., 2012).

Specifically

maintenance of the basement membrane structure and function is important
for tissue structure and function (Morrissey and Sherwood, 2015; Yurchenco,
2011). Collagenous structures were also affected in these patients; collagen
deposited by patient derived fibroblasts was more disordered than in control
cultures, Figure 4.11, basement membrane size was decreased at the
dermo-epidermal junction and collagen fibrils were affected in patient
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abdominal skin sections (Gruber et al., 2017). This indicates the underlying
effect of the VPS33B variant may be defective LH3 delivery.
The overlap in symptoms between ARKID patients and patients with an
autosomal recessive LH3 deficiency, sensorineural hearing loss, skin disease,
psychomotor delay and impaired social communication, (Salo et al., 2008)
also supports this conclusion. Additionally, LH3 has recently been shown to
be abundantly expressed at the basement membrane of the epidermis (Watt
et al., 2015) and this expression is reduced in recessive dystrophic
epidermolysis bullosa patients (OMIM #226600), who amongst other
symptoms suffer from severe skin blistering caused by mutations in collagen
VII α1 (Hovnanian et al., 1992; Ryynanen et al., 1991), lending further support
to the conclusion that LH3 modifications are important for epidermal
homeostasis.
4.4.2. Variant p.Gly131Glu disrupts interactions with Rab GTPases
The effect of the p.Gly131Glu variant on LH3 delivery may be due to the
disruption of interactions required for this delivery. The variant did not affect
the interaction or co-localisation with VIPAR, but co-IPs and co-localisation
analysis indicated that it did affect interactions with known binding partners,
particularly Rab11a and Rab25.

Rab25 is essential for LH3 delivery to

collagen and disruption of the VPS33B-Rab25 interaction may cause the
collagen modification defects in these patients leading to the severe skin
disease.

Although Rab11a activity is not necessary for LH3 delivery it is

essential for LB biogenesis (Reynier et al., 2016) and as the interaction with
Rab11a was also disrupted it could also contribute to the development of the
severe skin disease. Other variations in the residues immediately preceding
Gly131 of VPS33B seem to affect VPS33B localisation and interaction with
Rab25 in a similar way to the p.Gly131Glu variant, suggesting that this region,
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distinct from the VPS33B-VIPAR interface, may be a Rab GTPase binding
site. It would be important to study this in further detail to confirm this.
Interestingly the intracellular puncta seen when VPS33B(p.Gly131Glu) is
overexpressed are not recycling endosomes marked by Rab11a, Rab25 or
Rab10 and are not late endosomes, lysosomes or autophagosomes. Their
nature remains to be determined and further investigation may illustrate other
aspects of VPS33B function in intracellular trafficking.
4.4.3. Patients with the p.Gly131Glu variant have disrupted epidermal
differentiation and LB homeostasis
Severe palmoplantar keratoderma and ichthyosis are present in all three
ARKID patients and ichthyosis is an ever present symptom of ARC patients.
Patients with the p.Gly131Glu variant showed inclusion of lipid bilayers in the
SC, defective LB formation and aberrant LB secretion, comparable to
previous results from ARC patient biopsies (Hershkovitz et al., 2008).

In

Chapter 5, I will demonstrate that VPS33B and VIPAR deficient mice develop
a skin phenotype that is also comparable to that of these patients, further
supporting the conclusion that the p.Gly131Glu variant is causing this
syndrome.
Another symptom common to both ARKID and ARC syndromes is
sensorineural deafness.

VPS33B expression has been identified in the

vestibulocochlear ganglion (Diez-Roux et al., 2011) and the disruption of Rab
GTPase interactions and collagen modifications by the p.Gly131Glu variant
may also underpin the hearing defects of these patients. Inner ear hair cells
are polarized and deficiencies in protein trafficking and collagen homeostasis
can cause other hearing conditions; Usher syndrome (OMIM #276900), which
also presents with sensorineural deafness is caused by mutations in an
unconventional myosin, myosin VIIA (Well et al., 1995), and sensorineural
162

deafness in Alport syndrome (OMIM #301050) has been linked to mutations
in collagen IV α5 (Barker et al., 1990).

Hence the changes in collagen

homeostasis could link both the skin and deafness symptoms of ARC and
ARKID patients.
Overall these results indicate that the p.Gly131Glu variant found in three
Austrian patients is pathogenic for a novel syndrome presenting with
palmoplantar keratoderma, ichthyosis and sensorineural deafness which we
have named Autosomal Recessive Keratoderma Ichthyosis and Deafness
(ARKID) syndrome. The variant causes defective LH3 delivery and disrupts
interactions with Rab GTPases, likely to cause the observed abnormalities in
basement membrane structure and epidermal homeostasis. Future work will
help to confirm whether the VPS33B region around Gly131 is a Rab GTPase
interaction domain.
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Chapter 5 - VPS33B and VIPAR deficiency cause
a severe skin phenotype in ARC murine models
5.1. Introduction
Several groups have generated murine models to better understand the
pathophysiology of ARC syndrome, however, constitutive Vps33b knockout is
embryonically lethal before mid-gestation, (Bem et al., 2015), as is early
embryonic induction of the knockout (Dai et al., 2016). To overcome this our
lab has generated tamoxifen-inducible ubiquitous Vps33b and Vipar knockout
mice: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. These have been used to study
the biogenesis and trafficking of α-granules (Bem et al., 2015) and
intracellular delivery of the collagen modifying enzyme LH3 (Banushi et al.,
2016). We have also generated a liver specific Vps33b knockout mouse,
Vps33bfl/fl AlfpCre, to study the importance of VPS33B in hepatocyte function
(Hanley et al., 2017). Other strains of mice have also been generated with
tissue specific knockout to study VPS33B in α-granule biogenesis (Dai et al.,
2016) and exosome maturation and secretion (Gu et al., 2016), but there
have not yet been further studies on the phenotypes of ubiquitous Vps33b or
Vipar knockout mice.
As constitutive knockout of Vps33b and Vipar is lethal and recent attempts at
induction in utero did not produce viable offspring, we induce knockout in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice by tamoxifen injection 4-5 weeks after
birth.

The mice do not develop some phenotypes associated with ARC

syndrome, such as visible joint contractures or severe renal dysfunction,
probably because knockout is induced post-development, but dry scaly skin
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has been reported in these mice (Banushi et al., 2016; Bem et al., 2015). This
is analogous to patients with ARC syndrome who present with ichthyosis
(Gissen et al., 2006) and patients with ARKID syndrome who develop
palmoplantar keratoderma and ichthyosis, Chapter 4 (Gruber et al., 2017).
⎨
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Figure 5.1: The keratinocyte layers of the epidermis
There are four keratinocyte layers of the epidermis: stratum basale (SB), stratum
spinosum (SS), stratum granulosum (SG) and stratum corneum (SC). The different
layers of the epidermis express specific intermediate filaments; keratins which can be
used to study differentiation. The SB expresses keratins 5 and 14 and the upper layers
express keratins 1 and 10.

The uppermost layer of the skin is a highly organised stratified epithelium
formed of four distinct layers of keratinocytes, depicted in Figure 5.1. In the
basal layer, the stratum basale (SB), keratinocytes proliferate and their
daughter cells populate the upper layers. These cells differentiate into cells of
the spinous layer, the stratum spinosum (SS), cells of the granular layer, the
stratum granulosum (SG), and then into cells of the uppermost layer, the
stratum corneum (SC), losing their organelle contents and becoming
progressively cornified as they differentiate into enucleate corneocytes
(reviewed in Eckhart et al. (2013)). Differentiation into corneocytes is heavily
dependent on lamellar bodies (LBs), lysosome-related organelles which are
produced in SG keratinocytes and secreted at the junction between the SG
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and SC. Amongst other cargo these organelles contain lipids and lipid
modifying enzymes which contribute to the formation and homeostasis of the
SC (reviewed in Feingold and Elias (2014)).
In patients with ARC syndrome abnormal lamellar structures were identified in
the SC by transmission electron microscopy (TEM), which were not present in
the SC of healthy human controls (Hershkovitz et al., 2008). TEM of biopsies
from patients with ARKID syndrome also demonstrated abnormal LB
structures in the SG and retention of lipid layers in the SC (Gruber et al.,
2017). Hershkovitz et al. (2008) attributed the abnormal lamellar structures in
the SC to the inability of LBs to secrete their contents at the SG-SC junction,
leading to “entombed lamellar granules”.

It is unclear how VPS33B and

VIPAR deficiency affects epidermal homeostasis and LB secretion and, in
order to better understand the processes underlying these conditions, I have
been using the Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice to dissect this
phenotype further.

5.2. Aims
Patients with ARC and ARKID syndromes develop severe skin diseases
caused by VPS33B and VIPAR deficiency. To better characterise this skin
disease I will use Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice to describe the
underlying defects in the epidermis of VPS33B and VIPAR deficient mice.

5.3. Results
5.3.1. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice develop a dry skin condition
with epidermal defects
By three to four weeks after induction of the knockout both Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 mice develop a visible dry skin phenotype, Figure 5.2.

167

Control

Vps33bfl/fl-ERT2

Viparfl/fl-ERT2

Figure 5.2: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice develop a dry skin phenotype
Photos of dorsal skin of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. Vps33bfl/fl ERT2
and Viparfl/fl ERT2 mice show patches of dry irritated skin. Vps33bfl/fl ERT2 mouse photo
from Bem et al. (2015). Photos were taken with the permission of the Named Veterinary
Surgeon of the Biological Services Unit of UCL.

H&E staining in Figure 5.3A illustrates that after induction of Vps33b or Vipar
knockout these mice develop a thicker epidermis with increased size of SB
and SS (acanthosis), SG (hypergranulosis) and SC (hyperkeratosis). The
epidermal height (measured from the dermo-epidermal junction to the SG-SC
junction) increased from an average of 15.82 μm in controls to 69.13 and
75.04 μm in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice respectively, Figure 5.3B.
This may be influenced by an increase in keratinocyte number (hyperplasia),
Figure 5.3C, from approximately 11 keratinocytes per 100 μm to 28 and 31
keratinocytes per 100 μm, but also by an increase in keratinocyte size, Figure
5.3D, (keratinocyte area was calculated as the epidermal height divided by
the number of keratinocytes). Control keratinocytes had an average area of
101.8 μm2 , consistent with previously reported figures (Lulevich et al., 2010;
Sun and Green, 1976), but Vps33bfl/fl ERT2 and Viparfl/fl ERT2 keratinocytes
were significantly larger with average areas of 202.9 and 204.6 μm2
respectively. There was also an increase in granular staining in the SG and
signs of gaps between cells (spongiosis) in the SG and SS, which may be
contributing to the increased average area of the keratinocytes.
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Figure 5.3: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice show epidermal defects.
A - H&E staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin with increased
staining of granular structures (black arrows), spongiosis (white arrows) and thicker
SC (purple arrows).
B - Epidermal thickness: distance from dermal-epidermal junction to SG-SC junction.
C - The number of nuclei in the epidermis.
D - Average keratinocyte size: epidermal height divided by number of nuclei.
Scale bars = 50 μm. Three fields of view were measured per mouse, the number of
independent murine samples analysed (n) are indicated on the graphs. Data are mean
± standard deviation, ordinary one-way ANOVA, **** p≤0.0001.

TEM images of the epidermis of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice
demonstrate that there is a substantial amount of spongiosis in Vps33bfl/fl ERT2
and Viparfl/fl ERT2 epidermis. Figure 5.4 shows that in control murine epidermis
there are minimal gaps between keratinocytes, whereas in Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 epidermis there are large gaps between these cells with filopodialike membrane protrusions present.
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Figure 5.4: TEM illustrates spongiosis in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis.
TEM images of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 dorsal skin. Vps33bfl/fl ERT2
and Viparfl/fl ERT2 murine biopsies show distinct gaps between keratinocytes which
are not present in control biopsies. Double arrow indicates cell-cell contact in control
skin, single arrows indicate wider gaps between keratinocytes of Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 skin. Scale bars = 5 μm. Images are representative of two independent
mouse biopsies.

5.3.2. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis is hyperproliferative
To determine whether hyperplasia in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis is due to hyperproliferation the expression of the proliferative
marker Ki67, hyperproliferation associated keratin 6A (K6A) and the apoptotic
marker, cleaved caspase-3, were assessed.
Ki67 is a protein important for regulation of chromosome stability in cell
division (Cuylen et al., 2016) and is often used to assess levels of cell division
in tissue. Ki67 staining, Figure 5.5, demonstrated a significantly increased
number of nuclei expressing the proliferation marker Ki67 in Vps33bfl/fl ERT2
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and Viparfl/fl ERT2 epidermis compared to controls, indicating hyperproliferative
tissue.

Ki67

Merge

DAPI

Viparfl/fl-ERT2 Vps33bfl/fl-ERT2

Control

A

B

Nuclei per mm

n=6

n=3

C

n=3

Ki67 positive nuclei per mm

n=6

n=3

n=3

Figure 5.5: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis have more Ki67 positive
nuclei than controls.
A - Representative Ki67 and DAPI staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2
skin sections.
B - Quantification of the number of DAPI stained nuclei per mm of epidermis.
C - Quantification of the number of Ki67 stained nuclei per mm of epidermis.
Scale bars = 50 μm. Immunofluorescent images are a maximum projection of a z-stack
of images. Three images were analysed per mouse and the number of independent
murine samples analysed per genotype (n) are indicated. The number of DAPI stained
nuclei and the number of nuclei double stained for Ki67 and DAPI were counted using
the Cell Counter ImageJ plugin. The length of the dermal-epidermal junction was used
to measure the epidermis and calculate the number of nuclei per mm of epidermis.
Data are mean ± standard deviation, ordinary one-way ANOVA, * p≤0.05, ** p≤0.01,
*** p≤0.001, **** p≤0.0001.

171

The hyperproliferation-associated K6A is expressed in skin areas with a
higher level of turnover, such as the palms and soles of the feet (Swensson
et al., 1998), in hair follicles (Stark et al., 1987), in areas of wound healing
(Paladini et al., 1996) and in patients with hyperproliferative diseases (Weiss
et al., 1984). K6A staining, Figure 5.6, showed very low level of expression in
the epidermis of control sections with clear staining of hair follicles, as
expected, whereas expression was increased throughout Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 epidermis,

supporting the conclusion that this tissue is

hyperproliferative.
Apoptosis was not significantly affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis; there was no change in the number of cells expressing the
apoptotic marker cleaved caspase-3, Figure 5.7A and B. Decreased
apoptosis could have led to increased cell number in the epidermis, however,
the number of apoptotic cells was extremely low in the control epidermis and
slightly increased in the Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice, although this
difference was not significant.

Interestingly, there were a number of

Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections which showed cleaved
caspase-3 staining in the SC, Figure 5.7C, although this was never seen in
the control sections. Together these results suggest that alterations in the
proliferation and not cell death rates of the epidermis is leading to the change
in keratinocyte number in the epidermis in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
mice.

172

K6A DAPI

K6A DIC

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

K6A

Figure 5.6:
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis have increased
expression of the hyperproliferative marker, K6A.
K6A staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections. Control
sections have very low expression of K6A in the epidermis with clear staining in hair
follicles (white arrows). Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis have increased
K6A expression throughout the epidermis.
Scale bars = 50 μm. Immunofluorescent images are a maximum projection of a zstack of images. DIC images are a single z-slice image included to show the extent of
the epidermis. Images are representative of results from at least six control and three
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 independent murine biopsies.
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Vps33bfl/fl-ERT2
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n=3

Viparfl/fl-ERT2

C

Figure 5.7: Apoptosis is not affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis.
A - Immunohistochemical staining for cleaved caspase-3 in control, Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 epidermis. Black arrows indicate cells positive for cleaved caspase-3.
Images are representative of results from at least six control and three Vps33bfl/fl ERT2
and Viparfl/fl ERT2 independent murine biopsies.
B - Number of nuclei per mm of epidermis (length of the dermal-epidermal junction).
Three fields of view analysed per mouse, the number of mice analysed are indicated.
C - Percentage of sections with cleaved caspase-3 in the SC. Number of fields of view
analysed (n) are indicated. Purple = no staining, brown = cleaved caspase-3 staining.
Scale bars = 100 μm. Data are mean ± standard deviation, ordinary one-way ANOVA,
non-significant (ns) p>0.05.
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5.3.3. Differentiation is disrupted in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis
VPS33B and VIPAR deficiency prevents LH3 delivery to collagen and leads to
a reduction in LH3 dependent collagen modifications, which can result in
defective formation of collagen fibrils and collagenous structures (Banushi
et al., 2016). The histology stains picrosirius red and Masson’s trichrome
were performed to determine whether there was a substantial change in
collagen organisation and extracellular matrix components in the dermis.
Picrosirius red, Figure 5.8, and Masson’s trichrome staining, Figure 5.9, did
not reveal any obvious collagen defects in the dermis of these mice even
though LH3 delivery has been shown to be defective in these mice and affect
collagen structure (Banushi et al., 2016). It may be that LH3 is not important
for collagen modification in the dermis although these stains would only
display differences if there was a gross change in collagen secretion or
organisation; it would be necessary to perform more sensitive analyses to
determine whether there are any changes in collagen structure or
organisation in the dermis.
However, these stains do highlight the increased staining of granular structures
in the SG of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice and the spongiosis between
SS and SG cells that were seen with H&E, Figure 5.3. It also emphasizes
the thickening of the SC; picrosirius red stained sections, Figure 5.8, showed
increased picric acid (yellow) staining of the corneocytes suggesting retention
of cytoplasmic contents in SC, or other contents that have a similar affinity
for picric acid, which acts as a hydrophobic anionic stain binding to positively
charged ions (Lyon, 1991).
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Vps33b control

Vps33bfl/fl-ERT2

Vipar control

Viparfl/fl-ERT2

Figure 5.8: Picrosirius red staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2
skin.
Picrosirius red staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin. Collagen
staining (red) in the dermis seems to be comparable between Vps33bfl/fl ERT2 or
Viparfl/fl ERT2 and control skin. There is increased picric acid staining (blue arrows)
of the SC in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections compared to controls and
increased granular staining (black arrows). Images are representative of results from
three independent murine biopsies per genotype. The results from Vps33b control
mice (Vps33bfl/fl CreERT2- ) and Vipar control mice (Viparfl/fl CreERT2- ) are both shown
as picrosirius red staining was performed on separate occasions.

This is also seen in Masson’s trichrome stained sections with increased
Biebrich scarlet-acid fuchsin staining in the SC, Figure 5.9, and suggests that
there may be defects in the formation of the SC in these mice. This supports
the H&E staining of the epidermis in Figure 5.3. H&E stained sections showed
that keratinocyte differentiation from the SB to the SC was occurring in
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Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice but there were defects in the SC. These
results indicated that there are likely to be differentiation defects that are
impacting the formation of the SC in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.

Vps33b control

Vps33bfl/fl-ERT2

Vipar control

Viparfl/fl-ERT2

Figure 5.9: Masson’s trichrome staining of control, Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 skin.
Masson’s trichrome staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin.
Collagen staining (blue) in the dermis seems to be comparable between
Vps33bfl/fl ERT2 or Viparfl/fl ERT2 and control skin. There is increased Biebrich scarletacid fuchsin staining (blue arrows) in the SC in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
SC compared to controls and increased granular staining (black arrows). Images
are representative of results from three independent murine biopsies per genotype.
The results from Vps33b control mice (Vps33bfl/fl CreERT2- ) and Vipar control mice
(Viparfl/fl CreERT2- ) are both shown as the staining was performed on separate
occasions.
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To further dissect the defects observed in the skin the expression of keratins
14 (K14) and 10 (K10) was assessed. In control epidermis, Figure 5.10,
keratin 14 is highly expressed in basal keratinocytes and downregulated in
the keratinocytes of the SS and SG (Woodcock-Mitchell et al., 1982); there is
nuclear staining (DAPI) of cells without K14 expression above cell layers
expressing the K14. In contrast in both Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin
sections the expression of K14 continued throughout several keratinocyte
layers, Figure 5.10, indicating a defect in downregulation of keratin 14
expression.

K14

K14 DAPI

K14 DIC

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

DAPI

Figure 5.10: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis have altered expression
of K14.
K14 staining in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections. Control
sections show downregulation of K14 expression in upper layers of keratinocytes.
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis do not show this downregulation and K14
is expressed throughout the epidermal keratinocyte layers.
Scale bars = 20 μm. Immunofluorescent images are a maximum projection of a zstack of images. DIC images are a single z-slice image included to show the extent of
the epidermis. Images are representative of results from at least six control and three
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 independent murine biopsies.
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As K14 expression is downregulated in differentiating keratinocytes the
expression of K10 is upregulated (Woodcock-Mitchell et al., 1982). The first
line of panels in Figure 5.11 demonstrates that in control epidermis the
expression of K10 is indeed principally in keratinocytes above those
expressing K14.

As K14 is not downregulated in Vps33bfl/fl ERT2 and

Viparfl/fl ERT2 epidermis it would be likely that K10 expression was not
upregulated. However, in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections the
expression of K10 is upregulated in keratinocytes above the basal layer,
Figure 5.11,

indicating the expression of K10 can be induced in

Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis but there may be other defects
preventing K14 downregulation. Additionally, K10 is normally downregulated
in epidermis that expresses K6A, although co-expression has been seen in
some cells of psoriatic lesions (Mommers et al., 2000). In the Vps33bfl/fl ERT2
and Viparfl/fl ERT2 epidermis they are both expressed, Figures 5.6 and 5.11,
with K14, Figure 5.10, perhaps further indicating that there is a severe
disruption in epidermal differentiation in these mice; both hyperproliferative
and differentiation associated keratins are expressed in Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 epidermis.
Keratinocyte differentiation culminates in the formation of the SC, a cornified
layer consisting of enucleate corneocytes and intercellular lipid lamellae.
Control corneocytes are compact, devoid of cellular organelles and are
surrounded by a cornified envelope, Figure 5.12A and B. TEM images of the
SC show that in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis the corneocytes
are larger, Figure 5.12A and C, and contain lipid-like layers and other diverse
structures, Figure 5.12B. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 corneocytes also
have thinner cornified envelopes, at an average of 14.53 nm and 15.03 nm
respectively, compared to control corneocytes at 19.8 nm, Figure 5.12D,
further supporting the conclusion that there is a defect in terminal
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differentiation of keratinocytes in VPS33B and VIPAR deficient mice.
Previously reported figures for CE thickness have been closer to 15 nm for
control mice (Jarnik et al., 1998; Rorke et al., 2015) but figures between 15-20
nm have been reported, and differing values are suggested to be due to
differences in sample preparation (Jarnik et al., 1998).

K14

K10 K14 DAPI

K10 K14 DIC

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

K10

Figure 5.11: K10 is upregulated in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis.
K10 and K14 staining in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections.
Control sections have a low level of expression of K10 in basal keratinocytes (which
express K14) and higher expression in upper layers where K14 is downregulated
(white arrow). Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections also have a low level of K10
expression in basal keratinocytes (white arrows) which is upregulated in upper layers
of keratinocytes but K14 is not downregulated.
Scale bars = 50 μm. Immunofluorescent images are a maximum projection of a zstack of images. DIC images are a single z-slice image included to show the extent of
the epidermis. Images are representative of results from at least six control and three
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 independent murine biopsies.
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Figure 5.12: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 SC ultrastructure is abnormal.
A - TEM images of the SG-SC junction and SC in control, Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 epidermis. Scale bars = 500 nm.
B - TEM images of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 SC. Control corneocytes
are enucleate, without any internal structures, whereas membrane structures are seen
in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 corneocytes (white arrows). Scale bars = 200 nm.
C - Quantification of the height of corneocytes: the two corneocytes closest to the SGSC junction were measured, Kruskal-Wallis test.
D - Quantification of the size of the cornified envelope, ordinary one-way ANOVA.
Images are representative of at least two independent murine biopsies per genotype.
Data are mean ± standard deviation, ** p≤0.01, *** p≤0.001, **** p≤0.0001.
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5.3.4. Water barrier function is affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis
One vital function of the skin is as a barrier against the external environment,
both preventing external molecules or microorganisms from penetrating the
skin and preventing evaporation of water from the surface (Madison, 2003).
To assess the barrier function of the skin the trans-epidermal water loss
(TEWL), the amount of water that evaporates from a defined area of skin over
a certain period of time can be measured. Measurements were taken of
control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 abdominal skin; Figure 5.13 shows
that Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice had greatly increased water
evaporation across the epidermis compared to control mice.

Trans-epidermal water loss

n=8

n=4

n=3

Figure 5.13: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice have increased epidermal
water loss.
Trans-epidermal water loss (TEWL) of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.
The number of mice analysed per genotype (n) are indicated. Data are mean ±
standard deviation, ordinary one-way ANOVA, ** p≤0.01, **** p≤0.0001.

This indicates that the water barrier function of the epidermis is defective in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. This function has been ascribed to both
the junctions in the epidermis and the lipid layers that lie between corneocytes
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in the SC (Proksch et al., 2008), although defects in junctions have also been
shown to lead to defects in the SC lipid barrier (Sugawara et al., 2013). It could
be that VPS33B and VIPAR deficiency are causing epidermal defects through
disruption of epidermal junctions or formation of SC lipid layers.

5.4. Conclusions
5.4.1. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice develop a hyperproliferative
skin phenotype similar to patients with ARC or ARKID syndromes
Patients with ARC or ARKID syndromes, caused by mutations in VPS33B and
VIPAS39, develop dry scaly skin conditions and Vps33b and Vipar knockout
mice have been reported to also develop a dry skin phenotype (Banushi et al.,
2016; Bem et al., 2015). By five weeks after induction of the knockout in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice they develop a dry scaly skin condition
that is particularly visible on their back. H&E of the dorsal skin of these mice
showed an increase in the size of the epidermis compared to controls with
acanthosis,

hypergranulosis,

hyperkeratosis,

hyperplasia,

increased

keratinocyte size and spongiosis. Hyperproliferative markers, Ki67 and K6A,
were upregulated in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis indicating that
the observed hyperplasia may be due to increased proliferation.
These structural differences in the epidermis are similar to epidermal defects
in patients with ARKID syndrome who also display “acanthosis with extensive
orthohyperkeratosis, hypergranulosis” (Gruber et al. (2017) and Chapter 4). It
would be interesting to obtain skin biopsies from patients with classical ARC
syndrome to confirm the similarities of these dry skin conditions as histological
staining of skin from patients with classical ARC syndrome has not yet been
reported.
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5.4.2. Vps33bfl/fl ERT2

and Viparfl/fl ERT2

epidermis have defects in

differentiation
Picrosirius red and Masson’s trichrome staining of murine skin indicated that
there was no gross change in the organisation of the dermis in Vps33bfl/fl ERT2
and Viparfl/fl ERT2 mice, but did highlight hyperkeratosis and increased
granular staining of the SG, suggesting defects in keratinocyte differentiation.
Different keratinocyte layers of the epidermis express distinct keratins; basal
keratinocytes express K5 and K14 and as keratinocytes differentiate the
expression of these filaments are downregulated and the expression of K1
and K10 are upregulated.

In Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice the

expression of the differentiation-associated keratin filament K10 was
upregulated as in control epidermis, however, the expression of the basal
keratin filament K14 was not downregulated, confirming defects in the
differentiation of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 keratinocytes.
TEM images also confirmed defects in differentiation; the SC of Vps33bfl/fl ERT2
and Viparfl/fl ERT2 mice showed an increase in the size of corneocytes, presence
of lipid layers inside corneocytes and thinner cornified envelopes compared to
controls. As corneocytes are the culmination of keratinocyte differentiation,
these changes indicate that VPS33B and VIPAR deficiency affect the correct
differentiation program of keratinocytes.
This reflects TEM images of biopsies from patients with ARC or ARKID
syndrome. Patients with classical ARC syndrome were previously shown to
have abnormal lamellar structures in their corneocytes (Hershkovitz et al.,
2008) which Hershkovitz et al. (2008) ascribed to LBs that had not been
secreted before formation of the cornified envelope. Samples from patients
with ARKID syndrome also showed abnormal lipid structures in the SC;
corneocyte size and CE thickness was not studied in these samples. LB
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entombment could be caused by VPS33B and VIPAR deficiency as the
VPS33B-VIPAR complex may be required for LB tethering to, or fusion, with
the

plasma

membrane

at

the

SG-SC

junction;

alternatively

the

VPS33B-VIPAR complex may be important for delivery of cargo to LBs in the
SG. It could also be that this is a secondary effect to defective LH3 delivery to
intracellular collagen, leading to abnormal collagen modification.

Indeed,

mutations in collagen I and VII cause skin defects such as epidermolysis
bullosa, which presents with fragile and blistering skin (Hovnanian et al.,
1992; Ryynanen et al., 1991) and I will further discuss these possible roles for
VPS33B and VIPAR in the following chapter, Chapter 6.
5.4.3. The similarities between skin phenotypes of Vps33bfl/fl ERT2 mice
and

patients

with

ARKID

syndrome

supports

a

common

underlying defect
The skin phenotype of Vps33bfl/fl ERT2 mice is strikingly similar to that
observed in patients with ARKID syndrome.

They both develop a much

thicker epidermis with acanthosis, hypergranulosis and hyperkeratosis, Figure
5.3 and Gruber et al. (2017). Ultrastructurally the defects are also very similar
with odd structures and lipid layers present inside corneocytes, Figure 5.12
and Gruber et al. (2017). These similarities support the data from Chapter 4
which indicates that the p.Gly131Glu variant in VPS33B is causing ARKID
syndrome, as the extensive similarities between the patients and the murine
models indicates a common causative mechanism.
5.4.4. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis have reduced water
barrier function
Changes in the structure of the epidermis may be expected to disrupt the
functions of the skin, one of which is as a barrier to water loss.
Trans-epidermal water loss was much higher in Vps33bfl/fl ERT2 and
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Viparfl/fl ERT2 mice compared to controls, confirming that the epidermal
morphology is affecting the water barrier of the skin. This may also explain
the hyperproliferation observed in the epidermis of Vps33bfl/fl ERT2 and
Viparfl/fl ERT2

biopsies,

as

decreased

barrier

function

increases

SB

keratinocyte proliferation (Ny and Egelrud, 2004; Proksch et al., 1991).
The water barrier function of the skin has been ascribed to both the intercellular
junctions of SG cells and the inter-corneocyte lipid lamellae of the SC (VerdierSévrain and Bonté, 2007). It is possible that the direct effect of Vps33b or Vipar
knockout on the epidermis is the disruption of the junctions or the lipid lamellae
in these mice. It is also possible that it is disruption of LH3 delivery in VPS33B
and VIPAR deficiency that is leading to changes in the signalling from collagen
in the basal lamina, leading to defects in epidermal differentiation. I will discuss
these possibilities further in the following chapter, Chapter 6.
Overall, the analysis of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice by histology,
immunohistochemistry and TEM confirms that these mice develop a skin
phenotype that is similar to patients with ARC and ARKID syndromes. As well
as defects in epidermal structure, (Figure 5.3) and keratinocyte differentiation
(Figures 5.6, 5.10 and 5.12) there is a defect in epidermal function (Figure
5.13). The underlying cause of the skin diseases in these mice and patients
with ARC and ARKID syndromes is not yet clear and I will continue to study
this in the following chapter.
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Chapter 6 - Defects in lamellar body biogenesis
and LH3 delivery underlie the skin phenotype in
VPS33B and VIPAR deficiencies
6.1. Introduction
Patients with VPS33B and VIPAR deficiencies develop dry scaly skin
conditions as part of ARC syndrome (Gissen et al., 2006) or the newly
identified ARKID syndrome (Gruber et al., 2017). Previous analysis of the
ultrastructure of skin from patients with ARC syndrome identified unexpected
lipid bilayer structures and inclusions in the stratum corneum (SC) of patients
with a VPS33B mutation: c.701-1G>C p.Asp234His, which leads to truncation
of the VPS33B protein (Hershkovitz et al., 2008).

These structures were

hypothesized to be “entombed” lamellar bodies (LBs) that had not secreted
their contents before formation of the cornified envelope (Hershkovitz et al.,
2008). Patients with the p.Gly131Glu mutation in VPS33B, causing ARKID
syndrome, also have inclusions in the SC and abnormal LB contents at the
junction between the stratum granulosum (SG) and SC, with defects also
identified in delivery of a collagen modifying enzyme, LH3, to intracellular
collagen, causing defects in post-translational collagen modification and
abnormalities in the basal lamina of the skin (Gruber et al., 2017).
How VPS33B and VIPAR deficiencies lead to these skin defects, including
abnormalities in LB structure and secretion, has yet to be determined.
VPS33B and VIPAR interact and are hypothesized to act as part of a tethering
complex, perhaps including other proteins, to regulate intracellular vesicular
fusion events (Rogerson and Gissen, 2016; Spang, 2016). The observed
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epidermal defects could be a direct effect of deficient VPS33B-VIPAR
transport of cargo proteins; in LB biogenesis and secretion a tethering
complex could be important for delivery of cargo to LBs or tethering and
secretion of LBs at the plasma membrane.

As keratinocytes in the SG

differentiate they secrete LBs at their apical surface, at the interface with the
SC (Elias et al., 1998), and as the keratinocytes differentiate into the
corneocytes of the SC their intracellular structures are degraded through
release of lysosomal enzymes (Eckhart et al., 2013). These “entombed” LBs
could therefore be due to deficiency of the VPS33B-VIPAR tethering complex
in secretion of LB contents, in the biogenesis of LBs, which could affect their
secretion.

The retention of membranous structures in Vps33bfl/fl ERT2 and

Viparfl/fl ERT2 mice, and patients with ARC and ARKID syndrome, could also
be caused by lack of degradation of intracellular organelles in the process of
cornification.
The VPS33B-VIPAR complex could be acting prior to the formation of LBs; the
epidermal defects may be secondary to alterations in LH3-dependent collagen
modification, leading to altered basal lamina structure.

This could affect

differentiation and downstream signalling, or establishment of polarity that
could impact LB biogenesis and secretion. LH3 is expressed in the skin, with
expression at the basement membrane of the epidermis reduced in recessive
dystrophic epidermolysis bullosa patients (OMIM #226600) (Watt et al., 2015),
who amongst other symptoms suffer from severe skin blistering caused by
mutations in COL7A1 (Hovnanian et al., 1992; Ryynanen et al., 1991).
There have been few trafficking proteins convincingly linked to the biogenesis
and secretion of LBs. Some evidence suggests LBs are formed from the TGN
and form a tubulo-reticular cisternal membrane system towards the apical
surface of keratinocytes, that may be connected to the apical plasma
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membrane (Norlén et al., 2003). However, there is also evidence to suggest
that SNARE-mediated vesicular fusion events are required for correct LB
structure and secretion, as VPS33B and SNAP29 have been implicated in this
process (Hershkovitz et al., 2008; Schiller et al., 2016; Sprecher et al., 2005).
CLIP-170, a protein known to connect organelles with microtubules (Galjart,
2005), was also localised to LBs in keratinocytes through mass spectrometry
analysis of LBs (Raymond et al., 2008) and Rab7 and Cdc42, previously
implicated to act with CLIP-170, were also localised to LBs (Raymond et al.,
2008).
Interestingly, Rab10 (required for VPS33B-VIPAR dependent transport of LH3
(Banushi et al., 2016)) was also pulled out in the mass spectrometry analysis
of LB associated proteins (Raymond et al., 2008), indicating that a similar
VPS33B-VIPAR dependent pathway could be acting for delivery to LBs or LB
precursors. Conversely, Rab11a has been recently shown to be essential for
LB biogenesis (Reynier et al., 2016), which could be working with
VPS33B-VIPAR in a pathway independent to that of the LH3 delivery pathway.
Our inducible ubiquitous knockout murine models of ARC syndrome develop
a skin phenotype similar to patients with ARC and ARKID syndromes. Further
analysis of ARC murine model skin revealed the epidermis to be
hyperproliferative with defects in keratinocyte differentiation and abnormalities
in the SC, see Chapter 5, analogous to those seen in patient tissues (Gruber
et al., 2017; Hershkovitz et al., 2008). I also determined that these changes
disrupted one of the primary functions of the epidermis, to prevent water loss,
Figure 5.13.

The main barrier to water loss in the skin is the SC, the

composition of which has been compared to a structure of “bricks and
mortar”, with the differentiated keratinocytes (corneocytes) resembling the
bricks surrounded by the “mortar” of lipid layers (Matsui and Amagai, 2015).
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The formation of the SC, both the lipid layers and corneocytes, is heavily
dependent on LB contents, which include lipid lamellae that are further
processed to form the SC lipid layers and other proteins including enzymes
essential for corneocyte differentiation and cornified envelope formation
(Feingold, 2012).
However, the “bricks and mortar” of the SC is not the only structure preventing
water movement across the epidermis; there are also layers of tight junctions
and arrays of desmosomes across the epidermis facilitating cell-cell adhesion
and also preventing movement of water and ions across the keratinocyte
layers (Kirschner et al., 2013; Proksch et al., 2008). VPS33B and VIPAR
deficiencies affect polarisation and formation of tight junctions in epithelial
cells (Cullinane et al., 2010; Hanley et al., 2017), which could support a
hypothesis that some of the water barrier defect in Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 mice may be caused by defective junction formation and,
interestingly, a patient with mutations in claudin-1 also presented both with
ichthyosis and liver disease, similar to patients with ARC syndrome
(Hadj-Rabia et al., 2004). Analysis of the junctional component of the barrier
can, however, be complicated by the fact that deficiency in junctions can also
cause defects in the SC barrier (Ishida-Yamamoto and Igawa, 2014;
Sugawara et al., 2013; Yuki et al., 2013); it is possible that a primary effect of
VPS33B and VIPAR deficiency on junction formation and function could lead
to a secondary effects in keratinocyte differentiation in a similar way.
To further define the underlying causative mechanisms for epidermal defects
in VPS33B and VIPAR deficiencies, I will study the skin phenotype of
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice, assessing LB structure, junction
formation and function, and collagen modification.
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6.2. Aims
To better understand the underlying causative mechanisms of the dry skin
phenotype in patients with ARC and ARKID syndromes, I will build on my
description of the Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice phenotype in Chapter
5. I will look at the effects of VPS33B and VIPAR deficiency on the contents of
LBs, formation of epidermal junctions and structure of collagen in the basal
lamina and dermis of these mice, to begin to determine the primary effect of
VPS33B and VIPAR deficiency in the epidermis.

6.3. Results
6.3.1. LB homeostasis is disrupted in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
mice
Skin from patients with ARC syndrome and ARKID syndrome show SC
defects and abnormalities in LBs (Gruber et al., 2017; Hershkovitz et al.,
2008).

In the previous Chapter; Figure 5.12, I demonstrated unexpected

membranous structures visible in the SC layers, that may indicate defects in
LB secretion, and thinner CEs, which may indicate LB deficiencies as CE
formation is controlled by LB contents.

Skin biopsies from control,

Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice prepared for transmission electron
microscopy (TEM) show that the ultrastructure of LBs in Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 is also affected, Figures 6.1 and 6.2, most clearly visible at the
interface between the SG and SC, with bubble-like inclusions present in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections, Figure 6.1.
This is analogous to the abnormal LBs seen in patients with ARKID syndrome
(Gruber et al., 2017). The presence of these LBs at the SG-SC junction,
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Control

Vps33bfl/fl-ERT2

Viparfl/fl-ERT2

Figure 6.1: Abnormal LB contents secreted at the SG-SC junction in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.
TEM images of the SG-SC junction in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis. Control sections have organised lamellar structures at the SG-SC junction
whereas Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections additionally show abnormal
bubble-like inclusions at the junction (single arrow). Double arrows emphasize
abnormal membrane structures in Viparfl/fl ERT2 corneocytes.
Scale bars = 200 nm. Images are representative of at least two independent murine
biopsies per genotype.

Control

Vps33bfl/fl-ERT2

Viparfl/fl-ERT2

Figure 6.2: Abnormal LB contents in the SG in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
mice.
TEM images of SG cells in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis. Control
sections have linear organised lamellar structures in LBs whereas Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 sections also have abnormal ring-like arrangements and empty areas.
Scale bars = 200 nm. Images are representative of at least two independent murine
biopsies per genotype.

192

secreting their contents, does not rule out defects in LB secretion but does
suggest defects in the biogenesis of LBs.
To determine whether LBs in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis contain
expected LB cargo I immunostained for the LB cargo, kallikrein 5 (KLK5) in
skin sections from control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. In control
mice there is discrete punctate staining for KLK5, a protease normally secreted
by LBs, in the upper layers of the epidermis but not in the more basal layers
expressing K14, Figure 6.3.

KLK5

KLK5 DAPI

KLK5 K14

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

DAPI

Figure 6.3: KLK5 staining is reduced in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections
compared to controls.
KLK5 staining in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections. Scale bars =
20 μm. Immunofluorescent images are a maximum projection of a z-stack of images.
K14 merge images are included to indicate basal keratinocytes in control epidermis.
All KLK5 images were taken with the same microscope settings, the brightness was
boosted for the KLK5 K14 merge to illustrate the presence of KLK5 staining in K14positive Vps33bfl/fl ERT2 and Viparfl/fl ERT2 keratinocytes. Images are representative of
results from at least six control and three Vps33bfl/fl ERT2 and Viparfl/fl ERT2 independent
murine biopsies.
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However, in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis the KLK5 staining is
decreased in intensity and dispersed throughout the keratinocyte layers. This
suggests that there is a reduction in the expression of KLK5 in Vps33bfl/fl ERT2
and Viparfl/fl ERT2 epidermis, which may be linked to defects in delivery of the
protease to LBs.
To determine whether lipids were being delivered to the SC in Vps33bfl/fl ERT2
and Viparfl/fl ERT2 epidermis I assessed the staining of neutral lipids in the skin
with Oil Red O (ORO), which can be visualised with light or fluorescence
microscopy. By fluorescence microscopy there were substantial differences in
the staining of the SC between control and Vps33bfl/fl ERT2 or Viparfl/fl ERT2 skin
sections, Figure 6.4.
In the SC of control sections there is strong homogeneous staining, however in
the SC of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections ORO staining was reduced
and restricted to regions of the SC that appeared to be arranged linearly. This
could be due to the increase in size of the corneocytes that was noted in these
mice (Figure 5.12) spacing out the intercorneocyte lipid layers and creating
the linear appearance of the lipid stain. The overall staining was decreased in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 SC, suggesting there is a reduction in the lipids
that are secreted by LBs in these mice, further supporting the conclusion there
are LB biogenesis and/or secretion defects in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
mice.
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ORO

DAPI ORO

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

DAPI

Figure 6.4: ORO staining is reduced in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 SC.
ORO staining of control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections.
Scale bars = 20 μm. Immunofluorescent images are a maximum projection of a zstack of images. Images are representative of results from at least six control and
three Vps33bfl/fl ERT2 and Viparfl/fl ERT2 independent murine biopsies.

6.3.2. Primary keratinocytes and fibroblasts can be isolated from
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin
To further study the skin phenotype in VPS33B and VIPAR deficiency I
isolated primary keratinocytes and primary fibroblasts from Vps33bfl/fl ERT2
and Viparfl/fl ERT2 tail skin. Keratinocytes isolated from Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 mice had reasonable levels of viable cells compared to control at
the point of isolation, Figure 6.5, although this was significantly less in
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Viparfl/fl ERT2 isolations compared to controls. These cells could proliferate in
culture in the short term, however, they were not suited for long term culture
or cryopreservation; after passage cell proliferation slowed and the cell
morphology no longer looked as expected.

n=11

n=6

n=6

Figure 6.5: Viable primary keratinocytes can be isolated from Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 mice.
Percentage of cells in keratinocyte isolations that did not stain for trypan blue prior
to the initial seeding. The number of preparations analysed for each genotype (n),
across four independent experiments, are indicated on the graphs. Primary murine
fibroblast isolation did not have a suitable step to perform this type of analysis, however,
fibroblasts were isolated from all mouse genotypes to a similar degree. Data are mean
± standard deviation, ordinary one-way ANOVA: non-significant (ns) p>0.05, * p≤0.05.

To determine whether tamoxifen injection had induced knockout of Vps33b
and Vipar in the epidermis of these mice I checked for VPS33B and VIPAR
protein expression in primary keratinocyte cultures. In Vps33bfl/fl ERT2 (Figure
6.6A) and Viparfl/fl ERT2 (Figure 6.6B) keratinocytes VPS33B and VIPAR
protein expression is substantially reduced by either knockout. This confirmed
that the knockout of Vps33b and Vipar had been performed in the epidermis
of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice respectively and further supported
the co-regulation of VPS33B and VIPAR expression.
I was unable to isolate sufficient fibroblasts for both the culture experiments
and western blots so I was unable to verify the knockout in these cells.
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However, as dermal fibroblasts are closer to the circulatory system of the skin
than keratinocytes they are likely to have been exposed to similar levels of
tamoxifen to the keratinocytes and knockout would be expected.
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Figure 6.6: Primary keratinocytes from Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice
have reduced VPS33B and VIPAR expression.
A - Control and Vps33bfl/fl ERT2 keratinocyte lysates blotted for VPS33B, VIPAR and
GAPDH expression. Two GAPDH blots are shown as the VPS33B and VIPAR western
blots were run separately.
B - Control and Viparfl/fl ERT2 keratinocyte lysates blotted for VPS33B, VIPAR and
GAPDH expression.
Images are representative of two independent western blotting experiments.

6.3.3. Junction

formation

is

not

affected

in

Vps33bfl/fl ERT2

and

Viparfl/fl ERT2 epidermis
Defects in junction formation have been linked to alterations in barrier function
(Sugawara et al., 2013) and dry scaly skin conditions have been associated
with mutations in tight junction, gap junction and adherens junction proteins
(Lai-Cheong et al., 2007). To assess whether junctions were forming correctly
in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis I immunostained for the tight
junction protein claudin-1 and the adherens junction protein E-cadherin in
control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections.

There was no

substantial difference in the localisation of claudin-1 and E-cadherin between
control and Vps33bfl/fl ERT2 or Viparfl/fl ERT2 sections; in all sections they
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localised to the plasma membrane, suggesting that the junctions are forming
correctly in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice, Figure 6.7.

Claudin-1

E-cadherin

Merge

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

DAPI

Figure 6.7: Claudin-1 and E-cadherin localise to the plasma membrane in control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis.
Claudin-1 and E-cadherin staining in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin
sections.
Scale bars = 20 μm. The dermo-epidermal junction is emphasized by a white dashed
line. Immunofluorescent images are single z-slices from z-stack images. Images
are representative of results from at least six control and three Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 independent murine biopsies.

I also immunostained for β-catenin, an adherens junction protein, also known
to play important roles regulating cell adhesion and polarisation particularly in
the skin (Watt and Collins, 2008). There was no substantial difference in the
localisation of β-catenin between control and Vps33bfl/fl ERT2 or Viparfl/fl ERT2
epidermis; in all sections β-catenin localised to the plasma membrane, Figure
6.8, similar to its binding partner E-cadherin, further confirming junctions are
forming correctly in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice and that there was
not an increase in β-catenin activation and localisation to the nucleus.
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Merge

Viparfl/fl-ERT2

Vps33bfl/fl-ERT2

Control

β-catenin

Figure 6.8:
β-catenin localises to the plasma membrane in control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis.
β-catenin staining in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections
counterstained with DAPI.
Scale bars = 20 μm. Images are single z-slices from z-stack images. Images are
representative of results from at least six control and three Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 independent murine biopsies.

Although tight junction and adherens junction proteins are localised to the
plasma membrane in Vps33bfl/fl ERT2 or Viparfl/fl ERT2 epidermis, it is possible
the junctions are not functional. Tight junction function can be measured in
vitro as the trans-epithelial electrical resistance (TEER) across cell layers.
Keratinocytes were isolated from control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 tail
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skin and grown on filter inserts in normal tissue culture dishes. Differentiation
was induced by raising the cultures to the air interface and the changes in
electrical resistance followed for up to 10 days of airlift culture, Figure 6.9.
There were no differences in TEER between controls and Vps33bfl/fl ERT2 or
Viparfl/fl ERT2 keratinocytes, although the TEER did seem to vary slightly
between different cultures of the cells. This supports the localisation of tight
junction proteins to the plasma membrane, Figure 6.7, and suggests tight
junctions are functional in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.
Desmosomes are also important for cell-cell adhesion and mechanical
strength in the epidermis and defects in their components can lead to skin
barrier defects (Ishida-Yamamoto and Igawa, 2014). Analysis of desmosome
structure by TEM of murine skin biopsies showed no overt change in the
visible structure of the desmosomes in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis, Figure 6.10. This further indicates that defects in the water barrier
function of the epidermis in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice are unlikely
to be due to junctional defects.
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Figure 6.9: Keratinocyte tight junction function is not affected in Vps33bfl/fl ERT2
and Viparfl/fl ERT2 mice.
A - TEER readings of individual control (blue or black) and Vps33bfl/fl ERT2 (red
or orange) keratinocyte cultures. Results from two experiments are shown in
black/orange and red/blue respectively.
B - TEER readings of individual control (blue) and Viparfl/fl ERT2 (red) keratinocyte
cultures.
C - Average TEER readings from all Vps33b control and Vps33bfl/fl ERT2 mice.
D - Average TEER readings from all Vipar control and Viparfl/fl ERT2 mice.
UAR = Unit Area Resistance (cm2 ), calculated as the product of the raw resistance
reading and the surface area of the culture.
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Control

Vps33bfl/fl-ERT2

Viparfl/fl-ERT2

Figure 6.10: Desmosome structure is normal in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis.
TEM images of desmosomes between adjacent keratinocytes in control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis.
Scale bars = 400 nm. Images are representative of at least two independent murine
biopsies per genotype.

6.3.4. Collagen homeostasis is affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
skin
LH3 is mislocalised in VPS33B and VIPAR deficient mIMCD3 cells (Banushi
et al., 2016) and altered LH3 distribution has been observed in fibroblasts
from patients with the p.Gly131Glu VPS33B mutation in ARKID syndrome,
with abnormal post-translational modification of collagen lysine residues in
these patients (Gruber et al., 2017). This may indicate that disruption in LH3
delivery could cause the skin defects in these patients, by disrupting
extracellular matrix (ECM) formation, through deficiency of LH3-dependent
collagen modifications.
Histological analysis of the ECM in the dermis of control, Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 skin biopsies did not reveal gross changes in the morphology of
collagen and other fibres of the dermis, Figures 5.8 and 5.9. To determine
if there were more subtle alterations in the collagen structure of the dermis I
analysed the picrosirius red stains with circularised polarised light, Figure 6.11.
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Collagen is a birefringent material that can affect the polarization of light
dependent on its thickness (Junqueira et al., 1979). Under polarised light this
alters the colour of the light, small collagen fibres cause weak birefringence
and appear green and larger fibres produce yellow and subsequently red
fibres with greater birefringence (Rich and Whittaker, 2005).

Circular polarised light

Viparfl/fl-ERT2

Vipar control

Vps33bfl/fl-ERT2

Vps33b control

Brightfield

Figure 6.11: Birefringence of polarised light by collagen fibres in control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.
Picrosirius red staining imaged with brightfield or circularly polarised light.
Scale bars= 200 um. Images are representative of results from three independent
murine biopsies per genotype. Controls are shown separately as the stains were
performed in different batches.
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The proportion of fibres that were red, yellow or green were calculated for
control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. On average control sections
had a distribution of collagen fibre size which was similar to Viparfl/fl ERT2
sections, however, Vps33bfl/fl ERT2 sections had a much larger proportion of
large fibres than controls, Figure 6.12.

Figure 6.12: Picrosirius red staining suggests Vps33bfl/fl ERT2 collagen fibres are
thicker than in control dermis.
Quantification of the amount of red, yellow and green areas in control, Vps33bfl/fl ERT2
and Viparfl/fl ERT2 skin sections relative to the total amount of collagen in picrosirius
red stained sections such as those shown in Figure 6.11. Controls are reported
individually as Vipar control and Viparfl/fl ERT2 sections were stained on a different day
to Vps33b control and Vps33bfl/fl ERT2 sections; and the intensity of the staining may
affect the outcome of the analysis. Data shown are the mean of the results from three
independent mouse biopsies per genotype, and of two fields of view per biopsy ±
standard deviation.

Larger fibres could be expected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice as
disrupted cross-linking of collagen fibres by deficiencies in LH3-dependent
modifications could disrupt collagen fibre organisation causing defects in
organisation into higher order structure.

Scanning electron microscopy of

mouse tail tendons showed collagen fibrils were swollen and distorted in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 tendons, compared to controls (Banushi
et al., 2016). However, studies from LH3 deficient cell lines and LH3 deficient
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murine models have produced conflicting results, with LH3 deficient
osteoblast cell lines secreting thicker collagen fibrils (Sricholpech et al., 2011,
2012) and LH3 deficient murine models produced thinner fibrils than controls
(Risteli et al., 2009), suggesting that there may also be cell type specific
effects of LH3 deficiency.
These results were also supported by TEM analysis; Vps33bfl/fl ERT2 collagen
fibrils appeared larger in cross section that Vps33b control fibrils. However,
both Vipar control and Viparfl/fl ERT2 fibrils appeared to have larger fibrils,
Figure 6.13. Why the Vipar controls have shown thicker fibrils by picrosirius
red staining and TEM, and whether there is a natural variation in collagen fibril
size in murine dermis would be important to determine. However, it is difficult
to ensure that the collagen fibrils are cut exactly across their horizontal axis
with this method. Further control samples should be studied before these
results can be used to confirm that collagen fibril size is affected by VPS33B
but not VIPAR deficiency in the skin.
To further determine the effect of VPS33B and VIPAR deficiency on the dermis,
fibroblasts were isolated from control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 tail skin
and cultured in the presence of ascorbic acid to stimulate collagen secretion.
The matrix deposited by the fibroblasts was analysed by staining for collagen
I, Figure 6.14A, and the structure analysed by measuring the tendency of the
fibres to align in particular directions, the ‘directionality’.
Directionality analysis measures the amount of collagen I staining in all
directions of an image and fits a Gaussian distribution to the results, Figure
6.14B. Vps33bfl/fl ERT2 and Viparfl/fl ERT2 fibroblasts deposited matrix with much
more varied directions of fibres than control mice, producing directionality
results with shallower or almost flat gaussian distributions.

The standard

deviation of the Gaussian function, a measure of how close most of the values
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Vps33b control

Vps33bfl/fl-ERT2

Vipar control

Viparfl/fl-ERT2

Figure 6.13: TEM suggests Vps33bfl/fl ERT2 collagen fibres are thicker than in
control dermis.
TEM images of collagen fibrils in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 dermis.
All images are 0.8 μm2 . Images are representative of at least two independent murine
biopsies per genotype.

are to the most common direction, and the range of the Gaussian function, the
maximum value minus the minimum, indicating the number of fibres aligned in
the most common direction compared to the least common direction, were
analysed to quantify the differences in alignment.

Vps33bfl/fl ERT2 and

Viparfl/fl ERT2 fibroblasts had a larger average standard deviation, Figure
6.14C, and a lower range of their Gaussian distributions, Figure 6.14D;
although the difference in standard deviation was only statistically significant
for Vps33bfl/fl ERT2 fibroblasts. This indicates fibres were more dispersed than
in control cultures, suggesting changes in basement membrane deposition in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 fibroblasts.
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Figure 6.14: Vps33bfl/fl ERT2 and Viparfl/fl ERT2 fibroblasts deposit more dispersed
collagen fibres.
A - Collagen I staining of decellularised matrix from primary murine fibroblast cultures.
Scale bars = 200 μm. Images are maximum projections of a z-stack of images.
B - Directionality analysis of fibres in ‘A’.
C - Standard deviation (SD) of the Gaussian function fitted in ‘B’.
D - Amplitude of the Gaussian function fitted in ‘B’ (Max - Min).
Three images of two independent matrices analysed per genotype. Data are mean ±
standard deviation, ordinary one-way ANOVA, ns p>0.05, * p≤0.05, **** p≤0.0001.
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This is comparable to results from human fibroblasts from patients with
ARKID syndrome, Figure 4.11, reinforcing the conclusion that collagen in the
dermis is affected by VPS33B and VIPAR deficiency. Patients with ARKID
syndrome also had deficiencies in the basement membrane of the
dermo-epidermal

junction,

with

less

obvious

hemidesmosomes

and

decreased numbers of anchoring fibrils (Gruber et al., 2017). TEM of the
dermo-epidermal junction in control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice did
not show a substantial decrease in the size of the basement membrane in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin sections, Figure 6.15. However, there
were areas of basement membrane that appeared much thinner than in
control mice, which could indicate deficiencies in the basement membrane.
Unfortunately, anchoring fibrils were not clearly visible in any of the samples
so alterations in their prevalence could not be determined. Hemidesmosomes
were present in all samples and did not appear to be less prevalent
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 tissue.
These results are not as convincing as those from patients with ARKID
syndrome, however, knockout of Vps33b and Vipar in the mice is only
performed post-development at 4-5 weeks of age and they are sacrificed after
approximately 4 weeks after they develop a severe skin phenotype. This
could indicate that although the knockout has caused a dry scaly phenotype,
this is mostly due to the effects of the knockout in the epidermis.

The

basement membrane and dermal structures may not yet be affected by the
knockout phenotype and some components may remain from the structures
that developed pre-induction of the knockout. This could be supported by the
convincing results of isolated fibroblasts, Figure 6.14, but less obvious
alterations in in vivo structural features, Figures 6.11, 6.12, 6.13 and 6.15.
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Control

Vps33bfl/fl-ERT2

Viparfl/fl-ERT2

Figure 6.15: TEM images of the dermo-epidermal junction in control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.
Two TEM images of the dermo-epidermal junction are shown from control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin. White arrows indicate areas of thinner
basement membrane and blue arrows indicate hemidesmosomes.
All images are 1 μm2 . Images are representative of at least two independent murine
biopsies per genotype.

This would suggest that defects in collagen structure are not the primary
defect in the epidermis of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. To further
test this I co-cultured primary fibroblasts and keratinocytes in a ‘full thickness’
skin model of keratinocytes grown on a fibroblast culture and raised to the air
interface to stimulate keratinocyte stratification. The timing of these cultures
was difficult to coordinate with the availability of mice of every genotype; for
this analysis Viparfl/fl ERT2 fibroblasts were used as the deficient fibroblasts
and Vps33bfl/fl ERT2 keratinocytes as the deficient keratinocytes.

In all

previous analyses the two deficient mouse models have behaved identically
so it would be expected that this could still determine VPS33B/VIPAR
dependent effects in the epidermis.
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H&E images showed that cultures had stratified into full thickness skin
models,

Figure 6.16,

however,

the fibroblast dermal-like layer was

indistinguishable from basal keratinocytes.

The previously identified skin

phenotype of a larger SC in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin, Figure 5.3
and 5.12, could not be used to phenotype these cultures as the SC was very
fragile and was often visibly disconnected from the rest of the culture after
embedding.

Vps33bfl/flERT2 keratinocytes

KLK5

H&E

Viparfl/flERT2 fibroblasts

KLK5

H&E

Control fibroblasts

Control keratinocytes

Figure 6.16: Full thickness skin cultures stained for H&E and KLK5.
Full thickness skin models of control or Viparfl/fl ERT2 primary fibroblasts with control or
Vps33bfl/fl ERT2 primary keratinocytes, grown at the airlift interface for 12 days before
staining with H&E (top) or immunostaining for the LB cargo KLK5 (bottom).
H&E scale bar = 20 μm, KLK5 scale bar = 50 μm. Images are representative of at least
three full thickness models for each combination of genotypes/cell types. Models were
verified by H&E staining and then KLK5 staining was performed.

Staining of only control cells showed strong punctate staining for KLK5 in the
keratinocytes which appeared decreased in intensity and less frequent in the
Viparfl/fl ERT2 -Vps33bfl/fl ERT2 culture, Figure 6.16. Interestingly, the staining
was

also

decreased

in

intensity
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and

frequency

in

control

fibroblast-Vps33bfl/fl ERT2 keratinocyte cultures and in the Viparfl/fl ERT2
fibroblast-control keratinocyte cultures. This suggests that the presence of
control fibroblasts cannot completely rescue the defects in Vps33bfl/fl ERT2
keratinocytes but the genotype of fibroblasts can affect keratinocyte function.
As may be expected, due to the ubiquitous expression of VPS33B and VIPAR
and their various previously identified cell type specific roles, there appear to be
keratinocyte and fibroblast specific defects in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
skin; the genotype of the fibroblasts can affect keratinocyte function but there
are likely to be other alterations in keratinocytes caused by the deficiency of
VPS33B and VIPAR in these cells that also affect the skin phenotype.
6.3.5. Integrin mediated functions are affected in Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 skin
VPS33B can bind to integrin β-subunits and is important for αIIbβ3-mediated
endocytosis and αIIbβ3-mediated platelet spreading (Xiang et al., 2015). To
analyse whether VPS33B and VIPAR deficiency was affecting integrin
mediated functions such as cell spreading and migration I analysed the ability
of primary murine keratinocytes and fibroblasts to spread, and the ability of
primary murine fibroblasts to heal a wound in a scratch assay.
Primary keratinocytes, when allowed to spread on tissue culture dishes
coated with fibronectin, showed no difference in cell area or cell shape
between control and Vps33bfl/fl ERT2 and Viparfl/fl ERT2 cells, Figure 6.17.
Murine fibroblasts, Figure 6.18, also showed no difference in cell area or cell
shape suggesting these functions do not require VPS33B or VIPAR in the
epidermis.
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Figure 6.17: Cell spreading is not affected in VPS33B and VIPAR deficient
keratinocytes.
A - Example images of cell spreading assays. Cells were allowed to spread for 1 h on
tissue culture treated dishes coated with fibronectin. Cells were stained with DAPI and
Alexa-labelled WGA. The CellProfiler software (Carpenter et al., 2006) was used to
identify each cell using the DAPI to identify the nucleus of each cell and the cell outline
from the WGA stain.
B - Cell area of individual keratinocytes.
C - Solidity, the area of the cell outline divided by the convex area of the cell shape.
At least three fields of view were measured per keratinocyte isolation, the number
of isolations analysed (n), across three independent experiments, are indicated on
the graphs. Data are mean ± standard deviation, ordinary one-way ANOVA, nonsignificant (ns) p>0.05.
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Figure 6.18: Cell spreading is not affected in VPS33B and VIPAR deficient
fibroblasts.
A - Example images of cell spreading assays on a tissue culture treated surface. Cells
were allowed to spread for 1 h on tissue culture treated dishes. Cells were stained with
DAPI and Alexa-labelled WGA. The CellProfiler software (Carpenter et al., 2006) was
used to identify each cell using the DAPI to identify the nucleus of each cell and the
cell outline from the WGA stain.
B - Cell area of individual fibroblasts.
C - Solidity, the area of the cell outline divided by the convex area of the cell shape.
At least three fields of view were measured per fibroblast isolation, the number
of isolations analysed (n), across two independent experiments, are indicated on
the graphs. Data are mean ± standard deviation, ordinary one-way ANOVA, nonsignificant (ns) p>0.05.
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In a wound healing assay Vps33bfl/fl ERT2 and Viparfl/fl ERT2 fibroblasts showed
a slower recovery over the wound shape, although this was only significant
for Vps33bfl/fl ERT2 fibroblasts. Viparfl/fl ERT2 seemed to show a trend for slower
wound healing although this was not significantly different. Fibroblasts were
not incubated with mitomycin, or another treatment to prevent proliferation, as
for incubations under 24 h the effect of proliferation on migration is deemed
to be negligible (Kramer et al., 2013). This suggests that VPS33B and VIPAR
deficiency may be affecting some integrin mediated functions in the epidermis.
Although VPS33B and VIPAR are hypothesized to be part of a tethering
complex it may not be VPS33B-VIPAR dependent trafficking of integrins that
is affected in these mice. The structure of collagen in the dermis is likely
affected in VPS33B and VIPAR deficiency and patients with ARC and ARKID
syndrome

show

significantly

lower

LH3-dependent

post-translational

modifications of collagen. It may be that epidermal defects in VPS33B/VIPAR
deficiency is caused by decreased or abnormal signalling from collagen
receptors. It would be important to determine the localisation and activation of
collagen receptors in the Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis to
determine whether these processes are important in vivo.
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Figure 6.19: Wound healing is slower in Vps33bfl/fl ERT2 fibroblasts than in
control cells.
A - Representative images of wound healing experiments using primary fibroblasts
isolated from control, Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. Images were taken
immediately after the scratch was made, 16 h and 24 h later.
B - Quantification of the percentage of wound closure made by fibroblasts from control,
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice.
Results are representative of at least three independent scratches per genotype. Data
are mean ± standard deviation, ordinary one-way ANOVA, * p≤0.05, ** p≤0.01, all other
comparisons were non-significant (ns) p>0.05.
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6.4. Conclusions
6.4.1. Abnormal lamellar body formation and function may cause barrier
disruption in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice
Similarly to patients with ARC or ARKID syndromes, mice with VPS33B or
VIPAR deficiency develop a dry scaly skin phenotype, which was described in
Chapter 5. In patients this has been attributed to the presence of lamellar
structures in the SC of the patients, hypothesized to be “entombed” LBs that
failed to secrete their contents before cornification (Hershkovitz et al., 2008).
However, it has not yet been determined whether defects in LB secretion are
the primary effect of VPS33B and VIPAR deficiency in the skin.
Abnormal structures were visible in the SC of Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis, Figure 5.12, also similar to the patients with ARC and ARKID
syndromes and abnormal non-lamellar contents were visible in the SG and at
the SG-SC junction of these mice, Figures 6.1 and 6.2, similar to those
identified in patients with ARKID syndrome (Gruber et al., 2017).
Immunostaining of a LB cargo, KLK5, was weaker, less prevalent and less
restricted to differentiated keratinocytes in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis,

suggesting that LB associated proteins were not being

incorporated into the LBs that were formed.

There was also an overall

reduction in the amount of lipid in the SC of these mice, as shown by ORO
staining, Figure 6.4, which could be due to defective loading of cargo to LBs
or defective LB secretion. This could explain the decreased water barrier of
the skin in these mice.
VPS33B and VIPAR may be important in the delivery of LB contents to LBs or in
the secretion of LBs contents at the plasma membrane. To distinguish between
these, immuno-EM could be used to visualise exactly where in the epidermis
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VPS33B and VIPAR are localised. If the VPS33B-VIPAR complex is required
for tethering to the plasma membrane a large proportion of the protein would be
expected to localise to the SG-SC junction. Additionally, it would be interesting
to determine whether the lamellar structures identified in the SC in VPS33B
and VIPAR deficiencies, the “entombed” LBs, are indeed LBs or simply other
membranous structures which have not been degraded in the differentiation
process.
The decrease in KLK5 expression in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis
may also explain the increased number of corneocytes seen in TEM of mouse
skin, Figure 5.12. KLK5 is important to degrade the corneodesmosomes of the
SC and increases desquamation of corneocytes (Prassas et al., 2015; Simon
et al., 2001), so reduced secretion or expression of KLK5 could lead to an
increased number of SC cells.
To confirm lipid deficiency in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin, mass
spectrometric analysis would be a more accurate method to determine
whether specific lipid species are reduced. This would not only inform our
understanding of VPS33B-VIPAR function in the epidermis but could also help
inform treatments for the skin disease of patients with ARC and ARKID
syndrome, as the balance of different lipid species in the SC is essential for
barrier function (van Smeden et al., 2014; Weerheim and Ponec, 2001).
Therefore, identifying the deficient lipid species could help determine the
treatment prescribed as well as determine the effect of VPS33B and VIPAR
deficiencies on LB and their cargo.
6.4.2. Barrier disruption in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice is not due
to defects in epidermal junctions
Disruption of intercellular junctions can affect barrier formation and function
and the adherens junction protein, E-cadherin, is affected in VPS33B and
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VIPAR deficiencies (Cullinane et al., 2010; Hanley et al., 2017). Leading to
the hypothesis that regulation of polarisation and junction formation may be
the primary function of VPS33B and VIPAR in the epidermis, with defects in
the SC and water barrier secondary to this. However, there were no marked
alterations in tight junction or adherens junction protein localisation, Figures
6.7 and 6.8, tight junction function was unaffected in primary keratinocyte
culture, Figure 6.9, and intercellular desmosome structure was unaffected,
Figure 6.10.
The data overwhelmingly suggests that the primary function of VPS33B and
VIPAR in the epidermis is not in regulation of junction formation and that
VPS33B and VIPAR deficiency does not significantly impact junction
formation in the epidermis.

Hemidesmosomes were hypothesized to be

decreased in frequency at the dermo-epidermal junction in patients with
ARKID syndrome, (Gruber et al., 2017) but this was not clearly visible in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections so it would be interesting to confirm
whether that is indeed the case in patient and murine model biopsies.
However, it may be difficult to quantify this from single TEM sections which
only illustrate a section of the epidermis.
6.4.3. Abnormal collagen formation may cause epidermal defects in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice
VPS33B and VIPAR are essential for the correct delivery of LH3 to
intracellular collagen, and this delivery is crucial for the post-translational
modification of collagen, collagen secretion, and assembly of collagen fibrils
and other structures (Banushi et al., 2016). I therefore hypothesized that
abnormal modification of the collagen in the dermis or in the basement
membrane of the epidermis could impact on the signalling from these
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structures to the epidermal keratinocytes, and that this could be the primary
effect of VPS33B and VIPAR deficiency in the skin.
Analysis of dermal collagen fibres by picrosirius red staining did not show a
gross change in dermis morphology, Figure 5.8. Analysis of these slides
under circularly polarised light indicated that there might be a tendency
towards thicker collagen fibrils in Vps33bfl/fl ERT2 sections compared to control
sections, Figure 6.12. This was supported by TEM images of collagen fibrils
in cross-section, Figure 6.13. However, with both techniques there was no
difference between the fibrils in Viparfl/fl ERT2 mice and control mice. These
techniques, however, only look at a section of the collagen fibres and
although the TEM images were taken at areas that appeared to be at 90° to
the imaging plane, they are not necessarily exactly perpendicular, which could
affect the appearance of fibril size and shape. It would be interesting to further
analyse these fibrils, to determine whether the picrosirius red and TEM results
are within a normal range of fibril size, to help establish whether the controls
are in fact different in their fibril size and abundance and whether the fibrils
are affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice. It is possible that the
collagen fibrils in the dermis are not substantially affected by the knockout of
Vps33b or Vipar post development as these structures are not turned over as
rapidly as the epidermis; keratinocyte differentiation into corneocytes has
been estimated to be 12 days after leaving the basal layer in human epidermis
(Iizuka, 1994) and 6-20 days depending on the location of the keratinocytes in
murine epidermis (Christophers and Laurence, 1973); in contrast collagen VII
half life in the dermo-epidermal junction is about 30 days (Kühl et al., 2016).
Collagen I secreted by Vps33bfl/fl ERT2 and Viparfl/fl ERT2 dermal fibroblasts is,
however, affected by VPS33B or VIPAR deficiency; the ECM secreted by
primary fibroblast cultures showed increased dispersion of collagen fibres,
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with less of a tendency for these fibres to orient in a common direction, Figure
6.14.

The structure of the basement membrane at the dermo-epidermal

junction also had areas of reduced thickness by TEM, Figure 6.15, which, as
this structure is highly collagenous, also suggests that the collagen structures
may be affected by VPS33B and VIPAR deficiency.
If delivery of LH3 to collagen is the primary role of VPS33B and VIPAR in the
skin the presence of correctly modified collagen could rescue the defects
observed in keratinocyte differentiation and LB formation. In full thickness
skin models of fibroblast and keratinocyte co-culture, control cultures could
stratify and preliminary staining showed that they expressed KLK5 that
localised to bright, prevalent puncta in the upper keratinocyte layers, whereas
VPS33B and VIPAR deficient cultures showed decreased intensity of KLK5
staining and decreased prevalence of KLK5 puncta, Figure 6.3.
fibroblasts

could

not

completely

rescue

the

KLK5

Control

expression

in

Vps33bfl/fl ERT2 keratinocytes, which seemed to increase the expression of
KLK5 but not to the same level as in control cultures, suggesting LH3 delivery
to collagen is not the only VPS33B and VIPAR dependent function in the skin.
The possibility for roles beyond LH3 delivery to collagen is also indicated by
the distinct symptoms of patients with ARC syndrome, dry scaly skin (Gissen
et al., 2006), from the patient with LH3 deficiency, thin skin that blisters easily
(Salo et al., 2008), which do not suggest a common underlying mechanism.
6.4.4. Alterations in integrin function may affect epidermal function in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin
VPS33B has been implicated in integrin endocytosis in platelets (Xiang et al.,
2015) and if VPS33B is required for integrin endocytosis in the skin this could
contribute to the alterations in the skin in VPS33B deficiency. Cell spreading
was not affected in primary keratinocytes or primary fibroblasts. However,
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wound healing was significantly affected in Vps33bfl/fl ERT2 primary fibroblasts,
which may indicate that there is defect in integrin recycling in Vps33bfl/fl ERT2
epidermis. How important this is for development of the skin phenotype, and
whether there are alterations in integrin expression, localisation and recycling
in VPS33B deficiency, and how this interacts with signalling from the altered
ECM is an interesting question for further study.
VPS33B and VIPAR are important for water barrier function as without their
expression TEWL is increased in murine models, Figure 5.13. I have shown
that tight junction function and adherens junction and desmosome formation
are not affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis, suggesting that
increased water loss and alterations in SC structure are not due to defective
junction formation or regulation.

LB formation and production of the lipid

lamellae of the SC were affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis, suggesting that this is a mechanism underlying the defective water
barrier in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice; whether this is through the
direct action of the VPS33B-VIPAR containing tethering complex on LBs or
compartments that deliver cargo to LBs is unclear. It is possible that defects in
LH3 delivery may be another mechanism underlying the skin phenotype,
through alterations in the dermis and basement membrane structure affecting
downstream signalling. Additionally, a defect in wound healing was seen in
Vps33bfl/fl ERT2 fibroblasts which may indicate defective integrin function;
which could also impact on VPS33B function in the skin. VPS33B and VIPAR
have been documented to have various cell type specific roles (Banushi et al.,
2016; Bem et al., 2015; Cullinane et al., 2010; Dai et al., 2016; Xiang et al.,
2015) and this appears to also be the case in the skin, with functions in both
the dermis and the epidermis.
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Chapter 7 - Discussion
7.1. VPS33B and VIPAR are required for LH3 delivery to
intracellular collagen in kidney cells
Based on their homology to Vps33p and Vps16p in yeast, VPS33B and
VIPAR are hypothesized to form part of a tethering complex important for
intracellular vesicle trafficking (Rogerson and Gissen, 2016; Spang, 2016).
Work in model organisms and samples from patients with ARC syndrome also
indicated roles in trafficking and cell polarity (Akbar et al., 2011; Cullinane
et al., 2010; Matthews et al., 2005; Zhu and L’Hernault, 2003; Zhu et al.,
2009).

Initial hypotheses suggested that they may form part of the

mammalian HOPS or CORVET tethering complexes (Solinger and Spang,
2014; Zhu et al., 2009; Zlatic et al., 2011). However, further work indicated
that they do not form part of these complexes (Perini et al., 2014; van der
Kant et al., 2015; Wartosch et al., 2015), and they are hypothesized to form a
novel tethering complex, the class C homologues in endosome-vesicle
interaction (CHEVI) complex (Rogerson and Gissen, 2016; Spang, 2016).
To further identify components or interactors of the VPS33B-VIPAR complex a
pull-down using the VPS33B-VIPAR complex as bait was performed; LH3, a
collagen modifying enzyme, was identified as a novel interactor of the complex
and an indirect interaction between VIPAR and LH3 was confirmed (Banushi
et al., 2016). Knock-down of VPS33B or VIPAR in mIMCD3 cells prevented the
delivery of LH3 to intracellular collagen, indicating a role for the VPS33B-VIPAR
complex in delivery of LH3 to collagen.
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Tethering complexes interact with SNARE proteins and Rab GTPases on the
surface of vesicles to regulate vesicular tethering and fusion (Dubuke and
Munson, 2016). VPS33B and VIPAR interact with the Rab GTPase Rab11a,
however the GTPase activity of Rab11a is not necessary for LH3 delivery to
collagen (Banushi et al., 2016). In Chapter 3, I demonstrated that VPS33B
and VIPAR can also interact with Rab10 and Rab25, Figure 3.3.

These

interactions are likely to be important for vesicle tethering in LH3 delivery to
collagen as GDP-locked forms of these GTPases prevent the delivery to
collagen, suggesting that the GTPase activity of Rab10 and Rab25 is also
necessary for LH3 delivery to collagen (Banushi et al., 2016).
I also investigated whether the motor activity of Myo5B, a Rab10 and Rab25
interactor, was important for LH3 delivery in mIMCD3 cells. Truncated forms
of Myo5B, which act as a dominant negative, did not prevent LH3 delivery,
Figure 3.6, suggesting that Myo5B activity is not required for LH3 delivery to
collagen. Full-length active versions of Myo5B did not co-localise with VPS33B
and VIPAR, Figure 3.5, further indicating that Myo5B is not involved in VPS33BVIPAR dependent LH3 delivery to collagen. The motor protein required for
LH3 delivery to collagen remains to be determined. It is possible this could be
another Myo5 family myosin such as Myo5A, which also interacts with Rab10
(Chen et al., 2012) and which would be a candidate for further analysis of this
pathway.
The LH3 delivery pathway is also present in MDCK cells; I confirmed
co-localisation between VPS33B-VIPAR and LH3, and co-localisation of LH3
with Rab10 and Rab25, but not Rab11a and CD63. With the wealth of prior
knowledge regarding trafficking and polarisation pathways in MDCK cells, this
cell line would be a good cell line to develop for further study of
VPS33B-VIPAR dependent trafficking.
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However, consistent staining of

intracellular collagen in this cell line would be important to establish for further
study of VPS33B-VIPAR dependent LH3 delivery to collagen in MDCK cells.
VPS33B and VIPAR co-operate with Rab10 and Rab25 GTPase activity in
Myo5B-independent delivery of LH3 to intracellular collagen in kidney cells.
Identification of other components of the CHEVI complex, as well as the rest
of the regulation machinery for this and other cargo delivered by this
mechanism remains to be determined. Questions to be posed could include:
which SNARE proteins regulate the fusion of vesicular compartments in this
pathway, what is the importance of the Rab10 and Rab25 dependent steps,
which proteins are responsible for regulating the fusion of these transport
intermediates to the final collagen containing carrier and which motor proteins
enable movement of these vesicles? Candidates for other interacting partners
could be: SNARE proteins previously demonstrated to be associated with
VPS33B homologues, SEC22B (Dai et al., 2016) and syntaxins 7 and 16
(Akbar et al., 2009), SNARE proteins associated with Rab10 and Rab25 on
parietal cell tubulovesicles, VAMP2, syntaxin 3, SCAMPs, VAMP8 and
syntaxins 12/13 (Lapierre et al., 2006), or SNARE proteins associated with
other secretory vesicles, syntaxins 1 and 4, and SNAP23, 25 and 29 (Hong
and Lev, 2014), and the motor protein and Rab10 interactor Myo5A (Chen
et al., 2012).
The function of VPS33B and VIPAR is also likely to extend beyond correct
delivery of LH3 to collagen. Symptoms are observed in patients with ARC
syndrome that are not found in a patient with PLOD3 mutations (Gissen et al.,
2006; Salo et al., 2008), indicating that VPS33B and VIPAR deficiency causes
defects beyond LH3 mislocalisation; LH3 may not be the only cargo of the
VPS33B-VIPAR complex and this delivery pathway is unlikely to be the only
function of the VPS33B-VIPAR complex. Although these differences are also
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likely to be impacted by mutations in PLOD3, decreasing LH3 activity,
whereas VPS33B and VIPAR deficiency alter LH3 localisation rather than LH3
expression.

Further work on this pathway would also be informative to

characterise the importance of these intracellular collagen carriers, other
components of the intracellular collagen carriers and whether they are
important for homeostasis of other extracellular matrix components.

7.2. A hypomorphic VPS33B mutation causes a novel
syndrome with a severe skin disease
The p.Gly131Glu variant causing a single amino acid alteration in VPS33B
was recently reported in three Austrian patients, presenting with palmoplantar
keratoderma, ichthyosis and sensorineural deafness (Gruber et al., 2017).
These symptoms are similar to those seen in patients with ARC syndrome but
are not as severe, and these three patients do not present with defects in liver,
kidney and bone which are characteristic of patients with ARC syndrome.
The variant did not affect the expression of VPS33B or VIPAR, Figure 4.1, or
the VPS33B-VIPAR interaction, Figures 4.2 and 4.3, but the interaction
between VPS33B-VIPAR and identified Rab GTPase interactors was affected.
The variant disrupted the co-immunoprecipitation of VPS33B-VIPAR with
Rab11a and Rab25, Figure 4.12, and in mIMCD3 cells disrupted the
co-localisation of VPS33B-VIPAR with Rab11a, Figure 4.13, Rab25, Figure
4.14, and Rab10, Figure 4.15. This suggests that the region around Gly131 in
VPS33B is important for interactions between VPS33B-VIPAR and Rab
GTPases and that the p.Gly131Glu alteration disrupts interactions at this
region. Indeed, other alterations in amino acid structure in this region also
affect the VPS33B-VIPAR interaction with Rab25, Figures 4.22, 4.23 and
4.24.
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Interestingly the intracellular VPS33B(p.Gly131Glu)-positive puncta which did
not co-localise with Rab11a, Rab25 or Rab10 also did not co-localise with
some markers of late endosomes, lysosomes or autophagosomes, Figures
4.18, 4.19 and 4.20. The nature of these puncta remains to be determined
and further investigation may illustrate other aspects of VPS33B function in
intracellular trafficking.

Correlative light and electron microscopy with

fluorescently tagged VPS33B(p.Gly131Glu) and VIPAR constructs would help
to define VPS33B(p.Gly131Glu) intracellular localisation and the ultrastructure
of these punta.
VPS33B-VIPAR dependent delivery of LH3 to collagen was also affected by
the p.Gly131Glu variant; expression of VPS33B(p.Gly131Glu) could not rescue
the defects of LH3 delivery to collagen in VPS33B knockdown, Figures 4.6
and 4.7. In vivo collagen modification was affected in patients with the variant;
LH3-dependent collagen modifications were decreased in patient urine, Figure
4.10, and patient-derived fibroblast cultures, Figure 4.9. Collagen fibres were
deposited in a disordered manner by patient-derived fibroblasts, Figure 4.11,
LH3 distribution was altered in dermal fibroblasts of patients with the variant,
Figure 4.8, and basement membrane structure was disrupted in patient skin
biopsies (Gruber et al., 2017). These results suggest that the collagen defects
may be due to altered trafficking of LH3 in these patients.
Analysis of the ultrastructure of the skin from patients with the p.Gly131Glu
variant revealed abnormal LBs at the stratum granulosum (SG)-stratum
corneum (SC) junction and unexpected lipid layers in the SC (Gruber et al.,
2017). The expression of the LB cargo KLK5 was also disrupted in patient
palmoplantar skin biopsies, Figure 4.21. These findings are comparable to
defects observed in the skin of patients with ARC syndrome (Hershkovitz
et al., 2008), and in a tamoxifen inducible ubiquitous Vps33b knockout murine
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model, Figures 5.12 and 6.1. They further support the conclusion that the
p.Gly131Glu variant in VPS33B is pathogenic for this novel syndrome which
we have named ARKID syndrome.
These results indicate that the p.Gly131Glu variant in VPS33B causes a
syndrome

with

defective

LH3

delivery,

abnormalities

in

epidermal

homeostasis and basement membrane structure. Another severe symptom of
patients with this variant is sensorineural deafness and the above defects
could also cause this deafness.

Modelling the variant in overexpression

constructs illustrated the p.Gly131Glu variant disrupts VPS33B interactions
with Rab GTPases, which is likely to underlie the symptoms of these patients
by preventing VPS33B-VIPAR dependent intracellular trafficking.

Further

analysis of the region around Gly131 will also be important to determine the
nature of VPS33B-VIPAR interactions with Rab GTPases.

7.3. VPS33B

and

VIPAR

are

required

for

epidermal

homeostasis
Patients with ARC syndrome, caused by mutations in VPS33B and VIPAS39
and patients with the recently described ARKID syndrome, caused by a single
missense mutation in VPS33B: c.[392G>A;390G>A] p.Gly131Glu, both
develop dry scaly skin. Investigation of the ultrastructure of the skin from
these patients has suggested defects in LB biogenesis and/or secretion and
defects in the epidermal basement membrane may underlie the skin disease
of these patients (Gruber et al., 2017; Hershkovitz et al., 2008). To further
investigate the underlying pathologies of the skin disease in patients with
VPS33B and VIPAS39 mutations I studied the skin phenotype of our
tamoxifen inducible ubiquitous knockout murine models, Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 mice.
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Both Vps33bfl/fl ERT2 and Viparfl/fl ERT2 murine models develop a severe scaly
skin disorder similar to that observed in patients with ARC and ARKID
syndrome,

with hyperplasia (increased number of cells),

acanthosis

(thickening of the basal layers of the epidermis), hypergranulosis (increased
prevalence of granules in cells of the SG) and hyperkeratosis (thickening of
the SC), Figure 5.3, and a defect in the water barrier function of the skin,
Figure 5.13.

Epidermal hyperplasia was due to increased proliferation of

epidermal keratinocytes, Figures 5.5 and 5.6, and not due to alterations in
apoptosis, Figure 5.7, and may be linked to the decreased water barrier
function in these mice; keratinocyte proliferation can be promoted by
trans-epidermal water loss (Proksch et al., 1991).
Epidermal differentiation was also affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
mice. The differentiation-associated keratin, K10 was correctly expressed in
the more superficial keratinocytes, Figure 5.11, however, there was continued
expression of K14 (a basal keratinocyte marker) throughout the epidermis,
Figure 5.10. Defective differentiation was further demonstrated by alterations
in the SC, the final stage of keratinocyte differentiation. The corneocytes were
larger in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 when compared to control mice,
contained unexpected lipid bilayers, and the cornified envelope surrounding
the corneocytes was thinner than in control mice, Figure 5.12. Increased
corneocyte size and defective cornified envelope formation suggests defects
in breakdown of keratinocyte contents in cornification and cross-linking the
components of the cornified envelope.

Filaggrin processing plays an

important part in the process of cornification and whether this is disrupted in
VPS33B and VIPAR deficiency would be important to establish.
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These results confirm that VPS33B and VIPAR deficiency leads to defects in
epidermal homeostasis in patients with ARC and ARKID syndromes and in
murine models of these deficiencies.

7.4. VPS33B and VIPAR are important for lamellar body
function
The stratum corneum (SC) is the culmination of keratinocyte differentiation
and a major component of the water barrier of the epidermis (Madison, 2003).
The secretion of LB contents is vital for both the formation and maintenance
of the structure and function of this barrier (Feingold, 2012). It has been
previously suggested that LB biogenesis and secretion might be affected by
VPS33B deficiency in patients with ARC and ARKID syndromes (Gruber
et al., 2017; Hershkovitz et al., 2008).
Defects in LB function were also indicated by SC defects in Vps33bfl/fl ERT2
and Viparfl/fl ERT2 murine epidermis, Figure 5.12. LB ultrastructure was also
altered in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis, Figure 6.1, with
bubble-like inclusions amongst the lipid layers, decreased expression and
altered localisation of the LB cargo protein KLK5, Figure 6.3, indicating
defects in LB biogenesis. The roles of VPS33B and VIPAR in LB function may
be direct, in LB formation, or delivery of LB contents to LBs (or a subset of LB
aggregates), or indirect, as abnormalities in collagen homeostasis could affect
epidermal homeostasis and LB function. There was no accumulation of LB in
the SG of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis, which suggests there is
no defect in LB secretion, although this cannot be completely ruled out.
Prosaposin, a primarily lysosomal protein important for glycosphingolipid
catabolism, is also associated with LBs (Raymond et al., 2008) and
prosaposin deficient mice present with an ichthyosis-like phenotype with
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abnormal formation of SC lipid lamellae and lamellar bodies (Doering et al.,
1999). We recently discovered that prosaposin interacts with VIPAR in a
yeast 2-hybrid screen (unpublished data, Gissen Lab), which may indicate
that VPS33B and VIPAR are required to deliver specific proteins, including
prosaposin, to LBs. Validation of prosaposin as an interactor of VIPAR and
determination of its localisation in the skin could also help determine the effect
of VPS33B and VIPAR deficiency on LB and their cargo.
Deficiency of the SNARE protein, SNAP29, in the epidermis also causes
hyperproliferation with acanthosis and hyperkeratosis, defects in epidermal
differentiation, abnormal formation of LBs and reduced LB contents at the
SG-SC junction (Schiller et al., 2016). The similarities in skin phenotype, to
VPS33B and VIPAR deficiency, may indicate a common pathway for the
function of the VPS33B-VIPAR complex and SNAP29 in epidermal
homeostasis; which warrants further investigation of SNAP29 as an interactor
of the VPS33B-VIPAR complex.
To

determine

the

roles

of

VPS33B

and

VIPAR

in

LB

function,

immuno-electron microscopy could be used to define the epidermal
localisation of VPS33B and VIPAR. If the VPS33B-VIPAR complex is required
for tethering to the plasma membrane a large proportion of the protein would
be expected to localise to the SG-SC junction; if they are involved in LB
formation perhaps they would be expected to localise closer to the TGN. It
would also be interesting to determine whether the lamellar structures
identified in the SC in VPS33B and VIPAR deficiency, the “entombed” LBs,
are indeed LBs or simply other membranous structures which have not been
degraded in the differentiation process; if LBs are retained in the SC acid
lipase activity would also be contained within the corneocytes which can be
detected in epidermal sections (Rassner et al., 1997; Schmuth et al., 2001).
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Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis also had a reduced amount of lipid
in the SC, Figure 6.4. This is unexpected in an epidermis with increased water
loss, as a defective water barrier has been linked to increased lipid synthesis
and lamellar body secretion to promote recovery of the barrier (Grubauer et al.,
1989). There is likely, therefore, to be a defect in lipid synthesis or secretion in
these mice, perhaps linked to the LB defects.
To further study the intercellular lipid lamellae of the SC, ruthenium tetroxide
fixation would provide better visualisation of the extracellular lamellar
structures (Crumrine, 2010) and could help determine defects in formation of
these layers. Additionally, analysis of Vps33bfl/fl ERT2 and Viparfl/fl ERT2 skin by
mass spectrometry would be a more accurate method to determine whether
specific lipid species are reduced in Vps33bfl/fl ERT2 and Viparfl/fl ERT2
epidermis.

Identification of the specific lipid species depleted in

Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis would not only inform our
understanding of VPS33B-VIPAR function in the epidermis but could also help
improve treatments for the dry skin of patients with ARC and ARKID
syndrome; as the balance of different lipid species in the SC is essential for
barrier function (van Smeden et al., 2014).

7.5. VPS33B and VIPAR have several roles in the skin
Roles for VPS33B and VIPAR beyond LB biogenesis have been identified in
several systems including, but not limited to, α-granule trafficking in
megakaryocytes (Bem et al., 2015), apical protein localisation in hepatocytes
(Hanley et al., 2017) and LH3 delivery to collagen (Banushi et al., 2016).
Therefore the skin phenotype in VPS33B and VIPAR deficiency may also be
affected by defects in other VPS33B-VIPAR dependent pathways and not
solely LB dysfunction. Indeed, it is also possible that LB defects in VPS33B
and VIPAR deficiency are secondary to another VPS33B-VIPAR dependent
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function. Defects in proteins that are not involved in LB function such as
filaggrin, a protein important for intercellular epidermal keratin organisation,
also cause LB defects (Mildner et al., 2010), with defects in LB lipid lamellae.
As suggested above, immuno-electron microscopy would determine where
VPS33B-VIPAR are localised in the epidermis which could also help answer
this question.
VPS33B and VIPAR affect junction formation in some polarised cell types,
including kidney cell lines (Cullinane et al., 2010) and hepatocytes (Hanley
et al., 2017), therefore it could be hypothesized that epidermal junctions
would be defective in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice and may impact
epidermal homeostasis.

For example, suprabasal expression of the

desmosomal protein Desmoglein 3 in mouse epidermis produced a
phenotype similar to ichthyosis with acanthosis,

hyperkeratosis and

hypergranulosis (Merritt et al., 2002).
However, epidermal junctions were unaffected in Vps33bfl/fl ERT2 and
Viparfl/fl ERT2 mice; adherens junction proteins localised to the plasma
membrane, Figure 6.8 and 6.7, tight junction function, as a barrier to ion
movement, was not affected in primary keratinocyte cultures, Figure 6.9, and
desmosome structure appeared normal, Figure 6.10. Hemidesmosomes were
hypothesized to be decreased in frequency at the dermo-epidermal junction in
patients with ARKID syndrome, (Gruber et al., 2017) but this was not clearly
visible in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 sections. It would be interesting to
confirm whether hemidesmosomes are indeed altered in patient and murine
model biopsies, however, it may be difficult to quantify from TEM sections
which only illustrate a section of the epidermis.
VPS33B and VIPAR also have an important role in collagen homeostasis,
ensuring LH3 delivery to intracellular collagen (Banushi et al., 2016).
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Defective LH3 delivery and collagen homeostasis in patients with ARKID
syndrome, Chapter 4 and Gruber et al. (2017), suggested that defects in
collagen homeostasis, such as in the basement membrane of the skin, could
also be affecting epidermal homeostasis.

Collagen I secreted by

Vps33bfl/fl ERT2 and Viparfl/fl ERT2 dermal fibroblasts was deposited in a less
organised matrix, Figure 6.14, indicating defects in dermal extracellular matrix
structures.

However, analyses of the overall organisation of the dermis,

Figure 6.11, collagen I fibres in the dermis, Figure 6.13, and basement
membrane thickness at the dermo-epidermal junction, Figure 6.15, did not
convincingly show defects in the overall organisation of these structures.
Dermal structures in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice may not be
substantially affected by the post-development knockout of Vps33b or Vipar
as these structures may not have turned over in the 4-5 weeks after induction
of the knockout. Corneocyte formation has been estimated to take 12 days
after keratinocytes leave the stratum basale (Iizuka, 1994), and in contrast,
collagen VII half life in the dermo-epidermal junction has been reported to be
about 30 days (Kühl et al., 2016). This could suggest epidermal defects in
Vps33bfl/fl ERT2 and Viparfl/fl ERT2 mice would develop prior to defects in dermal
structures.
This also suggests that although VPS33B and VIPAR are important for
collagen homeostasis through delivery of LH3 to collagen, changes in dermal
collagen are not the primary defect leading to the epidermal phenotype. This
is supported by patient symptoms; patients deficient for LH3 do not develop
the same skin disease as patients with ARC syndrome, but present with thin
skin that blisters easily (Salo et al., 2008). Additionally, control fibroblasts in
full thickness co-culture skin models could not completely rescue alterations
in expression of the LB cargo KLK5 in Vps33bfl/fl ERT2 keratinocytes, Figure
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6.16, although further investigation of these co-cultures will be important in
dissecting the fibroblast and keratinocyte specific roles in development of this
skin phenotype.
VPS33B is also implicated in platelet integrin endocytosis (Xiang et al., 2015)
and a role for VPS33B in integrin endocytosis in the skin could contribute to
the observed skin defects in VPS33B deficiency, as integrins form essential
components of the hemidesmosomes and focal adhesions in the stratum
basale and regulate cell adhesion, migration and differentiation (Watt, 2002),
indeed suprabasal expression of β1 integrin in mouse epidermis produces an
inflammatory

skin

disease

displaying

hyperplasia,

acanthosis

and

hyperkeratosis (Carroll et al., 1995). Cell spreading, an integrin dependent
function,

was not affected in VPS33B or VIPAR deficient primary

keratinocytes or fibroblasts, Figure 6.18 and 6.17, however, wound healing
was significantly affected in Vps33bfl/fl ERT2 primary fibroblasts, Figure 6.19.
This suggests there may be defects in integrin recycling in Vps33bfl/fl ERT2
epidermis, whether this is important for development of the skin phenotype in
VPS33B and VIPAR deficiency, and whether there are alterations in integrin
expression, localisation and recycling would be interesting questions for
further study.
VPS33B and VIPAR deficiency affects epidermal homeostasis and water
barrier function in murine models. This is unlikely to be due to alterations in
epidermal junctions, but LB formation and production of the lipid lamellae of
the SC were affected in Vps33bfl/fl ERT2 and Viparfl/fl ERT2 epidermis. Whether
a VPS33B-VIPAR containing tethering complex is required for LB formation,
delivery of cargo to LBs or LB fusion at the plasma membrane remains to be
determined. It is possible other VPS33B-VIPAR dependent functions also
impact epidermal homeostasis, such as defects in LH3 delivery affecting
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dermal and basement membrane structure or alterations in integrin function.
VPS33B and VIPAR have various roles in distinct cell types (Banushi et al.,
2016; Bem et al., 2015; Cullinane et al., 2010; Dai et al., 2016; Hanley et al.,
2017; Xiang et al., 2015) and it appears that they may also have several
functions within the skin, both in the dermis and epidermis.

7.6. VPS33B and VIPAR as cell-type specific trafficking
regulators
VPS33B and VIPAR deficiencies lead to severe phenotypes in humans, in
ARC syndrome (Gissen et al., 2006), and in mice, with constitutive knockout
of Vps33b causing embryonic lethality (Bem et al., 2015; Dai et al., 2016).
This suggests essential functions for VPS33B and VIPAR and, due to their
ubiquitous expression, perhaps a ubiquitous function. Accordingly they were
initially hypothesised to form part of the HOPS and/or CORVET complexes in
mammalian cells (Solinger and Spang, 2014; Zhu et al., 2009; Zlatic et al.,
2011), which would equate to a near ubiquitous role in endolysosomal
transport.
However, the phenotype spectrum of ARC syndrome does not include every
major organ system, with no defects yet reported in the intestinal or pulmonary
systems (Gissen et al., 2006). It is now clear that VPS33B and VIPAR are not
components of the mammalian HOPS or CORVET complexes (Perini et al.,
2014; van der Kant et al., 2015; Wartosch et al., 2015) and probably form part of
an as yet undefined tethering complex referred to as the class C homologues in
endosome-vesicle interaction (CHEVI) complex (Rogerson and Gissen, 2016;
Spang, 2016).
Diverse roles have been reported for VPS33B and VIPAR including in
α-granule formation in megakaryocytes (Bem et al., 2015; Dai et al., 2016),
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platelet integrin recycling (Xiang et al., 2015), LH3 delivery to collagen in
kidney cells and fibroblasts (Banushi et al., 2016), Rab11a-dependent apical
protein targeting in hepatocytes (Cullinane et al., 2010; Hanley et al., 2017),
exosome maturation (Gu et al., 2016) and LB formation in the epidermis
(Gruber et al., 2017; Hershkovitz et al., 2008). This indicates that VPS33B
and VIPAR do have essential functions in mammalian biology, but their roles
may not be ubiquitous but cell-type specific; ensuring post-Golgi protein
delivery to diverse organelles.

7.7. Summary and conclusions
Dissection of VPS33B and VIPAR dependent trafficking in mammalian biology
is revealing a complex array of functions for these two proteins. They are
hypothesised to form a tethering complex required for varied roles in several
distinct cell types and organ systems through interactions with different Rab
GTPases and other components (Banushi et al., 2016; Bem et al., 2015;
Cullinane et al., 2010; Dai et al., 2016; Xiang et al., 2015). Work in this thesis
indicates they may have several functions within the skin; not only in
epidermal but also dermal homeostasis.
p.Gly131Glu,

Studying a novel variant:

in VPS33B, which causes a severe skin phenotype,

demonstrates that the region containing Gly131 is important for interactions
with Rab GTPase and VPS33B function in the skin. Further work on the
factors that co-operate with the VPS33B-VIPAR complex to perform these
roles will be important to decode the complex mechanisms underlying the
severe symptoms of patients with ARC and ARKID syndrome, and move
towards an understanding of the disease pathology that may inform the
development of future treatments for patients with VPS33B and VIPAS39
mutations.
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Appendices
Appendix 1: Antibodies and dilutions used in this thesis
Antigen

Species

Company

Catalogue
Number

Use

Dilution (1°, 2°)

β-catenin

Rb

Abcam

ab2365

IF

1:200, 1:200

Claudin-1

Rb

Thermo Fisher

717800

IF

1:250, 1:200

Cleaved
caspase-3

Rb

Cell Signalling

9661S

IHC

1:300, 1:200

Collagen I

Rb

Novus Biologicals

NB600-408

IF

1:1000, 1:500

Collagen IV

Rb

Abcam

ab6586

IF

1:200, 1:200

E-cadherin

Ms

BD Biosciences

610181

IF

1:400, 1:200

GAPDH

Ms

Abcam

ab8245

WB

1:10,000,
1:20,000

GFP

Rb

Abcam

ab290

WB

1:2500, 1:5000

HA

Ms

Sigma-Aldrich

H3663

WB
IF

1:1000, 1:2000
1:500, 1:200

K6A

Rb

Biolegend

905701

IF

1:200, 1:200

K10

Rb

Biolegend

905401

IF

1:200, 1:200

K14

Ms

Abcam

ab7800

IF

1:400, 1:200

Ki67

Rb

Abcam

ab15580

IF

1:300, 1:200

KLK5

Rt

R&D Systems

MAB7236

IF

1:300, 1:200

LH3

Rb

ProteinTech

11027-1-AP

IF
WB

1:100, 1:200
1:1000, 1:2000

Myc

Ms

Sigma-Aldrich

M4439

WB
IF

1:2000, 1:2000
1:5000, 1:200

Rab25

Rb

Cell Signalling

4314S

IF

1:100, 1:200

VIPAR

Rb
Rb

Abcam
Sigma-Aldrich

ab125084
HPA003589

IF
WB

1:100, 1:200
1:1000, 1:2000

VPS33B

Rb

Proteintech

12195-1-AP

WB

1:1000, 1:2000

IF = immunofluorescence, IHC = immunohistochemistry, Ms = Mouse, Rb = Rabbit, Rt
= Rat, WB = western blot, 1° = primary antibody, 2° = secondary antibody.
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Appendix 2: DNA constructs used in this thesis
Enhanced GFP constructs (eGFP) are referred to as GFP throughout.
Name

Reference

YFP-VPS33B

Cullinane et al. (2010)

YFP-VPS33B(p.Gly131Glu)

Gruber et al. (2017)

CFP-VIPAR

Cullinane et al. (2010)

mCherry-VIPAR

Cullinane et al. (2010)

HA-VPS33B

Cullinane et al. (2010)

HA-VPS33B(p.Gly131Glu)

This thesis, Gruber et al. (2017)

HA-VPS33B(AAAE)

Gift from F. Forneris (University of Pavia, Italy)

HA-VPS33B(ARAE)

Gift from F. Forneris (University of Pavia, Italy)

HA-VPS33B(KRKG)

Gift from F. Forneris (University of Pavia, Italy)

Myc-VIPAR

Cullinane et al. (2010)

LH3-mCherry

Banushi et al. (2016)

Myc-Rab11a

Gift from T Hébert (Addgene plasmid # 46785)

eGFP-Rab11a

F. Barr (University of Oxford, UK)

eGFP-Rab11a(S25N)

F. Barr (University of Oxford, UK)

eGFP-Rab25

Banushi et al. (2016)

eGFP-Rab25(T26N)

This thesis, Banushi et al. (2016)

GFP-Rab10

Gift from D. Cutler (University College London, UK)

GFP-Rab10(T23N)

This thesis, Banushi et al. (2016)

GFP-LC3

Gift from R. Kettler (University College London, UK)

GFP-Lamp1

Gift from J. Rappoport (Northwestern University, USA)

GFP-CD63

Gift from J. Rappoport (Northwestern University, USA)

eGFP-Myo5B(tail)

Gift from D. Bryant (University of Glasgow, UK)

eGFP-Myo5B(tail-D)

Gift from D. Bryant (University of Glasgow, UK)

mCherry-Myo5B

Gift from D. Bryant (University of Glasgow, UK)

mCherry-Myo5B(-D)

Gift from D. Bryant (University of Glasgow, UK)
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Appendix 3: Primer sequences used in this thesis
All primers were ordered as desalt purified oligos from Sigma-Aldrich.
Name

Experiment

Sequence 5’ to 3’

Rab25 DN F

SDM of Rab25-GFP

CAGGTGTGGGGAAGAACAATCTACTCTCCCG

Rab25 DN R

SDM of Rab25-GFP

CGGGAGAGTAGATTGTTCTTCCCCACACCTG

GFP F

GFP construct sequncing

CATGGTCCTGCTGGAGTTCGTGACCGC

GFP R

GFP construct sequncing

ATAAGCTGCAATAAACAAGTTAACAAC

Rab10 DN F

SDM of Rab10-GFP

CGAAAAAGGACGCAGTTCTTCCCCACTCCGG

Rab25 DN R

SDM of Rab10-GFP

CCGGAGTGGGGAAGAACTGCGTCCTTTTTCG

p.Gly131Glu F

SDM of VPS33B

ACATCTCCATAGATTTCTTCTTCCTCAAGCA

p.Gly131Glu R

SDM of VPS33B

TGCTTGAGGAAGAAGAAATCTATGGAGATGT

VPS33B C2 F

VPS33B sequencing

GACCCCGCATCAAGAATATG

VPS33B C1 R

VPS33B sequencing

AGCCAATTTGTCAGCATTGA

VPS33B C3F

VPS33B sequencing

GAAGGCCAGAGATTGGACAT

VPS33B C2 R

VPS33B sequencing

GGAGCAAAGTGCTGTCACAA

VPS33B C4 F

VPS33B sequencing

GCAGGATTTCCAGGAGCTAA

VPS33B C3 R

VPS33B sequencing

TTCCTCAATGTAGCTGGTGCT

VPS33B C5 F

VPS33B sequencing

TCACAGCCGTGGAGAGTAAA

VPS33B C4 R

VPS33B sequencing

CTTGGCCAGAGAACTGAAGG

VPS33B C6 F

VPS33B sequencing

GCCTCATCTTGGTGGTGTTC

VPS33B C5 R

VPS33B sequencing

TGCTGTCGTCAGGAAAATGA

hMyo5B F1

MYO5B sequencing

AAGGTCCGTTTCCTGGAGTC

hMyo5B F2

MYO5B sequencing

CCCAAAGGAACTGACCAGAA

hMyo5B F3

MYO5B sequencing

CCCAGAACTCTGTGAAGGAAA

hMyo5B F4

MYO5B sequencing

CAGCAAGACTGAGGATTGGG

hMyo5B F5

MYO5B sequencing

CTCACCGAATACCGTCAGGT

hMyo5B R1

MYO5B sequencing

TGCACTTGTTAGTGCAAGCTC

hMyo5B R2

MYO5B sequencing

AAGTGGACGATGATGAAGGC

hMyo5B R3

MYO5B sequencing

CACAGCCGCTCTGATCCT

hMyo5B R4

MYO5B sequencing

CATCCCGAAGGTTGTCGTAT

hMyo5B R5

MYO5B sequencing

GGCAGAAACTATCATCGGCT
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Autosomal Recessive KeratodermaIchthyosis-Deafness (ARKID) Syndrome
Is Caused by VPS33B Mutations
Affecting Rab Protein Interaction
and Collagen Modification
Robert Gruber1,2,12, Clare Rogerson3,4,12, Christian Windpassinger5,12, Blerida Banushi3,4,
Anna Straatman-Iwanowska3,4, Joanna Hanley3,4, Federico Forneris6, Robert Strohal7, Peter Ulz5,
Debra Crumrine8, Gopinathan K. Menon9, Stefan Blunder1, Matthias Schmuth1, Thomas Müller10,
Holly Smith3, Kevin Mills4, Peter Kroisel5,13, Andreas R. Janecke2,10,13 and Paul Gissen3,4,11,13
In this paper, we report three patients with severe palmoplantar keratoderma associated with ichthyosis and
sensorineural deafness. Biallelic mutations were found in VPS33B, encoding VPS33B, a Sec1/Munc18 family protein
that interacts with Rab11a and Rab25 proteins and is involved in trafficking of the collagen-modifying enzyme LH3.
Two patients were homozygous for the missense variant p.Gly131Glu, whereas one patient was compound heterozygous for p.Gly131Glu and the splice site mutation c.240-1G>C, previously reported in patients with
arthrogryposis renal dysfunction and cholestasis syndrome. We demonstrated the pathogenicity of variant
p.Gly131Glu by assessing the interactions of the mutant VPS33B construct and its ability to traffic LH3. Compared
with wild-type VPS33B, the p.Gly131Glu mutant VPS33B had reduced coimmunoprecipitation and colocalization
with Rab11a and Rab25 and did not rescue LH3 trafficking. Confirming the cell-based experiments, we found
deficient LH3-specific collagen lysine modifications in patients’ urine and skin fibroblasts. Additionally, the
epidermal ultrastructure of the p.Gly131Glu patients mirrored defects in tamoxifen-inducible VPS33B-deficient
Vps33bfl/fl-ERT2 mice. Both patients and murine models revealed an impaired epidermal structure, ascribed to
aberrant secretion of lamellar bodies, which are essential for epidermal barrier formation. Our results demonstrate
that p.Gly131Glu mutant VPS33B causes an autosomal recessive keratoderma-ichthyosis-deafness syndrome.
Journal of Investigative Dermatology (2017) 137, 845e854; doi:10.1016/j.jid.2016.12.010

INTRODUCTION
Palmoplantar keratoderma (PPK) denotes hyperkeratosis of
palms and soles. The inheritance pattern, phenotype characteristics, and location of the hyperkeratosis as well as the
presence of additional extracutaneous features form the basis
of classification of different types of PPK (Has and TechnauHafsi, 2016; Lucker et al., 1994; Schiller et al., 2014).
Mutations in more than 20 genes have been associated with
both isolated and syndromic forms of hereditary PPK. There
are two recognized entities of hereditary PPK, which are

associated with sensorineural deafness: Vohwinkel syndrome
(VWS; Online Mendelian Inheritance in Man [OMIM]. Johns
Hopkins University, Baltimore, MD. MIM Number: 124500.
http://www.ncbi.nlm.nih.gov/omim/) and keratitis-ichthyosisdeafness syndrome (OMIM. Johns Hopkins University, Baltimore, MD. MIM Number: 148210. http://www.ncbi.nlm.nih.
gov/omim/). Both are generally inherited in an autosomal
dominant manner and caused by mutations in GJB2,
encoding a gap junction protein connexin 26. However,
VWS does not include keratitis, and the ichthyosis phenotype
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is less severe in VWS. The phenotypic spectrum of GJB2associated PPK is broad, ranging from diffuse to mutilating
PPK with or without ichthyosis and keratitis (Janecke et al.,
2001, 2005; Maestrini et al., 1999; Richard et al., 2002).
Very rarely, VWS is due to a maternally inherited point
mutation in the mitochondrial MT-TS1 gene encoding mitochondrial serine tRNA. The resultant deafness is progressive,
postlingual, and involves high frequencies. Penetrance and
expressivity of this phenotype are variable, suggesting that
further modifying environmental and genetic factors are
involved (Sevior et al., 1998). Another severe form of autosomal dominant PPK is due to mutations in LOR, encoding
loricrin, an epidermal cornified envelope component
(Schmuth et al., 2004).
Here, we describe three patients with clinical, molecular,
and cellular features of an autosomal recessive PPK, associated with ichthyosis and deafness and caused by mutations in
VPS33B, from here on referred to as autosomal recessive
keratoderma-ichthyosis-deafness (ARKID) syndrome.
Mutations in VPS33B were previously reported as causal for
the rare autosomal recessive multisystem disorder arthrogryposis renal dysfunction and cholestasis (ARC) syndrome
(OMIM. Johns Hopkins University, Baltimore, MD. MIM
Number: 208085. http://www.ncbi.nlm.nih.gov/omim/)
(Gissen et al., 2004; Smith et al., 2012). Patients characteristically present with congenital arthrogryposis often associated
with bilateral dislocation of the hips, flexion contractures of the
knee joints and rocker-bottom feet, renal proximal tubule
dysfunction, neonatal cholestasis, ichthyosis, and severe failure to thrive (Gissen et al., 2006). Additionally, patients display
sensorineural deafness, abnormal platelet a-granule biosynthesis, and variable other symptoms including osteopenia,
absent corpus callosum, recurrent infections, and mild dysmorphism (Gissen et al., 2006). Although most patients with
ARC syndrome die in infancy (Abu-Sa’da et al., 2005), three
reported patients with an attenuated form of ARC syndrome
survived into childhood (Bem et al., 2015; Smith et al., 2012).
VPS33B encodes the Sec1/Munc18 family protein VPS33B.
Sec1/Munc18 family proteins are known to regulate targeting
and fusion in vesicular trafficking events through their
interactions with soluble N-ethylmaleimide-sensitive-factor
attachment receptors (Carr and Rizo, 2010). VPS33B yeast
homolog Vps33p is a class c vacuolar protein sorting protein
required for protein trafficking to the yeast vacuole as part of
class c core vacuole/endosome tethering (CORVET) or homotypic fusion and vacuole protein sorting (HOPS) multiprotein
tethering complexes (Balderhaar and Ungermann, 2013; Sato
et al., 2000). The mammalian homologs of Vps33p are VPS33A
and VPS33B (Gissen et al., 2005). VPS33A has been shown to
form part of both the mammalian HOPS (Graham et al. 2013;
Wartosch et al., 2015) and CORVET complexes (Perini et al.,
2014), whereas VPS33B together with its protein partner
VIPAR (VPS33B-interacting protein involved in polarity and
apical protein restriction, also known as VPS16B and SPE39)
performs an independent function from HOPS and CORVET
complexes (Banushi et al., 2016).
Recessive mutations in VIPAS39 (VPS33B interacting protein, apical-basolateral polarity regulator, spe-39 homolog),
encoding VIPAR, cause ARC syndrome in cases without
VPS33B defects. VPS33B and VIPAR have been shown to
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form a stable protein complex that is implicated in apical
protein localization, phagosome-lysosome and endosomelysosome fusion, lysosome-related organelle biogenesis,
and integrin internalization (Akbar et al., 2011; Bem et al.,
2015; Cullinane et al., 2010; Galmes et al., 2015; Xiang
et al., 2015). Recently our group has shown that the complex is required for delivery of the collagen-modifying
enzyme LH3, encoded by PLOD3 (procollagen-lysine, 2oxoglutarate 5-dioxygenase 3), to intracellular membranebound pools of collagen through a vesicular trafficking
pathway involving Rab10 and Rab25 activity (Banushi et al.,
2016). LH3 is a collagen-modifying enzyme whose activity is
required for post-translational hydroxylation, galactosylation,
and glucosylation of collagen lysine residues (Salo et al.,
2006). Such modifications are essential for formation of
intermolecular crosslinks and thus stability of collagen
structures (Ruotsalainen et al., 2006; Sipilä et al., 2007).
Here we demonstrate a variant in VPS33B, to our knowledge previously unreported, which disrupts interaction with
known partners and affects LH3 delivery to collagen leading
to ARKID syndrome in both homozygous and compound
heterozygous forms.
RESULTS
Identification of patients with PPK, ichthyosis, and
sensorineural deafness

Three patients of Austrian ethnic origin presented with PPK,
ichthyosis, and sensorineural deafness (Figure 1). Autosomal
recessive inheritance was implied by distant parental consanguinity (third-degree cousins once removed) in one case, and
observation of their identical rare surname and highly similar
clinical description in the other two patients. Two patients suffered developmental delay and were not able to achieve independent living as adults (patients 2 and 3), whereas one patient
(patient 1) had a normal cognitive and motor development.
Patient 1 (Figure 1a) is the first child of healthy
third-degree cousins once removed; his younger brother is
healthy. He was born at term by elective cesarean section
weighing 3.35 kg and passed the routine screening for
congenital hearing loss. Mild generalized ichthyosis and severe
PPK became evident in the first year of life. Moderate sensorineural bilateral symmetrical hearing loss requiring hearing aids
was recorded at 9 years old. Hearing loss predominately
affected the middle range with hearing thresholds at 50 dB for
sensation and 80 dB for word processing at 13 years old. Progressive hearing loss is also indicated by normal newborn
screening results but also by gradual worsening of follow-up
audiometric testing results. At the age of 13, he had normal
anthropometric data (height 167.4 cm, weight 54.4 kg, body
mass index 19.4 kg/m2) and his psychomotor development was
normal. He attended a mainstream school with average results
and recently went into training as a carpenter; no IQ tests were
performed. He had recurrent episodes of epistaxis during his
school years (not seen at investigation), and two episodes of
macrohematuria at 12 and 13 years old. Minimal relative proteinuria (138 mg protein/g creatinine; reference: 0e100 mg/g)
with a total proteinuria of 40 mg/l (reference: 0e150 mg/l) and
mildly elevated systolic blood pressure (128/48 mm Hg) were
found. He does not receive treatment for this mild elevation in
Patient 1.
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Figure 1. Clinical features of the
three individuals with ARKID
syndrome. (a) Patient 1: 13-year-old
boy of medium height and build,
presenting with diffuse PPK,
sensorineural deafness, requiring
hearing aids, and generalized fine
scaling. (b) Patient 2: marked
palmoplantar hyperkeratosis,
generalized ichthyosis, contractures of
fingers, and acromicria in a 43-yearold obese woman with sensorineural
hearing loss. (c) Patient 3: 49-year-old
man of normal weight showing
pronounced PPK with the absence of
the small toes after autoamputation,
generalized fine ichthyosis,
perimamillar hyperkeratosis, and
sensorineural deafness. ARKID,
autosomal recessive keratodermaichthyosis-deafness; PPK,
palmoplantar keratoderma.

pressure. Elevated alkaline phosphatase bone isoform (>280 IU/
l; reference: 30e89 IU/l) was present.
Patient 2.
Patient 2 (Figure 1b) was born to healthy parents,
with no knowledge of consanguinity between them. Two sisters and a brother were healthy. She was born at 41 weeks of
gestation weighing 3.73 kg. Congenital bilateral hip subluxation was treated surgically at 6 weeks and 2 years old. PPK and
mild-to-moderate generalized ichthyosis presented in infancy.
At 8 years old she was diagnosed with bilateral sensorineural
hearing loss and received hearing aids; we do not have detailed
information regarding this hearing loss. Her psychomotor
development was retarded. She was able to walk at 21/2 years
old. She attended school for the mentally impaired from 7 to 16
years old; no IQ tests were performed. Her understanding
seems to be normal; her pronunciation is unclear. She is able to
perform simple tasks at home, but appears unable to live alone,
thought to be due to difficulties in social interactions rather
than intellectual disability. Type 2 diabetes mellitus was diagnosed at 32 years old. When investigated at 43 years old, she
was obese with height 156 cm, weight 107 kg, body mass index
43.3 kg/m2, and head circumference 53 cm, with marked PPK,
generalized ichthyosis, contractures of different interdigital
joints of all fingers, and acromicria. There was no history of
cholestasis, edema, or evidence of bleeding disorders. Laboratory investigations did not reveal signs of kidney and liver
disease. Brain magnetic resonance imaging was unremarkable
at the age of 35 years. She had a normal female karyotype
(550-band resolution), and a normal methylation-sensitive
multiplex-ligation-dependent probe amplification analysis
result of Prader-Willi syndrome testing.
Patient 3.
Patient 3 (Figure 1c) was referred at 49 years old
for ichthyosis and severe PPK that had already caused mutilation of the small toes by autoamputation. He wore hearing aids
for bilateral sensorineural hearing loss diagnosed in adulthood;
we do not have detailed information regarding this hearing
loss. The patient had clubfeet at birth and trouble walking. He
wore an artificial denture, reportedly since childhood. He had

a good language understanding by lip reading but hardly
intelligible speech. He did not finish school or job training and
displayed anxious and shy behavior; no IQ tests were performed. He lived in a special care home. He developed
dyspnoea at 52 years old and was diagnosed with interstitial
lung fibrosis after approximately 3 months of worsening
symptoms; he did not smoke. He died unexpectedly at 59 years
old, soon after diagnosis, and no autopsy was conducted. His
earlier medical and family history could not be obtained. There
was no evidence for cholestasis, edema, or bleeding disorders.
Identification of mutations in the VPS33B gene

As initial screening for VWS candidate genes GJB2 (NCBI
reference sequence: NM_004004.5), LOR (NCBI reference
sequence: NM_000427.2), and MT-TS1 (NCBI chromosome
MT reference: NC_012920.1) did not reveal pathogenic
mutations, a whole-genome linkage scan was undertaken.
Linkage analysis was based on a subset of 39,000 singlenucleotide polymorphisms (SNPs) with 50 kb distance and
a minor allele frequency of !0.15. A region of 3 Mb in size
on chromosome 15q26 was linked with the disease with a
significant logarithm of the odds score of 3.6 under the
hypotheses of autosomal recessive inheritance, and a distant
relationship of patients 2 and 3, who shared their surname
(Supplementary Figure S1 online). The region was flanked
by recombinant markers rs12914139 and rs493258
(Supplementary Figure S2 online). Subsequently, two private
sequence variants within this linkage region were identified
by exome sequencing in patients 2 and 3. Patient 3 had
two heterozygous variants in VPS33B, an alteration
c.[390G>A;392G>A] p.Gly131Glu, not previously identified in patients with ARC and to our knowledge previously
unreported, and a splice-site variant c.240-1G>C, previously
reported as causing ARC syndrome in homozygous form
(Smith et al., 2012). Patient 2 shared the VPS33B
c.[390G>A;392G>A] variant in homozygous form and also
a homozygous MAN2A2 (NM_006122, c.1400A>G,
p.Tyr467Cys) variant. Sanger sequencing confirmed the
VPS33B c.[390G>A;392G>A] variant in patients 2 and 3.
www.jidonline.org
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Patient 1 is also homozygous for this variant (Supplementary
Figure S3 online). The c.[390G>A;392G>A] variant localized within a 1.8 Mb haplotype that was common to its five
disease chromosomes, and which did not contain the
MAN2A2
variant,
indicating
that
the
VPS33B
c.[390G>A;392G>A] variant was derived from a common
(Austrian) founder and that patient 3 was most likely compound heterozygous for this variant and the splice-site mutation. Unfortunately, this could not be confirmed, as
parental samples were not available for analysis. The two
variants were thus segregating appropriately in the pedigrees.
Both variants are rare, not listed in the Single Nucleotide
Polymorphism Database, Exome Sequencing Project, and
Exome Aggregation Consortium databases and absent from
300 anonymous blood donors from Western Austria.
The p.Gly131Glu variant affects delivery of known
VPS33B cargo

Patients with the p.Gly131Glu variant do not present with
characteristic ARC features, but share the less well-known
features of the disorder, that is, dry, scaly skin and sensorineural deafness. To confirm the p.Gly131Glu variant as
causative of the patients’ abnormalities, we investigated its
effect, using a previously established cell model of VPS33B
deficiency in murine inner medullary collecting duct
(mIMCD3) cell lines (Cullinane et al., 2010).
Overexpressed wild-type (wt) VPS33B interacts with
VIPAR, whereas ARC-mutant VPS33B has a substantially
reduced interaction with VIPAR (Cullinane et al. 2010).
In mIMCD3 cells, the p.Gly131Glu variant did not
affect colocalization with VIPAR (Figure 2aec) and
co-immunoprecipitation (co-IP) (Figure 2d) indicates that it
can still pull down VIPAR, suggesting that the p.Gly131Glu
change does not interfere with VPS33B tertiary structure
stability or VPS33B-VIPAR interaction. Our results are supported by in silico homology modeling, which demonstrated
that residue Gly131 localizes on the VPS33B molecular
surface (Figure 2e), in a solvent-exposed region unlikely to be
involved in the VPS33B-VIPAR interaction site, estimated to
be at a distance of over 20 Å in the homology model.
In VPS33B-deficient mIMCD3 cells, unlike wt cells, LH3 is
not delivered to intracellular collagen IV carriers and this
phenotype can be rescued by cotransfection of wt VPS33B
and VIPAR constructs into VPS33B-deficient cells (Banushi
et al., 2016). When cotransfected with VIPAR, the
VPS33B(p.Gly131Glu) construct could not rescue LH3
colocalization with collagen IV (Figure 3d), unlike the wt
construct (Figure 3c and e), suggesting that the p.Gly131Glu
variant disrupts the function of VPS33B in vesicular and
particularly LH3 trafficking.
Incorrect targeting of LH3 to intracellular collagen causes
abnormal post-translational modifications of collagen both
in vitro and in vivo (Banushi et al., 2016). In patients with
ARC syndrome, defects in LH3-mediated post-translational
modifications of collagen lysine residues can be detected
by mass spectrometry analysis of urine or cultured fibroblasts.
Patients with the p.Gly131Glu variant had reduced levels of
hydroxylysines, galactosyl hydroxylysines, and glucosylgalactosyl hydroxylysines in both urine (Figure 3f) and fibroblast
lysates (Figure 3g) compared with controls, which is similar
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to the reduction seen in patients with ARC. In addition, immunostaining of LH3 in the skin of a patient with ARKID
showed a decrease in punctate staining in dermal fibroblasts,
indicating disrupted LH3 distribution (Supplementary
Figure S4a online). These experiments support the conclusion that the p.Gly131Glu variant is pathogenic and causes
ARKID syndrome allelic to ARC syndrome.
The p.Gly131Glu variant affects known VPS33B interactions

The VPS33B-VIPAR complex cooperates with Rab25, a small
GTPase (also known as Rab11c), and the activity of Rab25 is
necessary for VPS33B-VIPAR-dependent LH3 delivery to
intracellular collagen (Banushi et al., 2016). To determine
whether the p.Gly131Glu variant affected LH3 delivery to
intracellular collagen through disruption of this interaction,
we investigated the colocalization and interaction of VPS33B
with Rab25. In mIMCD3 cells, the VPS33B(p.Gly131Glu)
construct no longer colocalized with Rab25 (Figure 4aec)
and co-IP experiments showed a lower affinity between
VPS33B(p.Gly131Glu) and Rab25 compared with wt
(Figure 4g).
VPS33B-VIPAR has also been reported to interact with the
Rab11a small GTPase (Cullinane et al., 2010). Although this
interaction and the activity of Rab11a do not appear necessary for LH3 delivery to intracellular collagen (Banushi et al.,
2016), Rab11a has recently been shown to be essential for
skin homeostasis, specifically for epidermal lamellar body
(LB) biogenesis (Reynier et al., 2016). LBs are lysosomerelated organelles containing, amongst other cargoes, lipids
and lipid-modifying enzymes that are secreted by granular
layer keratinocytes and are fundamental for the development
and maintenance of the epidermal barrier (Feingold, 2012;
Feingold and Elias, 2014). In mIMCD3 cells, the
VPS33B(p.Gly131Glu) construct no longer colocalized with
Rab11a (Figure 4def) and co-IP experiments demonstrated a
lower affinity between VPS33B(p.Gly131Glu) and Rab11a
compared with wt (Figure 4h).
The findings above suggest that the VPS33B region containing the Gly131 residue may be important for interaction of
the VPS33B-VIPAR complex with Rab11 family proteins. This
region is characterized by numerous negatively charged residues, whose distribution on the VPS33B surface may be critical
for molecular interactions (Figure 2e). The introduction of an
additional negative charge in this region by the p.Gly131Glu
mutation might indeed perturb Rab interactions without
inducing changes in the overall VPS33B fold or affecting its
interaction with VIPAR, which is predicted to bind in a region
distant from Gly131. In ARC syndrome, the VPS33B-VIPAR
interaction is disrupted, whereas in patients with ARKID, the
VPS33B-VIPAR interaction is intact whilst the Rab interactions
are affected. Therefore, it may be that the reduction in interactions with Rab11a and Rab25 is at the core of skin defects
in patients with ARC and ARKID syndrome.
ARKID patient and Vps33bfl/fl-ERT2 mouse skin show
impaired epidermal structure

Hematoxylin and eosin staining of skin sections of patients
with ARKID showed acanthosis with extensive orthohyperkeratosis, hypergranulosis, and elongation of rete ridges
without signs of inflammation (Figure 5b). Ultrastructural
analysis by transmission electron microscopy revealed LB
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Figure 2. VPS33B(p.Gly131Glu) does not affect the VPS33B-VIPAR interaction. (a, b) Representative mIMCD3 cells coexpressing RFP-VIPAR and (a) wt YFPVPS33B or (b) YFP-VPS33B(p.Gly131Glu). Scale bars ¼ 10 mm. (c) Quantification of colocalization between VPS33B constructs and VIPAR. Data are mean #
standard deviation, unpaired t-test, ns ¼ nonsignificant. (d) Anti-HA co-IP on HEK-293 cell lysates coexpressing HA-VPS33B or HA-VPS33B(p.Gly131Glu) with
Myc-VIPAR. (e) Mapping of p.Gly131Glu mutation on structural models of the VPS33B-VIPAR complex. Left: VPS33B in orange and alpha solenoid region of VIPAR
(residues 140e450) in blue; the disordered N-terminus of VIPAR is omitted. VPS33B residue Gly131 is a green sphere. Right: surface potential of VPS33B, from $5
kbTec$1 (red) to þ5 kbTec$1 (blue), VIPAR is dark gray. co-IP, co-immunoprecipitation; HA, hemagglutinin; HEK, human embryonic kidney; IP, immunoprecipitation;
mIMCD3, murine inner medullary collecting duct 3; RFP, red fluorescent protein; WB, western blot; wt, wild type; YFP, yellow fluorescent protein.

entombment and inclusion of lipid bilayers within corneocytes (Figure 5c and d), indicating entrapment of nonsecreted
LB contents, inhomogeneous LB secretion (Figure 5e) with
nonlamellar vesicular contents, and aberrant LB internal
structures, suggesting defective loading into the organelles.
This is similar to previous findings in ARC syndrome where
abnormal LB-like structures within the stratum corneum were
attributed to defects in LB secretion (Hershkovitz et al.,
2008).
Staining for the LB cargo kallikrein 5 in skin sections
of patients with ARKID showed a decrease in kallikrein 5
staining in granular keratinocytes and the stratum
corneum (Supplementary Figure S4b), suggesting that

VPS33B(p.Gly131Glu) could lead to epidermal barrier
defects by impairing LB biogenesis and/or secretion.
Additionally, transmission electron microscopy of the dermoepidermal junction in ARKID abdominal skin sections
showed that the basement membrane was deficient
(Figure 5g) compared with control sections (Figure 5f).
Hemidesmosomes appeared less prominent and the number
of anchoring fibrils was clearly reduced. In addition, collagen
fibers were less fixed to fibrils and the overall number of
dermal collagen fibers appeared reduced, although quantitative analysis was not performed.
We have recently described an inducible Vps33b knockout
mouse model for ARC syndrome (Bem et al., 2015).
www.jidonline.org
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Figure 4. VPS33B(p.Gly131Glu) alters VPS33B interaction with Rab25 and Rab11a. (a, b) Representative mIMCD3 cells coexpressing wt YFP-VPS33B (a) or
YFP-VPS33B(p.Gly131Glu) (b), RFP-VIPAR and CFP-Rab25. Scale bars ¼ 10 mm. (c) Quantification of the colocalization between VPS33B constructs and Rab25
in transfected mIMCD3 cells. Data are mean # standard deviation, unpaired t-test, **** P & 0.0001. (d, e) Representative mIMCD3 cells coexpressing wt YFPVPS33B (d) or YFP-VPS33B(p.Gly131Glu) (e), RFP-VIPAR and Myc-Rab11a, stained with an a-Myc antibody. Scale bars ¼ 10 mm. (f) Quantification of the
colocalization between VPS33B constructs and Rab11a in transfected mIMCD3 cells. Data are mean # standard deviation, unpaired t-test, **** P & 0.0001.
(g) a-HA co-IP on lysates of HEK293 cells coexpressing HA-VPS33B or HA-VPS33B(p.Gly131Glu) with Myc-VIPAR and Rab25-GFP. (h) a-HA co-IP on lysates of
HEK293 cells coexpressing HA-VPS33B or HA-VPS33B(p.Gly131Glu) with Myc-VIPAR and Rab11a-GFP. CFP, cyan fluorescent protein; co-IP, coimmunoprecipitation; HA, hemagglutinin; HEK, human embryonic kidney; GFP, green fluorescent protein; IP, immunoprecipitation; mIMCD3, murine inner
medullary collecting duct 3; RFP, red fluorescent protein; wt, wild type; YFP, yellow fluorescent protein.
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Figure 5. Similar epidermal defects in
ARKID and Vps33bfl/fl-ERT2 mice. (a)
Control and (b) ARKID palmar skin,
H&E, scale bars ¼ 1 mm. (cee) ARKID
skin TEM (c) LBs (*) and (d) lipid
bilayers (arrows) within corneocytes,
(e) inhomogeneous LB secretion
(double arrows) and aberrant LBs,
scale bars ¼ 0.5 mm. (f, g)
Dermoepidermal junction in (f)
control and (g) ARKID abdominal
skin, anchoring fibrils (arrows),
scale bars ¼ 0.5 mm. (h) wt and (i)
Vps33bfl/fl-ERT2 dorsal epidermis,
H&E, scale bars ¼ 50 mm. (j) wt
and (k) Vps33bfl/fl-ERT2 epidermis
TEM: normal (white arrows) versus
entombed bilayers (black arrows),
aberrant LBs (*), scale bars ¼ 0.2 mm.
(l) aberrant LBs at the SG-SC interface
(double arrows), scale bar ¼ 2 mm.
ARKID, autosomal recessive
keratoderma-ichthyosis-deafness;
BM, basement membrane;
h, hemidesmosomes;
H&E, hematoxylin and eosin;
LB, lamellar body; SB, stratum basale;
SC, stratum corneum; SG, stratum
granulosum; SS, stratum spinosum;
TEM, transmission electron
microscopy; wt, wild type.

Hematoxylin and eosin and transmission electron microscopy analysis of dorsal murine skin biopsies also show
acanthosis with hyperkeratosis and hypergranulosis
(Figure 5i), as well as abnormal LBs and inhomogeneous
secretion (Figure 5k and l). The analogy between ultrastructural defects in patients with ARKID and the ARC murine
model indicates similarities in the underlying causative
mechanism, strengthening the evidence that the p.Gly131Glu variant causes ARKID abnormalities.
DISCUSSION
The underlying pathology of the skin phenotype in VPS33B
deficiency has previously been attributed to defective LB
secretion (Hershkovitz et al., 2008), and Rab11a has recently
852
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been shown to be essential for LB biogenesis (Reynier et al.,
2016). We demonstrate here that the p.Gly131Glu variant
disrupts the interaction of VPS33B-VIPAR with Rab11a and
VPS33B deficiency causes abnormal formation of LB structures in mouse and human epidermis, suggesting that this
interaction with Rab11a is important for LB biogenesis.
Indeed, it may be that defects in intracellular trafficking of
cargoes to LB, or defects in LB secretion caused by loss of this
interaction are directly affecting keratinocyte differentiation
and epidermal morphology in patients with ARKID.
Collagens are a core component of various structures in
metazoans such as bones and basement membranes, and
are crucial for tissue structure and function, and their
assembly requires controlled processing and post-translational
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modification (reviewed in Ricard-Blum, 2011). LH3-dependent
post-translational collagen modifications are crucial for assembly, secretion, and fibril stability of various collagens and
homeostasis of the basement membrane (Ruotsalainen et al.,
2006; Sipilä et al., 2007; Sricholpech et al., 2012). The homeostasis of the basement membrane composition is essential
for the development and maintenance of tissue structure, polarity, and function (Morrissey and Sherwood, 2015; Yurchenco,
2011).
We show that defective LH3 delivery in patients with ARKID
is associated with deficiency of anchoring fibrils and less
prominent hemidesmosomes indicating defects in the basement
membrane. This may explain some of the features observed in
these patients with VPS33B mutations. This is further supported
by overlap in clinical findings, that is, arthrogryposis, sensorineural hearing loss, skin disease, psychomotor delay, and
impaired social communication between patients with ARKID
and a patient with LH3 deficiency (Salo et al., 2008). We have
shown, in VPS33B-deficient mice and mIMCD3 cells, that
abnormal LH3 delivery affects collagen homeostasis likely
producing alterations in the epidermal basement membrane,
changes in which could contribute to the dysregulation of LB
biogenesis and/or secretion and function.
VPS33B is ubiquitously expressed, including expression in
the vestibulocochlear ganglion (Diez-Roux et al., 2011), and
disruption of VPS33B-dependent intracellular protein trafficking and collagen homeostasis may also underlie the
sensorineural deafness of patients with ARKID and ARC.
Polarized inner ear hair cells are affected by deficiencies in
protein trafficking and collagen homeostasis; mutations in the
unconventional myosins, for example, myosin VIIA, lead to
sensorineural deafness in Usher syndrome (OMIM. Johns
Hopkins University, Baltimore, MD. MIM Number: 276900.
http://www.ncbi.nlm.nih.gov/omim/), and mutations in
collagen IV a5 cause sensorineural deafness in Alport syndrome (OMIM. Johns Hopkins University, Baltimore, MD.
MIM Number: 301050. http://www.ncbi.nlm.nih.gov/omim/
). Therefore, defects in collagen homeostasis in VPS33B
deficiency may explain the similarities of both skin and
deafness symptoms in patients with ARKID and ARC.
In summary, the genetic and functional analyses described
here show that VPS33B(p.Gly131Glu) is the pathogenic
variant that in homozygous, or compound heterozygous
form, results in ARKID syndrome by impairing the role of
VPS33B in intracellular trafficking.
MATERIALS AND METHODS
This study was approved by the institutional review board of the
Medical University of Innsbruck and UK National Research Ethics
committee (REC13/LO/0168), and complied with the Declaration of
Helsinki Principles. Written, informed patient consent was obtained
for the experiments. Written consent for the publication of their
photographs was obtained from patient 2 and the parents of patient
1; an oral agreement was obtained from patient 3 and so we have
not shown his face. Expanded methods and reagent details can be
found in the Supplementary Materials and Methods online.

Linkage analysis and whole exome sequencing
DNA samples were hybridized to HumanCytoSNP-12v2 BeadChip
(Illumina, CA) arrays and whole-genome linkage scan was

undertaken. Whole-exome sequencing reads were aligned to the
human hg19 genome. After removing synonymous SNPs and SNPs
with allele frequencies >10% in the 1000 genomes dataset, there
were two SNPs left in each sample.

Vps33bfl/fl-ERT2 mice
Vps33bfl/fl-ERT2 mice have been described (Bem et al., 2015).

Immunofluorescence and co-IP analysis
mIMCD3 cells from ATCC CRL2123 were cultured as described
previously (Banushi et al., 2016). Colocalization, co-IP, and immunoblotting experiments were performed as described previously
(Banushi et al., 2016). Paraffin-embedded patient skin sections were
incubated in Histo-Clear (National Diagnostics, Atlanta, GA),
dehydrated in serial ethanol dilutions, and antigen retrieval performed in citrate retrieval buffer (DAKO, Denmark). Sections were
blocked with 3% BSA (Sigma-Aldrich, Irvine, UK), 0.5% tween 20
(Sigma-Aldrich) in phosphate buffered saline; immunofluorescence
staining imaging was as described (Banushi et al., 2016).

In silico homology modeling and mass spectrometry analysis
Modeling, patient urine sample collection, fibroblast culture, and
mass spectroscopy were performed as described (Banushi et al.,
2016). Samples from patients with ARC (Banushi et al., 2016)
were used as positive controls.

Histology
Five-millimeter punch biopsies were taken from the skin of the palms
and abdomen. Specimens were fixed in 4% formaldehyde, embedded
in paraffin, sectioned (6 mm), and stained with hematoxylin and eosin.
Mouse skin samples were fixed in 10% formalin (Sigma-Aldrich),
embedded in paraffin, and sectioned and processed by the Biomedical
Research Centre at the Institute of Child Health, London, UK.

Transmission electron microscopy
Patient samples were analyzed following both reduced osmium
tetroxide and ruthenium tetroxide postfixation protocols (Elias,
1996; Gruber et al., 2011). Murine skin biopsies were fixed in 4%
glutaraldehyde (TAAB, Berks, UK) in 0.1 M sodium phosphate and
incubated with 1% osmium tetroxide (TAAB) 1.5% potassium ferricyanide overnight at 4 ' C, then in 1% tannic acid (TAAB) overnight
before serial dehydration. Further steps and imaging were as
described (Banushi et al., 2016).
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Salo AM, Wang C, Sipilä L, Sormunen R, Vapola M, Kervinen P, et al. Lysyl
hydroxylase 3 (LH3) modifies proteins in the extracellular space, a novel
mechanism for matrix remodeling. J Cell Physiol 2006;207:644e53.
Sato TK, Rehling P, Peterson MR, Emr SD. Class C Vps protein complex
regulates vacuolar SNARE pairing and is required for vesicle docking/
fusion. Mol Cell 2000;6:661e71.
Schiller S, Seebode C, Hennies HC, Giehl K, Emmert S. Palmoplantar keratoderma (PPK): acquired and genetic causes of a not so rare disease. J Ger
Soc Dermatology 2014;12:781e8.
Schmuth M, Fluhr JW, Crumrine DC, Uchida Y, Hachem JP, Behne M, et al.
Structural and functional consequences of loricrin mutations in human
loricrin keratoderma (Vohwinkel syndrome with ichthyosis). J Invest Dermatol 2004;122:909e22.

Gissen P, Tee L, Johnson CA, Genin E, Caliebe A, Chitayat D, et al. Clinical
and molecular genetic features of ARC syndrome. Hum Genet 2006;120:
396e409.

Sevior KB, Hatamochi A, Stewart IA, Bykhovskaya Y, Allen-Powell DR,
Fischel-Ghodsian N, et al. Mitochondrial A7445G mutation in two pedigrees with palmoplantar keratoderma and deafness. Am J Med Genet
1998;75:179e85.

Graham SC, Wartosch L, Gray SR, Scourfield EJ, Deane JE, Luzio JP, et al.
Structural basis of Vps33A recruitment to the human HOPS complex by
Vps16. Proc Natl Acad Sci USA 2013;110:13345e50.
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