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ABSTRACT

Characterization of TRAPPC11 and GOSR2 mutations in human fibroblasts

Keshika Prematilake

Eukaryotic cells consist of membrane-bounded organelles which communicate with each
other through vesicles for the movement of proteins and lipids between them in a process called
membrane traffic. It requires different types of proteins to facilitate docking and fusion of the
cargo-containing vesicles to the correct compartment. Among them are a diverse group of
membrane proteins called tethering factors including multi-subunit tethering complexes (MTCs).
The transport protein particle (TRAPP) complexes are a family of related MTCs that are conserved
from yeast to humans. Subunits of the mammalian TRAPP complexes are known to be involved
in ER-to-Golgi and intra-Golgi trafficking while playing a fundamental role in Golgi morphology.
The TRAPPCI11 subunit of the mammalian TRAPP III complex has been implicated in ER-to-
ERGIC trafficking as well as autophagy. The mammalian TRAPP subunits are linked to a broad

range of diseases of which the mechanism and the cause are not fully understood.

In this study, homozygous and compound heterozygous mutations in the TRAPPCI1 gene
in human fibroblasts from five individuals were characterized using several biochemical,
immunofluorescence and live cell microscopy techniques to identify the defective pathways and
the effect of the mutations at the cellular level. Included in this study were two individuals with
GOSR?2 mutations displaying similar clinical features to patients with TRAPPC1 ] mutations. We
hypothesized that the TRAPPCI1 mutations would result in a number of different defects at the
cellular level given the number of pathways TRAPPCI11 has been suggested to function within.
The current study suggests that some of the TRAPPC1 [ mutations are linked to a variety of cellular
phenotypes including hypoglycosylation of proteins, ER-to-Golgi trafficking defects, delay in the
exit of proteins from the Golgi, Golgi fragmentation, defects in the autophagy pathway as well as
partial disassembly of the complex. Golgi soluble N-ethylmaleimide-sensitive factor attachment
protein receptor complex 2 (GOSR?2) is a protein located in the cis-Golgi to facilitate docking and
fusion of COPII vesicles from the ER. The current study also suggests that some of the GOSR2

il



mutations are linked to hypoglycosylation of proteins, ER-to-Golgi trafficking defects as well as

a delay in the exit of proteins from the Golgi.

The affected individuals showed novel mutations in 7TRAPPCI1 and GOSR2 as well as
mutations seen in previous studies. Some of the earlier TRAPPC11 mutations were in or near the
foie gras domain, and these new TRAPPC1 I mutations cluster near that region. This suggests that
the foie gras domain plays a critical role in the function of the TRAPPC11 protein. Since,
TRAPPCI1 mutations affect the brain, eyes, liver, muscle, and bone, this suggests that the
TRAPPCI11 protein has a function in multiple tissue types and organs as well as homeostasis of
the organism. This study and previous studies of TRAPPCII lead to the conclusion that
TRAPPCI1 mutations, in general, result in neuromuscular phenotypes. In conclusion, these
mutations can be added to the growing group of mutations in TRAPPC11 and GOSR?2 causing
neuromuscular and myopathy phenotypes. A better understanding of these mutations which result
in neuromuscular phenotypes will allow for the screening of individuals who carry these mutations

and further investigate the mechanism and treatment for these diseases.
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1 INTRODUCTION

1.1 Membrane trafficking

Eukaryotic cells consist of membrane-bound organelles which communicate with each
other and the immediate environment surrounding the cells (Tokarev et al., 2009). The movement
of proteins and lipids between these membrane-bounded compartments is mediated by transport
of vesicles in a process called membrane traffic. The membrane traffic process includes the
exocytic pathway which carries cargoes from the endoplasmic reticulum (ER) to the cell
membrane and outside of the cell and the endocytic pathway which imports cargoes from the
immediate environment bringing them into the cell. The membrane traffic pathways combined
control the flow of cargo inside the cell by regulating the budding of cargo-containing vesicles,
their transport along the cytoskeleton, and fusion with the acceptor membrane. Membrane
trafficking is crucial for the viability and proper function of the cell as it allows the cell to
communicate among its organelles and with its immediate environment to obtain nutrition and

cellular signals (Tokarev et al., 2009).

During membrane trafficking, the cargo-containing vesicles bud from the donor
compartments using specific coat and adaptor proteins such as coat protein complex I, II (COPI,
IT) and clathrin adaptor complexes which mediate endosomal trafficking. The COPII complex
mediates anterograde transport from the ER to the Golgi apparatus (Golgi) while COPI mediates
retrograde transport from the Golgi to the ER and intra-Golgi trafficking. The fusion of the vesicles
at the correct acceptor compartment(s) involves vesicle capturing (or tethering) by a correct
combination of vesicle-capturing equipment and membrane anchors such as soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNARESs) present at the vesicle (v-
SNARESs) and the acceptor compartment(s) (t-SNAREs) (Sato and Nakano, 2005). The budding
and fusion events are both governed by small GTPases which in turn are regulated by guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). In combination,
these proteins tightly regulate the directionality and reliability of the intracellular membrane

trafficking.



In eukaryotic cells, newly synthesized proteins containing a signal sequence enter the ER
during translation through a translocon pore via a signal recognition machinery. The proteins
inside the ER or residing on the ER membrane are controlled for proper folding and assembly
before exiting the ER at ER exit sites (Fewell and Brodsky, 2009). The newly formed vesicles
travel from the ER to the Golgi via diffusion or by the help of microtubules and associated motor
proteins (Presley et al., 1997). The ER-derived cargo-containing vesicles travel towards the
microtubule-organizing center (MTOC) and fuse with the Golgi at the cis-Golgi cisterna and the
cargo is subsequently processed in the medial- and trans-Golgi network (TGN). The TGN acts as
a major sorting station for proteins and lipids. The proteins are directed to different organelles such
as endosomes and lysosomes, embedded in the plasma membrane (PM) to facilitate membrane
expansion during cell growth or secreted to the extracellular environment upon modifications by
both ER and Golgi enzymes to include sugars and lipids in a highly ordered manner (Tokarev et

al., 2009).

Early vesicle-mediated transport occurs between the ER and the Golgi via vesicles formed
through the COPII and COPI machinery (Barlowe et al, 1994). The COPII vesicles contain a
membrane bilayer with many proteins which allows it to be highly flexible to form positive
membrane curvature to bud from the ER and to disassemble immediately after transport via GTP
hydrolysis. (Barlowe et al, 1994; Sato and Nakano, 2005; Lord et al, 2011; Zanetti et al., 2013;
Koreishi et al, 2013). The early intracellular membrane trafficking in mammalian cells differs from
that in yeast as it involves fusion of COPII vesicles from the ER to form the ER-Golgi intermediate
compartment (ERGIC) for further sorting of the cargoes before microtubule-dependent vesicle
trafficking to the Golgi (Presley et al, 1997; Klumperman et al., 1998; Martinez-Menarguez et al,
1999; Breuza et al, 2004). During membrane trafficking, the organelle identity and size has to be
maintained. This is accomplished by retrograde transport where molecules used for anterograde
transport are recycled back to the original organelle. The retrograde transport from the Golgi to
the ER occurs via Golgi-derived COPI vesicles involving the Dsl1 tethering complex and syntaxin

18 with the aid of the SNARES at the ER.

The SNARE complexes play a major role in facilitating fusion at the acceptor

compartment(s) by selectively locating at different compartments. However, SNAREs cannot



confirm all the selectivity as SNAREs form multiple complexes during multiple stages of
membrane trafficking and have been shown to be promiscuous (Banfield, 2001). Therefore, other

proteins have to partake in vesicle recognition to ensure selectivity.

1.2 Tethering factors

In order to facilitate SNAREs in docking and fusion of the cargo-containing vesicles to the
correct compartment, a peripherally-associated diverse group of membrane protein complexes
called tethering factors are required (Lupashin and Sztul, 2009). The tethering factors function
either at a single step of the membrane trafficking pathway or at multiple steps such as the
formation of SNARES, cargo selection, and linking the vesicle to the neighboring membranes
before fusion (Lupashin and Sztul, 2009). They acquire these functions by binding to coat proteins,
activating specific Rab and Arl GTPases, and/or associating with different SNAREs (Bacon et al.,
1989; Andag and Schmitt, 2003; Behnia et al., 2007; Cai et al., 2007; Zink et al., 2009). Tethering
factors differ from tethers in a sense that tethers directly tether vesicles while tethering factors
organize other factors needed for tethering (Brunet and Sacher, 2014). They act in homotypic
fusion where two identical compartments fuse such as fusion of early endosomes, and/or in
heterotypic fusion where two different compartments fuse such as fusion of COPI vesicles with

the ER (Lupashin and Sztul, 2009).

Tethering factors are grouped into two general classes based on their structure called
multisubunit tethering complexes (MTCs) and coiled-coil proteins. Recently, they have also been
classified into three functional classes based on phylogeny and structure. The first are complexes
which bind to SNAREs and function as the Rab effectors such as Dsll complex, conserved
oligomeric Golgi (COG) complex, Golgi-associated retrograde protein (GARP) complex,
homotypic fusion and vacuole protein sorting (HOPS), and Exocyst. The next group are complexes
which act as GEFs for Rab proteins and consist of transport protein particle (TRAPP) complexes
(I-1IT) and HOPS which may initiate tethering of coiled-coil tethers for fusion (Lupashin and Sztul,
2009). The last group is categorized into the coiled-coil tethers which include mammalian proteins

pl15, GM130, Giantin, Golgins, and early endosome antigen 1 (EEA1).



The MTCs were first characterized in budding yeast, Saccharomyces cerevisiae, and
consist of eight different MTCs with homologs in higher eukaryotes. The MTCs include the above-
mentioned complexes (Dsll, COG, GARP, HOPS, TRAPP, and exocyst) as well as Class C core
vacuole/endosome tethering (CORVET) complex and two vacuole protein sorting (VPS)-C
complexes. Only CORVET, VPS-C, and HOPS are a heterogeneous family of proteins with
interconvertible subunits, analogous to TRAPP complexes which have interconvertible subunits
(Peplowska et al., 2007). MTCs contain 3 to 10 subunits which interact with vesicles over a short
distance (up to 30 nm) to perform tethering of vesicles that are in close proximity. The ER-to-
Golgi traffic requires MTCs such as Dsll, COG, and TRAPPI and coiled-coil tethers, p115 and
GM130. The COG and TRAPPII complexes play a role in intra-Golgi traffic as well as ER-to-
Golgi traffic (Lupashin and Sztul, 2009). The TGN-endosomal-lysosomal pathway is regulated by
TRAPPIIL, HOPS, and GARP complexes.

In order to maintain the proper size and function of each cellular compartment, the budding
and fusion events are coordinated to integrate anterograde and retrograde traffic, a process that
involves tethering factors. The tethering factors proofread and aid assembly of SNAREs and act
as effectors or activators for the Rab GTPases (Shestakova et al., 2007; Starai et al., 2008; Pérez-
Victoria and Bonifacino, 2009; Ren et al., 2009). The GEF activity is the most upstream event in
the tethering process. GEFs are recruited to membranes to generate guanosine triphosphate (GTP)-
Rabs. The GTP-activated Rab then recruits oligomeric Rab effectors or long coiled-coil tethers
and other membrane receptors to tether a vesicle while increasing selectivity (Lupashin and Sztul,
2009). For example, the fusion of COPII vesicles at the ERGIC is regulated by the mammalian
TRAPP complexes which activate RAB1 to recruit pl115 to the membrane (Nelson et al., 1998;
Grabski et al., 2012). The subunits of the mammalian homolog of yeast Dsl1, ZW10, associate
with the TGN SNAREs, the ER SNAREs such as syntaxin 18 (Ufel), and the COG complex
(Hirose et al., 2004; Aoki et al., 2009; Arasaki et al., 2013). Interestingly, depletion of ZW10 has
been implicated not only in defects in membrane trafficking events but also in chromosome
segregation in dividing cells due to its interaction with Beclin 1 (Williams et al., 1992; Chan et

al., 2000; Xiao et al., 2001).



Mutations in many of the MTCs affect cellular functions as well as cause disease
phenotypes. COG subunits affect the localization and function of Golgi glycosylation machinery
resulting in congenital disorders of glycosylation (CDG) leading to many neurological and
developmental diseases (Kingsley et al., 1986; Wu et al., 2004; Spaapen et al., 2005; Foulquier et
al., 2006, 2007; Kubota et al., 2006; Shestakova et al., 2006; Kranz et al., 2007; Ng et al., 2007;
Zeevaert et al., 2008; Paesold-Burda et al., 2009; Richardson et al., 2009; Reynders et al., 2009).
Mutations in Vps54 and Vps53 subunits of the GARP complex affect motor neurons: the former
destabilizes the complex and leads to neurodegenerative diseases and the latter cause progressive
cerebello-cerebral atrophy type 2 (Pérez-Victoria et al., 2010; Feinstein et al., 2014). Loss-of-
function mutations in HOPS or CORVET in mammalian cells have been linked to cancer and cause
embryonic lethality or severe developmental defects (Gissen et al., 2004; Schonthaler et al., 2008;
Messler et al., 2011; Roy et al., 2011; Aoyama et al., 2012; Kawamura et al., 2012). Like HOPS
and CORVET, loss-of-function mutations in exocyst cause developmental delays in mammalian
cells and Drosophila melanogaster (Drosophila) tracheal cells and affect synapse formation, cilia

development, and axon growth (Jones et al., 2014).

1.2.1 TRAPP complexes of yeast

Similar to other MTCs discussed above, the TRAPP complexes were also first identified
and studied using yeast genetics and protein biochemistry. The TRAPP complexes represent a
family of related complexes that are conserved from yeast to humans (Sacher et al., 1998).
Although initially proposed to form two related complexes (Sacher et al, 2001), in yeast the
TRAPPs are organized into three complexes (Lipatova et al., 2016). TRAPPI, consisting of the
core subunits Bet5, Trs20, Bet3, Trs23, Trs31, and Trs33 is involved in ER-to-Golgi traffic along
with the long coiled-coil tether, Usol (Sacher et al., 1998, 2000, 2001; Jiang et al., 1998; Kim et
al., 2006). TRAPPII with the additional subunits Trs120, Trs130 and Trs65, functions in
endosome-to-Golgi and intra-Golgi traffic (Sacher et al, 2001). TRAPPIII with the additional
subunit Trs85 mediates autophagosome (AP) formation during autophagy and the CVT pathway
(Lynch-Day et al., 2010). All three complexes are GEFs and the structure of the core subunits

bound to the Rab Yptl revealed their mechanism of action in performing the nucleotide exchange



reaction which is essential for their membrane trafficking functions (Jones et al., 2000; Wang et

al., 2000; Cai et al., 2008).

The well-studied TRAPPI complex is 300kDa and its structure resembles a dumbbell
shape. One of the lobes of the dumbbell has Trs20-Trs31-Bet3 subunits while the other lobe
contains Bet3-Trs33-Bet5 subunits. The two lobes are bridged by Trs23 (Kim et al., 2006). The
TRAPPI complex, containing subunits with mixed o/p topology, differs from long rod-like MTCs
such as exocyst, COG, Dsll and GARP that are largely a-helical bundles, indicating a possible
variation of the tethering function. The higher molecular weight of TRAPPII compared to TRAPPI
is due to dimerization of the former as well as the addition of three high molecular size subunits.
The yeast and mammalian TRAPPs are anchored to a Triton X-100 resistant fraction, indicating
their stable association with membranes (Sacher et al., 2000, 2001). The TRAPPIII complex
appears at a higher apparent molecular size compared to TRAPPII, suggesting that TRAPPIII more
tightly associates with membranes (Brunet et al., 2013; Tan et al., 2013). Trs20p acts as an adaptor
protein for Trs85 on one end of the TRAPPIII complex (Zong et al., 2011; Brunet et al., 2013;
Taussig et al., 2013, 2014).

In vitro yeast transport assays have shown that TRAPPI is the initial interactor for the ER-
derived COPII vesicle at the Golgi through the interaction between Bet3 present at both lobes of
the TRAPPI complex and Sec23p, a component of the COPII vesicles (Lord et al., 2011). The
interaction between TRAPPI and the COPII vesicles is followed by TRAPPI GEF activity towards
Yptlp to recruit its Rab effectors Usolp, p115 and COG (in mammalian cells) (Wang et al., 2000;
Morozova et al., 2006; Cai et al., 2008; Yamasaki et al., 2009).

The TRAPPII complex facilitates intra-Golgi trafficking as well as COPI-dependant
endosome-to-Golgi retrograde trafficking in yeast (Sacher et al., 2001; Cai et al., 2005). Mutations
of the Trs120 subunit disrupt retrograde trafficking from early endosomes in a COPI protein
mislocalization manner (Sacher and Ferro-Novick, 2001; Cai et al., 2005; Yamasaki et al., 2009).
The Bet3 subunit in the core of TRAPP is masked in TRAPPII by TRAPPII-specific subunits
allowing TRAPPII to bind to the COPI vesicle coat, but not to COPII vesicles (Sacher et al., 2001;
Cai et al., 2005; Yamasaki et al., 2009). It has been proposed that TRAPPI converts to TRAPPII



to assure a balance between the flow of materials in and out of the Golgi membranes (Morozova
et al.,, 2006). Recently, a novel function of the TRAPPII complex in fission yeast,
Schizosaccharomyces pombe (S. pombe), has been reported where it is proposed to function during
cytokinesis through the interaction of the Trs120 subunit with the Rab11 GTPase, Ypt3 (Wang et
al., 2016).

The TRAPPIII complex is involved in a process called autophagy (see section 1.4). The
complex is located at the site of assembly of the phagophores to assemble the membranes needed
for autophagy as well as at the site of pre-autophagosomal structure (PAS) formation (Lynch-Day
et al., 2010; Tan et al., 2013). Similar to TRAPPII, TRAPPIII functions in endosome to Golgi
retrograde traffic to recruit Atg9, a transmembrane protein required for AP formation, and the
SNARE, Sncl, by activating Yptl in a Trs85 dependent manner (Meiling-Wesse et al., 2005;
Nazarko et al., 2005; Lipatova et al., 2012; Shirahama-Noda et al., 2013). Yptl effectors such as
the COG complex have also been shown to be required for AP formation (Yen et al., 2010).
However, the exact mechanism of action of TRAPPIIIL, Yptl, and COG in autophagy is still

unknown.

1.2.2 Mammalian TRAPP complexes

In mammalian cells, two of the three TRAPP complexes were conserved from yeast;
TRAPPII and TRAPPIII (Sacher et al., 2000; Loh et al., 2005; Yamasaki et al., 2009; Bassik et
al., 2013). Despite the fact that yeast subunits share 29 to 54% of sequence identity at the protein
level with the mammalian subunits (Table 1.1), there is less known concerning the mammalian
TRAPP (mTRAPP) complexes. Crystal structures have been solved for the TRAPPC1-TRAPPC3-
TRAPPC4-TRAPPC6 and TRAPPC3-TRAPPC2-TRAPPCS sub-complexes (Kim et al., 2006).
All the mTRAPP complexes are ~670kDa in size (Meiling-Wesse et al., 2005; Nazarko et al.,
2005). The mTRAPPII complex consists of six core subunits (TRAPPC1-6a/b) (Aridon et al.,
2016) as well as TRAPPC13, TRAPPC9, and TRAPPC10 (Bassik et al., 2013). In addition to the
core subunits, the TRAPPIII complex contains TRAPPCS, TRAPPC11, TRAPPCI12 and
TRAPPCI13 (Table 1.1; Bassik et al., 2013).



Like yeast TRAPP, the mTRAPP complexes consist of a conserved core upon which
additional, and in some cases, metazoan-specific (see section 1.3), subunits bind (Bassik et al.,
2013). Subunits of the mTRAPP complexes are present mainly in the cytosol or at the Golgi
membranes and the ER/ERGIC interface and thus are involved in ER-to-Golgi and intra-Golgi
trafficking, while playing a fundamental role in Golgi morphology (Yu et al., 2006; Scrivens et
al., 2009; Choi et al., 2011; Zong et al., 2012). mTRAPPII interacts with COPII vesicles by
associating with the p150 motor protein,, a subunit of dynactin that moves COPII vesicles along
the microtubules as they mature into cis-Golgi (Zong et al., 2012). It also functions in intra-Golgi
trafficking and acts as a GEF for the mammalian Yptl homolog, RAB1, while partially associating
with COPI-coated vesicles at the cis-Golgi (Sacher and Ferro-Novick, 2001; Gwynn et al., 2006;
Yamasaki et al., 2009). The activation of RABI is required to recruit other factors such as p115
and COG for the final fusion of the COPI vesicles with the early Golgi (Yamasaki et al., 2009).

The exact mechanism of action of mTRAPPIII is still unknown (Bassik et al., 2013).
mTRAPPIII has been suggested to interact with COPII vesicles. However, the role of each subunit
has been suggested to be more diverse with functions both within and outside of the complex
(Ethell et al., 2000; Ghosh et al., 2001, 2003; Milev et al, 2015). For example, the role of TRAPPC4
has not yet been mapped to its association with the mMTRAPP complex. TRAPPC4 recruits MAP
kinase kinase (MEK1) for the phosphorylation of ERK1/2 and translocation of the phosphorylated
ERK1/2 into the nucleus. Since TRAPPC4 expression is increased in the nuclei where the TRAPP
complex is not located, its role in the ERK signaling pathway is independent of its role in the
TRAPP complex. Since ERK?2 interacts with Sec16, a COPII coat assembly protein, it is tempting
to speculate that the role of TRAPPC4 in the ERK pathway may have an impact on membrane
traffic (Farhan et al., 2010).

Since the subunits of mMTRAPPs are ubiquitously expressed in every cell, mutations in
TRAPP subunits which disable the complexes would be expected to be embryonic lethal.
Nevertheless, the mammalian TRAPP subunits are linked to a broad range of diseases of which
the mechanism and the cause are not fully understood (Table 1.1). Mutation in one of the subunits,

TRAPPC2, common to both mTRAPPs, causes an X-linked disease called spondyloepiphyseal



dysplasia tarda (SEDT or SEDL) which results in short stature, barrel chest, and degenerative joint
disease. It is due to bone growth defects caused by defects in trafficking of type II collagen in the
Golgi and Golgi fragmentation in skeletal tissue (MacKenzie et al., 1996; Gedeon et al., 1999,
2001; Scrivens et al., 2009; Venditti et al., 2012). Recently, TRAPPC2 mutations were also linked
to miscarriage (Wen et al., 2015). TRAPPC4 which is another core TRAPP subunit has been
implicated in colorectal cancer and the mechanism is thought to involve its interaction with the

mitogen-activated protein kinase, ERK2 (Zhao et al., 2011; Kong et al., 2013; Weng et al., 2014).

Additionally, mutations in TRAPPC9 which give rise to a truncated protein cause mental
retardation and, in some individuals, microcephaly due to defects in the NF-xB pathway and
neuronal differentiation (Khattak and Mir, 2014). TRAPPCY9 has been associated with cancer
(Zhang et al., 2015) and schizophrenia (McCarthy et al., 2014). Mutation in TRAPPC6A causes
mosaic loss of coat pigmentation in mice possibly due to impaired trans-Golgi trafficking and
endocytosis (Gwynn et al., 2006). It is also involved in nonverbal reasoning and proposed to play
a role in Alzheimer’s disease (Hamilton et al., 2011; Chang et al., 2015). TRAPPC6B splicing
variant has recently been associated with restless leg syndrome (Aridon et al., 2016). TRAPPCS
has been shown to be significant for cell entry of the human papillomavirus (HPV) due to its
possible role in endocytosis and ciliogenesis (Ishii et al., 2013; Schou et al., 2014). To date, there
are a few TRAPP subunits which are involved in cancer: TRAPPCI1, TRAPPC4, TRAPPC9, and
TRAPPCI10 (Pongor et al., 2015; Zhang et al., 2015; Weng et al., 2014). Mutations in TRAPPCI 1
will be discussed in detail below. Mutations in these proteins may lead to diseases by any number
of mechanisms including interference with proper protein folding, protein-protein interactions and
TRAPP complex integrity (Choi et al., 2009; Jeyabalan et al., 2010; Zong et al., 2011; Brunet et
al., 2013; Taussig et al., 2014).



Table 1.1 Yeast and mammalian TRAPP subunits and diseases associated with subunits.

Yeast

subunits

Bet5

Mammalian

subunits (size in

kDa)
TRAPPCI (17)

mTRAPP

complex

I1, III

Diseases associated with mTRAPP

subunits

Cancer

Trs20 TRAPPC2 (16) I1, 11 SEDT (MacKenzie et al., 1996; Gedeon et
al., 1999, 2001; Scrivens et al., 2009;
Venditti et al., 2012); Miscarriage (Wen et
al., 2015)

Tcal7 TRAPPC2L (16) | 1II, III Not found

Bet3 TRAPPC3 (20) I1, 11 Not found

Trs23 TRAPPC4 (24) IL, 11T Carcinogenesis (Weng et al., 2014)

Trs31 TRAPPCS (21) I1, II1 Not found

Trs33 TRAPPC6 a, b ILIII (6a) Mosaic loss of coat pigmentation

(19, 15) (Gwynn et al., 2006); Alzheimer’s disease

(Hamilton et al., 2011; Chang et al., 2015)
(6b) Restless leg syndrome (Aridon et al.,
2016)

Trs85 TRAPPCS (161) 11 Needed for HPV entry (Ishii et al., 2013)

Trs120 TRAPPCO9 (140) II Cancer (Zhang et al., 2015); Intellectual
disability (Khattak and Mir, 2014);
Schizophrenia (McCarthy et al., 2014)

Trs130 TRAPPCI10 (142) | 1II Cancer (Pongor et al., 2015)

N/A TRAPPCI11 (129) 1l Muscular dystrophy (Bogershausen et al.,
2013); Fatty liver disease, steatosis, early
onset of cataracts (Liang et al., 2015)

N/A TRAPPCI2 (79) |1l Not found

Trs65 TRAPPCI13 (46) | 1II Not found

kDa, kilodaltons; mTRAPP, mammalian TRAPP;

10

N/A, not applicable.




1.3 TRAPPC11 and TRAPPC12

Mammalian TRAPPC11 and TRAPPCI12 are the only subunits that have no apparent
homologs in yeast. They are found mainly in the cytosol or in the Golgi membranes and the
ER/ERGIC interface. They are present in all eukaryotic cells, including fungi (Scrivens et al.,
2011; Bassik et al., 2013). They serve as components of the mTRAPPIII complex while also
playing a pivotal role in Golgi morphology (Yu et al., 2006; Scrivens et al., 2009; Yamasaki et al.,
2009; Choi et al., 2011; Zong et al., 2012). The TRAPPC11 subunit was co-precipitated with two
different epitope-tagged TRAPP subunits; TRAPPC8 and TRAPPC12 (Scrivens et al., 2011).
TRAPPCI1 codes for a 1,133 amino acid protein with a foie gras domain which is a central, highly
conserved structural motif containing as many as six tetratricopeptide repeats (TPR) for protein-
protein interactions, a gryzun domain, and non-overlapping regions of homology to human and
yeast TRAPPC10 (Figure 1.1; Wendler et al., 2010). The functions of TRAPPCI11 are not well
characterized in mammalian cells but it has been implicated in ER-to-ERGIC trafficking as well
as autophagy due to a decrease in AP formation upon TRAPPCI11 knockdown (Behrends et al.,
2010; Scrivens et al., 2011).

Studies by Wendler et al. (2010) and Sadler et al. (2005) showed that TRAPPC11 is crucial
for development since depletion of TRAPPC11 is lethal in both Drosophila and zebrafish. In the
Drosophila studies, the depletion of trappcll by small interfering RNA (siRNA) caused Golgi
fragmentation and rerouting of the marker protein CD8-green fluorescence protein (GFP) from
apical to basal membranes of larval salivary glands as well as learning and memory defects
(Wendler et al., 2010; Dubnau et al., 2003). In the study by Sadler et al. (2005), trappci1 loss of
function mutation, called fgr, caused enlarged livers, steatosis, developmental defects of the eye,
gut, lower jaw and fin, and hepatocyte death, indicating a major role in the liver as well as other
organs. In the study by DeRossi et al. (2016), a trappcll mutation in zebrafish caused Golgi
fragmentation and blockage of protein secretion from hepatocytes. However, depletion of
TRAPPCII by siRNA in HeLa cells resulted in membrane trafficking defects in post-ER
compartments and partial disassembly of the TRAPP complex, indicating a potential role in
stabilizing the TRAPP complex (Wendler et al., 2010; Scrivens et al., 2011). Interestingly,
TRAPPC11 has been associated with protein glycosylation since siRNA knockdown of
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TRAPPCI1I in HeLa cells caused hypoglycosylation of translocon-associated protein (TRAPa)
(DeRossi et al., 2016). Additionally, TRAPPC1 I knockdown caused an apparent decrease in levels
of TRAPPC12 but not the levels of TRAPPC2, TRAPPC2L, or TRAPPC3, indicating a possible
physical association of the TRAPPC11 and TRAPPC12 subunits (Scrivens et al., 2011).

TRAPPCI12 has been identified to play a dual role in membrane trafficking and mitosis
(Milev et al., 2015). Such so-called moonlighting proteins are known to acquire two or more
unrelated functions at different times or at different cellular locations to increase the complexity
of the cellular processes (Jeffery, 1999; Copley, 2012). There are many possible mechanisms for
proteins to switch between various functions, including a change in cellular localization, ligand
binding, variation in oligomerization, and post-translational modifications (Jeffery, 2003). Like
TRAPPCI11, TRAPPCI12 contains a TPR domain which facilitates protein-protein interactions
(Scrivens et al., 2011). The protein is mainly located in the Golgi (Scrivens et al., 2011) with a
small amount present in the nucleus (Milev et al., 2015). TRAPPCI12 associates with the
kinetochore and plays a role in kinetochore assembly and stability by regulating recruitment of
centromere-associated protein E (CENP-E) to the kinetochores (Milev et al., 2015). Depletion of
TRAPPCI12 activates the spindle assembly checkpoint.

During interphase, TRAPPC12 is localized to the Golgi where it can function in membrane
traffic due to its interaction with the mTRAPP complex. The autophagy activity of TRAPPC12
has also been suggested by Behrends et al. (2010) who showed that depletion of TRAPPC12
caused an increase in APs and defects in autophagic flux (see section 1.4). During mitosis,
TRAPPCI12 disassociates from the mTRAPP complex and is phosphorylated outside of the TPR
domain, a modification that is necessary for its interaction with CENP-E (Milev et al, 2015). These
phosphates are removed before the onset of anaphase (Milev et al., 2015). The role of TRAPPC12
in membrane traffic and the exact mechanism of TRAPPCI12 function in mitosis is yet to be

determined.
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1.3.1 TRAPPC11 mutations reported to date

Currently, there are several documented TRAPPC1 1 mutations causing disease in humans
(Table 1.2; Figure 1.1). The study by Bdgershausen et al. (2013) reported two different
homozygous mutations, one in a Syrian pedigree and a second in two different Hutterite
communities. The Hutterite mutation causes a deletion of exons 11 and 12 to produce an in-frame
deletion of a portion of the foie gras domain (p.A372_S429del) while the Syrian mutation causes
a missense mutation (p.G980R) within the N-terminal Gryzun domain. The affected individuals
showed decreased levels of TRAPPCI11 protein. The Golgi of fibroblasts taken from affected
individuals had a fragmented phenotype while the trafficking of the marker protein, temperature-
sensitive vesicular stomatitis virus glycoprotein fused to GFP (ts045-VSV-G-GFP), between ER
and Golgi appeared normal in individuals with the p.A372 S429del mutation. However, post-
Golgi trafficking was significantly delayed in these individuals, with the marker protein
accumulating in the Golgi over time. This contrasts with the observations for the siRNA
knockdown of TRAPPCI11 which included an ER-to-ERGIC trafficking defect, suggesting a

possible function of the foie gras domain in intra- or post-Golgi trafficking.

In the Bogershausen et al. (2013) study, a significant decrease in the late
endosomal/lysosomal protein called lysosome-associated membrane protein 1 (LAMPI1) in the
individuals carrying the mutations was observed along with the remaining LAMP1 focused on a
perinuclear region similar to the MTOC. This indicates a possible interaction of TRAPPC11 with
motor proteins, similar to that seen for TRAPPCY in the early secretory pathway (Zong et al.,
2012). The individual with the mutation p.G980R showed a more prominent muscular phenotype
similar to limb-girdle muscular dystrophy (LGMD). The patient also had increased creatine kinase
(CK) levels due to the destruction of muscle fibers. Individuals affected with the p.A372 S429del
mutation also showed muscle abnormalities with mild muscle weakness, ataxia and elevated levels
of CK, as well as neurological abnormalities and intellectual disabilities. These phenotypes, mainly
affecting the muscle and brain, have contrasted with the loss of function mutation in zebrafish
which predominantly affected the liver. Recently, another study by DeRossi et al. (2016) has
shown that the homozygous TRAPPC1 I mutation p.G980R in fibroblasts from affected individuals

caused accumulation of lipid droplets.
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Compound heterozygous mutations in TRAPPCI 1 in one Asian individual have also been
reported to cause congenital muscular dystrophy (CMD), fatty liver disease and early onset of
cataracts (Liang et al., 2015). One mutation has been reported in the Syrian individual in the
previous study (p.G980R), and the second mutation is a splice-site mutation which produced two
different spliced transcripts, both possibly causing a frameshift and truncated protein
(p.L240Afs*10 and p.L240V{s*7). The 8-year old Han Chinese girl showed developmental delays
and elevated levels of CK similar to the study by Bogershausen et al. (2013) and fatty liver disease,
steatosis and impaired visual system similar to the zebrafish study by Sadler et al. (2005). The
affected individual also showed altered forms of the lysosomal membrane glycoproteins such as
LAMP1 and LAMP2 which indicates that the transport of proteins is affected by mutations in
TRAPPCI1 which destabilize the protein, similar to that observed in the study by Bogershausen
et al. (2013). The truncated protein appears as a loss of function mutation to cause severe
phenotypes while recapitulating the zebrafish study. The diversified phenotypes of individuals
with TRAPPC1 I mutations (i.e. brain, muscle, eye, liver, and bone) affirms the role of TRAPPC11

in multiple tissues in humans (Liang et al., 2015).

Table 1.2 Mutations of TRAPPCI1 reported to date.

Number Family TRAPPCI1I Mutation at Consanguinity Reference

of cases origin Genetic protein level (Yes/No)

(families) mutation

3 Syrian c.2938G>A/ p-G980R Yes Bogershausen

(1 family) c.2938G>A etal., 2013

5 Hutterite | ¢.1287+5G>A/ | p.A372_S429del | Yes Bogershausen

2 c.1287+5G>A etal., 2013

families)

1 Asian c.2938G>A/ p.L240Afs*10 No Liang et al.,
c.661-1G>T and 2015

p.L240V{s*7
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| p.L240Afs*10/p.L240Vis*7 | [ A372_S429del p.G980R

l1 \240 372 429 930 1133

Foie gras Gryzun

Figure 1.1: Cartoon representation of the TRAPPC11 protein with mutations reported to
date. The protein sequence for TRAPPC11 is shown along with the location of the conserved foie
gras (263-522) and gryzun (597-1097) domains. Currently reported 7TRAPPC1 1 mutations causing
disease in humans are shown based on their location along the protein sequence for TRAPPCI11.
The numbers represent the amino acid number in the protein sequence.

1.4 Autophagy

The mTRAPPIII complex is suggested to function in multiple tissues in humans as well as
in multiple pathways, including autophagy (Lynch-Day et al., 2010; Tan et al., 2013). Similar to
typical membrane trafficking pathways, autophagy also transports cargo and lipids to one
compartment. It recycles proteins during cellular stresses such as nitrogen starvation or cell
damage. The two forms of autophagy, macro- and microautophagy, are further subdivided into
selective and non-selective autophagy. In microautophagy, cargo in the cytoplasm is directly
internalized into the vacuoles or lysosomes without the need for pre-lysosomal compartments.
During macroautophagy (hereafter autophagy), cargo in the cytoplasm is packaged into APs and
is delivered to the lysosomes (Baba et al., 1994). Only macroautophagy is conserved from yeast

to higher eukaryotes (Meijer et al., 2007).

Unfolded/ improperly folded/excess proteins in the ER are also delivered to lysosomes by
APs for degradation and generation of energy by selective macroautophagy or ER-phagy (Lipatova
et al., 2013; Bernales et al., 2007). The AP formation includes membrane formation around
cytosolic cargo proteins at the PAS site by autophagy-specific proteins (Atgs) in yeast and at the

ER and mitochondrial contact site in mammalian cells (Suzuki, 2001; Kim et al., 2002; Hamasaki
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et al., 2013). The APs fuse with the vacuole or lysosome releasing material into the acidic lumen
of the lysosomes for degradation by the lysosomal hydrolase enzymes. During nutrient starvation,
the nonselective macroautophagy allows the “self-eating” process where cytosolic components are

delivered to lysosomes for degradation and recycled for anabolic processes.

The cellular mechanism and components of the autophagy pathway were identified first in
yeast. The autophagy pathway is regulated by the target-of-rapamycin (TOR) kinase that is active
during normal cell growth conditions. Inactivation of TOR activity during starvation generates a
novel AP for the activation of the autophagy pathway. The stages of the autophagy pathway and
its players are well known. Nonetheless, less is known about the initial steps of the autophagy
pathway, at the site of AP formation. An increase in APs does not signal an increase in autophagy,
but a block in trafficking to lysosomes. An increase in autolysosomes (AP fused with lysosomes)
indicates a decrease in protein degradation (autophagic flux). The autophagic flux is observed by
monitoring synthesis and lipidation of autophagy markers such as LC3-II (microtubule-associated
protein 1 light chain 3; protein from the cytosol [LC3-I] and lipidated form at the autophagosomal/
autolysosomal membrane [LC3-II]) (Germain et al., 2011; Klionsky et al., 2016). During
formation of mammalian APs, LC3 is modified and incorporated into the membrane of APs and

is later degraded by lysosomal hydrolytic enzymes (Kabeya et al., 2000).

Autophagy is critical in many instances such as programmed cell death (apoptosis), amino
acid starvation, hypoxia, removal of growth factors, defense against pathogens as well as
development and cell differentiation. Starvation-induced autophagy activity is clearer in skeletal
and heart muscles, eye, and thymus tissue, and hepatocytes, but not as much in the brain cells
(Schworer et al., 1981; Mizushima et al., 2004; Liinemann et al., 2007). When autophagy is
disrupted, proteins build up in the ER causing ER stress and ER vesicle budding defects (Higashio
and Kohno, 2002). Defects in autophagy lead to diseases such as SEDT, cancer, aging, bacterial
infection and muscle and neurodegenerative disorders such as Parkinson’s disease and LGMD

(Bursch et al., 1996; Anglade et al., 1997; Kegel et al., 2000; Brunet and Sacher, 2014).
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1.5 Neuromuscular diseases

The accumulation of autophagic vacuoles (APs and autolysosomes) and cytoplasmic
protein aggregates is a common feature in many neuromuscular diseases (Jongen et al., 1995;
Kaneda et al., 2003; Nishino et al., 2005; Fujita et al., 2007; Liinemann et al., 2007; Raben et al.,
2007; Nascimbeni et al., 2008). The accumulation of cytoplasmic protein aggregates indicates a
defect in protein degradation. Hereditary neuromuscular diseases are primarily due to
conformational changes in specific proteins due to mutations. The mutant proteins have a strong
affinity to form insoluble aggregates which become sequestered inside autophagic vacuoles, but
unable to be degraded by lysosomal enzymes. The insoluble proteins also aggregate in the
cytoplasm and severely inhibit the ubiquitin-proteasome system. Inactivation of the protein
degradative machinery, autophagy and ubiquitin-proteasome system, greatly affects the
homeostasis to impair many cellular activities to eventually cause cell death. Impaired motor-nerve
and/or skeletal muscle function due to cell death by apoptosis, necrosis and/or unregulated

autophagy is the main characteristic of hereditary neuromuscular diseases (Pattingre et al., 2005).

In many neuromuscular diseases, genetic mutations and defects in the autophagy pathway
are well characterized. For example, Danon disease is an X-linked myopathy and cardiomyopathy
due to mutations of LAMP2 which encodes for a highly glycosylated and expressed lysosomal
membrane protein in the skeletal muscles and the heart (Nishino et al.,, 2000). Hereditary
neuromuscular diseases caused by defects in autophagy are categorized into two groups; rimmed
vacuolar myopathies and autophagic vacuolar myopathies (Nishino et al., 2005). The rimmed
vacuolar myopathies are secondary lysosomal myopathies since autophagy is activated as a
secondary effect of protein misfolding or aggregation. This group includes disorders such as distal
myopathy with rimmed vacuoles (DMRV) and oculopharyngeal muscular dystrophy (OPMD).
The autophagic vacuolar myopathies are due to the buildup of APs due to blockage or inhibition
of the autophagy pathway. This group includes disorders such as Pompe disease and X-linked
myopathy with excessive autophagy (XMEA) (Nishino et al., 2005).

Neuromuscular diseases affect both men and women of all ages and are characterized by

mild functional impairment with progressive loss of muscle function that can extend to severe
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disability and early death. Though genetic mutations responsible for inherited neuromuscular
diseases have been identified, the molecular and cellular mechanisms that cause the muscle and
nerve defects are not well known. Thus, it is critical to better understand the nature of these rare
diseases to target therapies which are common to more than one neuromuscular disease (Darin and
Tulinius, 2000). Since neuromuscular diseases are related to defects in autophagy, this study will

also address the role of TRAPPCI11 in autophagy.

1.6 Introduction to project: Characterization of TRAPPCI1 and GOSR2 mutations in

human fibroblasts

In this study, homozygous and compound heterozygous mutations in the TRAPPCI 1 gene
in human fibroblasts from five affected individuals will be characterized using several
biochemical, immunofluorescence and live cell microscopy techniques to identify the defective
pathway(s). A similar type of analysis was performed for two individuals with mutations in GOSR2
gene to identify their defective pathway(s). The affected individuals showed novel mutations in
TRAPPCI1 and GOSR?2 as well as one of the previously mentioned mutations in the Bogershausen
etal. (2013) study (Table 1.2; Figure 1.2). We hypothesized that the TRAPPC1 I mutant phenotype
would be similar to the cellular phenotypes of mutants observed in previous studies (see section
1.3 and 1.3.1), resulting in Golgi fragmentation, defects in protein glycosylation, delay in protein
secretion and partial disassembly of the mMTRAPP complex (Wendler et al., 2010; Scrivens et al.,
2011; Bogershausen et al., 2013; DeRossi et al., 2016). The current study suggests that some of
the TRAPPCI1 mutations are linked to a variety of cellular phenotypes including ER-to-Golgi
trafficking defects, delay in the exit of proteins from the Golgi, Golgi fragmentation, defects in the
autophagy pathway as well as partial disassembly of the mTRAPP complex. The current study
also suggests that some of the GOSR2 mutations are linked to ER-to-Golgi trafficking defects as
well as a delay in the exit of proteins from the Golgi. This study and previous studies of TRAPPC1 ]

led to the conclusion that TRAPPC1 I mutations, in general, result in neuromuscular phenotypes.
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Table 1.3 Novel mutations of TRAPPC11 in this study.

Number of Family TRAPPCI1 Mutation at protein Consanguinity
cases origin Genetic mutation level (Y/N)
(families)
4 Turkish c.1893+3A>G/ p.V588Gfs*16 Yes
(2 families) c.1893+3A>G
1 Mixed c.851A>C/ p.Q284P No

European c.965+5G>T (c.851 A>C)
2 Subject 6: Subject 6: Subject 6: p.Q933H | Unknown
(2 families) Pakistan Unavailable and p.F8661

Subject 7: Subject 7: Subject 7:

Asian c.1287 +5G>A and p.A372 S429del and

c3379 3380insT p-N1127Vfs*45

[ p.A372_S429del | p.V588Gfs*16 I p.F866l I |p.Q933H] [ p.N1127Vfs*45 |
L 284  [372 429 éss \ass {933 \|1133

Foie gras Gryzun

Figure 1.2: Cartoon representation of the novel TRAPPC11 mutations in this study. Novel
TRAPPCI1 mutations discussed in this study are shown based on their location along the protein
sequence for TRAPPC11. The numbers represent the amino acid number in the protein sequence.
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2 MATERIAL AND METHODS

2.1 Buffers and solutions
All buffers and solutions used in the study are listed in Table 2.1 below.
Table 2.1 Buffers and solutions used in the study.
Growth medium Dulbecco’s modified Eagle’s medium (DMEM,
Wisent) supplemented with 2 mM L-glutamine and
10% (vol/vol) fetal bovine serum (FBS, Wisent)

Gel filtration buffer 50 mM Tris-HCI pH 7.2, 150 mM NacCl, 0.5 mM
Ethylenediaminetetraacetic acid (EDTA), 1 mM
Dithiothreitol (DTT)

Freezing medium DMEM containing 10% FBS with 10% dimethyl-
sulphoxide (DMSO) (v/v)

Mammalian cell lysis buffer (1) 50 mM Tris-HCl pH 7.2, 150 mM NaCl, 0.5 mM

EDTA, 1 mM DTT, 1% Triton X-100 (v/v), one tablet
of protease inhibitor cocktail (Roche), and two tablets
of Phospho-Stop (Roche) per 10 ml

Mammalian cell lysis buffer (2) 20mM HEPES pH 7.4, 0.1M KCl, 0.5% Triton X-100
(v/v), SmM MgCl, with one tablet of protease inhibitor

cocktail (Roche) per 10 ml

Phosphate-buffered saline (PBS) 0.8% NaCl (w/v), 0.02% KCI (w/v), 0.061% Na;HPO4
(w/v), 0.02% KH2PO4 (w/v), pH 7.3

PBS-T PBS containing 0.1% Tween-20 (v/v)

Sodium dodecyl sulfate- 25 mM Tris-base, 200 mM glycine, 0.1% SDS

polyacrylamide gel electrophoresis
(SDS-PAGE) running buffer
SDS sample buffer (4x) 80 mM Tris-HCI pH 6.8, 2% SDS (w/v), 10% glycerol

(v/v), 0.1% bromophenol blue, 5% B-mercaptoethanol
(v/v)
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Western blotting transfer buffer 25 mM Tris-base, 200 mM glycine, 20% methanol

2.2 Cell culture conditions

Human fibroblasts were cultured and grown in growth medium at 37°C in a humidified
incubator with 5% CO.. The growth medium was pre-sterilised and stored at 4°C and pre-warmed
to 37°C in a water bath unless mentioned otherwise. The passage numbers of fibroblasts were kept
less than 15 passages and the medium was changed every two days to ensure freshness of the cell
cultures while eliminating the formation of endogenous growth inhibitory proteins (Epifanova et
al., 1982; Miyazaki and Horio, 1989). All the subjects from whom the fibroblasts were obtained

or their legal representatives provided written informed consent to perform the study.

In order to subculture confluent cells, the medium was removed and 3 ml of 0.05% trypsin
solution (Wisent) was added to the cells followed by careful removal of 2 ml of trypsin after 1
minute. The cells were then returned to the 37°C incubator for an additional 2 minutes.
Immediately following the incubation, the cells were detached using growth medium to re-plate.
The cells were plated on either 6-well dishes for western blotting or in 12-well dishes with sterile
18 mm glass coverslips pre-coated with poly-l-lysine (Thermo Fisher Scientific) for
immunofluorescence or on 35 mm glass-bottom dishes (14 mm glass diameter, glass thickness of

1.5; MatTek) for live-cell microscopy.

The cryopreservation of the cells in liquid nitrogen was done by trypsinizing a confluent
dish of cells as above and resuspending cells in an appropriate amount of cold freezing medium.
Depending on the size of the dish, 4 to 6 aliquots of 1 ml of cells in the freezing medium were
frozen in sterile ampules from each dish. The ampules were immediately stored overnight in a
freezing box at -80°C to allow gradual cooling at a controlled rate of ~1°C/minute. The ampules

were then transferred to a liquid nitrogen storage tank for prolonged storage.

The cells were thawed from the liquid nitrogen storage tank by thawing quickly in a 37°C
water bath for 1 to 2 minutes and immediately transferring in a drop-wise manner to a dish
containing growth medium and grown in a 37°C incubator overnight. The medium was changed

with fresh growth medium the next day.
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2.3 Amino acid starvation

Starvation of the cells was performed in Earle’s balanced salt solution (EBSS; Wisent).
The procedure for serum starvation included washing the cells three times with pre-warmed EBSS
medium and then incubating them in EBSS medium for 1 hour or 4 hours. In some cases,
Bafilomycin Al at a final concentration of 100nM was used. After starvation in EBSS, cells were
harvested at various time points in mammalian lysis buffer (1) and pelleted at 13,000 rpm for 10

minutes before freezing the supernatant or measuring the protein concentration.

2.4 Transfection of mammalian cells

Transfection of plasmid constructs and/or siRNA listed in Table 2.2 was performed using
a polymer-based transfection reagent, JetPrime (Polyplus), following the manufacturer’s protocol.
The amount of DNA used per one well of 12- or 6-well plate was 0.5 pg and 1 pg of the purified
plasmid, respectively, and the amount of siRNAs used per one well on a 6-well plate are listed in
Table 2.2. The cells of passage number 2 or 3 were trypsinized and plated on 12- or 6-well plates
to reach a density of 60-70% confluency 24 to 48 hours prior to the transfection. Cells were left
with DNA or siRNA for 24 to 48 hours for the transient transfection to occur. Subsequently, the
cells were used for the ts045-VSV-G-GFP trafficking assay (see section 2.5) or harvested and
analyzed for transfection efficiency using western blotting (see section 2.5.1) or fixed for

immunofluorescence (see section 2.5.2).
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Table 2.2 siRNAs used in the study.

Target gene  Final Sequence (5’ to 3°)
concentration
TRAPPC2 20 nM s12673 CAAUUCUCCUAUUC  Life Technologies
(Ambion) GAUCALtt
TRAPPCI1  20nM $226950 GGAUUUAUAAACUA Life Technologies
(Ambion) CAAGALtt
TRAPPCI2 10nM s27465 CGGACAAGCUGAAC Life Technologies
(Ambion) GAACALtt
SYNTAXIN5S 20nM N/A UAGCCUCAACAAAC  Life Technologies
AAAUU

2.5 ts045-VSV-G-GFP membrane trafficking assay

HeLa cells or human fibroblasts were incubated with 50 pL of the diluted virus encoding
the ts045-VSV-G-GFP protein (1:5 in sterile 1xPBS) per well in a 6-well dish for 1 hour at 37°C
with occasional tilting. Upon completion of 1 hour of infection, 2 mL of growth medium pre-
warmed to 40°C was added to each well on a 6-well dish and shifted to 40°C for 16 to 18 hours to
ensure retention of the ts045-VSV-G-GFP protein in the ER (Knipe et al., 1977; Lodish and Weiss,
1979; Bergmann et al., 1981; Lodish and Kong, 1983; Kreis and Lodish, 1986; Beckers et al.,
1987). In order to release the ts045-VSV-G-GFP protein from the ER, the cells were shifted to
32°C 45 minutes after the addition of cycloheximide (CXM) to a final concentration of 10pg/ml.
The temperature downshift was done by changing the medium with fresh growth medium pre-
warmed to 32°C containing CXM. At different time points, the cells were either fixed (see section
2.5.2) or quickly harvested in ice-cold lysis buffer (2) using a cell scraper to lift the cells off the
plate. The protein concentrations were measured as in section 2.5.1. Endoglycosidase H (EndoH)
treatment was performed on a portion of the total cell lysate (TCL; 5-20 pg/ul) according to the
manufacturer’s protocol (New England Biolabs, Cat. # PO702L and Cat. # PO703L) except only

10 Units of the EndoH or EndoHr enzyme was used per reaction. Western blotting was performed
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on EndoH-treated and -untreated lysates to detect the ts045-VSV-G-GFP protein using mouse-
anti-GFP (1:3000; Table 2.3). Quantification of the intensity of western blot bands was done using
ImageJ 1.48v software (National Institute of Health (NIH)) after background subtraction and
expressed as a ratio of pixels from the EndoH resistant band/ (pixels from the EndoH resistant
band+ pixels from the EndoH sensitive band). For immunofluorescence microscopy, mouse-anti-

GFP (1:200; Table 2.3) and rabbit-anti-mannosidase II (ManlI) (1:200; Table 2.3) was used.

2.5.1 Cell harvest and Western blotting

HeLa lysates from control or treated/knockdown HeLa cells and fibroblast lysates from
cultured control or affected individuals were harvested in mammalian cell lysis buffer (1) for TCL
preparation and in mammalian cell lysis buffer (2) for the ts045-VSV-G-GFP trafficking assay
(see section 2.5). The lysates were cleared at 13,000 rpm for 10 minutes and the supernatant was
frozen or protein concentration was measured. The protein concentrations of TCLs were measured
using a Coomassie Brilliant Blue G-250 dye-based Bradford assay (Bradford, 1976). 1 ul of the
TCL was carefully diluted in dH>O (1:100) and mixed with 1 ml of 1x Bradford reagent (BioRad).
The absorbance of prepared samples was measured using an Ultrospec 2100pro spectrophotometer
at 595 nm along with a blank containing 1 ml of Bradford reagent and 1 pl of the mammalian cell
lysis buffer (1 or 2) diluted in dH,O (1:100). The absorbance was used to obtain protein
concentrations in ug/pul by deriving a standard calibration curve prepared using known amounts of

BSA (0-10 pg).

Total protein from each TCL (5-30 png) was loaded on an 8% and/or 15% SDS-PAGE gel
after boiling the samples in 4x SDS sample buffer at ~95°C for 5 minutes and separated using
electrophoresis at 120V in SDS-PAGE running buffer. For the ts045-VSV-G-GFP trafficking
assay, 10-20ug of protein was loaded onto an 8% SDS-PAGE gel containing 30% acrylamide/bis-
acrylamide, 29:1 (3.3% crosslinker) solution (BioShop) in order to better separate EndoH sensitive
and EndoH resistant bands in EndoH/EndoHrtreated samples. The proteins in the SDS-PAGE gel
were transferred to nitrocellulose membrane using standard procedures (Sambrook and Russel,

2001) for 1 hour at 100V or overnight at 30V using western blotting transfer buffer. The
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membranes were blocked for 1 hour with tilting using 5% skim milk powder (w/v) in 1xPBS-T
and incubated for 1 hour with primary antibodies in 1xPBS-T followed by secondary antibodies
in IxPBS-T for 45 minutes with tilting. The membrane was washed 3 times with 1xPBS-T, with a
final wash being 5 minutes, before secondary antibody incubation. The primary and secondary
antibodies are listed in Table 2.3 and Table 2.4, respectively, along with their dilutions. Upon
completion of antibody incubation, the membrane was washed three times with 1xPBS-T, 10
minutes each, and the signal was detected by applying enhanced chemiluminescence (ECL)
Western Blotting Detection reagents (GE Healthcare) on the membrane for 1 minute and detecting

the signal on a GE Amersham Imager 600.

2.5.2 Immunofluorescence microscopy

HeLa or fibroblasts were fixed in 3-4% paraformaldehyde (PFA) in 1xPBS, pH 7.2, for 20
minutes after removing the medium and washing the coverslips gently twice with 1xPBS pre-
warmed to 37°C. For endogenous LAMP1 and tubulin staining, coverslips were fixed in cold
methanol at -20°C for 3 minutes. After removal of PFA (or methanol), the coverslips were gently
washed once with 1xPBS and the excess PFA (or methanol) was quenched with 0.1 M glycine for
10 minutes. The coverslips were washed once with 1xPBS and then the cells were permeabilized
with 0.1% Triton X-100 (in 1xPBS) for 10 minutes. The cells were rinsed with 1xPBS to remove
residual Triton X-100 and washed in 1xPBS for 10 minutes. Subsequently, the cells were blocked
with 5% normal goat serum (NGS, Cell Signaling Technology) in 1xPBS for 45 minutes at room
temperature. Upon completion, the cells were incubated with primary antibodies (Table 2.3)
diluted in 5% NGS in 1xPBS overnight at 4°C for anti-LAMP1 and anti-tubulin or for 1 hour at
room temperature for anti-GFP and anti-Manll. The cells were gently washed three times with
I1xPBS for 5 minutes each. The cells were then incubated with secondary antibodies (Table 2.4)
and DAPI (1:500) diluted in 5% NGS in 1xPBS for 1 hour at room temperature while reducing
exposure to light. The coverslips were gently washed three times with 1xPBS, mounted with
Prolong Gold AntiFade reagent (Life Technologies) and sealed with nail polish. The

immunofluorescence signal was detected under 1024 x 1024-pixel resolution on a Nikon C2 laser
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scanning confocal microscope equipped with a 63x Plan Apo I, NA1.4 objective (Nikon) and

controlled by NIS Element C4.4 software. Z-stacks were acquired with 0.2 um increments.

Table 2.3 Primary antibodies used in the study.

Antigen Type Host Dilution Dilution Size Cat.# Source
(IF) (WB) (kDa)
LAMP1 M r 1:200 1:3000 120 H4A3 Santa Cruz,
Biotechnology
LC3B P r 1:250 1:3000 15 ab48394 Abcam
Manll P r 1:200 N/A N/A  N/A Kelley
Moreman,

University of

Georgia
pl15 M m 1:250 N/A 115 7D1 Dr. Dennis
Shields
TUBULIN M m 1:500 1:8000 50 61603 Abcam
TGN46 P r 1:200 N/A 51 16052 Abcam
TRAPPC12 P m 1:50 1:2000 78 HO00051112-  Abnova
BO1P
TRAPPC12 P r 1:200 1:2500 78 N/A Sacher
laboratory
TRAPPC11 P r N/A 1:500 129 N/A Sacher
laboratory

kDa, kilodaltons; N/A, not applicable; M, monoclonal; P, polyclonal; r, rabbit; m, mouse; g, goat;

h, human; IF, immunofluorescence; WB, Western blotting.
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Table 2.4 Secondary antibodies used in the study.

Secondary IgGs Host Dilution (IF) Dilution (WB) Source

Alexa Fluor 488 ¢ 1:500 N/A A.11013 Life Technologies
(0-m)

Alexa Fluor 647 ¢ 1:500 N/A A.21236 Life Technologies
(0-m)

Alexa Fluor 647 ¢ 1:500 N/A A.21245 Life Technologies
(a-r)

HRP-labeled g N/A 1:5000 KP-474-1806 KPL

(0-m)

HRP-labeled g N/A 1:5000 KP-474-1506 KPL

(a-r)

kDa, kilodaltons; N/A, not applicable; r, rabbit; m, mouse; g, goat; HRP, horseradish peroxidase;

IF, immunofluorescence; WB, Western blotting.

2.5.3 Live-cell microscopy

Fibroblasts from control and affected individuals were placed on 35 mm glass-bottom
dishes (14 mm glass diameter, glass thickness of 1.5; MatTek) and treated as for the ts045-VSV-
G-GFP trafficking assay (see section 2.5) except the infection of fibroblasts from control and
affected individuals was performed with a 2-hour interval to ensure equal incubation time at 40°C.
CXM was added for 45 minutes at 40°C and the dishes for fibroblasts from affected individuals
followed by the dishes for control fibroblasts were placed in a temperature controlled chamber
heated to 32°C with 5% CO,. Time-lapse microscopy was performed 3 minutes after the
temperature downshift (the time required to appoint cells for imaging) using a 40x or 60x oil
objective (NA 1.3), no binning, on an inverted confocal microscope (LiveScan Swept Field;
Nikon), Piezo Z stage (Nano-Z100N; Mad City Labs, Inc.), and an electron-multiplying charge-
coupled device camera (512 x 512; iXon X3; Andor Technology). Images were acquired with NIS-
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Elements Version 4.0 acquisition software every 1 minute with 20% laser power using a 500msec
exposure time at 0.2-um increments with a slit size of 50 um for the duration of 2.5 hours. Note
that these settings were first determined using control samples and kept constant for experimental
conditions. The original images were viewed and analyzed on ImageJ 1.48v software (NIH).
Cropped images from the videos at different time points were assembled in Illustrator CS6 (Adobe)

for representation.

2.6 Size exclusion chromatography

Fibroblasts from control or affected individuals were grown to full confluency in two 15cm
dishes and lysed in mammalian cell lysis buffer (1). Cell lysates were cleared at 13,000 rpm for
~15 minutes and protein concentrations were measured as above. An AKTA FPLC
chromatography system (GE) was used to fractionate ~5 mg of the TCL on a Superose 6
preparation grade column (GE Healthcare) at a flow rate of 0.5 ml/min. The Superose 6 column
was pre-equilibrated with 2 volumes of gel filtration buffer prior to loading the lysates. Fractions
of 0.5 ml were collected and fractionated by SDS-PAGE for Western blotting for different subunits
of the mTRAPPIII complex using antibodies mentioned in Table 2.3.

2.7 Statistical analysis

All data were expressed as means = S.E.M. To establish significance, data were subjected
to unpaired two-tailed student’s #-tests with Welch’s correction while assuming unequal variance,
or one-way ANOVA using the GraphPad Prism software statistical package 6.0 (GraphPad
Software). For one-way ANOVA, post-hoc differences were made using Fisher’s probability of
least squared differences. The criterion for significance was set at P < 0.05. For live-cell
microscopy, the GFP fluorescence in the Golgi region was measured using ImageJ 1.48v software
(NIH) in the original movies after combining stacks. The GFP fluorescence from the Golgi region
was marked at the time point where the maximum intensity of the GFP fluorescence in the Golgi

region (~30 minutes for control) was observed and the GFP fluorescence in the marked Golgi
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region at each time point was measured. The percentage of the GFP fluorescence in the Golgi
region at each time point over the maximum intensity of the GFP fluorescence in the Golgi region

was calculated for fibroblasts from control or affected individuals.

3 RESULTS

Note: The clinical characterization and DNA sequencing for individuals described in sections 3.1,
3.2 and 3.3 were performed by our collaborators.

3.1 A TRAPPC11 mutation results in a Triple A-like syndrome

Recently, four affected individuals from two unrelated and consanguineous Turkish
families presented with a triple A-like syndrome. The affected individuals displayed a combination
of neurological defects such as cerebral atrophy, therapy-refractory epilepsy, global retardation
(developmental delays and intellectual disability) as well as scoliosis, achalasia, and alacrima.
Mild muscle dystrophic changes were seen in the muscle histology data. Triple A syndrome (also
known as Allgrove syndrome) is a rare, autosomal recessive disease which mainly consists of three
symptoms; achalasia, alacrima and adrenal insufficiency (Allgrove et al., 1978). It is associated
with homozygous or compound heterozygous mutations in a gene called 444S located on
chromosome 12q13. There have been less than 100 cases of triple A disease that have been
reported since 1978 (Misgar et al., 2015). Due to genetic heterogeneity, mutations in genes other
than 44AS have been reported for ~30% of the cases. The disease has an early onset in childhood
with a broad spectrum of phenotypes ranging from severe neurological abnormalities, ataxia and

muscle weakness (Grant et al., 1993; Houlden et al., 2002).

Genome-wide linkage analysis and whole-exome sequencing were used by our
collaborators to discover a homozygous splice mutation in TRAPPCII (c.1893+3A>G,
[NM _021942.5]) in two affected individuals (Subject 1 and Subject 2; Table 3.1). This splice
mutation leads to a loss of exon 18 (131bp) resulting in a frameshift mutation (p.V588Gfs*16).
The predicted shorter protein of 70 kDa is expressed to a level only 12% that of control in

fibroblasts from affected individuals. The fibroblasts from affected individuals also contain 20%
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of the normal WT transcript of TRAPPCI1 (loss of 80% of WT transcript of TRAPPCII)
compared to control fibroblasts indicating an incomplete penetrance in the affected individuals due

to partial loss of function.

3.2 TRAPPCI11 and GOSR2 mutations cause o — dystroglycanopathy

Consequently, another set of collaborators identified three individuals with CMD of
different severity in individuals aged 11 to 24 months from two different families. These
individuals have a - dystroglycanopathy based on dystrophic muscle biopsies and abnormal
hypoglycosylation of a-dystroglycan (a-DG). a - dystroglycanopathy is caused by mutations
occurring in more than 15 genes that lead to various muscular dystrophies and hypoglycosylation
of a-DG resulting in decreased binding to laminin, a fibrous protein in the basal lamina, by the
extracellular matrix-binding glycan of a-DG. This is likely due to defects in glycosyltransferase
protein activity in the ER or the Golgi that attach extracellular matrix-binding glycan to a-DG
(Michele et al., 2002). Clinically, the phenotypes of a - dystroglycanopathy consist of CMD, brain
and eye dysfunction and adult-onset of LGMD (Bonnemann et al., 2014).

Whole exome sequencing and sequencing of a dystroglycanopathy gene panel were
conducted and identified compound heterozygous mutations in the three affected individuals. The
first individual (Subject 3; Table 3.1) was diagnosed with congenital hypotonia, hyporeflexia,
elevated CK levels, seizures, and hepatopathy (liver dysfunction due to heart failure). Subject 3
also displayed symptoms of severe developmental delay and microvesicular steatosis as well as
cerebral atrophy and retinopathy. This affected individual is from a non-consanguineous mixed
European family and carries compound heterozygous splice mutations in TRAPPC11 (c.851A>C
and c.965+5G>T, [NM_021942.5]) of which the first leads to a point mutation (p.Q284P) and the
second genetic mutation has not been mapped to the protein sequence but is presumed to result in

a splicing defect.

The second and third affected individuals (Subject 4 and Subject 5; Table 3.1) have

mutations in the GOSR2 gene, which plays a role in Golgi vesicle transport, and has been
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associated with progressive myoclonus epilepsy (PME), hypotonia, weakness, developmental
delay, and seizures. Clinically, they were diagnosed with CMD and epilepsy. Subject 4 has
ventriculomegaly (dilation of the lateral ventricles of the brain), periventricular white matter
changes, and thin corpus callosum, whereas Subject 5 showed mild dystroglycanopathy with
thinning of the corpus callosum and optic nerve hypoplasia or underdevelopment of the optic
nerve. Both affected individuals (Subjects 4 and 5) conserve the founder mutation in North Sea
PME (c.430G>T; [NM_001012511]) which leads to a loss of function point mutation at the protein
level (p.G144W) resulting in mislocalization of Golgi soluble N-ethylmaleimide-sensitive factor
attachment protein receptor complex 2 (GOSR2) protein from the cis-Golgi where it functions in
ER-to-Golgi trafficking (Corbett et al., 2011). The other mutations present in each affected
individual are ¢.2T>G (Subject 4) and ¢.336+1G>A (Subject 5) of which the first has been mapped
to a point mutation (p.M1R) resulting in the use of an alternative start codon eliminating 18 amino
acids from the amino-terminus of the protein. The second genetic mutation in Subject 5 has not
been mapped to the protein sequence yet. There was a deceased fourth affected individual who
was a sibling of Subject 4 and thus preserved the same mutations as Subject 4. In this study, the
characterization of fibroblasts from patients with GOSR2 mutations was also performed since they
possess similar clinical features to TRAPPCII-mutated individuals such as CMD, epilepsy,
dystroglycanopathy and underdevelopment of the eye.

3.3 Other cases with TRAPPC11 mutations

As mentioned in Table 3.1, other cases with TRAPPC1 1 mutations analyzed in this study
include two compound heterozygous mutations (Subject 6 and Subject 7). Subject 6 is a 15-year-
old boy from Pakistan with CMD, microcephaly, and cataracts. At the protein level, the mutation
has been mapped to p.Q933H and p.F866I with a frequency of 0.2 and 0.006, respectively (Figure
1.2, section 1.6). The frequency of the former mutation suggests it would not likely affect protein
function. In addition, subject 6 has an unaffected sibling with identical TRAPPC1 [ mutations and
thus, the phenotype of this subject is likely not due to TRAPPC11 mutations. This patient can be
considered as another type of control. Subject 7 is a 7-year-old Asian boy with an intellectual

disability, muscular weakness, microcephaly, epilepsy, and elevated CK. Subject 7 harbours a
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previously described TRAPPCI1 mutation by Bogershausen et al. (2013) in the intron region
(c.1287 +5G>A [NM _021942.5]) giving rise to p.A372 S429del in the protein level (Figure 1.2,
section 1.6). The second mutation (c3379 3380insT) causes a frameshift and a C-terminal

extension in the protein level (p.N1127V{s*45).

Table 3.1 Nomenclature of the subjects studied in the study.

Subject Gene and genetic mutation Mutation at protein level

land2 TRAPPCII c.1893+3A>G and ¢.1893+3A>G p.V588Gfs*16

3 TRAPPCI1 ¢.851A>C and ¢.965+5G>T p.Q284P (c.851 A>C)

4 GOSR?2 ¢.430G>T and ¢.2T>G p.G144W and p.M1R

5 GOSR?2 ¢.430G>T and ¢.336+1G>A p.G144W (c.430G>T)

6 TRAPPCI1 Unavailable p-Q933H and p.F8661

7 TRAPPCI1 c.1287 +5G>A and p.A372 S429del and
c3379 3380insT p.N1127Vfs*45

3.4 TRAPPC11 protein levels are reduced in patients with certain TRAPPC11 mutations

We determined the effect of mutations on the cellular levels of TRAPPCI11 protein in
fibroblasts from affected individuals compared to that in control fibroblasts. Lysates prepared from
fibroblasts from control and affected individuals were subjected to western blotting using rabbit
antiserum raised against the human TRAPPCI11 protein (Scrivens et al, 2011). For Subjects 1, 2,
3, 6 and 7, the truncated protein was not detected using the TRAPPC11 antiserum which was raised
against an epitope in the extreme carboxyl terminus of the protein. As a result, a truncated product
was not detected. Instead, a decrease in the level of basal TRAPPCI11 protein in fibroblasts from
affected individuals with TRAPPC11 mutations was observed (Figure 3.1A, B, and D). A small
trace of full-length TRAPPC11 is visible on the western blot for Subject 1 and 2 due to the reduced
mRNA levels of the regular splice product and incomplete splicing defect (Figure 3.1A; see section
3.1). Subjects 4 and 5 had similar levels of basal TRAPPC11 compared to control due to lack of
mutation in TRAPPC11 that would reduce the TRAPPCI11 protein expression (Figure 3.1C; see

section 3.2).
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As suggested by Bogershausen et al. (2013), the TRAPPCI1 mutations p.G980R and
p.A372 S429del are associated with hyperglycosylated LAMPI. In this study, we showed that
LAMP1 was hypoglycosylated in fibroblast from Subjects 1-7 (Figure 3.1E-H). The
hypoglycosylation of LAMP1 in fibroblasts from affected individuals indicated a possible defect
in membrane trafficking or a possible TRAPPCI11 function in glycosylation as recently shown in
the study by DeRossi et al. (2016). The GOSR2 affected individuals (Subjects 4 and 5) also showed
similar results as TRAPPCI11 affected individuals. The expression levels of GOSR2 protein is not
shown in these individuals due to lack of antibody to GOSR2.

land2 TRAPPCII 5 GOSR2

3 TRAPPCI1 6 TRAPPCI1
4 GOSR2 7 TRAPPCI1
A B C D

S2 kDa CTRL S3 «kDa CTRL S4 S5 kpDa CTRL S6 S7 «kDa

135 i _ r135 135
TRAPP C11 | - TRAPP C11 TRAPP C11

CTRL S1 82 kpa CTRL 83 «kpa CTRL S4 S5 «pa CTRL S6 S7 kpa

Lavp | ..405 LAMP1 - - o LAMP1 B 05 LAMP1| o -0

Figure 3.1: Western blot analysis of the lysates for TRAPPC11 and LAMP1. Lysates prepared
from control (CTRL) and Subjects 1-7 (S1-7) fibroblasts were probed for TRAPPCI11 (A-D),
LAMPI1 (E-H) and tubulin as a loading control. The predicted truncated TRAPPCI11 in fibroblasts
from affected individuals cannot be detected since the antibody was raised against an epitope in
the extreme carboxyl-terminus of the protein. The molecular mass is indicated in kilodaltons (kDa)
next to the blots. The description of Subjects 1-7 is shown.

TRAPP C11
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3.5 The effects of TRAPPC11 and GOSR2 mutations on the trafficking of VSV-G-GFP as

assessed biochemically

Previously, TRAPPC11 has been implicated in ER-to-Golgi transport (Scrivens et al, 2011;
Wendler et al, 2010). Thus, we utilized a well-established membrane trafficking assay to monitor
the movement of the ts045-VSV-G-GFP protein from the ER through the Golgi and on to the PM
(Etchison et al, 1977, Katz et al, 1977; Rothman and Lenard, 1977; Scales et al., 1997). The ts045-
VSV-G-GFP protein is retained in the ER at the restrictive temperature (40°C) and as the
temperature decreases (32°C), in the presence of the protein synthesis inhibitor CXM, the protein
is synchronously released from the ER. Once the protein is in the Golgi, it is processed by Golgi
enzymes to be resistant to EndoH. Samples were collected prior to the downshift of temperature
(0 min) and at time points shown in figures 4 and 5. The sensitivity of the protein to EndoH can

be utilized to assess whether the protein has been modified in the Golgi.

The trafficking assay was first applied to HeLa cells following knockdown of TRAPPCI1,
TRAPPCI12, or SYNTAXINS, a t-SNARE involved in the fusion of transport vesicles with the cis-
Golgi (Dascher et al., 1994), or addition of an alkylating agent, N-Ethylmaleimide (NEM), to
inhibit membrane traffic (Balch et al., 1984; Glick and Rothman, 1987; Malhotra et al., 1988).
TRAPPC11 and TRAPPC12 knockdown showed a delay in acquisition of EndoH resistance,
though not as severe as either the SYNTAXINS knockdown or the NEM treatment (Figure 3.2).
Thus, the ts045-VSV-G-GFP trafficking assay is sensitive to identify delays in the processing of
the ts045-VSV-G-GFP protein.

I next applied this assay to fibroblasts from control or affected individuals. Quantification
of upper (EndoH resistant) and lower (EndoH sensitive) bands for the EndoH assay for affected
individuals showed a slight difference between the affected individuals (Subjects 1, 3 and 5) and
control. The delay in the appearance of the EndoH resistant band was significant at 40 minutes for
Subject 2 and at 40 minutes and 90 minutes for Subjects 3 and 7. Note that the quantification for
the EndoH assay for Subject 2 was omitted. Subjects 4 and 6 showed no apparent difference in
phenotype compared to control at the cellular level. For Subject 5, the EndoH resistance was

acquired earlier than control and appeared to be significantly higher at 20 minutes. The slight
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difference in the appearance of the EndoH resistant form in affected individuals suggests a defect
in the trafficking of the ts045-VSV-G-GFP protein out of the ER or delay in traffic through the
Golgi complex (Figure 3.3B-E).

0 min 20 min 40 min 90 min

KDa - + - + - + - + EndoH

CTRL 95

+NEM 954

SYNTAXINS5 KD 95

Hela

TRAPPC11 KD 95

TRAPPC12 KD  95-

Figure 3.2: The ts045-vesicular stomatitis virus glycoprotein-GFP trafficking assay applied
to HeLa cells. HeLa cells transfected with siRNA specific for SYNTAXINS, TRAPPCI11, or
TRAPPCI12, or treated with N-Ethylmaleimide (NEM), were subjected to the temperature-
sensitive vesicular stomatitis virus glycoprotein fused to GFP (ts045-VSV-G-GFP) trafficking
assay by infecting the cells with the virus. The ts045-VSV-G-GFP protein was retained in the ER
by shifting the cells to non-permissive temperature overnight. Samples were collected at various
time points. A portion of each sample was treated with Endoglycosidase H (EndoH) and analyzed
by Western blotting for the ts045-VSV-G-GFP protein using anti-GFP. The sensitivity of the
ts045-VSV-G-GFP protein to EndoH indicates whether ts045-VSV-G-GFP protein has reached
the Golgi. Arrows indicate the EndoH resistant form (r) and the EndoH sensitive form (s) of ts045-
VSV-G-GFP. The molecular mass is indicated in kilodaltons (kDa) next to the blots. KD,
Knockdown; CTRL, Control.
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Figure 3.3: Affected individuals show a delay in endoglycosidase H resistance. (A) Fibroblasts from control (CTRL) and affected
individuals were subjected to the ts045-VSV-G-GFP trafficking assay as described for Figure 3.2. A representative blot for each is
shown. Arrows indicate the EndoH resistant form (r) and the EndoH sensitive form (s) of ts045-VSV-G-GFP. The molecular mass is
indicated in kilodaltons (kDa) next to the blots. (B) Data from three or more independent experiments described in (A) were quantified
and are displayed as meant+ SEM. Statistical significance between control and affected individuals was assessed using a Student’s t-test
or one-way ANOVA. Post-hoc differences were made using Fisher’s probability of least squared differences. The description of Subjects
1-7 is shown.
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3.6 Accumulation of VSV-G-GFP in the Golgi in individuals with different TRAPPCI11

mutations

In order to distinguish between the above two possibilities (i.e. a delay in ER exit or a delay
in Golgi trafficking since EndoH resistance occurs in a medial-Golgi compartment), we used
confocal microscopy on fixed cells at various time points (Figure 3.4) to determine the location of
the ts045-VSV-G-GFP protein and the point of delay in trafficking. As seen in Figure 3.4, the
control fibroblasts showed the ts045-VSV-G-GFP protein in the ER by staining the cytoplasm at
the zero-minute time point. At the 30-minute time point, the GFP fluorescence shifted to a singular
point giving rise to colocalization with the Golgi marker Manll. The overlap of the GFP and Manll
signal gradually decreased as the ts045-VSV-G-GFP protein traveled to the PM by 90 minutes.
The fibroblasts from Subject 1 showed Manll and GFP signal overlap at a later time (60 minutes)
and the overlap was persistent even after 120 minutes. Some of the cells of Subject 1 lacked this
delayed trafficking phenotype and thus showed the overlap of the ts045-VSV-G-GFP protein with
the Golgi marker protein at 30 minutes and the gradual disappearance of it afterward, similar to
the control fibroblasts. Thus, there are two different populations of fibroblasts with different

kinetics of transport in Subject 1 due to the incomplete splicing defect (see section 3.1).

For Subjects 3 and 7, the overlap of the GFP and ManlI signal occurred as early as 20
minutes but was kept consistent over the time frame up to 120 minutes. Subjects 4 and 6 showed
no apparent difference in phenotype to control at the cellular level during the biochemical assay
(see section 3.5) and thus were omitted from the immunostaining study. Note that Subjects 2 and
5 were also omitted from this assay. It is important to note that fibroblasts from affected individuals
(Subjects 1, 3 and 7) showed Golgi fragmentation compared to control (Figure 3.4). The ts045-
VSV-G-GFP trafficking assay applied to fixed fibroblasts with TRAPPC1 ] mutations (Figure 3.4)
indicates that there is a defect in protein trafficking out of the Golgi and a delay in the arrival of

the protein to the Golgi, similar to that observed in the biochemical assay (Figure 3.3).
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Subject Mutated Gene

1 TRAPPCI1

TRAPPCI1
GFP (VSV-G) Man Il DAPI TRAPPCI1

120 min

120 min

Figure 3.4: The ts045-vesicular stomatitis virus glycoprotein-GFP in fibroblasts from
affected individuals showed delayed kinetics of transport and accumulation in the Golgi.
Fibroblasts from control (CTRL) and affected individuals (Subject 1 (S1), S3 and S7) were
subjected to the ts045-VSV-G-GFP trafficking assay as described in Figure 3.2. Samples were
removed at various time points and fixed before staining for mannosidase II (Manll), GFP and
DAPI. Immunostaining showed a delay in transport of ts045-VSV-G-GFP to the PM in fibroblasts
from affected individuals, with the protein accumulating in the Golgi. Note the disrupted Golgi
morphology in affected individuals. The scale bars represent S0 um. The description of Subjects
1, 3 and 7 is shown.
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3.7 VSV-G-GFP shows a significant delay in trafficking to and through the Golgi in
individuals with TRAPPC11 and GOSR2 mutations

Since microscopy of fixed cells was performed on groups of different cells for a given time
point, live-cell microscopy was performed to visualize the movement of the ts045-VSV-G-GFP
protein during trafficking inside a particular cell as shown in Figure 3.5A-H. Similar to
observations for the fixed cells, an apparent delay in the release of the ts045-VSV-G-GFP protein
from the Golgi was observed for Subjects 1, 3 and 7. Quantification of the live cells (Figure 3.51-
K) suggested a slight delay in the arrival of the ts045-VSV-G-GFP protein to the Golgi (20-25
minutes) in Subjects 1, 3 and 7 compared to control cells (30 minutes), and further retention of the
ts045-VSV-G-GFP protein in the Golgi for these subjects, consistent with the biochemical assay
(Figure 3.3). For Subject 1, quantification of the two different populations with different kinetics
in the movies showed ~70% of cells with a delay in trafficking and ~30% with trafficking kinetics
similar to the control fibroblasts (Figure 3.5C and I). The ratio of the two different populations
agrees with the incomplete penetrance due to splicing defect which produced a small quantity of
full-length TRAPPCI11 in affected individuals sufficient to induce kinetics similar to that in control
(see section 3.1). Note that the trafficking assay for Subject 2 was omitted.

Subjects 4 and 6 showed no apparent difference in phenotype to control during the
biochemical assay (see section 3.5) and during the time-lapse microscopy (Figure 3.5E and G). In
contrast to the data from the biochemical assay for Subject 5, the kinetics of transport of the marker
protein from the ER to the Golgi was delayed (10-15 minute delay), possibly due to analysis of the
entire cell population in the biochemical assay (Figure 3.3) compared to analysis of a single cell
during live-cell imaging (Figure 3.5F and J). The data for all the subjects were not pooled to
perform one-way ANOV A since different controls were used for subjects 3, 4 and 5 versus subjects
6 and 7. Live-cell analysis suggested a possibility that either two steps in membrane traffic are
affected simultaneously (i.e. ER-to-Golgi and intra-Golgi) or the delay in arrival at the Golgi is a

secondary consequence of the reduced transport through the Golgi.
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Figure 3.5: Live-cell imaging of fibroblasts from affected individuals confirmed delag;n&(f Kinetics of transport and accumulation of the
ts045-vesicular stomatitis virus glycoprotein-GFP in the Golgi. Fibroblasts from control (CTRL) and affected individuals (Subjects 1-7)
were subjected to the ts045-VSV-G-GFP trafficking assay as described in Figure 3.2 except during the temperature shift to 32°C, the fibroblasts
were imaged every 30 sec over a period of 120 min. Still images of the time-lapse microscope images at the indicated time points are shown
for CTRL (A) and Subjects 1-7 (B-H). (C) For Subject 1, live-cell imaging displayed two populations of fibroblasts (slower and faster
populations in red and blue arrows, respectively) from affected individuals. The scale bars are 50 pm. (I-K) The data from the live-cell
microscopy were quantified (n= 6-20). The GFP fluorescence in the Golgi region was quantified for 120 min after the temperature downshift.
Data are shown as mean+ SEM. The mutated genes in Subjects 1-7 are shown.
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3.8 Altered LAMP1 and TGN46 localization in fibroblasts from an individual with
TRAPPCI11 mutations

In an attempt to understand the consequences of an intra-Golgi trafficking delay, fibroblasts
from control and Subject 7 with TRAPPC11 mutations were stained for p115 (cis-Golgi), ManlI
(medial-Golgi), TGN46 (trans-Golgi), LAMPI (lysosomes), and tubulin (microtubules). Subject
7 was chosen since it displayed the most severe cellular phenotype in terms of Golgi morphology.
Any aberration in the location and/or structure of these marker proteins can possibly give away
the defective mechanism along the secretory pathway of the ts045-VSV-G-GFP protein. As seen
in Figure 3.6, immunostaining of fibroblasts from Subject 7 indicated an apparent difference in the
localization pattern of TGN46 and LAMP1 marker proteins compared to control. TGN46 was
observed as organized stacks in the Golgi while LAMP1 was observed as puncta ubiquitously in
the cell for the control (red arrows in Figure 3.6), similar to previous studies (Prescott et al., 1997;
Humphries et al., 2011). In contrast, fibroblasts from Subject 7 showed a noticeable perinuclear
staining for TGN46 and LAMPI1 in a large population of cells (red arrows in Figure 3.6;
quantifications not shown). Also, the Golgi morphology was disrupted in the affected individual
compared to control, as shown by the p115 and Manll staining. Note that the microtubules are not
altered in Subject 7 (red arrow pointing to MTOC in Figure 3.6). These observations indicate a
possible role for TRAPPCI1 in the structure and formation of the Golgi complex and late
endosomal/lysosomal compartments. A possible explanation is that TRAPPCI11 interacts with a
motor protein to regulate the formation of these altered structures by affecting the transport of the

vesicles along the microtubules.
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Subject Mutated gene
7 TRAPPCI11

p115 TGN46 LAMP1 Tubulin

Figure 3.6: Altered LAMP1 and TGN46 localization in fibroblasts from Subject 7.
Immunostaining with a trans-Golgi marker, TGN46, and lysosome marker, LAMPI1, displayed a
typical diffuse pattern for both proteins in control fibroblasts. An apparent perinuclear
accumulation of TGN46 and LAMP1 was observed in fibroblasts from an affected individual,
Subject 7 (S7), with TRAPPC11 mutations. Note the disrupted Golgi morphology in the affected
individual as shown by pll5 (cis-Golgi) and Manll (medial-Golgi) staining. Tubulin
immunostaining showed unaffected microtubules in both control and Subject 7. The red arrows
point to the trans-Golgi or lysosomes or microtubule-organizing center (MTOC). The mutated
gene in Subjects 7 is shown. The scale bars are 50 pm.

3.9 TRAPPC11 mutations show reduced autophagy activity

Since the structure and formation of the late endosomal/lysosomal compartments are
affected by TRAPPC11 mutations, I was interested in observing whether TRAPPC1 ] mutations in
the affected individuals had any effect on the autophagy pathway, as reported by a previous study
(Behrends et al., 2010). In contrast to suggestions by the Behrends et al. (2010) study, the lipidated
form of LC3 (LC3-II) accumulated in affected individuals (Subjects 1, 2 and 3) during nutrient
deprivation whereas, in the control fibroblasts, the levels of LC3-II decreased over time (Figure
3.7A). The accumulation of LC3-II in affected individuals indicates an increase in
autophagosomes and/or autolysosomes due to a defect in the degradation of LC3-II by lysosomal

enzymes. This dysfunction could be due to an inability of autophagosomes to fuse with lysosomes
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or the defects in structure and formation of late endosomal/lysosomal compartments (see section
3.8). Quantification of the levels of LC3-II normalized to the tubulin control further supported this
observation since at 4 hours, the fibroblasts from affected individuals contained significantly more
LC3-II levels compared to control. The levels were close to the levels of LC3-II that accumulate

in Bafilomycin A1 (Baf. Al)-treated cells, a molecule that inhibits autophagic flux (Figure 3.7B).
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Figure 3.7: Reduced autophagy activity in the fibroblasts from affected individuals. (A)
Fibroblasts from control or affected individuals (Subjects 1, 2, and 3) were non-treated or treated
with the autophagy inhibitor Bafilomycin A1 (Baf.A1) for 4 hours and/or EBSS for 1 hour (1h) or
4 hours (4h) to induce autophagy. The fibroblasts were harvested in lysis buffer and subjected to
western blotting for microtubule-associated protein 1 light chain 3 (LC3; isoforms 1 and II).
Tubulin was used as a loading control. The molecular mass is indicated in kilodaltons (kDa) next
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to the blots. (B) Data from three or more independent experiments described in (A) were quantified
and are displayed as mean+ SEM. Statistical significance between control and affected individuals
and +/- Baf. Al conditions were assessed using a Student’s t-test. The mutated genes in Subjects
are shown.

3.10 Individuals with TRAPPC11 mutations display altered TRAPP complex assembly

In order to determine whether the effect of TRAPPC1 ] mutations on different pathways is
due to its ability to disrupt the mTRAPP complex, size exclusion chromatography was performed
on cells from subject 7, the subject with the most dramatically affected Golgi. As seen in Figure
3.8, when immunoblotted for the mTRAPP subunit TRAPPC12, the control fibroblasts displayed
a broad size distribution (fractions 19-25) with the larger molecular size fractions contributing to
the mMTRAPP complex (Bassik et al., 2013). Subject 7 displayed a slight shift to a lower molecular
weight with peaks appearing in fractions 24/25 possibly due to disassociation from the complex.
This suggests a possible disruption of the mTRAPP complex (or disassociation of one of the
subunits, TRAPPC12, from the complex) due to mutations in TRAPPC1 1. These results shed light
on the role of TRAPPCI1 in stabilizing the mTRAPP complex since mutations in TRAPPCI1
cause disassociation of at least one of the TRAPP subunits, TRAPPCI12, as it shifts to a lower
molecular size fraction (Figure 3.8). Effects on the entire complex require assessment of the

fractionation of other TRAPP subunits.

Subject Mutated gene

7 TRAPPCI1
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Figure 3.8: Subject 7 displays a shift in the TRAPPC12 subunit to a smaller molecular size.
Fibroblasts from control or Subject 7 were lysed and the lysates were fractionated on a Superose
6 size exclusion column and fractions (16-37) were subjected to western blotting using antibodies
against TRAPPC12. The migration of standards is indicated above the top panel along with the
molecular sizes indicated in kilodaltons (kDa). The mutated gene in Subject 7 is shown.
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4 DISCUSSION

In this study, homozygous and compound heterozygous mutations in the TRAPPCI1 and
GOSR?2 genes in human fibroblasts from seven individuals were characterized and have been
added to the growing group of mutations in TRAPPCI1 and GOSR2 causing neuromuscular and
myopathy phenotypes. The affected individuals showed novel mutations in TRAPPC11 as well as
mutations seen in previous studies (Table 4.1 and Figure 4.1). Previous studies on the TRAPPCI 1
mutations in human fibroblasts have shown fragmented Golgi, protein accumulation in the Golgi,
decreased LAMPI levels, accumulation of LAMP1 at the MTOC and accumulation of lipid
droplets. In this study, I have shown that TRAPPCII mutations in human fibroblasts cause
hypoglycosylation of LAMP1, ER-to-Golgi trafficking defects, delay in the exit of proteins from
the Golgi, Golgi fragmentation, defects in the autophagy pathway as well as partial disassembly
of the mMTRAPP complex. This study greatly contributes to the characterization of the growing
group of TRAPPCI1 mutations to identify the defective pathways which cause a neuromuscular
phenotype. This study is the first study to show reduced autophagy activity in TRAPPC1 I-mutated
individuals, which is a characteristic of many neuromuscular diseases. Thus, this study will greatly
shed light on the future work which identifies the mechanism of action of TRAPPC11 with relation

to neuromuscular diseases that affect multiple organs and the homeostasis of the organism.

Five out of seven individuals studied in this study with TRAPPC11 or GOSR2 mutations
showed defects at the cellular level (Figure 3.1). Two of these five affected individuals (Subjects
1 and 2) are from a Turkish background and have a homozygous mutation in TRAPPC1 ] leading
to a Triple-A-like disorder with scoliosis, alacrima, achalasia, muscle dystrophic changes and
cerebral atrophy. The third individual (Subject 3) is from a European background and has CMD,
a-dystroglycanopathy, brain, eye, and liver involvement, due to a mutation in TRAPPCI1. The
fourth individual (Subject 5) with the GOSR2 mutation was clinically diagnosed with CMD,
epilepsy, mild dystroglycanopathy and defect in eye development. The fifth individual with
TRAPPCI1 mutation (Subject 7) is Asian and showed cognitive impairment, muscular weakness,
and microcephaly. Combined with previous studies (Bogershausen et al., 2013; Liang et al., 2015),
TRAPPCI 1 mutations affect the brain, eyes, liver, muscle, and bone, indicating its role in multiple

tissue types and organs (Liang et al., 2015). Moreover, the TRAPPC1] mutations mentioned in
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this study which displayed changes at the cellular level include frameshifts, point mutations or
deletions at or near the foie gras domain (Figure 4.1). Thus, we can conclude that the foie gras
domain is a common site for TRAPPC11 mutations that lead to the cellular phenotypes mentioned

in this study.

LAMP1 and LAMP2 make up ~50% of the lysosomal membrane proteins (Eskelinen,
2006). They are critical for the maintenance of lysosomal structure, pH, and function. They are
also involved in lysosomal exocytosis, movement of the lysosomes along the microtubules and the
fusion of APs with lysosomes (Schwake et al., 2013). Based on our findings, LAMP1 was
hypoglycosylated in all the affected individuals. Immunostaining of fibroblasts from Subject 7
indicated a noticeable perinuclear staining for LAMP1 possibly due to the inability of lysosomes
to move along the microtubules. This study is consistent with the Bogershausen et al. (2013) study
where LAMP1 focused on a perinuclear region similar to the MTOC. In contrast to the Behrends
etal. (2010) study, the lipidated form of LC3 (LC3-II) accumulated in affected individuals (Subject
1, 2 and 3; Figure 3.7) during nutrient deprivation possibly due to the hypoglycosylation of
LAMPI1, which may inhibit fusion of APs with lysosomes. This study also contrasts with the
Bogershausen et al. (2013) study which showed hyperglycosylation of LAMP1 and LAMP2 in
affected individuals. In the study by DeRossi et al. (2016), glycosylation in a zebrafish model of
TRAPPCI I-related diseases showed defects in synthesizing lipid-linked oligosaccharides (LLOs)
as the mechanism of defective protein glycosylation. Thus, we can conclude that TRAPPCI11
mutations affect the autophagy pathway possibly due to defective LAMP1 glycosylation that might

interfere with the fusion of APs with lysosomes, leading to neuromuscular diseases.

a-DG is hypoglycosylated in skeletal muscle cells of the individuals with TRAPPCI1 or
GOSR2 mutations (Subjects 3-5). It is tempting to speculate that TRAPPC11 causes a-
dystroglycanopathy by inhibiting glycosyltransferase function(s) important for the synthesis of the
extracellular matrix-binding glycan of the a-DG, consistent with the roles of TRAPPCI11 in LLO
synthesis (DeRossi et al., 2016). GOSR2 is located in the cis-Golgi to facilitate docking and fusion
of COPII vesicles from the ER. SNARE complexes with GOSR2 are known to interact with the
COG complex (Kudlyk et al., 2013). Since CDGs and neurological diseases are caused by

mutations in COG genes which affect protein glycosylation, GOSR2 mutations can also be linked
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to defects in protein glycosylation. Alternatively, since GOSR2 is a SNARE protein that functions
in ER-to-Golgi transport (Fusella et al., 2013), a-DG hypoglycosylation in those patients may

result from membrane trafficking defects.

The defect in glycosylation of LAMP1 and/or a-DG in TRAPPCI11 patients can also be
due to defects in membrane trafficking pathways as suggested by Figures 3.3-3.5. In Figures 3.3-
3.5, the delayed arrival of the ts045-VSV-G-GFP protein to the Golgi could be a secondary effect
due to the defect in transport through the Golgi. It is also possible that the delay in the arrival of
the ts045-VSV-G-GFP protein to the Golgi is independent of the delay in transport through the
Golgi. In order to distinguish between these two possibilities, fibroblasts from Subject 7 was
stained with an ER marker (data not shown) as well as cis-, medial-, and trans-Golgi markers.
While the ER structure was intact in this individual (not shown), the cis-, medial-, and trans-Golgi
were affected by the TRAPPCI1 mutations. Our observations are consistent with those of the
Bogershausen et al. (2013) study which showed abnormally fragmented and diffused Golgi in

fibroblasts from affected individuals.

Many cellular stresses such as autophagy can affect Golgi structure. Golgi morphology
disruption is related to many neurodegenerative diseases such as amyotrophic lateral sclerosis
(ALS), Alzheimer’s disease, and Parkinson’s disease (Haase and Rabouille, 2015; Joshi et al.,
2015; Machamer, 2015). Since ER and Golgi are the major compartments for protein
glycosylation, atypical Golgi morphology and/or dynamics in affected individuals could be
responsible for the hypoglycosylation of LAMPI1 in all the individuals and a-DG in Subject 3-5.
In individuals with TRAPPCII mutations, the mTRAPP complex integrity appears to be
compromised since the size exclusion chromatography experiments showed a shift of the
TRAPPCI12 protein to lower molecular size fractions, possibly due to disassembly of the TRAPP
complex. These findings are inconclusive as further investigations are required to observe the

effect on other TRAPP subunits and the integrity of the mTRAPP complex function.

Since altered Golgi morphology was not observed in individuals with GOSR2 mutations, a
possible explanation for the defects in protein secretion would be the inhibition of intra-Golgi

transport by blockage of the inter-cisternal connections (Fusella et al., 2013). The study by Fusella
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et al. (2013) also suggests inhibition of COPI vesicle formation due to a deficit of GOSR2 and
acceleration of cis-to-trans-Golgi transport of the ts045-VSV-G-GFP protein. It is possible that the
increased rate of acquisition of EndoH resistance in an individual with a GOSR2 mutation (Subject
5) was observed due to incomplete protein glycosylation in the Golgi (Xiang et al., 2013). The
delay in protein secretion from the Golgi in these individuals can be due to improper sorting at the
TGN, similar to that for GRASP55/65 depletion (Xiang et al., 2013). Thus, we can conclude that
mutations in TRAPPC11 and GOSR2 may cause muscular dystrophy due to hypoglycosylation of
LAMPI1 and a-DG due to abnormal Golgi morphology and/or protein secretion out of the Golgi.

Protein trafficking out of the Golgi was also significantly delayed in individuals with
TRAPPCI1 mutations that also had abnormal Golgi morphology and hypoglycosylation of
LAMPI1 and/or a-DG. The study by Bogershausen et al. (2013) also reported defects in protein
trafficking out of the Golgi and abnormal glycosylation of both LAMP1 and LAMP2. Thus, this
study underscores the role of TRAPPC11 in membrane trafficking and glycosylation since the
newly-discovered mutations show multiple defects including ER-to-Golgi and intra-Golgi
trafficking delays. In conclusion, TRAPPC11 and GOSR2 are membrane trafficking proteins that
are associated with ER-to-Golgi trafficking as well as intra-Golgi trafficking. TRAPPC11 plays a
role in multiple trafficking pathways including ER-to-Golgi trafficking, protein secretion out of
the Golgi, Golgi morphology, protein glycosylation, autophagy, and integrity of the mTRAPP
complex. These genes should be considered in the diagnostic evaluation of patients with

neuromuscular diseases with unknown genetic mutations.

The relationship between TRAPPCI1 mutations and neuromuscular phenotypes is very
complex and needs further investigation for a better understanding of the mechanism of action of
TRAPPCI11. Identifying the mechanism by which TRAPPCI1 affects protein secretion,
glycosylation and Golgi morphology should be the focus of future studies. In order to accomplish
this, one can look into interacting partners of TRAPPC11, specifically in or around the foie gras
domain where most of the mutations that lead to cellular phenotypes are located. The deficit of
another Golgi-associated protein, dymeclin, was recently reported to be associated with similar
clinical phenotypes to TRAPPC11 mutations. These individuals displayed postnatal microcephaly,

defects in the nervous system and eye, and ER-to-Golgi trafficking defects in mice and humans
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(Dupuis et al., 2015). Thus, dymeclin could be a possible candidate to examine its interaction and
pathomechanism with relation to TRAPPCI11, though it is not known as an interacting partner of
the TRAPP complex (Liang et al., 2015). The carriers and the target membranes of the exact stage
of trafficking which TRAPPCI11 is involved have to be investigated. Generation of a global
interacting map of all the tethers and tethering factors will allow us to identify possible interacting

partners of TRAPPC11 and additional functions of TRAPPCI11 and other tethering factors.

(pqossH] [ p.c980R |

p.L240Afs*1Dlp.L240st"7] p.A372_S429del | [p.V5386f5*16] [ p.F866l l \ / | p.NT127Vfs"45 |
éﬁ \866 933 980

1 \‘240 284 372 fZS [1 133

Foie gras Gryzun

Figure 4.1: Cartoon representation of the current TRAPPCI11 mutations reported to date.
Novel TRAPPCI11 mutations discussed in this study and previously mentioned TRAPPCII
mutations are shown based on their location along the protein sequence for TRAPPCI11. The
numbers represent the amino acid number in the protein sequence.
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Table 4.1 Current mutations of TRAPPC11 reported to date and mentioned in this study.

Number of cases

(families)

Family

TRAPPCI11

Genetic mutation

Mutation at

Consanguinity

Reference

origin

protein level

N CIAD))

3 Syrian c.2938G>A/ p-G980OR Yes Bogershausen et al., 2013
(1 family) c.2938G>A
5 Hutterite c.1287+5G>A/ p.A372 S429del Yes Bogershausen et al., 2013
(2 families) c.1287+5G>A
1 Asian c.2938G>A/ p-L240Afs*10 and No Liang et al., 2015
c.661-1G>T p-L240V{s*7
4 Turkish c.1893+3A>G/ p-V588Gfs*16 Yes Koehler et al., 2016
(2 families) c.1893+3A>G
1 Mixed c.851A>C/ p.Q284P No Larson et al., Unpublished
European c.965+5G>T (c.851 A>C) work
2 Subject 6: Subject 6: Subject 6: p.Q933H Unknown Jimenez-Mallebrera et al.,
(2 families) Pakistan Unavailable and p.F866I Unpublished work
Subject 7: Subject 7: Subject 7:
Asian c.1287 +5G>A/ p.-A372 S429del and
c3379 3380insT p.N1127Vfs*45
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A novel TRAPPCII mutation in two Turkish families
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scoliosis, achalasia and alacrima
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ABSTRACT

Background Triple A syndrome (MIM #231550) 1s
associated with mutations in the AAAS gene. However,
about 30% of patients with triple A syndrome symptoms
but an unresolved diagnosis do not harbour mutations in
AAAS.

Objective Search for novel genetic defects in families
with a triple A-like phenotype in whom AAAS mutations
are not detected.

Methods Genome-wide linkage analysis, whole-exome
sequencing and functional analyses were used to
discover and verify a novel genetic defect in two families
with achalasia, alacrima, myopathy and further
symptoms. Effect and pathogenicity ofthe mutation were
verified by cell biological studies.

Results We identified a homozygous splice mutation in
TRAPPCI1 (c.1893+3A>G, [NM_021942.5],
2.4:184,607,904A>G [hg19]) in four patients from two
unrelated families leading to incomplete exon skipping
and reduction in full-length mRNA levels. TRAPPC11
encodes for trafficking protein particle complex subunit
11 (TRAPPC11), a protein of the transport protein
patticle (TRAPP)complex. Western blot analysis revealed
a dramatic decrease in full-length TRAPPC11 protein
levels and hypoglycosylation of LAMPI. Trafficking
experiments in patient fibroblasts revealed a delayed
arrival of marker proteins in the Golgi and a delay in
their release from the Golgi to the plasma membrane.
Mutations in TRAPPC11 have previously been described
to cause limb-girdle muscular dystrophy type 28 (MIM
#615356). Indeed, muscle histology of our patients also
revealed mild dystrophic changes.
Immunohistochemically, f-sarcoglycan was absent from
focal patches.

Conclusions The identified novel TRAPPC11 mutation
represents an expansion of the myopathy phenotype
described before and is characterised particularly by
achalasia, alacrima, neurological and muscular
phenotypes.

INTRODUCTION

Triple A syndrome (MIM #231550) is an auto-
somal recessive disease characterised by adrenocor-
ticotropic  hormone-resistant adrenal insufficiency,
achalasia and alacrima.’ In addition to the three
main features, patients often present with a variety
of dermatological features and progressive neuro-
logical symptoms involving the central, peripheral
and autonomic nervous systems. Some patients also

display intellectual disabilities. The phenotype 1is
highly variable with regard to severity, age of onset
and manifestation of all main symptoms. In
addition, adrenal failure may occur later in life or
may not arise at all.?> Classical triple A syndrome is
caused by homozygous or compound heterozygous
mutations in the achalasia-addisomanism-alacrima
syndrome (AAAS) gene on chromosome 12q13.° *

This gene encodes a protein of the nuclear pore
complex (NPC) named ALADIN (ALacrima
Achalasia aDrenal Insufficiency Neurologic dis-

order).” While most ALADIN mutants fail to loca-

lise to the NPC.® 7 mutations in this protein result
in dysregulation of cellular redox homeostasis in
vitro, suggesting a role in the progressive degener-
ation of affected tissues.® ?

Recently, a triple A-like disease, the alacrima,
achalasia and mental retardation (AAMR) syndrome
(MIM #615510) was described to be caused by
mutations  in the GDP-mannose  pyrophos-
phorylase A (GMPPA) gene on chromosome
2q35.1% These patients presented at birth or in the
first years of life with alacrima, achalasia and psy-
chomotor developmental delay with speech delay,
but without clinical symptoms of adrenal insuffi-
ciency. Most patients also had muscular hypotonia
and share aspects with hereditary sensory and auto-
nomic neuropathies.'® Although the underlying cel-
lular mechanism of GMPPA dysfunction is not fully
known, a loss of function of GDP-mannose pyro-
phosphorylase, consisting of the regulatory subunit
GMPPA  and the catalytic subunit GMPPB, is
assumed.'® Interestingly, about 30% of the patients
with a suspected triple A syndrome due to a com-
bination of typical symptoms do not harbour any
mutations in AAAS or GMPPA suggesting that triple
A syndrome is a genetically heterogeneous dis-
order™ To date, the intrigning combination of
achalasia and alacrima is caused only by mutations
in AAAS or GMPPA, whereby hitherto the specific
mechanism is obscure. It is assumed that neural
degeneration plays a role.

Muscular dystrophy encompasses a large group of
muscular disorders with limb-girdle muscular dys-
trophies (LGMD) accounting for up to one-third of
muscular dystrophy cases. The LGMD phenotype
has been associated with mutations in 30 different
protein-coding genes.'> The combination of myo-
pathy with mental retardation occurs more fre-
quently in muscular dystrophy—dystroglycanopathy
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(MDDG), for example, MDDGBI (POMTI), MDDGB2
(POMT2), MDDGB3 (POMGNTI1), MDDGB5 (FKRP),
MDDGB6 (LARGE) and MDDGB14 (GMPPB) mostly affecting
O-mannosyl glycosylation of dystroglycans.'*™° There are over-
lapping phenotypes, for example, mutations in GMPPB also
cause LGMD2T with mental retardation.’®

Here, we report the discovery of a novel mutation in the traf-
ficking protein particle complex subumt 11 (TRAPPCI1) gene
in two unrelated consanguineous Tukish families each with two
patients suffering from myopathy and intellectual disability
including cerebral atrophy, scoliosis, achalasia and alacrima, thus
expanding the climcal phenotype of TRAPPCI1 mutations.

PATIENTS

The study was approved by the local ethics review board
(Medical Faculty; Technical University Dresden; EK820897). All
subjects or their legal representatives gave written informed
consent to the study. The study was performed in accordance
with the Declaration of Helsinki. The two unrelated consan-
guincous families (F1 and F2) originated from Turkey The
parents are each first-degree cousins. An overview of the symp-
toms of all patients is given in table 1. Patients” case presenta-
tions are reported in detail in the online supplementary
information section.

MATERIALS AND METHODS

Homozygosity mapping

Blood samples from patients for DNA analysis were collected
after obtaining wutten informed consent. DNA preparation was

performed according to standard protocols using the QIAamp
DNA Mini Kit (Qiagen). Homozygosity mapping was done with
DNA samples of three affected patients of both families (F1.11:2,
F2.I1:2, F2.1I:3) using the GeneChip Human Mapping 6.0 SNP
aray (Affymetrix), as described*® HomozygosityMapper 2012
(http:/mwwhomozygositymapper.org) was used to delineate
genetic intervals that were homozygous for 400 SNPs in succes-
sion in the affected individuals®' Both families were analysed
separately.

‘Whole exome sequencing

Exonic sequences were emriched from patient F2.I0:2 using
NimbleGen SeqCap EZ human exome library V2.0 and
sequenced on a HiSeq2000 (Ilumina) with read length of
paired-end 2= 100 bp and average coverage of >50-fold. FASTQ
files (FASTA format sequences bundled with their quality data)
were aligned to the human GRCh37.p11 (hgl9) reference
sequence using the BWA-MEM VO0.7.1 aligner. A variant file was
generated for all exons £20 bp flanking regions using the GATK
V3.3 software package and sent to MutationTaster2 (http:/www
mutationtaster.org) for the assessment of potential pathogen-
icity.?* Filtering options were used as described.?® All relevant
variants were inspected visually using the Integrative Genomics
Viewer (http:/www.broadinstitute.org/igv).

Sanger sequencing and microsatellite analysis
Cosegregations of the TRAPPCI1 mutation in families F1 and
F2 were verified by automatic Sanger sequencing using an ABI
3130xL.  genetic analyser and BigDye Terminator Cycle
Sequencing Kit 1.1 (Applied Biosystems). Exon 18 and flanking
intronic regions were amplified with primer pair 5 TAA GTG
CAG AAG TCA GTA AGA ATG-3" and 5'-ATT TGT TAC TAT
GAA ACC ATT AAG AC-3'. Primer pairs for sequencing of
coding regions and all exon/intron junctions of the TRAPPCI1
gene are listed in  online  supplementary table  Sl.
Haplotype analysis was performed with M13-labelled primers
by standard semi-automated methods using an ABI 3130xL
Genetic Analyzer.®® Marker information and primer sequences
are listed in online supplementary tables S2 and S3. Allele
calling was performed using GeneScan Software, V3.7.1 and
GeneMapper 4.0 (Applied Biosystems).

RT-PCR analysis

Total RNA from blood was collected into a PAXgene Blood
RNA Tube (BD) and prepared using PAXgene Blood RNA Kit
(Qiagen). After reverse transcription of messenger RNA
(mRNA) with Go Script Reverse Transcription System
(Promega), the sequences of exons 17-19 of TRAPPCI11 were
amplified using the following primers: 5°-ATG AAA GTC CTG
ATC CAG AAC-3' (forward primer exon 17) and 5'-GGC ACA
TCT TTC CTT GAG TC-3" (reverse primer exon 19).

Fibroblast RNA was isolated using the Nucleospin RNAII kit
(Macherey-Nagel) with  on-column DNase  treatment.
Quantitative RT-PCR on ¢DNA from patients (F1.I1:1, F1.I:2,
F2.11:3) and two control fibroblasts were set up in triplicates
from three independent RNA preparations per sample on a 7300
Real-Time PCR system (ABI) using GoTaq Probe qPCR Master
Mix (Promega). Sequences of the wild-type TRAPPCILI allele
(exons 17-18) were amplified using oligomicleotide primers
F-GCT GTG AAA ACT GCT CAG AAG CT-3 (forward primer
exon 17), 3-GGC TTT GCA CTG CAC AAA TG-3' (reverse
primer exon 17/18) and probe 3-FAM TTT CTC TGG CTG
GCA GCA ATATTT TCA CAATAMRA-3' (exon 17). Sequences
of the mutant TRAPPCI1 allele (exons 17-19 without exon 18)

Table 1  Clinical presentation of'the affected individuals
P atient F1.IT:1 F1.11:2 F2.11:2 F211:3
Consanguinity Tes Tes Tes Yes
Sex Male Female Male Female
Age 16 12 15 13
Cardinal symptoms of triple A syndrome
Achalasia Tes No Tes Tes
Achalasia age of onset (years) 0.5 = 2.5 2
Alacrima Tes Tes Yes Tes
Alacrima age of onset (years) Birth 0.5 Birth Birth
Adrenal insufficiency No No No No
Epidermal symptoms
Hyperkeratosis Tes Tes No No
Neurological and muscular symp oms
Intellectual disability Tes Tes Tes Yes
Milestones delay Tes Tes Yes Tes
Muscular weakness/dystroplry  Weakness Weakness Dystrophy  Atrophy
Gait abnormalities Tes Nogait Nogait No gait
Cerebral atrophy in MRI Tes Tes Tes Tes
Speech delay (few words) Tes Tes Tes Tes
Nasal speech No Tes No No
Other symptoms
Short stature Tes Tes Tes Tes
Dystrophy: bedy weight<10 Yes Tes Tes Yes
percentile
Epilepsy/seizures Tes Tes = =
Caries Tes Tes No No
Nephrolithiasis Tes No No No
Undescended testis Tes = No =
Scoliosis Tes Tes Yes Tes

2
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were amplified in a second reaction using the same forward
primer and probe from exon 17 and an artificial reverse primer
Ex17/19-R 3-CAG AAC TGG TTG TAT TCC AAA TGG-3.
Gene transcription was normalised in relation to the transcription
of the housekeeping gene f-actin with the following primers:
S-GCA CCC AGC ACA ATG AAG ATC-3', 3-CGC AAC TAA
GTC ATA GTC CGC-3' and the p-actin-probe 5'-FAM TGC
TCC TCC TGA GCG CAA GTA CTC C TAMRA-3".

Western blot

Lysates of cultured fibroblasts from control individuals or
patients were prepared by harvesting cells in lysis buffer
(20 mM HEPES, pH 7.4, 0.1 M KCl, 0.5% Titon 3X-100,
5mM MgCl, with protease inhibitors). A total of 30 ug of
protein was fractionated on an sodium dodecyl sulfate (SDS)-
polyacrylamide gel. The fractionated proteins were transferred
to a nitrocellulose membrane, blocked for 1 howr with 5% skim
milk in 1= PBS-T (PBS with 0.1% Tween 20) and then incu-
bated for 1 hour with primary antibody The primary antibodies
used were anti-green fluorescence protein (GFP) (Roche), anti-
tubulin ~ (Sigma),  anti-LAMP1 (H4A3, Santa  Cruz
Biotechnology) and anti-TrappCl11.>* The appropriate second-
ary antibodies (anti-rabbit-horseradish peroxidase (HRP) or
anti-mouse-HRP) (KPL) were then added in 1< PBST for
45 min. After washing the membrane, the signal was developed
using enhanced chemiluminescence (ECL) western blotting
detection reagents (GE Amersham) and visualised on a GE
Amersham Imager 600.

VSVG-GFP ts045 assay

Fibroblast cells were infected with virus encoding vesicular
stomatitis virus glycoprotein (VSVG)-GFP ts045 for 1 hour at
37°C. The cells were then incubated for ~18 hours at 40°C.
Prior to a shift to 32°C, cycloheximide was added to a final con-
centration of 10 pg/mL. At various time points, cells were either
fixed in 3% paraformaldehyde for 20 min and processed for
immunofiuorescence microscopy (see below) or quickly har-
vested in ice-cold lysis buffer (20 mM HEPES, pH 7.4, 0.1 M
KClL, 0.5% Triton X-100, 5mM MgCl, with protease inhibi-
tors). For endoglycosidase H (endo H) treatment, 5-20 ug of
total cell lysate was denatured at 100°C for 10 min before the
addition of 10 U of endo H. Treated samples were incubated for
1 hour at 37°C. Western blot analysis was used to detect the
fusion protein using mouse anti-GFP (Roche). Quantitation of
western blots scanned on a GE Amersham Imager 600 was per-
formed using the Image] V1.48 program (National Institutes of
Health (NIH)) after background subtraction and are expressed
as endo H-resistant pixels/(endo H-resistant + endo H-sensitive
pixels) at each time point.

Fluoreseence microscopy

Following fixation in paraformaldehyde, samples for immuno-
fluorescence microscopy were first quenched with 0.1 M glycine
for 10 min, permeabilised in 0.2% Trhton X-100 for 5 min and
then blocked with 5% normal goat serum (NGS, Cell Signaling
Technology) for 40 min. Primary (mouse antibody anti-GFP
(Sigma) and rabbit anti-mannosidase II (kind gift from Kelley
Moreman, University of Georgia)) were diluted in 5% NGS and
incubated overnight at 4°C. After washing with PBS, secondary
antibodies  (antimouse  AlexaFluor-488 and  antirabbit
AlexaFluor-647) and DAPI were applied for 1 hour at room
temperature. Images of 1024x1024 pixel resolution were cap-
tured on a Nikon C2 laser scanning confocal microscope fitted
with a 63 Plan Apo I, NAl.4 objective (Nikon) controlled by

NIS Elements C 4.4 software. Optical sections of 0.2 mm incre-
ments were acquired.

Time-lapse microscopy

Fibroblast cells were treated as described for the VSVG-GFP
assay except they were plated on glass-bottom dishes (14 mm
chameter, thickness of 1.5, MatTek). Immediately after the 40°C
incubation, the dishes were placed in the temperature-controlled
chamber of the microscope heated to 32°C with 5% CO,.
Time-lapse microscopy was performed beginning at 3 min after
the temperature shift (a time necessary to select the cells for
imaging) using a 40x oil objective (NA 1.3), no binning, on an
inverted confocal microscope (LiveScan Swept Field, Nikon),
Piezo Z stage (Nano-Z100ON, Mad City Labs) and an
electron-multiplying charge-coupled device camera (512x3512,
iXon X3; Andor Technology) Images were acquired with
NIS-Elements V4.0 acquisition software every 30 s using a 0.7 s
exposure at 0.2 mm increments with a slit size of 50 mm for up
to 3 hours. Images were viewed and analysed on Image] V.1.48
(NIH). Montages of images from the videos with corresponding
time points were plotted in Hlustrator CS6 (Adobe).

Immunohistochemistry

Muscle biopsy was performed on patient F2.I1:3. The muscle
biopsy sample from the gastroenemius muscle was frozen in iso-
pentane precooled in liquid nitrogen and 8-12 mm sections
were cut using a cryostat. These sections were stained with
routine histochemical and enzyme histochemical stains, such as
H&E, modified Gomort’s trichrome and Masson’s trichrome. A
rich panel of antibodies against structural proteins of muscle
fibre was performed immunohistochemically. These included
antispectrin (Novocastra, NCL-specl), antidystrophin
N-terminus  (Novocastra, NCL-dys3), antiadhalin (Novocastra,
NCL-o-sarc) and other antisarcoglycans (Novocastra, NCL-p—3—
y-sarc) antibodies. In addition, antimyosin heavy chain fast and
slow (Novocastra, NCL-MHC{/MHCs) antibodies were used for
discriminating between fibre type, and antimyosin heavy chain
neonatal (Novocastra, NCL-MHCn) antibody was used for
identification of pathological immature fibres.

Statistical analyses

All data sets were shown as means=SEM. Statistical significance
was assessed using an unpaired two-tailed Student’s t-test using
the GraphPad Prsm software statistical package 6.0 (GraphPad
Software). The significance level was set to p<0.05.

RESULTS

Molecular genetics

In the present study we investigated two consanguineous
Turkish families (F1 and F2) each with two affected siblings,
who suffer from a triple A-like syndrome with alacrima and
achalasia, but without signs of adrenal insufficiency (for labora-
tory findings, see online supplementary table S4). The parents
and three siblings were unaffected, consistent with an
autosomal-recessive mode of inheritance. Autozygosity mapping
delineated  various regions in both families (see online
supplementary figures S2 and S3 and table S5), but only one
region of 2.7 Mbp on chromosome 4 that was shared by both
families and that was flanked by the SNPs rs6854653 and
rs9685847 (figure 1A). Whole exome sequencing was per-
formed on patient F2.II:2. In order to identify the common
disease gene for both families as well as further potential
disease-causing mutations in other genes that were only located
in the autozygous regions of family 2 in the potential case of a
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Figwe 1 Affected mdividosls cany & homozygous taficking piotein particle conplex subnrt 11 (TEAFPC11) nurtadion. (4)
HomozygosityMapperX012 aralysis mvwealed one locus on chromeseme 4 with the highestscor that was homozygous inall three investizated
patients. Thisloms comprised 2.7 Mbp and cowered 20 poteincoding genes. The TRAPPCLL gene 15 located araong the ro, and the detified DHA
alteration and the pedicted change at the protein lewel is mdicated. (B)Haplotype analyss using micro mtellite mavkers of the cleoroosomal
TEAFPCl1region reweakd a shared haplotype of the TRAPPC1 flanking marker Dd31354 (ughlighted barthe red squate). The sequencing
dlectiophetograne at the gnomic DA lewel of all fanaly members shows the segegation of the nuttion in both families.
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teo-gene disorder,™ we subjected all varants found in all the
autozygons wgions (conresponding to 548 protein-coding genes)
o a IMutationTaster? analweis. Using this apgroach, we only
identified a sngle horozygons varant i TRAPPCID (01893

+34=0, [NM_021942.5], g 4184607, 904A=G [hg19]) at the
splice donor site of exon 18 that was predicted to affect spli-
cing. The coverage of this position was 132x. The vanant was
neither listed in the 1000 genome (hitp:fwew 1000zenomes.
orgd nor in the 5000 exome (httpsiihttpfareegenomeweb.
com/sequencing haylor-sequence-mozre- 500 0-exomes- human-

disease-shudies) projects or in the dbSNF Chitpr feanenchindm.
nibgow/SHE) ard Exome Aggwegation Cotsortivm (ExaAC) data-
bages (hitpofexar broadinstitute org). The genotype—phenotype
sgregation in the fardly was werified by Sanger sequencing.
The same motation could be identified in the second apparently
urelated farnily (F13, which also segiegated with the phenotype
{figure 1B). Having identified the mutation in TRAFPCII as the
likely underlying genetic defect in these two families, we
soreened 56 addiional patents affected by trple & symdrome or
a triple A-like disorder. These patients wer selected since they
carry no rmtation m Ad8S or GMWPPA. Mone of these patients
ewealed a TRAPPCIL mutation in arny of the 29 coding exons
{exons 2-30) and exon—intron boundaries.

To clarifiy whether the two families would be closely related,
we petformed & haplotype analysis using micwmsatellite markers
of the clrorosomal TRAPPCLD region. We found a shaved
haplotype of the TEAPPCIL flanking marker D451354 in farn-
ilies F1 and F2 (figure 1B). In the affected patiends of family F1,
we found a homozigous haplotype  over nearly the  enfire
egion. Although the two patients of family F2 show a homozy-
gous region awnnd the TEAFPCLL gene, they shawd only one
flanking micwsatellite arker with family Fl, indicating that
the famnilies ar not closely related but the mutation might be a
founder mistaton.

Conzequences of the TRAFPCIL musation on the transcript
Lerel

The clZ8953+3A=G romtation was finther qualitatively and

amplificaion of exon 17 to exon 19 of reverse transcribed
TRAFPC1] mBMA forn patients FLIIL and F1ITZ2, we found
that patient cells produced an out-of-frarne  dbemant splice
product in which the 131 bp of exon 18 is wissing. Patient cells
also produced the regular splice product that includes exon 18
(figure  2&). Cuantitative measurerments (gRT-FCRE. with
Tarhlan) meealed that patient fibioblasts had only 209 of the
regular splice poduct as compared with control fibroblasts
(100%) (figue 2B), suggesting an incomplete splicing defect
due to the mutation. The aberrant splice product of patient cells
was caloulated fo be only abont 123% of the guantity in compat-
son with the regular splicing product of the control cells. From
this, we conclude that a loss of B0% of the intact TRAPPCIL
trnseripts  in eombination with an aberrant splicing srodoct
causes the phenotype  of the patients. Cuantitatfee measure-
ments of mEMN& from parent’s blood cells ervealed comparable
levels of the regular splice product in heterozygous camiers of
the c1893+3A=0 mufation compared with contols withoot
this mutation. The lewels of the aberrant splice product wers
only dbout half as high as those of the homozygotes (see online
supplementary figue S4).

Western blot analysis of TRAPPCLL and LAMPL

We next sought to determine the consequences on the cellular
level of the ¢ 1893+34=0 woutation. The splicing defect that
deletes exon 18 15 predicted o mEsult i the moutant protein
pValSEEG el 6%, resulting in a thweation of the protein just
prior to the eonserved grymun domain (fgure 1&). Lisates pre-
paed from fibroblasts dermved flom two affected indivdduals
(F1II1 and F1ILZ) were subjected to westem blot analysis
using rabbit antiserum mised against the human TRAPPCL
protein™ and against the human LANP! potein. Since this
TRAFPC1] antiserarn was raised against an epitope i the
exteme catboxy porion of the potein, a tuncated poduct, as
expected for this rauntion, would not be detected. Rather we
detected 2 drammatic decrease in the lewels of full-length
TRAFPCI] in both affected indhiduals (fzure 3A) Small
amounts  of full-length TEAFPC1L in the Isates from  the

quantitatively  mwestigated on  the mBNA  lewel  After  affected individuals are consistent with the icomplete splicing
A c18E3IA-C B TRAPPC11 gPCR
Ex17 Extd Exig
TRAPPCT! ex1TEHER =t ————— gDNA g e
o Contrals
Parents  Pofients Unaffected Exi? Exid Exig hd
1 e 3 % = = cONA regular splicing e
2 T —— = ~ - !
52:;::315 1TF 18R 2
£ 5 =3 38 . c
1 voR e 44 e cDNA aberrant splicing =
— w
w 1R Evon 1y Exon 18 £ o
{ | B
&
Upper band L oo Patients
[}
5 bp e i
Mabp - s ohs -
Exon 17 Exan 19 D&P "*\ 6’&
Lowsr band é"p{'
\ﬂp \d' x‘P @9"

DeleBon of edan 18 (131 bp) & p.VaISABGHTs"16
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G ) qﬁi eﬁ ‘ﬁ

Figwe 2 Affected mdividuals have wdueed levels of tafficking protein particle comples submat 11 (TEAPPCIL) transcpt as well as a novel splice
variamt. (4) Agros: gelelectrophomsis and sequencing chomatogmms of eD HA-derved PCE products usmg PANgene blood EMA and prirmers
amplifing exons 17-1 9. P (R-anplified cDMA fagments were analysed byelactiophoresis on a 2% agarose gel and bysequencivg, The 345bp
amplicon represerts the regnlar splice product and the 21 4bp amplicon ®prEsents the sherrant splicing product, comtrel=poaled cDHA;
regative=water contmol. (B) TRAFPC1ImEMA-expre sson anabysis perfomed by IagMan PCR on fitroblag eDNA. A reduction of ~80%, TRAFPC11

expiession in affected individnals cormpared with conbol was shown.
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The affected individials showeda delay in endoghyeosdas: Hemdmes and an acourmlation of vesimlar stomatits vims glyeo peoten

(VEVE-GET ta045 i the Golgi. (&) Lysates prepared from contol, FII:1and F1IL2 fiteoblags wee peobed for Tesf ficking Protein Particls Complex
suburnt 11 {TRAPPCIL), LAMPL and mtmlin as a loading control. (B)Fieoblags were infected with vims encoding VEVE-GFF ta045. The fusion
protein was retained in the endoplasmne wtonhm (ER) at 407 C ovemight. The cells we e then treated with eyelohezmmide and shifted to 3°C to
eleasea synchverised wave of protein fiom the ER Sunples were collected at the indicated titee pointrand a portion of the Iysate was tieated
withendoglycosdas H (endo H). The proteinn was visualised by westernblot analysis using an wti GFF anthody. A& repre mrtatres blot is shown,
(C) The data from thee independent experments described in (B) were quantitated and are displayed as +SEM. Statisical sgnificance was assessed
wsing a 5 dent's t-test [0 The VEVG-GIT ts045 assay was performed as described in (B) exeept that the cells were fixed and stained for

nannoeidase I (manIl)and GFF at the indicated tiroe pointe. Scale bars are

S0nmn (E) Cells at the tire points in (D) were qantified by me aswing

GFF mmmmoreactivity mtensity in the Golgi mgion (defined byman I stairing) compared with the total GFF mmimoreactvity inthe cell Foreach

firee point, N rangesfrom 5 to 15,

defect and reduced mBEMN& lewels of the megular splice product
degeribed  sbove, In oa peevicous  study  chamcterising  the
TRAFPCI] reutatons pGRE0R. and pA3T72 5420de] hopergly
cogylation  of lysosomal-associated  merbrane  pmtein 1
(LANIPLY was demonstrated In contrast o that study we
found that LARWP] was hypoglycosylated in both FLII1 and
FLILZ (figure 3&). This result could reflect a membrmane traf
ficking defect or a role for TRAPPCL] in piotein glyeosvlation
as recently reported 27

VaVGEGFP ta045 assay for moritoring the transport along

the secretory pathway

Since TRAPPCIL has been implicated in endoplaswaic mteoulan
(ER)-to-Cholzi transport,™ ™ we next used an established assay
o follow the moverment of a protein fiom the ER, fhrough the
Colgi and on to its final destination, the plasma merhrane *
The marker protein is a terperature-sensitive form of V3VG
fused to GFF (WSWG-GFP ts045). At mshictve temperature,
the pmtein is wtained in the ER and as the temperahwe is
lowered, in the presence of the protein swmthesis inhdbitor cyelo-
hexirdde, there is a synchrorised release of the motein from
this compartment Upon waching the Golgi, the piotein is even-
tually pmcessed such that it becomes resistant to endoglycosi-
dase H (erdo H). Fibroblasts from unaffected and affected
indraduals were infected with a wirns expressing WSVG-GFF
5045 and held at meshictie temperatire ovemight to allow
accwrnulation of the protein in the ER. Samples were collected
prior to the downshift in temperatire and at time points wp to
00 min after downshifting. & portion of the sample was treated

with endo H to assess the location of the protein within the
cell. &s shown in figue 3B and C, at 40 min postdownshaft,
there was a slight delay in the acquisition of endo H resistance
of the protein in the fibechlasts of affected indbiduals, saggest
ing a delay in the exit of the potein from the ER or a delay in
tiaffic through the Golzi corples.

To distingmish between these two possibilities, cells wer fixed
at the same tiree points and the location of WSVG-GFP tsl45
was assessed by ingnunofluorescence microscopy (fzwe 3D,
Beforr downstafting of the temperabwe i the culture, the
marker protein stains the cells in a diffise mteular patten con-
sistert with ER localisaion. By 20 and 40 min postdownshaft,
the marker protein colocalised with the Golgl marker mannosi-
dase II in both affected and uwnaffcted indviduals. At the later
tirre points, while the marker protein in umaffected indfvidnals
clearly sepamted flora the Golgi marker and was found at the
cell surface, a significant amount was retaimed in the Golgi
in affected indnaduals. It is noteworthy that not all fibroblasts in
the culture from affected individuals showed this phenotype. In
fact, there weme a mumber of cells that failed to show colocalisa-
tion between the Golgi marker and VEVG-COFP tfl45 at the
later tine points (see below). Cuantitation of the phenotype
demonstrated a delay in the exit of the ypotein from the Golgi
in affected individuals (figure 3E).

Time-lapse flucrescence microscopyto invesigate dynamic
events at the single-cell lewel

Since each time point in figwe 3E repressnts a population of
different cells at a given time point, we used time-lapse

3

77

Eoebler E, et al. T hled Geret 2016,0:1-10. doi 10 11360me daamet: 2016 - 104 102



Dovenloaded fom hitp:iimgbmj.com/ on Odoker 26, 2006 - Published by group bmj com

microscopy  to follow the movement of VoWG-GEP  t2045
within the same cell over time (fzwe 44-C and orline supple-
mentaty movie 1) Consistent with the fived cell data abowve,
thete was a clear delay in the release of the marker piotein from
the Golgl (quantified n figure 400, In addiion, we noted a shght
delay in the antval of the WIVG-GFF t045 pmtein in the Golgi
guzgesting there may either be two affected stepe in membrare
taffic or the delawd anival i the Golgl may be a secondary cotnr
sguence of mdueed tramsport fhough the Golgl Importantly
we identified two popalations of cells within the culture from
affected indndduals: ore showing the delays desoibed ahove,
epteserting -70% of the cells, and a sscond with kinetics that
were intermediate to those of umaffected cells, representing
-30% of the cells (figure 4C and onlie suppleraentary monie 2).
This is consistent with the incoraplete splicing defect suggested
dbove and indicates that some cells may poduce sufficient full-
length TRAFPCIL to swpport near-nommal merbrane traffic.

Muzcle biopsy

Histopathological evaluation of the muscle biopsy of patent F2.
IL3 wwealed mild dystiophac changes (figure 5&) ke cottraction,
regeneration, degeneration, nuclear internalisation and fhieosis
(figure 3B). In addition, many pathological imovature wovofibres
were seen using the neonatal rayosin staining (fzure 5C). Based
on immunostaining, o-sacoglycan (e-3GC), delta-sarcoglyean
(6-3GC) and gamma-sacoglycan (p-30C) were present at normal
lewels (figure SO0, whewas P-sarcoglycan (f-30C) was deficient
and conspicuously absent from focal patches (figue 5E). Other
conunon  structmal  proteins  of muscle cell showed normal
exprssion pattems and levels. Intewstingly there was also fibre-
type grouping (figure 5F), which is specific for denervation with

Figue 4 Live-cellimaging reveals A AL
ten populatiors of fhioblasts derived
from affected mdiiduals. The vesionlar
stortmtitis vims glycoprotem (VEYEH- o P
GEP ts045 assay was perforned as
described in the legend to figne 3B
except during the shoft to 3FC, the
cells were inmged every 30 s over a
period of 120mm. il mage s from
the movies at the pdicated tirme points
are shown forcordrol (&)and F1.11:1
(Band C). Scale barsare 50 nm. The
full move s are shown in online
supplemerntary movies 1 and 2. (D)

The data from the Ive-eell imaging
were quantified (r=6-11) by
idertifying the Colg wgion at the time
when the Golel had a masimnm
finoescence infensity { ~30 minfor the
cortrol and ~S0minfor F1I0:1) and
monitorig GFF fuore meree inthe
Golgl wgion for 120 minafter the
tenpemtie shift. Data are shownas
SENL

-

2 on

120

100

a0

a0

Percent maximum GFP fluorescence in
Golgi region

relnne rvaion and

atrophy™

geeh 1n  hewropathies spihal  ruscular

DI CTESION

Here, we imvestigated two appamenily umelated Tarkish farailies
each with two peblents suffering fiom cerebral atophy global
retardati or, scoliosis, achalasia and alacrima. &1 patients have
the same novel homozygous splice site mutaion in TRAFPCIIL.
The presence of a second mutaion  was excluded with
MhtationTaster? analysis of all further vanants found in the
autozygous regions of family 2, although the possibility of an
addiional — phenotype-infuencing  ratation  canmot be com-
pletely riled out Tiple & symdwome was imtially assuaed
because the two symptoms alacrimma and achalasia of this disease
were present. In addiion to these symnploms, patients showed
more clinical abnomnmalities that are not descrbed for trple &
syndrome  patients, although the missing featwre of classical
triple & swdrore (ie, adrenal insufficiency) may also develop at
a later age ™ VR categorise this phenotype not as a new cause
of tiple A syndrorae bt mther as an expansion of the knewn
TRAPPC1 phenotype with maopathy intellectual disability ala-
crira and achalasia. Chir patients camy the mutation c1393
+34=CG, which leads to a partial loss of exon 18 (131 bp)
resulting in a frameshift moutation (p Val588Glyis16%). The pre-
dicted shorter protein iz estimated to be -70 kDa in contrast to
the full-length protein of -130 kDa mBEMNA& cpantification and
western blot results suggest that the wery low amount of imtect
TRAFPC1] transcript in combination with an sherant splicing
product leads to the disfunction of the protein and results in
the observed phenctype of ouwr patients. The reduced levels of

120 mn
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Fguwe 5

Inmmmohistochenical analyses wweal dystophic cheanges in the affected ndridml F2IT3.(4) 4 rmsle blopy from patient F2I13 was

sectioned and stained with HEE to wveal the rmscle fbres. Note the matked variation in fibre size and shape (200 magnification). (B)IvIuscle
hiopsy sections were stained with Massor's trichome and photographed at 100= magrification. Thewe is nerked fbhweis as seenborthe distended
bhesteired portiors between the wd-stained nmscle fhaes. (C) Moscle biopay sections were stained withantbody against neonatal nyosin and
photographed at 2003 negnification after 3,3-diaminohenzidine (DA ) stiming. Ther aw a fow inmmamie fhres ssen in the field (arow),

(D} Stammg with anti-y-sarcoglycan wvealed normal saxcolenmmal exprssion inrms:le biopsy setims follaring DAR daiming (200 magnification).
(E) Sminig with anti-f-sarcoglycan wyealed the sheence of focal sarcolenmnal localisation of the protein following DAR gaming (200
nagficabon) (anow). (F) Sammg of nmscls biopsy sections with adi-MHCf showed marked fbre type gronping mstead of the normal checkboard

pattem follwmz DAR gammg (100% magnifieation) {aroe).

mntant TRAPPC11 transcript are most likely due o nonsense-
mediated RN& decay™®

The transport protein particle (TRAPF) is a multiprotein
corplex with sveral related but corapositionally distinet forms.
In seast, these complexes function i a number of processes
including  ER-to-Giolzi transport (TEAPP I, intra-Golzgi and
endosom e-to-Golgi  transport (TRAFF I and autophagy
(TRAPP II).¥ TRAPPCLL was identified as & component of the
matamalian TRAFEP III complex and has no mweognisable weast
homologne ™ The dismaption of TRAPPCI] by viral insertional
nntagenesis in zebrafish resulted in steatosis and cataracts, whale
B depletion in Hela cells and Diosophala 52 cells resulted
in partial disasserbly of the TRAFP complex and a defect in
membrane transport in the early secetory pathway™* ™ 7

Becently a homozygous mufation i the TRAFPCLL gene on
chromoszome 4935 was identified in pebents with autosomal
ecessive limb-givdle romseular dwstwophy tpe 25 (LGWD23)
(WIL #615356), characterised by proximal rscle weakness
eslting in gait shnonmalities, scoliosis and scapular winging. &
second homozygous mutation in which a small porion of the
pwotein  is deleted resulted in mwopathy ataxia, hyperkinetic
moverments and intellectual disshility® Furthermore, one Asian
patent  canying  a compound heterozsgous  mutation  in
TEAPPC1] was described with congenital muscular dystroplny
(CIWID), mprogressive fatty Ioer and infantile-onset cataract *
From these reported cases it can be concluded that the pheno-
type cauwsed by TRAPPCII raatations inclodes moyopathy and
somne variable accompanving features. Owr patents differ from
the other published cases in that they also have achalasia and

alacrirma, two typical symptoms of thple & syndroree. Usually

achalasia is an expression of newological malfuncton {loss of
ganglion cells and renteric nerves). Congerdtal alacrimma is
characterised by aplasia or hypoplasia of the lacrimal gland and
can be depicted in MBI as bilateral lacrireal gland agenesis. 3

We found that LAWP] was hypoglywwosylated i owr patents
cells. This result may reflect the meently reported mle of
TRAPPCL] in protin  glyeoswlaion.®™ The glyropmoteins
LANP] and LANPY prorade 30% of lisosomal membrane pro-
teing They aw coreponsile for meintaining lysosorsal inte-
grity pH and catsbolism of lysosomes and play an important
role in the function of lysosorees. Thew are also irolved i lyso-
somal exocwiosis, movement of the lysosores along microtu-
bules and the fusion of phagosomes with lysosomes ™ Acid
hydrolases contained in the lwosomes mediate the degradation
of cellular components and the defence against bacteria, vimses
and toxic substatces. Distwbances n thess processes can have
dramatic effects on cell metabolism. In confrast fo our ohserva-
tion of LANF] hypoghwosdation, a previous stody descrbing
another TRAPPCI] rautation demonstrated not only a reduction
in the cellular levels of LANEP] ard LANFZ, tut the proteins
were ocheerved in a higher molecular size region of the gel as
compared  with controls, suggesting that they might hawve a
higher degree of glyrosylation?* Taken together with these pre-
wious studies, our data suggest that the twype of muatation, and
not necessarily the cellular lewels of TRAFPCLL, can influence
protein glycoswdation. &ltematively the defect in glwosylation
may be related to a defect in membrare trafficking processes as
was shown by the results in figwes 3 and 4.

Disruption of Golgl stucture has been reported in other neu-
rodegenerative disorders such as amyotophic lateral sclemwsis,
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Alzheimer’s disease and Parkinson’s disease.””~ It has been
suggested that cellular stresses can affect Golgi morphology, pos-
sibly through a signalling pathway such as autophagy*' Thus,
the connection between TRAPPCI11 mutations and the observed
phenotypes may indeed be complex and need further investiga-
tion. Our results extend the cellular, phenotypic and genetic
spectrum of TRAPPC11-related disorders and underline the
essential role of TRAPPCI1 in human physiology and cell
homeostasis.
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