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Summary

The lysosome is a membraeaclosed organelle specialized in the catabolism of
macromolecules in eukaryotic cells. Catabolic products are exported to the cytosol by
lysosomal membrane transporters. Some transport systems were already biochemically
characteized, but generally only a few genes and proteins coding for the responsible
transporters have been identified so far. Additional lysosomal metabolites with higher
concentrations than in the cytosol have been described for which the importers are still
unknown.

In this study, a recently identified putative lysosomal transportBtajor Facilitator
Superfamily Domain containing 1 (MFSD1), was biochemically characterized and its
physiological role in mice was investigated.

MFSD1s expressed ubiquitouslg mouse tissues. A dileuciimsed lysosomal sorting motif
necessary for the transport of MFSDL1 to lysosomes was ident@iedlP, a highly glycosylated
lysosomal membrane protein, was identified as an interaction partner of MFSD1. The stability
of GLMP ad MFSD1 depends on each other. In the absence of GLMP, the levels of MFSDL1 in
tissues and cells were decreased below 10 % of normal levels.

A thorough study of newly generated MFS@xficient micerevealed a complex phenotype,
pointing towards a critical and essential role of MFSD1 in the physiology of the liver, the bone,
the kidney and the immune system. MFSiEficient mice suffer from a liver insult
characterized by loss of sinusoids, extravasat of erythrocytes, fibrosis and
neocapillarization, a pathology that resembles that of human patients suffering from
sinusoidal obstructive syndrome (SOS). SOS patients with genetic mutations in the
transcription factor sp110 show an immunodaéncy. Iterestingly, MFSDkonockoutmice

are also immunodeficient due to impaired maturation of B lymphocytes, suggesting a possible
role of MFSDL1 in the pathology of SOS patients with immunodeficiency. Additionally, the
mineralization ability of MFSEdeficient osteoblasts in vertebrae is impaired, leading to
decreased bone mineral density. Furthermore, the absence of MFSD1 also leads to an increase
of the size of lysosomes in the proximal tubules of the kidney, suggesting a potential
accumulation of the substra(s) normally transported by MFSD1. A prove of the
interdependence between MFSD1 and GLMP is that the phenotype of -@é&fitient mice is

a phenocopy of MFSD1 knockout mice
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Zusammenfassung

Das Lysosom ist ein ambrarumschlossenes Zellorganell, das aehdKatabolismus von
Makromolekiden in eukaryontischen Zellen spezialisiert ist. Die dabei entstehenden
Abbauprodukte werden lder lysosomale Membrantransporteaus dem Lysosomin das
Zytosol der Zelle exportiert. Einigeenige dieser Transpgstoteine wurden bereits
biochemisch charakterisiert, wohingegen bisher nur wenige Gene identifiziert wurden, welche
fur diese verantwortlichen Membrantransporter codieren. Zudem wurden weitere
lysosomale Metabolite identifiziert, vodenen angenommen wird, dass sie keine Produkte
aus dem lysosomalen Abbauprozess sind. Fur diese Metabolite sind die Importdigsie
Metabolite in das Lysosotnansportieren, noch weitestgehend unbekannt.

In dieser Studie wurde ein neu identifizierteysosomaler Transportemajor Facilitator
Superfamily Domain containing 1 (MFSD1), biochemisch charakterisiert und seine
physiologische Rolle iher Maus anhand einer neu erzeugten MFSBdfizienten Mauknie
untersucht.

MFSD1 wirdubiquitdr in Mausgewben exprimiert. Im Rahmen der Arbeit wurde ein
dileucinbasiertes lysosomales Transportmotiv, welches fir den Transport von MFSD1 zu den
Lysosomen notwendig ist, identifizieriVeiterhin wurde GLMP, ein hochglykosyliertes
lysosomales Membranprotein, alstémaktionspartner von MFSD1 identifiziert. Die Stabilitat
von MFSD1 und GLMP ist hierbei stark voneinander abhangig. In Abwesenheit von GLMP lag
MFSD1 sowohl in Mausgewebe, als auch in kultivierten Zellen, um bis zu 90 % reduziert vor.
Die MFSDidefizienten Mause zeigten einen sehr komplexen Phanotyp auf, der auf eine
essentielle Rolle von MFSD1 in der Physiologie der Leber, der Knochen, der Niere und des
Immunsystems hindeutet. MFSHIEfiziente Mause leiden an einer Leberschadigung, die
durch den Verlust von Sinusoiden, Extravasation von Erythrozyten, Fibrose un
Neokapillarisation gekennzeichnet ist, eine Pathologie, die der von Patienten mit sinusoidalen
obstruktiven Syndrom (SOS) ahnelt. Weiterhin besitzenf&@iSnten mit einer Mutatioen

im Transkriptionsfaktor sp110 eine Immunschwache, welche interessanterweise auch bei
MFSD1defiziente Mause aulftritt, da bei ihnen die Reifung ddryBnphozyten beeintrachtigt

ist. Dies deutet auf eine mdgliche Rolle von MFSD1 in der Pathologi€D&Pa8enten mit
Immunschwache hin. Zuséatzlich ist die Mineralisierungsfahigkeit von M#&SQienten
Osteoblasten in der Wirbelsdule beeintrachtigt, was zu einer verminderten

Knochenmineraldichte fuhrt. Darlber hinaus fuhrt der Verlust von MFSD1 auch eiu ein
IX



VergrofRerung der Lysosomen in den proximalen Tubuli der Niere. Ein solcher Anstieg kbnnte
auf eine mdogliche Akkumulationdes (der) normalerweise von MFSD1 transportieren
Substrat(en) zurtickzufihren sein. Zudem ist der Phanotyp von @eldrenten Mause
identisch mit dem der MFSEKnockoutMause, was die starke Abhangigkeit der beiden

Proteine weiter verdeutlicht.



1. Introduction

1 Introduction

1.1 The lysosome

The functional unit of eukaryotic organisms, the cell, is formed by several organelles that are
orchestrated to fulfil its needs and respond to environmental challenges. The lysosome is a
membraneenclosed organelle, which is found in all animal cells \li exception of
erythrocytes. Christian De Duve used for the first time the word lysosome in 1955,
differentiating it from other organelles due to its richness in hydrolytic enzyfdeDuve et

al. 1955) The richness in hydrolytic enzymes allows the lysosome to carry out one of its main
function, the degradation and recycling of macromolecules. Both intracellulat an
extracellular components are degraded in lysosomes. Intracellular components include
soluble proteins, aggregated proteins, organelles and macromolecular complexes, that reach
the lysosome through autophagy. Extracellular substrates comprise bacteriaraaytes or
extracellular matrix components, that can reach the lysosome by endocytosis or phagocytosis.
Beside degradation processes, lysosomes also play a pivotal role in other biological functions,
such as plasma membrane repair, nutrient sensing sagralling, cholesterol metabolism, cell
death and immune responggoberdhan, Wilson, and Harris 2016; Saftig and Klumperman
2009; Settembre et al. 2015; Yamayoshi et al. 2009)

Lysosomes are generated by the fusion of endocyticicless with vesicles from the
biosynthetic pathway, and are characterized by a pH of 8.5The lysosome needs two kind

of proteins to fulfil its functions, soluble hydrolases and integral membrane proteins, which
are synthetized in the endoplasmic retiom, and transported to the lysosome by different

means.

1.1.1 Lysosomal soluble proteins

Hydrolases catalyse the hydrolytic cleavage of specific substrates. More than 60 lysosomal
enzymes with high affinities to different substrates have been described, ingyoteases,
sulfatases, glycosidases phosphatases, lipases, and nucleasegsosomal enzymes are
synthetized in the ER and are transported via the secretory pathway to the lysosome, most of
them by mannosé-phosphate receptor dependent transport, wieethey become active due to

the acidic pH of the lysosomal luméBraulke and Bonifacino 2009)

1



1. Introduction

1.1.2 Lysosomal membrane proteins

The lysosomal membrane is @@ nm thick phospholipid bilayer plus a glycoprotein coat of
5-12 nm thickness that delimit the numerous luminal hydrolases from the cyi®Sdke,
Krauszeand Bissow 2012Besides its obvious isolating function, the lysosomal membrane
integrates proteins that are required for other functions like fusion, acidification or transport
of substrates among other§igurel). Lysosomal Associated Membrane Proteins type 1 and 2
(LAMPR1 and LAMR) are the most abundant membrane proteins in lysosomes, and they have
been suggested, together wittysosomal Integral Membrane Fem type 1 and 2(IMR1 and
LIMR2), to represent more than 50% of the total lysosomal membrane proteins ((NW&P3h

et al. 1987) Theyare highy glycosylated, like the vast majority of the LMPs, contributing to
the formation of a lysosomal glycocalyx, which is thought to protect membrane proteins from

luminal lysosomagproteasegPeters and von Figura 1994)

APC transporters
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Figurel. Scheme of selected endgsosomal membrane proteins.



1. Introduction

The transport of ions and small molecules through the lysosomal membrane is important to
preserve the acidic pH, the electrocheral gradient and fothe recycling of degradation
products. These functions are fulfilled by pumps, channels and transporters, \ahéch

described in more detail in chaptér21.1.2.2

1.1.2.1 Trafficking of lysosomal membrane proteins

Lysosomal membrane proteins bear sorting signals in the cytosolic domains, that mediate the
lysosonal targeting and/or endocytosis from the cell surface. The lysosomal targeting motifs
of membrane proteins are usually localized proximal to the transmembrane domain, and the
most common have a consensus sequenceyWKered is a bulky hydrophobic residuand
[D/E]XXXL[L/IBorifacino and Traub 2003).ysosomal membrane proteins reach lysosomes
by two different paths. The socalled direct pathway, where membrane proteins are
transported from thelransGolgiNetwork (TGN) to endosomes and further to lysosomes, and
the indirectpathway, where membrane proteins are first transported from the TGN to the

plasma membrane and afterwards they are endocytosed to reach lysosénigesd?).

Indirect

o W) TTTTreeeal Pathway
Trans -

Golgi
% Network

Figure2. Scheme of the two main lysosomal transport pathways of membrane proteins.



1. Introduction

YXX and [D/E]JXXXL[L/I] sequences are recognized by adaptor protein (AP) compldxes AP
and APR2 that are formed by four subunits. APis localied to the TGN and endosomes and

is responsible for the direct transport pathway.-2Fs localized to the plasma membrane and

is responsible for the endocytosis of proteins bearing those motixs® and [D/E]JXXXL[L/]

can be recognized by APand AR canplexes. The recognition of both motifs by AP is
complex. Modifications in the X amino acids or the amino acid previous to the Y and D/E of
YXX and [D/E]XXXL[L/I] motifs, respectively, can lead to the recognition by one or other AP

complex(Bonifacino and Traub 20Q3)

1.1.2.2 Lysosométransport systems

The recognition of the lysosomal transport systems started in 1982, Wadhet aland Jonas

et al. demonstrated that the accumulation of cystine in cystinosis patients caased bya
defect of the cystine export out of the lysosort®ahl et al. 1982; Jonas et al. 1982 the

end of the 90s, the study of lysosomes from fibroblasts, leukocytes or rat liver cells among
other tissues led to the demonstration of more than 20 lysosomahgport systems of
numerous low molecular weight metabolite$gblel) (Gahl et al. 1982Jonas et al. 1982;
Mancini, Havelaar, and Verheijen 2000; Pisoni and Thoene 1991)

Many functions of the lysosome require or involve the transport of ions and molecules across
the lysosomal membrane. These transport processes are carried out by pcnapsiels and
transporters. To date, some of the transporter proteins responsible for the lysosomal
transport systems have been identified. For instana@udtimeric proton pump, the vacuolar
H*-ATPase PATPase), contribute to the acidification of thedgemal lumen(Forgacl1999).
Theacidification of the lysosomal lumen involves the generation of a transmembrane voltage
that is compensated by channels that import the negatively charged ion chloride, like Clc
channel, and by chamels that release positively charged ions, like thé*Clag* and Zi3*
permeable channel TRPM{Dong et al. 2008pr the K channel TMEM178Cang et al. 2015)

The acidification of the lysosomal lumen allows the hydrolases to beeathes and produce
catabolic products that need to be exported to the cytosol. The acidic pH of the lysosome is
also important for the transport of some molecules across the lysosomal membrane, as many
transporters use the proton gradient to couple thetmmsport of a second molecule against

the gradient.



1. Introduction

A number of lysosomal transporter proteins responsible for amino acid transport have been
described. The lysosomal cystine transporter was identified as cystifiaatzis et al. 20011)
LYAATL was baracterized as a small neutral amino acid exporter that requires the lysosomal
pH gradient to be activ€Sagné et al. 2001PQLC2 was characterized as a cationic amino acid
transporter (B. Liu et al. 2013nd recently, SLC38A9 ha=eln identified as a transportef
essential amino acids, like leucine, phenylalanine or methionine, that activates mTORC1
(Wyant et al. 2017)

Sialin, a member of the MFS superfamily of transporters, acts as a transporter for sialic acid
and anionic sugaréVerheijen et al. 1999)GLUTS8 is an hexose transporter predominantly
expressed in brain and testis. It is found in endosomal and lysosomal membranes, but also in
membranes of the EESchmidt, Joost, and Schurmann 20099 lysosomal transporters ifo
N-acetylated hexoses have been identified. Some additional proteins have been suggested to
act as lysosomal transporters. LMBD1 and ABCD4 are predicted to transport cobalamin
(Coelho et al. 2012; Rutsch et al. 2Q0&0d there is good evidence that NPCansports
cholesterol.

The transporter proteins responsible for many of the lysosomal transport systems are still
unknown, and in the meanwhile, proteomics analysis have identified additional lysosomal
substrates that are not thought to be a lysosomal tatigc product, such as taurine, choline,

creatine and multiple species of carnitines, suggesting that a transporter is needed to import

such substrates across the membrane of lysosofA&s-Remaileh et al. 2017)

Transport systems Substrate Transport type Source
Amino acids

(c) cationic L-Lys, Arg Secondary active] Fibroblasts

(d) anionic L-Glu, Asp Passive Fibroblasts

(e) small neutral L-Ala,Ser, Thr Passive Fibroblasts

(f) small neutral L-Pro (major route), Ala | Passive Fibroblasts

(p) Small neutral L-Pro (minor route) Passive Fibroblasts

(h) Large neutral ::;,/r\’/allerﬂ’et”eu’ Trp, Ph Passive Rat thyroid cells
() Bulky bipolar L-Leu, Val Passive Fibroblasts

(t) Aromatic L-Trp, Phe Passive Fibroblasts
Cystine L-Cystine, selenocysteine | Passive? Leukocytes, rat liver
Cysteine L-Cysteine Secondary active] Fibroblasts
Cysteamine Cysteamine Secondary active] Fibroblasts
Taurine Taurine Secondary active] Rat liver
Dipeptides Gly-GIn Secondary active] Rat liver
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Sugars
Acidic sugars Nau5Ac, GIcA Secondary active Rat liver, fibroblasts
lymphoblasts
Neutral monohexoses D-Glucose Passive Rat liver, fibroblasts
N-Acetylated hexoses N-Acetylglucosamine, Passive Rat liver
N-Acetlgalactosamine

‘ Nucleosides Purines, pyrimidines Passive Fibroblasts
Inorganic ions
H+ pump/ATPase Protons Primary active Rat liver
Chloride channel Ct Channel Rat liver
Phosphate ion HPQ?* Passive Fibroblasts
Sulphate ion SQ? Secondary active? Rat liver
Calcium ion cat Passive Fibroblasts
Heavy metal ions Ad Primary active Rat liver
Vitamins
Folypolyglutamates Passive S180 cells
Cobalamin (B12) Cyanocobalamin Secondary active | Fibroblasts
Unknown mechanism
Cholesterol
Iron ion

Tablel. List of lysosomal transport system$helysosomatkransport systems on the list were identified using
isolated lysosomes from different tissues and cells. Uptake studies and methyl ester loading techniques
were used for the idetification of the transport system#dapted from Mancini etal., 2000

1.2 Transport proteins

The presence of impermeable membranes that act as barriers between the extracellular and
intracellular space and between the cytosol and the lumen of diffecganelles requires
transport proteins to allow the uptake of nutrients, extrusion of deleterious compounds and
in general the exchange of metabolites between the two sides of the membrane. Even the
transport of small molecules like water or glycerol, whasinslocation across the membrane
was thought to take place merely by free diffusion, can be regulated by transport proteins
(Agre 2008. The diversity of transport proteins and their high substrate specificity provide the
cell with a regulated barrier between the cytosol and the extracellular spacaganelles
lumen.

Transport proteins can be divided in channels and transporters. A channel is a protein that
mediates the diffusion of substrates, typically ions, down their electrochemical gradient. They
are characterized by a substrate binding sitattis accessible from the two sides of the

membrane(Pohorille et al.2005)



1. Introduction

In contrast, transporters can transport a substratgainst their electrochemical gradient.
They have two gates that can not be open simultaneously. Transporters can be divided into
primary active transporters, secondary active transporters or facilitators. Primary active
transporters use metabolic energy transport substrates across the membrane, while
secondary active transporters exploit the electrochemical potential generated during the
cotransport of an ion or solute in the same direction (symporter) or in the opposite direction
(antiporter) as the main substratgSadée, Dribbisch, and Amidon 199=cilitators are also

called uniporters, and are able to transport a substratdy down its electrochemical gradient.

1.2.1 Major Facilitator Superfamily of transporters

Three major classification systems have been proposed for transporters. The HUGO Gene
Nomenclature Committee (HGNC) classifies genes that code for human transporters excluding
channels, ABC transporters and ion pumps and uses the solute carrier systagatoze

them; the protein families database (Pfam) analyses sequences of all organisms and classifies
them according to domakstructure; the Transport Classification Database (TCDB) classifies
transporters from all species based on transport mechanisnylggenetic relations and
substrategYan 2015)

Facilitator Symporter Antiporter
(uniporter) (cotransporter) (exchanger)

Figure3. Schematic illustration of secondary active transporters and facilitators.

In 1993, bioinformatic analysis revealed that several families of secondary transporters with

different substrates had a common structural motif of 12 transmembrapanningd -helical

7
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segments. They were grouped in the Major Facilitator Superfamily (MFS) of transporters
(Marger and Saier 1993MFS transporters include facilitators, symporters and antiporters
(Figure3) and have a broad rangg substrates including monosaccharides, oligosaccharides,
amino acids, peptides, vitamins, nucleosides, nucleotides, organic and inorganic ions and

lipids.

In 2003 the first crystal structures of MFS transporters were reported, and to date more than
40crystal structures of different MFS transporters have been desc(ibchmson et al. 2003,

Yan 2015)The study of therystal structures of MFS protein members has shown that MFS
transporters share the same structural fold, containing a structural core with 12
transmembrane helices (th€IFS domain)Kigure4) . The structural core is organized in two
domains with six transmembrane domains (TMD), tHer@inal domain and the Nerminal
domain, which exhibit a certain degree of symmetry betweeentt{Pao, Paulsen, and Saier
1998; Quistgaard et al. 2016)Vithin each domain, the six TMD are organized into two
inverted repeats of three helices. The first helix of each three helix bundle (TMD1, TMD4,
TMD7 and TMD10) Iscalized in thecentre of the protein generating the transport pore and
enclosing the substrate binding si(®an 2015)In addition to the core MFS domain, some
members of the MFS superfamily have additional domains. For instance, all the members of

the drug:H antiporters 2 family have 14 TNIaw, Maloney, and Wang 2009)

Figure4. Schematic illustration of the MFS domain containing 12 transmembrane domains (TMD) in 2D (A)
and 3D(B).

An alternate access model was proposed already in 1966 as a possible mechanism by which
transport proteins transfer substrates across the membrddardetzky 1966)This model
suggest that the substrate transport requires the binding of the substrate to the centrally

located binding site followed by a conformation&lange of the transporter that enables the
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release of the substrate to the other side of the membrane. The structure determination of
the same MFS transporter in both inwarand outwardfacing conformations supports this

alternate access model transpd@uistgaard et al. 2016; Yan 2015)

1.3 Lysosomal storage diseases

The malfunction of lysosomal proteins can lead to lysosomal storage diseases (LIDgrevhic

a group of inherited diseases characterized by the deposition of low molecular weight
metabolites in lysosomes, and they are usually classified according to the accumulated
material. Despite each form of LSD is individually rare, they have altogathecidence of
approximately one in every 5000 births (Fuller et al. 2006). More than 50 LSD have been
described so far, and the clinical symptoms and age of onset can vary. These variabilities
depend on the functionality of the protein affected, on theaterial accumulated in lysosomes

and on the cell types affected by the lysosomal accumulgibatt, Boland, and van der Spoel
2012)

The substrate storage in multiple orgatead to several clinical manifestations in each LSD,
with some overlap among different disorders. The age of onset is variable and the diseases
progress and evolve over time. Most of the LSD present with neurological symptoms. Many
LSD patients suffer dm splenomegaly, like Gaucher disease and Niemann Pick disease
patients (Vom Dahl and Mengel 2010; Platt, Boland, and van der Spoel.28k@letal
abnormalities are commofeatures of patients suffering frorseveral LSD, such as Gaucher

or mucopolysaccharidosi®alm, 2®1; Platt et al., 2012)Patients suffering from some LSD
have a dysfunctional immune system, like Gaucher, Niemann Pick h@namnosidosis
patients(Castaneda et al. 2008\dditional organs may be affected in LSD patiéRezenti,
Andria, and Ballabio 2015)

While most of the LSDs are caused by defects in lysosomgimeszinvolved in the
degradation of different substrates, defects in LMPs and accessory proteins also can lead to
LSD.

1.3.1 LSD can be caused by loss of function of lysosomal membrane proteins

Mutations in genes coding for different types of lysosomal membrnargeins involved in
functions like transport of small molecules, ion flux across the membrane or autophagy are

responsible for the development of some cases of LSDs. A few cases of LSDs are caused by
9
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mutations in genes that code for lysosomal membranet@ns which function has not yet

been unravelled, like CLN3 or CL{Brandenstein et al. 2016; Kovacs and Pearce 2015)

1.3.1.1 Danon disease is caused by autophagy defects

Mutations of the gene encoding for LAME a highly glycosylated lysosomal type |
transmembrane protein, cause Danon disegdishino et al. 2000)Danon disease is
characterized by increased number and size of cytoplasmic vacuoles containing autophagic
material and glycogen in skeletal and cardiac muscle (Damaa. €1981). Th study of
LAMP2deficient mouse tissues and cells revealed that the lack of LAMBdSs to defects on
autophagosomes maturatiofifanaka et al. 2000Additionally, fibroblasts deficient for the
expression of LAMBR and LAMP2 accumulate cholesikrin endolysosomes. This
endolysosomal cholesterol accumulation can be rescued by the reintroduction of LAMP2,

suggesting a role of LAMP2 in the lysosomal expathofesterol(Eskelinen et al. 2004

1.3.1.2 Sanfilippo syndrome C is caused by defective degradation of hepsuiphate

Sanfilippo syndrome C is causedrhytations inHGSNATa gene that codes for Heparan
AlphaGlucosaminide Mcetyltransferase, and is characterized by lysosomal accumulation of
heparan sulphate due to itdefective lysosomal degradatianCly Si4 € ® wnncT
2006; Kesse Von Hgura and Kein 1978) HGSNATatalyseshe transmembrane acetylation

of heparan sulphate, acting simultaneously as -addtyltransferase and as a AcetylCoA

transporter(Bame and Rome 1985; Rome et al. 1983)

1.3.1.3 Niemann Pick Type C is caused by defective lysosomal cholesterol transport

In NiemannrPick type C disease the cholesterol export from late endosomes is impaired and
unesterified cholesterol and other lipids accumulate in lysosomes. The disease is caused by
mutations inthe NPClor NPC2yenes(Carstea et al. 1997and is clinically characterized by
neurodegeneration and hepatosplenomegaly. NPC1 is a glycosylated polytopic
transmembrane protein localized in late endosonfegygins et al. 1999; Neufeld et al.9B)
necessary for the cholesterol export. However, the direct cholesterol transport by NPC1 has

not yet been shown.
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1.3.1.4 LSDs caused by impaired lysosomal export of small molecules

The first LSD caused by impaired lysosomal metabolite export identifiedyst@sosis, which

is characterized by lysosomal cystine accumulati@ahl et al. 1982; Jonas et al. 1982)
Patients suffering from cystinosis have renal failure and photophobia due to crystals in the
cornea, but additionally, the widespread accumulation of itysin diverse organs leads to
diverse clinical manifestations, such as mental deterioration, muscle wasting or pulmonary
dysfunction(lvanova et al. 2014Mutations iInCTNSyene were shown toause cystinosis
(Townet al. 1998) CTNS)ene codes for cystinosin, a seven transmembrane domain protein
localized in late endosomes and lysosomes responsible for the export of cystine from
lysosomes (Kalatzis et al. 2001)The study of cystinosideficient mice revealed an
accumulatian of cystine in all organs, ranging from tenfold cystine accumulation in spleen to
350+fold cystine accumulation in liver of cystinoslaficient mice compared to wiltype mice
(Cherqui et al. 2002)

Impaired export of free sialic acid from the lysosome is the cause of Salla disease and Infantile
sialic storage disorder (ISSD). Both are neurodegenerative diseases with different degrees of
severity. Salla diseases the mildest phenotype and is accompesh by psychomotor
retardation and slow developmental progress. ISSD, the more severe phenotype, is
characterized by severe developmental delay, hepatosplenomegaly and skeletal changes
among other characteristiqgg\dams and Gahl 1993; Froissart et al. 2006gy are caused by
mutations inSLC17Agene, which codes for sialin, a lysosomal membrane protein member of
the Major Facilitator uperfamily of transporters (MFS) responsible for the export of sialic acid
out of the lysosomégMorin, Sagné, and Gasnier 2004; Verheijen et al. 1999)

Cobalamin ype disease (CblF) and cobalamtgpk disease (CblJ) are LSDs characterized by
the accumulation of cobalamin (symgmously known as vitaminB in lysosomegRosenblatt

et al. 1985) Common clinical signs of the patients are malnutrition and developmental delay,
and they are identified bglevated homocysteine and methylmalonic acid concentrations in
blood or urine samples Mutations in LMBRD1gene, that codes for the lysosomal
transmembrane protein LMBD1, cause CblIF and mutatioA8@D4yene, that codes for the
lysosomal transmembranergtein member of the ATRBinding Cassette superfamily of
transporters (ABC), ABCD4, cause (bd&lho et al. 2012; Rutsch et al. 2Q0Bgspite no
transport assay has shown the direct transport of cobalamin across the lysosomal membrane,

reintroduction of LMBRD1or ABCD4in fibroblasts of CbIF patients or CblJ patients,
11
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respectively, rescues the cytosolic cobalamin cofactor synthesis taypidevels, suggesting

the implication of both proteins in lysosomal cobalamin rele@3eelho et al. 2012; Rutsch et

al. 2009) Since ABCD4 belongs to the well characterized ABC transporters superfamily, it is
likely that ABCD4 is the responsible for the direct export of vitaminfrBm lysosomes.
Additionally, LMBD1 and ABCD4 interact physically with each other andysbeomal
localization of ABCD4 depends on LMBEditelschoss et al. 2017; Kawaguchi et al. 2016)

1.3.1.5 LSDs caused by defective ion flux across the lysosomal membrane

Mutations inthe CLCNand OSTM1genes cause osteopetrosis, a disease characterized by
increased bone mineral density due to a decreased activity of the bone degrading cells, the
osteoclasts. Some patients with severe forms of osteopetrosis also suffer from retinal atrophy
and neurodegearation due to lysosomal storag@rattini et al.2003 Kasper et al. 2005;
Kornak et al. 2001; Pangrazio et al. 20@)CN¢odes for chloride channel protein 7 (€lg

a CVH* exdhanger localized in late endosomes. Despitediinvolved in the acidification of
lysosomes in some cell types, it is not essential for lysosomal acidificitiativg other
membrane transporters/channels contribute to the generation of the voltdgensnecessary

for the H pumping carried out by the VATPagg&raves et al. 2008; Kornak et al. 2001; Lange
et al. 2006; Steinberg et al. 201@Ic7 is also present in the specialized cell membrane of
osteoclasts,the ruffled border, where it plays a critical role in the acidification of the
resorption lacuna, the space formed between the ruffled border and the bone where bone
degradation takes places. Loss of function ofCic humans and mice cause impaired bon
degradation that leads to osteopetrosiKornak et al. 2001Y0STMIcodes for a lysosomal
type | transmembrane protein, also named Ostml that is localized in lysosomes and in the
ruffled border of osteoclasts. Ostmd the accessory subunit of Gl@and is necessary for the
transport activity of Cld. Additionally, the stability of Gl¢ depends on Ostm1 and Ostm1
requires ceexpression of CI¢ to be directed to lysosomes. Mutations @STMI1cause a
severe form of ogopetrosis with neuronal involvement, and mice deficient for Ostm1 have
a phenotype strikingly similar to the phenotype of -Cldeficient mice, strengthening the
relationship between the two proteins vivo(Lange et al. 2006; Pangrazio et al. 2006)
Mucolipidosis type 1V is a LSD caused by mutatioMd®LNZDene that affects the nervous
system with mental retardation, ophthalmologic abnormabttignd lipid storage in lysosomes
(Bassi et al. 2000; Berman et al. 1974; Sun et al. 2DBDPLNTodes for TRPML1, a channel
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localized in Itie endosomedysosomes that has been shown to be permeable t6, Ma C&*
and Fé*(Bach 2005; Cantiello et al. 2005; Laplante et al. 20dR)e deficient foMCOLN1
closely replicate the phenotype observed in patients suffering from mucolipidosis type IV

(Venugopal et al. 2007)

1.3.1.6 LSDs caused by mutations in lysosomal membrgeaes with unknown function

Batten disease is the most common juvenile form of neuronal ceroid lipofuscinosis (NCL),
clinically characterized by vision loss, childhood progressive neurodegeneration and
eventually death in the second or third decade of.ldecommon characteristic of NCL is the
accumulation of autofluorescent lipofuscin in neurofGotman and Staropoli 2012The
disease is caused by mutations in t8&N3gene, that codedor a transmembrane protein
localized in endosomes and lysosomes. CLN3 Hdasain structure consistent with members

of the mapr facilitator superfamily (MFS) of transporters, suggesting that it might have a
transport function. Mice deficient for CLN3Vea phenotype that resembles the phenotype
observed in NCL human patierfigitchison et al. 2000)CLN3 has been suggested to transport
arginine and to regulate posgolgi transport, but its precise molecular function remains still
unknown(Cotman and Staropoli 2012; Munroe et al. 1997; Ranientealegre and Pearce
2005)

Mutations in the CLN7gene cause a late infantile variant of NCL characterized by the
accumulation of autofluorescent storage material in neurdrteeCLN©ene encodes MFSDS,

a transmembrane protein member of MFS superfamily of transporters that is mainly localized
in lysosones (Aiello et al. 2009; Kousi et al. 2009; Siintola et al. 2007; Stogmann et al. 2009)
Mice deficient for MFSD8 expressioaive a phenotype thatesembles the phenotype of CLN7
patients with lysosanal dysfunction suggesting lysosome/autophagy defects in brain with
neurodegeneration at a late stagBrandenstein et al. 2016; Damme et al. 20I#@spite the
efforts made in the study of MFSEI@ficient mice, the substrate/s transported by MFSD8 and
its function remain unknown.

Altogether ten different LSDs are known to be caused by mutations in dbatsode for
lysosomal transmembrane proteins. Eight of those LSD are caused by mutations in genes that
code for a transport protein or a protein predicted to be a transporter, highlighting the

importance of lysosomal transport proteins in lysosome hostasis.
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Human disease Causative Protein name Protein size, # of
gene transmembrane domains (WD)
Cystinosis CTNS Cystinosin 367 aa, 7 D
Salla disease SLC17A5 Sialin 495 aa, 12 MD
ISSD
Cobalamin Fype LMBRD1 LMBRD1 540aa, 9 MD
Cobalamin J type ABCD4 ABCD4 606 aa, 6 MD
Neuronal ceroid . MFSD8 MFSDS8 (CLN7) | 518 aa, 12 MD
lipofuscinosis, late variant
Neuronal ceroid BATTENIN
lipofuscinosis, juvenile form CLN3 (CLN3) 438 aa, 6 MD
Malignant infantile CLCN7 CLEe7 805 aa;18 ™MD
osteopetrosis OSMT1 OSTM1 338 aa; 1 MID
Mucolipidosis IV MCOLN1 TRPML1 580 aa, 6 D
Mucopolysaccharidosis typ HGSNAT
e HGSNAT (TMEM?76) 663 aa, 11 MD
NiemannPick type C NPC1 NPC1 1278 aa, 11 WD
Danon disease LAMP2 LAMP2 410 aa, ITIMD

Table2. List of lysosomal storage diseases with causative genes coding for lysosomal transmembrane proteins
(Adapted from(Ruivo et al. 2009)

1.4 MFS transporters and lysosomes

MFS transporters are found in a variety of cell organelles, like in the plasma membrane,
endoplasmic reticulum, Golgpparatus, lysosomes or other vesicles. The general knowledge
about the structure and transport mechanism of MFS superfamily members has rapidly
increased and the substrate/s transported by some members of MFS superfamily are well
characterizedYan 2015)To name some examples of MFS transporters with known substrates
in different compartments: GLUT5 and FLVCR1, which are fructose and heme transporters,
respectively, are localized in thglasma membrangBurant 1992;Quigley et al. 2004)
MFSD2A and MFSD2B, which transport essential or@dgtty acid docosahexaenoic acid and
sphingosinel-phosphate, respectively, are also localized at the plasmanbrane(Nguyen

et al. 2014a; Vu et al. 20L7GLUT1, a glucose transporter and SLC33Al, an -&mwsdyl
transporter are found in the endoplasmic reticulum (ERyabayashi, Nomura, and Nomura
2013; Takanaga and Frommer 2018) CA13 is amyo-inositol transporterlocalized in the
Golgi apparatugDi Daniel et al. 20095LC18A3 and SLC17A7 are responsible of transporting
acetylcholine and glutamata synaptic vesicles, respectivelyhile sialin exports the sialic
acid produced after degradation process in the lysosgiibara et al. 2000; Erickson et al.

1994; Verheijen et al. 1999)
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Although the substrate for a number of MFS transporters has been identified, such as glucose

for GLUT1, GLUT2 and GLUTS, sialic acid for SIALIN or docosahexaenoic acid for MFSD2A, the
majority of MFS members are still orphan transporters, like HIATL, 6| IESD8, MFSD9 or
MFSD14A (www.tcdb.orgiNguyen et al. 2014a; Pao, Paulsen, and Saier 1998; Verheijen et al.
1999) The process of deorphanization, or unravelling of the substrates transported, of MFS

transporters is a major challenge for the understanding of this superfamily.

Awide range of potential substrates of MFS transporters are found in the lysosome that need
to be exported to the cytosol in order to be reused. The identification of substrates in the
lysosomal lumen that are not thought to be a product of the degradagioocess, such as

taurine, choline or creatine, suggest that lysosomal transporters are involved in the import of

those substrates from the cytosol to the lysosome luni@bu-Remaileh et al. 2017)

46 novel potentially lysosomal transporters weremtified in a semguantitative praeomic
analysis of rat liver lysosomenriched and lysosomeonenriched membrane@Chapel et al.
2013) Three of the idetified potential lysosomal transporters are members of the MFS
superfamily, slc46a3, sclo2bl and MFSD1.

1.4.1 Major Facilitator Superfamily Domain containing 1 (MFSD1)

To date, vey little is known about MFSD1. TMFSDIgeneis evolutionary conserved. It has
homologues to the human gene Mus musculusGallus gallusDanio rericand two different
orthologues inDrosophila melanogastemMo orthologues are present iaenorhabditis
elegans An initialquantitative reaitime PCRanalysis in different tissues showed that MFSD1
is expressed ubiquitously at the transcript le{(®@teedharan et al. 2011Phylogenetic studies
related MFSD1 to the facilitative nucleoside transporter family SLC29 and to other
transporters like SLC2A8, SLC16A10Sb€19AZPerland, Bagchi, et al. 2017; Perland,
Hellsten, et al. 2017)

Human MFSD1gene was idntified as a target of the CLEARodrdinated Lysosomal
ExpressionAnd Regulation) network in a combinen of genomic approaches in Hetells,
including ChiBeq analysis, profiling of TFERRdiated transcriptional induction, genome
wide mapping of TFERrget sites and recursive expression mataalysis of TFEB targets

(Palmieri et al., 2011} ater on, MFSD1 protein was identified in a proteomic screen using rat
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liver enriched lysosomes. Additionally, MFSD1 localized in lysosomes of HelLa cells after
transfection of a plasmid coding for MFSD1 tagged to (GRBpel et al. 2013)

A study about MFSD1 expression and laatibn at endogenous level was permed by
others using a commercial antibody. The detection of a protein at a similar molecular weight
to the predicted molecular weight of MFSD1 by Western blotting was interpreted as a sign of
specificity of the antibody usg@erland, Hellsten, et al. 201 Buch study claimed that MFSD1
expression is affected by altered nutrient intake.

Initial experimentgperformedin our lab revealed that MFSD1 is localized. AMP2 positive
vesicles in Hel cells after overexpression of a plasmid coding for mouse MFS@d fa an

HA tag Additionally, treatment of Hel cells transfected with a plasmid coding for mouse
MFSD1 fused to an HA tag at thete@minus with PNGase and EndoH glycosidases

demonstrated that MFSD1 is, uncommon for a lysosomal membrane protein, not N

glycosylated Figureb).
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1.5 Aim of the study

Lysosomes are membrasmnclosed organelles responsible for the degradation of
macromolecules in eukaryotic cells. The degradation products are expbstdgisosomal
membrane transporters and recycled in the cytosol. Despite a few transporters have been
identified, many of the proteins responsible for the exportygfosomabtegradation products

are still unknown. The described higher concentrasiohsane metabolites in lysosomes than

in the cytosol suggest the involvement of lysosomal transporters in the import of such
metabolites. An aim of this study was to increase the knowledge about the undescribed
lysosomal membrane transportersviajor Facilitator Superfamily Domain containing 1
(MFSD1yvas recently identified as a putative lysosomal transporter. Since very little is known
about MFSD1, this thesis aimed to perform a profound biochemical characterization of MFSD1
by analysing its topologyits subcellular localization, the transport tils subcellular

localization the tissue protein expressicend finally decipher its functiom viva

The main aim of this dissertation was to generate a MF&itient mouse model and use it

as a tool b investigate the physiological role of MFSD1 in mouse tissues and to unravel the
potential substrate(s) transported by it. In order to understand how the lack of MFSD1 affects
the physiology of the mouse, a thorough investigation of the phenotype devdlbpeFSD1
knockout mice in different tissues was performed. Additionally, this thesis aimed to identify
potential changes in the lysosomal proteome of MF@Bficient mice. Proteomics analysis of
lysosomal enriched fraction of MFSDéficient liver shoulcelucidate whether the level of

lysosomal proteins is changed in the absence of MFSD1.

17



1. Introduction

18



2. Materialand methods

2 Material and methods

2.1 Material

2.1.1 Biochemicals

lff OKSYAOFf& 6SNB LMHzZNDODKIF aSR ¢ A (K §MdBch, LIdzNR § &

Carl Roth, AppliChem or Merck, unless stated otherwise.

2.1.2 Mouse strains

Mouse strain  Mouse strain (full name) Source Reference
MESDL KO i Generated during the i
course of this study
Prof. Dr Winnie Eskil
GLMP KO - (University of Oslp (Kong et al. 2014)
. Dr. Bernd Schrode .
Flipase - (University oDresder (Rodriguez et al. 2000)
Dr. Bernd Schrodel (Schwenk, Baron, an
Cre B6.CTg(CMere)1Cgn/J (University ofDresden | Rajewsky 1995)
Tie2 cre B6.Cgrg(Tekecre)12FIv/J (Dljﬁi\z::itfg?zl:ﬁ”as (Koni et al. 2001)
B6.129X1 Dr. Dirk SchmidArras -
ROSaEYFP | 1 (ROSA)26Sortm1(EYFP)C (University of Kiely | (ormivas etal. 2001)

Table3. List d transgenic mouse strains.

2.1.3 Celllines

Cell line Description Reference

MEF MFSD1wt Mouse embryonic fibroblasts, Generated in the course of this theg
SV40 Large T antigémmortalised

MEF MFSDM¥tma | Mouse embryonic fibroblasts, Generated in the course of this thes
SV40 Large dntigenimmortalised

MEF GLMP"t Mouse embryonic fibroblasts Winnie EskildWniversityof Oslo)

MEF GLMPS! Mouse embryonic fibroblasts Winnie EskildWniversityof Oslo)

Hela Cervical carcinoma cells (Henrittacks) DMSZstablished cell line

293T Human embryonic kidney cells, adenovirf ATTCStablished line
immortalised

Table4. List of cell lines.

2.1.4 Bacteria

The amplification of plasmids was performed usiBgcherichia ColKL1blue (Agilent
Technologies)

GenotyperecAl endAl gyrA96 thi hsdR17 supE44 relAl [&GproAB lacqaM15 Tnl0 (Tet)]
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2.1.5 Cell culture media and additives

Material Reference

Bafilomycin Al

Calbiochem

Dulbecco’s modified eagle medium (DMEM) supplemented wiutamine

Life-Technologies

E64D Enzo Life Sciences
Fetal bovine serum (FBS) Biochrom
Leupeptin Enzo Life Sciences

PenicillinStreptomycin

Life-Technologies

Polyethylenimin Max MW 40,00®El)

Polysciences

Trypsin/EDTA

Sigma Aldrich

Tableb. List of cell culture media and additives.

2.1.6 Antibodies

2.1.6.1 First antibodies

Antigen Clonality Relevant dilution Reference
?g;)r;;alloidin - - 1:300 (IF) LifeTechnologies #T7471
aSMA Polyclonal Rabbit 1:100 (IF) GeneTex #GTX100034
CD3e Monoclonal Armenian 1:500 (IF) Biolegend #142C11

Hamster
CD31 Monoclonal Rat 1:100 (IF) BD Biosciences #MED 13.3
CD41 Monoclonal Rat 1:1000 (IF) Biolegend #MWReg30
CD45R Monoclonal Rat 1:500 (IF) Immunotools RA®HB2
CDA45RFITC Monoclonal Rat 1:500 (FC) eBioscience RAGB2
CD63 Polyclonal Rabbit 1:250 (IF) Eurogentec
CD68 Monoclonal Rat 1:500 (IF) Biolegend #FA1
F4/80 Monoclonal Rat 1:500 (IF) Austyn and Gordon 1981
GAPDH Polyclonal Rabbit 1:1000 (WB) ggg;aS Quz Biotechnology #s£
GLMP Polyclonal Rabbit 1:500 (WB) Pineda
GM130 Monoclonal Mouse 1:500 (IF) BD Biosciences #35/GM130
HA Monoclonal Rat 111(;(())(()) ((\III\:/;B) Roche 8F10
HAPE Monoclonal Mouse 1:400 (FC) Biolegend #16B12
KDEL Monoclonal Mouse 1:500 (IF) Enzo Life Sciences #10C3
Ki67 Monoclonal Rat 1:500 (IF) Ebioscience #SolA15

1:1000 (WB)

LAMP1 Monoclonal Rat 1:500 (IF) DSHB #D4B
hLAMP?2 Monoclonal Mouse 1:500 (IF) DSHB H4B4
LBPA Monoclonal Mouse 1:50 (IF) Gift Jean Gruenberg #6C4
Limp2 Polyclonal Rabbit 1:1000 (WB) Pineda #.2T2
MFSD1 Polyclonal Rabbit 1:10000 (WB) Pineda#T2
MFSD1 Polyclonal Rabbit 1:2500 (IF) Pineda#T3
MPO Polyclonal Rabbit 1:400 (IF) Millipore #07496-
Na7K* Monoclonal Mouse 1:1000 (WB) Millipore #C464.6
ATPase
Tubulin Monoclonal Mouse 1:1000 (WB) DSHB #E7
VWF Polyclonal Rabbit 1:300 (IF) DAKO #A0082

Table6. List of primary antibodiesDilution factors are presented fdlow cytometry (FC), immunofluorescence

(IF) or Western blotting (WB).

20




2. Materialand methods

2.1.6.2 Secondary antibodies

Antibody . Coupled to Host  Dilution | Reference
Anti-mouse HRP Goat 1:10000 | Dianova 11535166
Anti-rabbit HRP Goat 1:10000 | Dianova 111035144
Anti-rat HRP Goat 1:10000 | Dianova 11035143
Anti-Armenian Hamster Alexa Fluor 594 Goat 1:500 Cell Signalling Technolog
Anti-mouse Alexa Fluor88 Goat 1:500 Cell Signalling Technolog
Anti-mouse Alexa Fluor 594 Goat 1:500 Cell Signalling Technolog
Anti-mouse Alexa Fluo647 Goat 1:500 Cell Signalling Technolog
Anti-rabbit Alexa Fluor88 Goat 1:500 Cell Signalling Technolog
Anti-rabbit Alexa Fluor 594 Goat 1:500 Cell Signalling Technolog
Anti-rabbit Alexa Fluo647 Goat 1:500 Cell Signalling Technolog
Anti-rat Alexa Fluor88 Goat 1:500 Cell Signalling Technolog
Anti-rat Alexa Fluor 594 Goat 1:500 Cell Signalling Technolog
Anti-rat Alexa Fluo647 Goat 1:500 Cell Signalling Technolog

Table7. List of secondary antibodies.
2.1.7 Plasmids
Plasmid Resistance Reference
pcDNA3.1/H Ampicillin/hygromycin (Huang, Morielli, and Peralta 1993
pEGFMN1 Kanamycin/neomycin (T.T. Yang et al. 1998)

Table8. List of plasmids.

Construct ‘ Encoded protein Tag ‘ Source
GLMPpcDNA3.1/H GLMP - Selfproduced
GLMPHA-pcDNA3.1/H GLMP HA Selfproduced
GLMP Y400AApcDNA3.1/H GLMP Y400A HA Selfproduced
GGEHApcDNAS.1/H Chimera GLMRAMP1 HA Lea Kéhlau
GLGHApcDNA3.1/H ChimeraGLMRLAMP1 HA Lea Kahlau
GLEHApcDNA3.1/H Chimera GLMRAMP1 HA Lea Kahlau
LGGHApcDNA3.1/H Chimera GLMiRPAMP1 HA Lea Kahlau
LGEHApcDNA3.1/H Chimera GLMRAMP1 HA Lea Kahlau
LLGHApcDNA3.1/H Chimera GLMRAMP1 HA Lea Kéhlau
LAMP1pcDNA3.1/H LAMP1 - Selfproduced
LAMP1HApcDNAS.1/H LAMP1 HA Lea Kahlau
MFSDIpcDNA3.1/H MFSD1 - Selfproduced
MFSDIpEGFMN1 MFSD1 GFP Arne Linhorst
MFSDIHApcDNA3.1/H MFSD1 HA Arne Linhorst
HAMFSDIpcDNA3.1/H MFSD1 HA Arne Linhorst
MFSDITDEHATD2pcDNA3.1/H MFSD1 HA Selfproduced
MFSD1 LL/APEGFMN1 MFSD1 LL11,12AA GFP Arne Linhorst
MFSD1 LL/AADTHATD2pcDNA3.1/H MFSD1 LL11,12AA HA Selfproduced

Table9. List of expression constructs.

2.1.8 Oligonucleotides

Oligonucleotide name Sequence A 3

Cre Fw ATGCGCTGGGCTCTATGGCTTCTG
Cre Rv TGCACACCTCCCTCTGCATGCACG
CSBMFSDiF TATGGACTCTGCCCACAGTGTTACG
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CSBMFSDIR AATGGCCAAAGACAGGCAGAAATGG
CSEMFSD1ttR ACTCAGCCCTTTTCTGTCTCCTACG
CSbneoF GGGATCTCATGCTGGAGTTCTTCG
Flp Fw GICACTGCAGTTTAAATACAAGACG
Flp Rv GITGCGCTAAAGAAGTATATGTGCC
Rosa2€EYFP Fw GGAGCGGGAGAAATGGAT
Rosa2€EYFP Fw insert AAGACCGCGAAGAGTIO G

Rosa2eEYFP Rv

AAAGTCGCTCTGAGTTGTTAT

Tablel0. List ofoligonucleotides for genotyping.

Gene Sequence A 3 UPL#
cpal NM_001032378.2——==n getggtgetetatgcaage 64
— Right atggatgctgttgatggtga
Fs NM 001161373. L.eft agatacacttaccctgttcccatt 5
— Right accccaagacccatagacct
Left agtgaacgaacggaactcca
GLMP NM_020003.1 Right tggagaagagccccataaca 11
Left tcgaagggatacttgctgct
MFSD1 NM_025813.3 Right gcacggttcaccaagtacag 76
Left aactttgagaaggatggcaagt
MMP?2 NM_008610.3 Right tgccacccatggtaaacaa 29
Left acgacatagacggcatcca
MMP9 NM_013599.4 Right gotgtagticagtigtogtg 19
TIMP1 NM 001044384, L_eft gcaaagagctttctcaaagacc 76
— Right agggatagataaacagggaaacag
VWE NM 011708.4 L.eft gagaatgcagacccaccttt 98
- Right ggggacactcttttgcactc
CXCL NM 008176.3 L.eft gactccagccacactccaac 83
— Right tgacagcgcagctcattg
Left catccacgtgttggctca
CCL2 (MCP1) | NM_011333.3 Right gatcalctigetggigaatgagt 62
Left gggtagctctctgcctgatg
CD34 NM_001111059.1 Right tccgiggtageagaagicaa 84

Tablell. List of oligonucleotides antydrolysis probes (UPL, Roche) used f&tTePCR.

Analysis of GAPDH was performed with -gesigned probe and primer set from Abcam

(#4352932E)

Name Sequence A 3

GLMP Hindlll Fw

gtataagctatgtttcgctgttggggacct

GLMP Xbal-BA Rv

gatctctagattaagcgtagtctgggacgtcgtatgggtagtttatggactggtacta

GLMP Xhol Rv

gatcctcgagtcagtttatggactggtact

GLMP Y400A Xhol Rv

gatcctcgagtcagtttatggactgggcect

LAMP1 Hindll Fw

gatcaagctatggcggeccccggegeccgg

LAMP1 Xbal Rv

gatdctagactagatggtctgatagccggc

MFESD1 Hindlll Fw

gtataagcthtggaggacgaggatggggaa

MFSD1 Xhol Rv

aagactcgagactctggatgagagagct

MFESD1 LL/AA Hindlll Fw

aagaaagctitggaggacgaggatggggaagatcgggcggeggcetggg

MFSD1 (TDHATD2) Rv

agcgtagtctgggacgtcgtatgggtagtcccgtttcacctgagtct

MFSDYTDIHATD2) Fw

tacccatacgacgtcccagactacgctatgcaagtgaacaccacgaa

Tablel12. List of oligonucleotides used for cloning.
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2.1.9 Enzymes

DreamTaq DNA Polymerase

Phusion Highridelity DNA Polymerase
Hindlll restriction enzyme

Xbal restriction enzyme

Xhol restriction enzyme

T4 DNA Ligase

Proteinase K

Fish@éh8ciemtific
Thermo Fisher Scientific
Theciemfisher
Thernmbifiisher Scie
mo FishEne3cientific
er Sbiemtiobd=ish

Roche

2.1.10 Substrate for -hexosaminidase activity measurement

p-nitrophenyl Nacetyhb -D-glucosaminide

2.1.11 Radioactive amino ads

SigmaAldrich

Amino acid Reference

L-Glutamine, [2,3,4H]

0149A, AmericaiRadiolabelledChemicals

L-Glycine, [2H]

MT 885, Hartmann Analytic

L-[*S] Methionine/cysteine mix (Methionine 70 %, Cyste
20%)

SCIL03, Hartmann Analytic

L-Proling [2,3,45-3H]

0475,AmericanRadiolabelledChemicals

L-Threonine, [3H]

0330, AmericarRadiolabelledChemicals

L-Valine, H]

MT 1654, Hartmann Analytic

L-Amino Acid Mixture3H] (Alanine 8 %, Arginine 7 %, Aspal
Acid 8 %, Glutamic Acid 12.5 %, Glycine 4i&ijdine 1.5 %
Isoleucine 5 %, Leucine 14 %, Lysine 6 %, Phenylalaning

Proline 5 %, Serine 4 %, Threonine 5 %, Tyrosine 4 %, Valin

0328, AmericarRadiolabelledChemicals

Tablel3. List of radioactive amino acids used.

2.1.12 Protein and DNA standards

PageRuler Plus Prestained Protein Ladder
GeneRuler 100bp Plus DNA Ladder

2.1.13 Readymade reagents collections and kits

PureYield Plasmid Midiprep System
GeneJet Plasmid Miniprep kit

NucleoSpin RNA Plus kit

RevertAid First Strand cDNA Synthesis Kit
Pierce BCA Protein Assay kit
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ECL Ultra (TM&)

RatLap8(CTX) EIA immunoassay

Lumigen

IDS

2.1.14 Frequently used buffers andcueous solutions

LB medium:

LB agar:

Phosphate buffer (0.1 M):

Phosphatebuffered saline (PBS) (10x

Mounting medium:

2.1.15 Devices

2720 thermal cycler

Branson Sonifier 450

Centrifuge 5415R

Centrifuge 5424

FACSCanto Il

FlexCycler

FV1000 confocal laser

Gel Jet Imager
Glashomogenser (type 853202)

1 % (w/v) Trypton/Pepton
0.5 % (w/v) Yeast extract
1 % (w/v) NaCl
pH 7.0

1.5 % (w/v) Agaragar
in LB medium

77.4 mM NaHPQ
22.6 mM NakPQ

100mM NaHPQ
18 MM KHPQ
1.37 M NaCl
27 mM KCl

pH 6.8

1x PBSpH7.4
17 % (w/v) Mowiol 4-88
33 % (v/v) Glycerol
20 mg/ml 1,4-diazabicycle2,2,2
octane (DABCO)

AppliedBiosystems

Emerson Industrial Automatio
Eppendorf

Eppendorf

BD Bioscience

Analytik Jene

Olympus Life Science Solutio
Intas

B.Braun
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Heracell 150 COncubator Thermo Fisher Scientifi
ImageQuant LAS 4000 GE Healthcare
Light Cycler 480 Instrument Il Roche
Optima LEBOK Ultracentrifuge Beckmann Coulte
Optima TLX Ultracentrifuge BeckmanrCoulter
Precellys homogeniser Bertin Instruments
Skyscan 1172 model mieor Bruker micreCT, Konticl
SM 2000 R sliding microtome Leica Microsystem:
Synergy HT microplate reader Biotek
Thermomixer 5436 Eppendorf
TriCarb 2910 TR liquid scintillation counte PerkinElmer

2.1.16 Statistic

Unless stated otherwise, the statistic calculations were performed using GraphPad Prism.
Twoid I A f SR dzy LI AekBwas dpfliddRaBd/ heQsignifitance was stated from

p <0.05. he error bars are exposed as standard error of the mean (SEM).

2.2 Methods

2.2.1 Molecular biological methods

2.2.1.1PCR

The polymerase chain reaction (PCR) is a cyclic method that allows the amplification of DNA
fragments in vitro. A DNApolymerase, dNTPs a DNA templatsd two specific
oligonucleotides (primers) spanning the DNA sequence to be amplified are necessary. Every
cycle of the PCR reaction has a denaturing phase, an annealing phase and an elongation phase.
During the denaturing phase, at high temperature (Q@he double strand DNA template is
separated into single strand DNA. Next, the primers and its complementary single strand DNA
hybridize in the annealing phase at a temperature usuaty°® below the melting point of

both primers. Finally, during thelangation phase the DNpolymerase synthesises the
O2YLX SYSYy Ul NE 5b! & ANIQY R GA Yy KIS RANB Ol X 2 yi Spra
performance, 72°C. The mentioned cycle is repeated usually between 30 and 45 times. For
cloning purposes, Phusion High FigeDNA polymerase with proofreading activity (Thermo
Fisher Scientific) was used. For genotyping purposes, DreamTaq DNA polymerase (Thermo

Fisher Scientific) was used.
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2.2.1.2 PCRdriven overlap extension

PCHRdriven overlap extension is a three step PCR methadl ithused to introduce insertions

or deletions into a protein, or for mutagenesis. Initial PCRs generate overlapping gene
segments that are used as a DNA template for another PCR to create the desired chimeric
sequence. In two single PCR reactions, theerel forward primer is incubated with the
internal reverse primer including the insertion, amtteversathe internal forward primer
including the insertion is incubated with the external reverse primer. Two overlapping PCR
products are generated anddnbated in the same PCR reaction with the external forward and
reverse primers (fusion PCR). The PCR product is a DNA fragment including the desired
insertion. In this thesis this technique was used to introduce a sequence coding for HA tag
between the TDAnd TD2 of MFSD1. A scheme of the-B@RN overlap extension technique

is shown inFigure6.

PCR #1

|
l

= Sequence including restriction sites

\ /PCR ° Sequence coding for HA
a

Chimeric gene AD

Figure6. Scheme of PC&iven overlap exension strategy.

2.2.1.3 Cloning experiments: Restriction enzyme digestion and DNA ligation

Several cDNA constructs were used for overexpression studies. Insertions on the cDNA were
introduced by PCRriven overlap extension (S@e2.1.9. For cloning of a specific PCR product
into a plasmid, the insert and the vector (&) were digested with the corresponding
restriction enzyme (Thermo Fisher Scientific). Restriction enzymes cut specific palindromic
DNAsequences, and their activity varies depending on the buffer used for the reaction. The
amount of enzyme and the buffeused for each reaction was chosen according to the
suggestions of the "DoubleDigest Calculator” on the Thermo Fisher Scientific webpage
(https:/Iwww.thermofisher.com/de/de/home/brands/thermascientific/molecular

biology/thermo-scientificrestriction-modifyingenzymes/restrictio-enzymesthermo-
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scientific/doubledigestcalculatorthermo-scientific.htm). The digestion products were
separated in an agarose gel, purified (2e21.9 and the concentration of the samples was
determined (Se&.2.1.5. For ligation of the insert and the vector, 40 ng of digested vector
were incubated with x ng of the dégted DNA insert, being x=3*(plasmid bp/insert bp)*40, 1
pl of T4ligase 1 pl of 10x T4 DNA ligase buffer, filled up to 10 ul with distilled water and

incubated at 16°C for 16 hours followed by deactivation of the ligase 10 minutes at 60°C.

2.2.1.4 Amplification and purification of expression vectors iescherichia Coli

For amplification of expression plasmids or for retransformation of established expression
vectors, 0.5.g of plasmid DNA were added into chemicalynpetentE.Coliand incubated

for 15 minutes a#°C. The bacteria were incubated for 1 minute at 42°C in a thermoblock and
cooled down 5 minutes on icéfterwards 200 pl of LB medium were added to the cell
suspension and further incubated for 30 minutes at 37°C shaking. The cell suspension was
plated an LB agar plates containing selection antibiotic (50 pg/ml ampicilliBOopg/ml
kanamycin) and the plates were inverted and incubated at 37°C overnight. The next day single
colonies were picked and grown inn3l or 200ml LB medium with antibiotics (50g{m|
ampicillin or30 pg/mlkanamycin) at 37°C overnight in a shaking incubator.

The DNA was isolated and purified using the GeneJet Plasmid miniprep kit Burd€ield
Plasmid Midiprep System for small and large volumes, respectively. The plasmidnsokd

performed according to the manufacturers protocols.

2.2.1.5 Determination of nucleic acid concentration

The DNA and RNA concentration was measured using a Synergy HT microplate reader (Biotek).
The maximum peak of absorption of both DNA and RNA, 260 nenmeasured. An optical
density (OD) of 1 at 260nm corresponds to a concentration ofigénl and 40 pg/ml for
doubled stranded DNA and RNA, respectively. Additionally, the maximum absorption peak of
proteins at 280nm was measured in order to test for pmteontamination of the samples.

The ratio Aso/A2s0 should be between 1.8 and 2.

2.2.1.6 Total RNA extraction

Total RNA was isolated using Nucleospin RNA plus kit (MaeNagsi) following the
manufacturer’s instructions. Cells were scrapped, centrifuged at 300xg for 5 minutes at 4°C

and the pellet was lysed. For homogenisation of liver samples, small piedes afgan and
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ceramic beads (Precellys) were added to gb0f lysis buffer provided by the kit and lysed
using a Precellys homogeniser (Bertin instruments) with two cyclesC@6pm for 30

seconds. The quality of the RNA was tested by agarose geiogkotesis (Se2.2.1.9.

2.2.1.7 cDNA synthesis

The synthesis of complementary DNA (cDNA) was performed using the RevertAid First Strand
Synthesis kit according to the mafacturer’s instructions. 2ig of total RNA 2.2.1.§ and

random hexamer primers (Thermo Fisher Scientific) were used for the transcription.

2.2.1.8 Quantitative realtime PCR (@ FPCR)

The mRNA transcripts levels of different genes were analyse®BPGR using the Universal

Probe Library (UPL) System Technology (Roche). The oligonucleotides and UPL probes used
for every gene were designed using the Assay Design C@aehe) (Se2.1.8. Hydrolysis
LINEPO6SE O2ylGFAyYy GKS NBLEZ2NISNI Fftd2NBaOSAyYy |
end. During the amplification processiet probe hybridises with the mRNA target and the
polymerase cleaves the quencher, resulting in an increase of the fluorescence signal in every
cycle that can be quantified.

Samples containing 0.5 ul of cDNA (3&e1.7), 4.5 ul LightCycler 480 Probes Master (Roche),

0.1 pM hydrolysis probe and 0.3 pM of each oligonucleotide in a final volume of 10 ul were
analysed in a Light Cycler 480 Instrument Il (Rochdpatong FastStart Taq DNA Polymerase,
reaction buffer, a mixture of dNTPs and Mg. @lll the assays were performed in technical
duplicates for each sample.

Serial cDNA dilutions of a mixture of samples cDNA was used to calculate the primer efficiency
(E=10Yslope) Y Cp (crossing point) for each sample and gene was calculated normalizing the Cp
of each assay to the Cp of the reference gene GAPDH of the same sample and assay. The
primer efficiency of each gene was used to calcu¥&t€p ¥YCp=E/°*100). The results are

presented relative to the values of WT samples.

2.2.1.9 Agarose gel electrophoresis

Separation of DNA and RNA was performed using agarose gel electrophoresis. The samples
were prepared by addition of 6x DNA gel loading dye (Thermo Fisher #cjemd loaded on
an agarose gel. Agarose gels were cast in 1x TAE buffer with a final concentration of 1.5% (w/v)

and 500 ng/ml of agarose and ethidium bromide, respectively. Electrophoresis was performed
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at 120 V in 1x TAE buffer, and the size of the@as was compared to the size standard
GeneRuler 10@p Plus DNA ladder (Thermo Fisher Scientific). The detection of the nucleic
acids was performed using the Gel Jet Imager (Intas) at a wavelength of 3Edmecioning,
DNAfragments were cut out of thgel and purified according to instructions of the kit manual

(High Pure PCRurification Kit, Roche).

2.2.2 Cell biological methods

2.2.2.1 Maintenance of cell lines

All cells were kept in a sterile incubator at 37°C and 5% 0@ cells were cultivated in DMEM
contaning 4.5 g/L of Bylucose, iglutamine (Thermo Fisher Scientific) supplemented with
10% FBS (v/v) and 1% Penicillin/Streptomycin (v/v). The handling of the cells was performed
in sterile conditions under a laminar flow clean bench. The cell lines weragmgswice per

week at a 100% confluence by trypsin digestion. Shortly, the cells were washed with PBS,
incubated with trypsin/EDTA (0.5 mg/ml/0.22 mg/ml in PBS) for approximately 3 minutes in
the incubator until they were detached. Next, cells were recedewith culture media and

diluted 1:10 or 1:25 for HeLa or MEFs cells, respectively.

2.2.2.2 Isolation of mouse embryonic fibroblasts (MEFs)

Embryos from female mice sacrificed 13.5 dagst coitumwere used to isolate mouse
embryonic fibroblasts. Aftethe mice were sacrifical, the uterine horns were extracted,
placed in a Petri dish with PBS and the embryos were separated from the placenta and the
embryonic sac. The head of the embryos was removed and used for genotyping. All red
organs like liver and spleenyere dissected and the remaining embryo tissue was washed
with PBS and placed in a Petri dish with 2 ml of trypsin/EDTA (0.5 mg/ml/0.22 mg/ml in PBS).
The tissue was minced with a sterile razor blade and incubated for 15 minutes at 37°C. The
cells were cdécted with culture medium and centrifuged at 300xg for 5 minutes at room
temperature. The pellet was resuspended in 10 ml of culture medium and plated in a 10 cm

culture dish.

2.2.2.3 Splenocytes isolation

Erylysis buffer: 150 mM NHCI
15mM NaCQ
0.1 mM EDTA
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MACS buffer: 1x PBS
EDTA 2 mM
BSA 0.5 % (w/v)

To obtain a cell suspension, the spleen was perforated with a needle and passed through a
100 pm cell strainer located on top of a 50 ml Falcon with the help of a syringe. 5 ml of MACS
buffer were poured over the cell strainer in order to collect the cells. Splenocytes were
collected by centrifuging 5 minutes at 210 x g at 4°C. In order to lyse the erythrocytes, the cell
pellet was resuspended in 1 ml erylysis buffer and incubated 10 minutes@ttemperature.

Next. 19 ml of culture medium were added and the cell suspension was centrifuged 5 minutes

at 210 x g at 4°C. Finally, the cell pellet was resuspended in 2.5 ml of MACS buffer.

2.2.2.4 Isolation of primary B cells

MACS buffer: 1x PBS
EDTA 2 mM
BSA 0.5 % (w/v)

B220 B cells from spleen were isolated using magnetic activated cell sorting system (MACS)
from Miltenyi Biotec. After splenocytes isolation (s2@.2.3, 3x10 cells were centrifuged 5
minutes at 210 x g at 4°C, resuspended in 370 pl of MACS buffer, 30 ul of B220 Microbeads
were added and the cell suspension was incubated for 20 minutes at AN@fMACS buffer

were added to the ceBuspension, it was further centrifuged 5 minutes at 210 x g at 4°C and
resuspended in 500 pl of MACS buffer. A LS column was inserted into the MACS separator and
equilibrated with 3 ml of MACS buffer. The 500 pl of cell suspension was added to the column
and unlabelled cells were collected. The columns were washed with 3 ml of MACS buffer for
three times. After removal of the column from the MACS separator, magnetically labelled cells
were flushed out with 5 ml of MACS buffer by applying a plunger. The a®lained were

prepared for electron microscopy analysgeé2.2.2.9

2.2.2.5 Isolation of primary T cells

MACS buffer: 1x PBS
2mM EDTA
0.5 % (w/v) BSA
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T lymphocytes from spleen were isolated by negative selection using MACS and Mojosort
Mouse CD3 T Cell Isolation Kit from Biolegend. After splenocytes isolatioB.?2s&8), 10

cells were incubated with 5 pul of biotentibody cocktail containing antiy6C (Gf), CD45R,
CD49b, CD19, CD11b, CD24 andIBRor 15 minutes on ice. 4 ml MACS buffer were added

to the cell suspension and centrifuged 5 minutes at 210 x g at 4°C. The pellet was resuspended
in 100 ul of MACS buffer and 2 pl of streptavidonjugated nanobeads were added and
incubated for 15 minutes on ice. A LD column was inserted into the MACSa&epand
equilibrated with 3 ml of MACS buffeb00 ul of MACS buffer were added to the cell
suspension and the mix was added to the column. Unlabelled cells, corresponding to T

lymphocytes were collected and prepared for electron microscopy anase2(2.2.9.

2.2.2.6 Cell fixation for electron microscopy analysis

Polymerization buffer: 0.1 M Phosphate buffer pH 7.4
1.5 % (w/v) PFA
1.25 % (v/v) Gutaraldehyde
6 % (w/v) Bovine serum albumin (BS/

Isolated B or T lymphocyteSée2.2.2.4and 2.2.2.5 were washed with 1x PBS, centrifuged

for five minutes at 220 x g and@ and resuspended in 0 of 0.1 M phosphate buffer (pH
7.4). 0.5 ml of 5 % (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) were added and
the sample was incubated one hour at room temperature and overnight at 4°C. Next, the
sample wagentrifuged for five minuteat 220 x g and 4°C. The pellet was resuspended in 25
pl of polymerization solution, prepared immediately before use, and incubated for one hour
at room temperature. The polymerized pellet was stored in 2.5 % (v/v) glutaraldehyd1M

phosphate buffer at 4°C.

2.2.2.7 Cryopreservation of cell lines

The cell lines were preserved as coudtures in liquid nitrogen. The cells were detached from

the dishes using trypsin, centrifuged at 210 x g for 5 minutes at room temperature,
resuspemled in 1 ml of DMEM containing 20% (v/v) FBS and 10% (v/v) DMSO and frozen at
-80°C. For longerm storage, the cry@ultures were transferred to the gas phase of a liquid

nitrogen tank.
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The cryecultures were thawed with nine ml of pr@armed mediumcentrifugedat 210 x g
for 5 minutes at room temperature, resuspended in new culture medium and seeded in a 10

cm dish.

2.2.2.8 Transfection of mammalian cells

The introduction of nucleic acids into eukaryotic cells is thealted transfection. All the
transfections in this thesis were performed using polyethylenimine (PEI). PEI condenses DNA
into positively charged particles that bind to anionic cell surface residues and is further
endocytosed. Inside the vesicle, the amines from PEI are protonated resaltamginflux of
counterions and osmotic swelling, which leads to the vesicle burst and release of the content.
High concentrations of PEI are toxic.

For transfection of HelLa cells 1 pg of DNA was incubated with 2.5 pl of PEI in 300 pl of DMEM
only (without antibiotics nor FBS), and for transfection of MEF cells 5 pg of DNA were
incubated with 12.5 pbf PEI in 300 pl of DMEM only for 15 minutes at room temperature.
The mix was applied to a 10 cm dish with the cells, and a&diours the media was exchamye

The transfected cells were analysed48 hours postransfection.

2.2.2.9 Indirect immunofluorescence labelling of cells

Quenching solution: 1x PBSpH7.4
0.2 % (w/v) Saponin
0.12 % (w/v) Glycine

Blocking solution: 1x PBSpH7.4
0.2 % (w/v) Saponin
10 % (v/iv) FBS

The subcellular localization of proteins was analysed by indirect immunofluorescence using
specific first antibodies and secondary antibodies coupled to fluorophores.

Cells were grown over glass coverslips until a confluence of appr@tynd®%. After washing

three times with PBS, the cells were fixed for 20 minutes with 4% (w/v) paraformaldehyde
(PFA) followed by three additional washing steps. Cells were permeabilized with 0.2% (w/v)
saponin in PBS for 5 minutes. The samples were duezhevith quenching solution for 10
minutes and washed with 0.2% (w/v) saponin in PBS. In order to reduce unspecific binding of
the antibodies, the samples were incubated with blocking solution for one hour at room

temperature. Next, the samples were incubd with primary antibodies diluted in blocking
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solution overnight at 4°C. The coverslips were washed 4 times in 0.2% (w/v) saponin in PBS
and incubated for 90 minutes with AlexaFluor ey@njugated secondary antibodies diluted
(1:500) in blocking solutiorFinally, the coverslips were washed 4 times in 0.2% (w/v) saponin

in PBS, two times in distilled water and mounted on microscope slides with mounting medium
including 1 pl/ml of DAPI {#&-diamidino-2-phenylindole) to visualize the cell nuclei. For
visudization of the samples an FV1000 confocal laser scanning microscope (Olympus Life
Science Solutions) using a U Plakp® 100x oil immersion objective (NA=1.40) was used. For

Image acquisition and process the Olympus FluoView Software was used.

2.2.2.10 Indired  immunofluorescence labelling of cells using selective

permeabilization

The selective permeabilization of the plasma membrane was pedd following the
protocol in sectior2.2.2.9exchanging all the steps containing 0.2% (w/v) saponin in PBS by

0.001% (w/v) digitonin in PBS.

2.2.2.11 Labelling of surface molecules for flow cytometry

MACS buffer: 1x PBS
EDTA 2 mM
BSA 0.5 % (w/v)

Surface protein expression of transfected HelLa cells and isolated splenocyt@(3eewas

analysed by flow cytometry. Approximately®ldells were pipetted ir96 well round bottom

tissue cultures plates and centrifuged at 210 x g for 5 minutes at 4°C. The samples were
incubated with specific antibodies coupled to phycoerythrin (PE) or fluoreseein
isothiocyanate (FITC) diluted in MACS buffer (84e6.1) for 45 minutes on ice in dark
conditions. Next the samples were centrifugati210 x g for 5 minutes at 4°C and washed

with MACS buffer. The process was repeated arel délls were resuspended in 20 of

MACS buffer for further analysis on a FACSCanto Il (BD Biosciences) device using the FACSDiva
software. Positive and negative controls were used for every dye. No compensation of spectral

overlap was performed as onbne dye was analyseat the same time

33



2. Materialand methods

2.2.2.12 Radioactive amino acid uptake assay
KrebsRinger Buffer: 146 mM NaCl
3mM KCI
1mM Cad

10 MM KHPQ/K2HPQ (pH 7.5/6.2/5.5)

HEK cells were transfected with the plasmid of interest (S22.9. 7 hours post transfection,
approximately 5x18transfected or untransfected cells were seeded on p12 culture plates
previously coated overnight with pelylysine. 24 hours podtransfection the cells were
washed twice with KR buffer (pH 7.4) and incubated for 15 minutes with KR buffer (pH 5.5)
containing 10QuM of cold amino acids and 0.5 pCi 6fdf $°labelled amino acids. The cells
were washed twicavith cold KR buffer (pH 7.4) on ice, lysed with 0.5 ml of 0.1 M NaOH and
collected in a 2 ml tube. The wells were washed with additional 0.5 ml of 0.1 M NaOH and
added to the tube. 1 ml of 0.2 M KR buffer (pH 6.2) was added to the mix containing the lysed
cells in order to neutralize the pH. 0.2 ml of the cell lysates were used for protein
guantification (Se&.2.3.4. 1.8 ml of the cell lysates were mixed with 8ahUltima Gold™

liquid scintillation cocktail (PerkinElmer) and the disintegrations per unit (DPM) were
measured in a TriCarb 2910 TR liquid scintillation counter (PerkinElmer). The radioactivity

measurements were corrected by the protein concentrations.

2.2.3 Protein biochemical methods

2.2.3.1 Generation of cell lysates for protein extraction

Lysis buffer: 1x PBS
1x Complete inhibitor
1 % (w/v) Triton X100

Cells grown on culture dishes were washed twice with PBS and 600 pl of PBS supplemented
with 1x complete Protease inhibitor cocktail (Roche) were added to the plate for harvesting
the cells using a cell scraper. The cell suspension was centrifuged for 8 minu@30at & at

4°C. The pellet was resuspended in lysis buffer, sonicated twice forc@@dseat 4°C using a
Branson Sonifier 450 (level 7 in a cup horn, Emerson Industrial Automation) and lysed on ice
for approximately 60 minutes (the samples were homogenised using a vortex every 15

minutes). The celluspension was centrifuged at D®0 x gfor 15 minutes at 4°C and the
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supernatants containing the extracted proteins were kept in a new tube for protein

concentration determinationZ.2.3.9.

2.2.3.2 Preparatian of tissue homogenates

Lysis buffer: 1x PBS
1x Complete inhibitor
1 % (w/v) Triton %100
For mouse tissue homogenisation, the tissues were prepared in 20 volumes of lysing buffer
and homogenised with 220 strokes at ;D00 rotation per minutausing a Glass homogeniser
(B.Braun type 853202). The lysates were sonicated twice for 20 seconds at 4°C using a Branson
Sonifier 450 (level 7 in a cup horn, Emerson Industrial Automation) and lysed on ice for
approximately 60 minutes (the samples were famenised using a vortex every 15 minutes).
The lysates were centrifuged at 180 x g for 15 minutes at 4°C and the supernatants
containing the extracted proteins were kept in a new tube for protein concentration

determination @.2.3.9.

2.2.3.3 Membrane protein preparation of mouse tissues and cells

Homogenisation buffer: 1x PBSpH7.4
1x Complete inhibitor
250 mM Saccharose
10 mM Tris HCI

Mouse tissues were preparaed 10 volumes homogenisation buffand homogenised with

10-20 strokes at ;D00 rotation per minute using a Glass homogeniser (B.Braun type 853202).
The lysates were centrifuged for 10 minutes gddD x g at 4°C, and the post nuclear
supernatant was cadcted (PNS).

Cells were grown in culture dishes, washed twice with PBS and collected in 600 pl of PBS
supplemented with 1x complete Protease inhibitor cocktail (Roche) using a cell scraper. The
cell suspension was centrifuged for 10 minutes @00 x g at4°C, and the pellet was
resuspended in homogenisation buffer.

The PNS and cell suspensions were sonicated twice for 20 seconds at 4°C using a Branson
Sonifier 450 (level 7 in a cup horn, Emerson Industrial Automation) and three cycles of
freeze/thaw wereapplied. The samples were placed into a polypropylene tube with-snap

cap (Beckmann Coelt) and ultracentrifuged at 18600 x g in an Optima TLX Ultracentrifuge
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(Beckmann Coulter) using a T\ rotor (Beckmann Coulter) for one hour at 4°C. The pellet

was resuspended in 2% SDS in PBS and the protein concentration was deteghfirig) (

2.2.3.4 Determination of protein concentration

The protein concentration determinatn was performed using the Pierce BCA Assay kit
OCKSN)XY2 CAAKSNI {OASYUGATFAOL | O0O2NRAY3I (2 UK
combines the reduction of Ctto Cu+* by proteins in an alkaline medium (biuret reaction) and

the chelation of Clr by bidnchonic acid (BCA) that results in a complex with a strong
absorption at 562 nm that is nearly linear with increasing protein concentrations. The samples

were diluted and incubated with the amg mixture for 30 minutes at 3C°and the absorbance

at 562 nmwas measured using a Synergy HT (BioTek) microplate reader. A calibration curve
based on bovine serum albumin (BSA) standard concentrations ranging from 0 to 2.0 mg/ml

was used to determine the protein concentration of the samples.

2.2.3.5 Coimmunoprecipitation (CclP)

Immunoprecipitation buffer: 1x PBSpH7.4
1x Complete inhibitor
120 mM NaCl
50 mM Tris HCI
25mM Cad
2,5mM MgCbhb
1% (w/v) CHAPS (Alternative deterger
used:Brij35, Brij78, Brij96, BrijS2!
or Triton X100)

Lammli buffer(1x): 125 mM Tris/HCI pH 6.8
1 % (w/v) SDS
10 % (v/v) Glycerol
1 % (v/v) i -mercaptoethanol
Traces of Bromophenol blue

In order to check for protehprotein interaction, CdP assay was performed. HeLa cells were
transfected with plasmidsoding for the desired proteins. 48 hours pasinsfection, cells

were washed twice with PBS and collected in 600 pl of PBS supplemented with 1x complete
Protease inhibitor cocktail (Roche) using a cell scraper. The cell suspension was centrifuged
for 8 minutes at 1000 x g at 4°C, and the pellet was resuspended in the immunoprecipitation

buffer containing the desired detergent. The cell suspension was sonicated twice for 20
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seconds at 4°C using a Branson Sonifier 450 (level 7 in a cup horn, Emersonalndust
Automation) and lysed on ice for approximately 60 minutes (the samples were homogenised
using a vortex every 15 minutes). The caBEension was centrifuged at D®0 x g for 15
minutes at 4°C and the supernatants containing the extracted protegre kept in a new

tube for protein concentration determination2(2.3.4. 3061,000 pg of protein were
incubated with 1.5 ul of aMFSD1 antibody overnight at@in a rotor. At the same time, 50
pl/sample of Dynabeads protein G for Immunoprecipitation (Thermo Fisher Scientific) were
blocked with 3% BSA. Next day, the beads were incubated with the lysate/antibody mixture
for 2 hours at room temperature in a rotolThe samples were washed with 1 ml
immunoprecipitation buffer using a magnetic separator and incubated 15 minutes at room
temperature for three times. The supernatants were discarded. In a final step, the beads were
incubated with 40 pl of 1x lammli buffeand incubated for 10 minutes at 55°C or 95°C
depending on the protein to be detected. Finally, thelecsamples were analysed by SDS

PAGE and immunoblotting (SB&.3.6and?2.2.3.7).

2.2.3.6 SDS polyacrylamide gel electrophoresis (SDS5E)

Sample buffer (5x) 625 mM Tris/HCI pH 6.8
50% (v/v) Glycerol
5 % (w/v) SDS
5 % (v/v) ugmercaptoethanol
Traces of Bromophenol blue

Separating gel buffer: 1.5M Tris/HCI pH 8.8
0.4 % (w/v) SDS

Stackng gel buffer: 0.5M Tris/HCpH 68
0.4 % (w/v) SDS

SDS gel electrophoresis running buffEdx): 0.25M Tris
0.2 M Glycine
1 % (w/v) SDS

Proteins can be separated according to their size and independent of their charge by sodium
dodecyl polyacrylamide gel electrophoresis ($I2A&E). Proteins were prepared in sample
buffer to a final concentration of 1% SDS,il¥ercaptoethanol and tracesf ®wromophenol

blue and weralenatured for 10 minutes at 55°C or @8epending on the hydrophobicity of
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the sample and its running behaviour. The samples were loaded together with a psitein
standard (Thermo Fisher Scientific) in-IA5 % selmade mwlyacrylamide separating gels
combined with a 4.5% polyacrylamide stacking §iab{e14). The gel was exposed to constant

voltage (86120 V) in 1x running buffer.

Separating gel Stacking gel
Units 75% 10% 125% 5.25 %
Separating/Stacking buffer [ml] 2.6 2.6 2.6 1.35
30 % (w/v) Acrylamide/bisacrylamic [ml] 2.5 3.3 4.2 1.75
Rotiphorese Gel 30 (37, 5:1)
H0 [ml] 4.8 4 3.1 6.85
10 % (w/v) ammonium persulfate [l] 60 60 60 60
Tetramethylethylenediamine (TEME/| [ul] 30 30 30 30
Tablel4. Compositon of SDS polyacrylamide ge-ls.
2.2.3.7 Western blotting
Transfer buffer (1x): 25 mM Tris pH 8.3
0.2 M Glycine

20 % (v/v) Methanol

In order to detect proteins with antibodies after the separation by $¥B&E, the proteins
were transferred from the polyacrylamide gels into nitrocellulose membranes (GE Healthcare)
by the TANKdlot system. The membrane, the whatméter paper and theibre pads used
were equilibrated in transfer buffer. The gel and the membrane were placed between a couple
of whatmantfilter paper, those between a couple of fibre pads and all those inside a cassette.
The membrane was located close to the anode and tHelgse to the cathode. The cassette
was placed in a TANKotting chamber (BidRad) filled with 1x blotting buffer and an ice block

and subjected to constant electric current of 800 mA for 2 hours in a 4°C room.

2.2.3.8 Incubation with antibodies and stripping fathe immunoblots

TBST buffer: 20 mM Tris/HCI pH 7.0
150 mM NacCl
0.1 % (w/v) Tween® 20

Detection solution A: 0.1 M Tris/HCI pH 8.6
0.025 % (w/v) luminol

Detection solution B: 0.11 % (w/v) p-Coumaric acid
In DMSO
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In order to reduce unspecifibinding of antibodies, after western blottin@.@.3.7) the
membranes were incubated in 5% (w/v) npléwderin 1x TBS buffer for one hour at room
temperature. N&t, the membranes were incubated with the antibody dilut@di(6.]) in 5%

(w/v) milkpowderin 1x TBS buffer overnight at 4°C. Next day, the membranes were a@sh

in 1x TBS buffer three times for 10 minutes at room temperature followed by incubation
with the respective secondary antibody coupled to horseradish peroxidase (BRF®.3
diluted in 5% (w/v) milpowder in 1x TBS buffer for two hours at room temperature.
Following three further washing steps in 1x TB®uffer for 10 minutes, horseradish
peroxidase activity was detected by using an ImageQuant LAS 4808g@&thcare). Hereby

the membranes were covered with a mixture of ECL Ultra-BMEumigen) (100 ul of each),

1 ml detection solution A, 100 pl of detection solution B and 4.5 pl@b.H he intensity of

the signal was quantified using Image J softw8efore incubation with new antibodies, the
membranes were stripped using 0.2 M NaOH. Incubations of 5 minutes at room temperature
and gentle shaking were done in distilled water, followed by 0.2 M NaOH, rinsing with distilled
water, 0.2 M NaOH distilled wer, and TBS. Next, themembranes were incubated in 5%
(w/v) milkpowderin 1x TBS buffer for one hour at room temperature followed by incubation

with first antibody.

2.2.3.9 Purification of tritosomes

Lysosomes usually have a comparable density to mitochandnd those organelles can not
be separated by buoyant density centrifugatidtractions highly enriched in lysosomes can
be isolated by the method developed by Wattiatixxough differential centrifugation
(Wattiaux et al.1963). After injection of Triton WR339 (tyloxapol), the lipoproteHipase
activity is inhibited, which leads to an increase of VLDL in pléidiangashi et al.1981) The
VLDL are recognized by kpdceptors of liver cells and are endocytosed and further
transported to lysosomes, decreasing their dengttayashet al.,1982)

3 days after the intraperitoneal injection of tyloxapol into mice (e25.69, the liver was
collected and homogenised in 4 ml of 0.25%&charose with 5 strokes aDDQ rotation per
minute using a Glass homogeniser (B.Brayret$53202) and centrifuged 4,140 x g for 10
minutes at 4°C. The supernatant was kept and the nuclear pellet was resuspentied of
0.25 M saccharosand centrifuged at 1,40 x g for 10 minutes at 4°C. Both supernatants were

pooled in a FirO centrifuge tube and centrifuged ian Optima LIBOK Ultracentrifuge
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(Beckmann Coulter) with a-T0 rotor for seven minutes at 5800 x g at 4°C. The supernatant

was collected and the pellet was resuspended in 8.5 mD.@6 M saccharose and a
centrifugationfor seven minutes at 5600 x gat 4°C was repeated. The supernatant was
discarded, and the pellet, containing the mitochondrial and lysosomal fractions, was carefully
resuspended in 25 mlof M®dHmM &l OOKIF NRPAS YR 2@SNIFAR 0
gradientof 2.5 mlI" wmshaeeharse 2.5 ml° ms@eelmarosand2 ml©  msaatlarose. The

tubes were cetrifuged for 150 minutes at 11000 x g at 4°C and the different fractions were

collected Figure 7). Fraction F2, which is enriched in lysosomes was used for further

proteomics and immunoblotting analysis.

— _— —
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1.140xg g=108 110.000x g

—_) 56.000x g >
D ————————— PNS ——p P/s

p=1.15 F3
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p=1.14 —

Liver — &. S
Figure7. Schematic representation of tritosomesreparation.
2.2.3.10 Percoll gradient of tissues
Buffer I: 0.25 M Saccharose
20 mM Imidazole pH 7.4
Buffer I: 90 % (v/v) Percoll

250 mM Saccharose

Liver and kidney subcellular fractionation was performed by density gradient centrifugation
using colloidalsilica particles of 180 nm of diameter coated with polyvinylpyrrolidone,
named as Percoll.

The tissue was homogenised with 9 volumes of buffer | with 10 strokes at 150 rotations per
minute using a Glass homogeniser (B.Braun type 853202) and centriflogBdminutes at
1,000 x g and 4°C. 0.9 ml of the supernatant were carefully mixed with 3 ml of buffer P and
5.1 ml of buffer | and added to type 70 Ti centrifuge tubes. The samples were centrifuged for
90 minutes at 3M00 x g at 4°C using an OptimaddK Ultracentrifuge (Beckmann Coulter)

with a T+70 rotor.
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The gradient was separated in 13 fractions of approximately 700 pl each. The fractions were
sonicated for 20 seconds twice, and thdaexosaminidase of the fractions was measured (See
2.2.3.1).

2.2.3.11 In vitro measurement of lysosomal hydrolase activity

Substrate buffer: 0,1 M Sodium citrate pH 4.6
0,2 % (w/v) BSA
0,04 % (w/v) Sodium azide

Stop solution: 0,4M NaOH pH 10.4
0,4 M Gilycine

The artificial substratg@-nitrophenyH -D-glucosaminidgSigmaAldrich) was used to assess
the enzymatic activity of-hexosaminidase. At an acidic pH, béexosaminidase hydrolyse
the substrate the glucose and thenitrophenol are freed. A basic solution stops the reaction,
the p-nitrophenol become fully protonated leading to a yellow colour shift. The intensity of
the colour shift can be quantified by analysing the absorbance of the samples at 405 nm.
In this thesis, €rcoll fractions of liver and kidney (S€e2.3.1Q were analysed for beta
hexosaminidase activity. 10 pl of the sample were mixed with 90 pl of &t@20100 pl of
10mM p-nitrophenylN-acetyH -D-glucosaminiden substrate buffer and were incubated for

2 hours at 37°C. The reaction was stopped by addingub@® stop solution. 200 pl of the
mixture were pippeted into a 96 well plate and the absorbance at 405 nm was measured using
a Synergy HT (BioTek) microplate readeEdnationl the formula to calculate the enzymatic

activity is shown.

"4
Activity mlIJ = AEXx 107 X V remo}ume[u[l}] x F dil. Sample
m sample voiume I
I3 m xd[cm}xt[min] peetme I

Equationl. Calculation of the enzymatic activithE= EampleEoiank Test volume = Volume of the reaction after
stopping the reaction; Sample volumeVmlume of the sample analysed; F = dilution factor of the
sample = Extinction coefficient; £time; d=thickness of the cuvette.

2.2.3.12 Enzymelinked immunosorbent assay (ELISA) for dTX

The serum concentration of the-t€rminal telopeptide of type | collagen (GTXwhich is

released into circulation during renewal of the skeleton bone matrix, was analysed using the
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RatLap8" (CTX) ELISA (ids). ELISA assays base the quantificatibe cbmcentration of
specific proteins in the use of specific antibodies and detection of an enzymatic activity
proportional to the protein concentration. The RatLApELISA is based upon competitive
binding of a soluble polyclonal antibody to immobilizsdigens or to soluble antigens (in the

al YL Sa0d ¢KS Faale ¢la LISNF2NYSR | O0O2NRAY 3
2.2.3.13 Antibody generation

Antibodies against mouse MFSD1 and mouse GLMP were produced by Pineda Antibody
Service. Rabbits were immunized wittan amino acid sequence of MFSD1
(NH-EDEDGEDRALLGGRRE@DH) or GLMP (MBQAFSRSGRPAQPPRIQEBH). The
serum of the rabbits immunized with MFSD1 or GLMP sequences was extracted 120 days and
220 days postimmunization, respectively. In both cases, theuseiwas affinity purified using
columns with immunization peptides coupled to beads. The resulting affinity purified

antibodies were used for analysis.

2.2.4 Histological methods

2.2.4.1 Preparation of semthin cryosections

After mouse perfusion and pofixation in 4 %PFA (Se@.2.5.9, the fixative was removed

and the tissues were washed with 0.1 M phosphate buffer. Subsequently, the tissues were
incubated in 30 % (w/\9accharose in 0.1 M phosphate buffer 24 hours at 4 °C. Sedthiin
sections (35 pm) were prepared using a Leica SM 2000 R sliding microtome (Leica
Microsystems) and drice cooling. The samples were stored in 0.1 M phosphate buffer

containing 0.02 % (wjwsodium azide.

2.2.4.2 Immunofluorescence staining of senthin sections

Blocking solution: 0.1 M Phosphate Buffer pH 7.4
4 % (vlv) Goat serum
0.5 % (w/v) Triton X100

Washing buffer: 0.1 M Phosphate Buffer pH 7.4
0.25 % (w/v) Triton X100

Indirect immunofluorescence stainings ere performed on semdhin cryosections(See

2.2.4.7 in order todetect specific proteins. The sectiowsre washed with 0.1 M phosple
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buffer in order to remove remaining sodium azide. Toues unspecific binding, the sections
were incubated in blocking solution for two hours at room temperature and shaking.
Subsequently, three washing steps with washing buffer were applied folldyedcubation

with the primary antibodies diluted (Se&1.6.]) in blocking solution overnight at 4°C. After
three washing steps witwashing buffer, thesectionswere incubated with AlexaFluor dye
conjugated secondary antibodies diluted (1:500) in blocking solution for two hours at room
temperatureunder conastanshaking. Finally, the samples were rinsed with washing buffer

and embedded using mounting medium indiogl 1 pl/ml of DAPI tetainthe cell nuclei.

2.2.4.3 X-Gal staining of -galactosidase in mouse tissues

Permeabilizing solution: 0.01 % (w/v) Nadeoxycholat
0.02 % (w/v) NR40
In PBS

X-Gal solution: 5mM K3Fe(CN)6
5mM K4Fe(CN)6
2mM MgCI2

1 mg/ml X-Gal in PBS

Semithin crycsectionswere washed in PBS for 10 minutes shaking and incubated for 10
minutes in permeabilizing solution. After a washing step in PBS, the samples were incubated
for 3 hours in XGal solution aB7°C with gentle shaking. Tkectionswere washed twice in

PBS and embedded in mounting medium.

2.2.4.4 Highresolution microCT

High resolution micro computed tomography (UCT) 4sx imaging in 3D. Consecutive
crosssectiors are recorded and using computer software they are stacked, 3id
morphometric parameters can be measured. Vertebtdsand femurs were extracted and
incubated in 4 % (w/MPFAINn PBSor three days at room temperature, and kept in 70 % (v/v)
ethanol until analysis. uCT analysis was performed on vertebra L5 and femur using a Skyscan
1172 model micreCT (Bruker micr&T, Kontich). Both were imaged with anwa} tube
voltage of 50 kV, aurrent of 200 pA with a 0.5 mm aluminium filter. The scanning angular
rotation was 180° and the angular increment was 0.70°. The voxel size was 4.49 um
isotropically. Image reconstructions were performed with NRecon (version 1.6.9). The
trabecular bone irthe vertebral body was selected for analysis starting at a distance @id.5
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caudal of the lower end of the pedicles and extending a longitudinal distance of 225 um in the
caudal direction. The femur trabecular bone proximal to the distal growth platesgtected

for analysis excluding the cortical bone, starting at a distance of 786 um from the growth plate
and extending a longitudinal distance of 135 um in the distal direction. The cortical
measurements of the femur were performed in the midshaft diggdal region starting at a
distance of 5.4 mm proximal from the distal growth plate and extending a longitudinal

distance of 135 um in the distal direction.

2.2.5 Animal experimentation

2.2.5.1 Animal housing

The mice were kept in a specific pathogen free environmenthbysing in individually
ventilated cages (IVC). The room temperature was kept constant at 2¢ 3CQ) with a
humidity of 45¢ 60 %. Cycles of 12 hours lighting and 12 hours darkness were applied. The
animals had access to water and foad libitum Theanimal handling and care were
performed in agreement with the German animal welfare law according to the guidelines of
the Christian Albrechts University of Kiel. Experiments involving animals were approved by the
Ministery of Energy, Agriculture, the Bronment and Rural Areas Schleswiglstein under

the reference number V3122241.1213.

2.2.5.2 MFSDI¥nockoutfirstCallele (tmla) stategy

The new MFSDdeficient mouse strain used was based ifWg vy 2 GIAN&EL Q | ff St S
strategy. The tmla allele is foed by a FRT sequence followed dy IRES:lacZ trapping
cassettethat contains an acceptor splicing site. The LacZ cassette is followed by a loxP
sequence, a neo cassette, a FRT sequence, a loxP sequence, the edMRSDdANd a last

loxP sequencejgure8). The tmla allelevas inserted into the secondFSDIgene intron of

an embryonic stem (ES) cell that was injected atostblastocystsand gave rise to chimeric

mice.
FRT loxP FRT loxP loxP
Q. ‘0
Q~ .O
0. 'O
Figure8® { OKSYS-28 PAWROR dGYywml | ffStSo
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The breeding of mice containing MFSD1 tmla allele with flipase expressing mice leads to
recombination between the FRT sequences that result in a tmlc allele codi-feb1 WT
protein Figure 9A). Further breeding of mice containing tmlc allele with cre expressing mice
induces the recombination between the loxP sequences that teguh tm1d allele which has

a deletion of the exon 2, leading to a frameshift mutation, a new STOP codon in exon 3 and a
truncated MFSD1 proteir-{gure 9B).

A —»> FRT loxP  loxP B FRT loxP

5’ (] 3 5 n ] 3
| X |

~’~
-~
..

Figure 9. Scheme of tm1c allele (A) and tm1d allele (B).

2.2.5.3 Analysis of TieXreEYFP reporter mice

During the course of this study a conditional MFSD1 knockout mouse line was established
using aCre/loxPrecombination systenmwith mice expressing Cre recombinase under the
control of Tie2 promotor. Tie2 is expressed in endothelial cells and cells from the
hematopoietic lineag€Schlaeger et al. 1997; Tang et al. 2010)rder to evaluate th&ie2
promoter activity, Tie2Cremice were bred with &0s26-EYFPeporter strain(Srinivas et al.

2001)

These reportemice contain a genomic insertion coding for the enhanced yellow fluorescent
protein (EYFP) in the ubiquitously expressed locus Rosa26. The insertion contains a STOP
codon cassette flanked blpxP upstream of the EYFP coding region. Uponresliated
recombination EYFP is expressed, which can be visuakzparg10A). InFigure10B the
breeding strategy used between Ti€2e and Ros&BYFP mice is shown. The
immunofluorescence analysis of liver sections with -&10i31, antF4/80 or Texas red
phalloidin to identify livesinusoidal endothelial cells (LSECs), macrophages and hepatocytes,
respectively, revealed that both LSECs and macrophages frorR&pitter mice expressed
EYFPHigurelOC). The analysis of spleen and thymus sections revealed the expression of EYFP
in the tissues of TieReporter miceKigurel0D).

These results indicate that Tigzomoter is active in LSECs and Kupffer cells in dindrin

splenocyte and thymocyte populations, but not in hepatocytes.
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Figure 10. Tie2 promoter is active in LSECs, Kupffer cells, spleen and thyf#)sScheme oRsa26EYFP
reporter gene (B) Breeding strategy between Ti€2e andRosaEYFP micgC) Wiletype and Tie2
Reporter micdiver sectionswere prepared after mice perfusion with 4% PFA and were stained with
antibodies agains€D31 and F4/80 and witfRphalloidin. (DWild-type and TieZReporter micespleen
and thymussectionswere prepared after mice perfusion with 4% PFA

2.2.5.4 Tail biopsy and isolation of genomic DNA

In order to determine the genotype of mice and mouse embryos, tail biopsies from inice a
three to four weeks of age and embryo tissues were collected for genomic DNA isolation. The
tissues were digested in DirectPCR Lysis Reagent Tail (Peglab) 0.3 mg/ml of proteinase K
overnight at 55°C with vigorous shaking. The proteinase K was inactieaitdd minutes at

85°C and thesamples were centrifuged at 10 x g for 1 minute. The supernatant was used

as template for genotyping (S€e2.5.9

2.2.5.5 Genotypingby polymerase chain reaction

The genotype of mice and derived mouse embryonic fibroblasts was analysed by PCR (See
2.2.1.7. The following PCR$4ble15 and Table16) were used to differentiate the MFSD1

alleles WT, tmla, tmlc and tmld, atiek insertion of cre, flp or EYFRop alleles.
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Flp Cre Ros&6 MFSD1

Primer Forward 1 pl 1l 1 pl 0,5 pl
Primer Reverse 1 pl 1l 1 pl 0,5 pl
dNTP mix (2 mM each) 5l 25l 2.5 ul 2.5l
10x DreamTad buffer 5 pl 25u 2.5 ul 2.5 ul
DMSO 2.5 ul 0 pl 0l 0.325 pl
Template DNA 2l 1l 1l 2 ul
Betain 5M 0 pl oul 0 pl 6.5 ul
DreamTad" Pol. (5U/ul) 0.5 ul 0.25 pl 0.5 ul 0.2ul
H0 33 ul 16.75 pl 16.5 pl 9.975 pl

Tablel5. Pipetting scheme for PCBased genotyping.

Flp/Cre/Rosa26 MFSD1

Step Temp. [°C] Time [s] Step Temp. [°C]  Time [s]
Initiation 95 300 Initiation 95 300
95 15
95 30
Cycle 65 (1°Clcycle) 30 10 x
95 15
Cycle 55 30 30x
2 60 72 40
Elongation 72 420 Elongation 72 300
Hold 4 K Hold 4 K

Tablel6. PCR conditions applied for genotyping.

The PCR products were separated by agarose gel electrophores’sZ3e@. InTablel7the

expected length of the PCR products is detailed.

PCR Primers Product length (bp)
e e Ry 250
e i v
MPSPt imia ggg\/le:SFDittR 570
Fosan T RosarEYER Ry
s e

Tablel7. Product length of the genotyping?CR used.

a7




2. Materialand methods

2.2.5.6 Treatment for tritosomes isolation

In order to isolate tritosomes from mouse liver, mice were treated with 17% (v/v) Triton WR
1339 (tyloxapol) in 0.9 % (w/v) NaCl. Four pl of tyloxapol solution per gram of body weight

were injected intraperitoneally three days prior to mice preparation.

2.2.5.7 Mouse anaesthesia

In order to anaesthetize the mice, 168 mg/kg body weight ketamine (HFW Heinrich Fromme)
and 22.4 mg/kg body weight xylazine (Rompun, Bayer) solved in saline phosphate buffer were
injected intraperitoneally. After several minutes, the pamere pressed in order to assess the
anaesthetic depth. When the mice did not respond to the paw stimulation, perfusion or blood

extraction was performed.

2.2.5.8 Mouse perfusion

Anaesthetized mice were perfused from the left ventricle with 30 ml of phospafter (PB)
T2f{t26SR o0& on Yt 27F n 6K QD0O LI NF F2NXYI f RSK
Plus Syringe Pump (Harvard apparatus). The organs were collected and eithigxgubfdr 3

32>

h in 4% PFA at 4°C for histological and immunofluorescenalysis or kept in 3 % (v/v) of

glutaraldehyde at 4°C for electron microscopy analysis.

2.2.5.9 Blood extraction and serum preparation

Blood was extracted from the caudal vena cava using a 27G needle and collected in a
centrifuge tube. The blood was coagulated 80 minutes at 4°C, centrifuged for 15 minutes

at 2,000 x g at 4°C and the supernatant containing the serum was collected and &te26nC.

2.2.5.10 Blood extraction and plasma preparation

Blood was extracted from the caudal vena cava using a 27G needlesgndge containing
heparin (HeparifNatrium-25000, Ratiopharm), collected in a centrifuge tube andrfeiged
for five minutes at 15,00 x g at 4°C. The supernatant containing the plasma was collected and

frozenat -20°C

2.25.11 Euthanasia of mice

Experimental animals were sacrificed for organ harvesting by cervical dislocation.
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3 Results
3.1 Characterization of MFSD1

3.1.1 Bioinformatic analysis of MFSD1

Thegene coding fomurine Mfsdlis encoded on chromosome three andggsnomic locuss

composedf sixteen exons. The mRNA contains 2978 nucleotides (nt), and consists of a 51 nt
pNLeEw O6dzy NI yatlFiSR NBIA2Y 0 | Mo BYTRIKGBI O2 RA Y
Reference Sequence: NM_02581)3.3

Theamino acid(aa)sequence of MFSD1 protein hasA4ésidues with a predicted molecular

mass of approximately 51kDa (UniProtKB, accession nunfebBC37)(Figure 11A).
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Figurell MFSDZXonsists o#i64aaand 12 potentialTMD. (A)MFSD1 aa sequenggth two potential lysosomal
sorting motifs represented with italic and gray letters, T®ID represented in green, and two aa
sequences with a probability between 30 ab@ of beig TMD are represented in red(B) A graphic
showing thetransmembrane domain predictioof MFSDladapted from TMHMM Servery.2.0
CBS/DTU

The bioinformatics analysis (TMHMM Server,v:£BS/DTU) predicts 10 transmembrane
domains TMD), and two additional domains with a probability of approximately 50% and 30%

of being TMDs (igure 11B). Therefore,consideringthe TMD number and the possible
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orientations towards the membrane, there ameght different possible MFSEa&pologies

(Figurel?).
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Figurel2. Scheme of the eight possibMF31 topologies according tdMDprediction. (A)MFSD1 represented

with 10 TMDand its Nterminus and @erminus facing the cytosol (I) or the lysosomal lumen (lI). (B)
MFSD1 represented with thigypical MFS topology with 1Z2ZMDand its Nterminus and @erminus
facing the cytosol (I) or the lysosomal lumen (I1).NIESD1 represented having TMDwith aa 141

163 asTMDand aa 172192 as soluble domain with itstdrminus facing the cytosol (l) or the lysosome
lumen (Il), or wih aa 141163 as soluble domain and aa 1¥22 asTMDand its Nterminus facing the
cytosol (Ill) or the lysosome lumen (1V).

The prediction of the tertiary structure of mMFSD4ding Phyre2 softwareith GLUT3, which

has 12ZTMD, as a model displayed a T2Dprotein (Figurel3).

MFSD1 contains two putative-glycosylation sites (N76 and N449) with the consensus

sequence NxS/T arttarbourstwo potential lysosomal targfing signalgFigurel1A). The N

terminal fragment contains a dileucidmsed [E D]XXXI[L/1]) lysosomal targeting motif with

EDRALL&a 7-12) and the second third of the protein sequencentainsa tyrosinebased
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(YXXO) lysosomal targeting motif with Y@KILO5198). These data suggest that MFSD1 is a

multispanning protein that might be localized at the lysosome.

N-terminus

C-terminus
C-terminus

Figurel3. Structure prediction of MMFSDdsing Phyre2 softwarevith GLUT3 as a modeThe prediction covers
MMFSD1 aa sequence from S2®#b1. Numbers in red represehiee transmembrane domains.

3.1.2 CGterminus HAtaggedMFSD1is localized irHeLalysosanes

In order to validate the lysosomal localization of MFSDdyseMfsd1cDNAfused toahuman
influenza hemagglutinin (HA) tag coding sequence (protein sequence: YPYUPID¥ C
terminus (MFSD-HA) or at the Nerminus (HAMFSD1yvas cloned intgpcDNAS3.1 expression
vector. Both constructs were expressed liteLacells, and the lysates were analysed by
Western blotting using an antibody directed against HA tag, showing in both cases a
prominent band of approximately 3kDa. HAMFSD1 displayed an atidnal signal of
approximately 25 kDa corresponding to artédminal fragment (NTHHA), while MFSDHA
revealedtwo additional Gterminal fragments at approximately 24 kDa (CGHIR) and 17 kDa
(CTFHHA) Figurel4B), all of them fused to HA. It has been previously shown that membrane
protein migration in SDBAGE gels usipadoes not correlate with the predictesholecular
weight due to hydrophobicitand detergent bnding (Rath et al, 2007). Therefore, it is likely
that the prominent band of 37 kDa corresponds to full length MFSD1 protein fused to HA (FL
HA). The intensitgf the fragments bandss less than 30% of thital intensity of HA signals.

The analysis dfleLacells transfected with MFSEHA by immunofluorescence using an anti

HA antibody and an antibody against LAMP2 eatablishedysosomalmembranemarker,
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revealedthat MFSDAHA is mainly localizetd lysosomesKigurel4Alll). No cdocalization of
MFSD1 was found witthe ER marker KDEL, but a partiallecalization was found with the

cisGolgi marker GM130, which could be a consequence of theegpeession.
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Figurel4. MFSDDverexpression results in itysosomal localization itHeLaand MEF cedl. (A)HelLacells were
transiently transfected with a plasmid coding for MFSHA fixed 24 hours podfransfection,
permeablizedand stained by indirect immunofluorescence using an-biftiantibody KDEL (1), GM130
(I and LAMP2 (lll) antibodies were used to stain ER, Golgi apparatus and lysosomes resigBgtively.
Non transfectedHeLacells andHelLacells transiently transfeted with a plasmid coding for MFSBIA
or HA-MFSD1 were collected 24 hoysssttransfectionand their lysates were analysdxy Western
blotting using antHA antibody, and arH6APDH antibody as loading control. (C) Scheme of MFSD1
with GFP fused at itSterminus (MFSDAGFP) (D)MEF were transiently transfected with a plasmid
coding for MFSDGFR fixed 24 hours postransfection, permeatized and stained by indirect
immunofluorescence using an attAMP1 antibodyScale bas, 10um.
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Additionally, the lysosomal localization of MFSD1 was investigated in a different cell line using

a different tag. MFSD1 gene was cloned with a Green Fluorescence Protein (GFP) coding
sequence tag at the -@rminus using pEGFPN1 plasmid (MRSPBP) Kigure 14C). This
construct was expressed in mouse embryonic fibroblasts (MEF) and the cells were
immunostained with an antibody raised against the lysosomal protein LAMP1. The images
showel the presence oMFSDIGFP in LAMPL1 positive compartmerfsgre14D). These
results confirm the lysosomal localization of MFSD1 after overexpression using twerdiffe

tags and in two different cell lines.

3.1.3 Analysis ofMFSD1 topology

Most of the proteins belonging to the MFS superfamily span the membrane twelve times
(Reddy et al. 2013According to theTMDnumber prediction of MFSD1 and depending on its
orientation, the protein could have eight different topologieBigure 12). In oder to
differentiate whether theMFSD1 Nerminusand Gterminusfacethe cytosol or the lysosomal
lumen, a selective permeabilization assay was performed overexpressing NHZSOXIHA
MFSD1 inHeLacells. As an example, drigure 15All the two possible topologies of a
hypothetical MFSD3%panningthe lysosomal membrane 12 times with an HA tag at its N
terminus ae depicted.The H4B4 monoclonal antibody recognizes an epitapiéhin the
lysosomal lumen of human LAMRZAdurel5Al). Digitonin is a neionic detergent that, at a
determined concentration, permeabilizes the plasma membrsalectivelywithout affecting

the inner organelles membranes of the c€l®oltzscher et al. 2003)vhile saponin, being also

a nonionic detergent, permeabilizes all the cell membranater permeabilization othe
cellswith digitonin, the antibodies recognizing an epitope located at the lys@d lumen, like

Il n.nX OFyQl O0AYR AGa SLAG2LIS® hy GKS 20KSNJ K
that recognize an epitope in the lysosomal luméke H4B4c¢an rezhtheir epitopes (Figure
15BII).

In order to discriminate whether the-d¢rminus am Gterminus of MFSD1 are facéowards

the cytosol ortowardsthe lysosomal lumee, HeLacells were transfected with HMFSD1 or
MFSDIHA, permeabilized with either saponin or digitionin, and analysed by co
immunofluorescence using aAtlA and H4B4 antibodies. The analysis of the samglesaled

HA signalafter HAMFSD1transfecton, independentof the permeabilizationmethod. The
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Figure 15. C and Nerminus of MFSD1 face the cytosolA) Scheme of LAMP2 protein and the epitope
recognized by H4B4 antibody (I). The two possible topologies of a hypothetical MESO2 TMD
fused to an HA tag at the-términus (l1). (B) Scheme tbife cellmembrane and lysosongermeabilized
either with digtonin (1) or saponin (IIYC)HeLacellswere transfected with a plasmidoding forHA:
MFSD1 or MFSEHA, fixed 24 hours postansfection, permeabilized with saponin or digitonin and
stained for HA and LAMP2 with H4B4 antibd@). MFSD1 possible topoleg left.Scale bas, 10pum.
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same result was observed when HA was fused at the MFSiedm@hus. H4B4 staining
displayed fluorescence signal only when the cells were permabilized with sageégurg
15C). These results indicate that both N andée@ninus of MFSD1 are faced towards the
cytosol, and that MFSD1 should contain either ten or twelve TMD. Therefore, out of the eight
initial potential topologies, there argist two possible topologies of MFSD1 |éfigurel5D).

As mostMFS superfamily members have 12 TMD, MFSD1 is represented in the following

schemes as a 12 TMD protein

3.1.4 The dleucine based motif in Nerminus of MFSD1 isequired for a lysosomal

localization

As mentioned, bioinformatic analysis predicted 2 putative lysosomal targeting motifie in
MFSDlaasequence. The two possible topologies of MFSD1 describedjime15D suggest

that the dileucine based signal is facing the cytosol, batagssibléo the adaptor proteins

that mediate sorting of membrane proteink contrat, the tyrosine based motif is facing the
lumen in bothsuggestedopologies, being unlikely for it to be useat the transport of MFSD1

to the lysosome. Tanalysethe use of the dileucine based sequend®RALL, for the
lysosomal transport of MFSDthe two leucines at positions 11 and 12 from MFSEHP were
exchanged by alanines using site directed mutagenebtaininga plasmid coding for MFSD1
LL/AAGFP (Figure 16A). After expression of the construct in MEF cells, - co
immunofluorescence analysis with the lysosomal marker LAM& hot reveal dysosomal
localization of MFSD1 LL/AGFP, but instead cell plasma membrane localization was
observed Figurel6B). This result demonstrates that the dileucine based motif is necessary
for the transport of MFSDL1 to the lysosome.

In order to obtain quantitative data aboulFSD1 LL/A&ell surface expression, plasmids
coding for MFSD1 andFSD1 LL/Advith an HA tag between the TMD1 and TMD2 in both
cases (MFSD1 TMIHATMD?2 and MFSD1 LL/AA TMBATMD?2) were designedrigure
17AL11). In both cases, if the protein is localized in the lysosome the HA tag faces the lysosomal
lumen, and if the protein is localized in the cell surface the HA tag faces the extracellular space.
The expression of the fusioproteins was tested in HelLa cells transiently transfected with
plasmids coding for MFSD1 TMBATMD2 or MFSD1 LL/AA TMBEATMD2. Western
blotting analysis of both cell lysates using an & antibody showed a band at an

approximate molecular wediy of 37 kDa, similar to the band observed in HelLa cells
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A
Cytosol
Membrane
Lysosome
lumen
B MEF WT+MFSD1 LL/AA-GFP

Figurel6. MFSD1 has a dileucine based motif at itss@&dminus necessary for the transport tdysosomes. (A)
Scheme of MFSDitith EDRALL motif mutated intAEDRAAAused to GFPMFSD1 L/AAGFPWith two
alanine in position 11 and 12 instead of leuci(®) MEF cellwere transfected with a plasmidoding
for MFSDL1L/AAGFP, fixed 24 hours pestnsfection permeabilized and stained win anti-LAMP1
antibody. Scale bas, 10um.

transfected with a plasmid coding for MFSD1 with an HA tag fused to-teertthus Figure

17BI). Additionally, quantification of thexpression of the two constructs in HelLa cells
revealed that MFSD1 TMEHATMD2 and MFSD1 LL/AA TMBATMD2 were expressed to
comparable amountsHjgure17BIl). Immuofluorescence analysis of HelLa cells transfected
with plasmids coding for MFSD1 TMBHATMD2 or MFSD1 LL/AA TMBATMD?2 using ami

HA and antLAMP?2 antibodies revealed a lysosomal and cell surface localization, respectively.
Untransfected HelLa cells akteLa cells transfected with plasmids coding for MFSD1 TMD1
HATMD2 or MFSD1 LL/AA TMBEATMD2 were analysed by flow cytometry using an HA
antibody coupled to PE. MFSD1 was localized at the cell surface membrane in approximately
20% and 3% of the cellsatisfected with MFSD1 LL/AA TMBATMD2 MFSD1 aviFSD1
TMDXHATMD2, respectively.

These results show that the dileucine motif of MFSD1 is crucial for MFSD1 lysosomal
localization, and that the mutation of the two leucine to alanine leads to the cell sarfa

mislocalization of MFSDL1.
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Figurel7. Mutation of the dileucine motif of MFSD1 leads to a plasma membrane localizat{@).Scheme of
MFSDZl) and MFSD1 with EDRALL motif mutated into EDRAAMRHI&NHA tagusedbetweenTMDL
andTML2. (B)HeLa cells were transiently transfected with plasmids codiniyife8D TMDL-HATMD2
or MFSD1L/AATMDL-HATMDR, collected 24 hours after transfection and the lysates were yeal
by Western Blottingising antiHAand anttGAPDH antibodig$) anddensiometric quantification ahe
signalswas performed(l). (C) HeLa cells were transfected with a plasmid codinylE8DITMDL-HA:
TMD2 or MFSDILL/AATMDL-HATMDZ, fixed 24 hours podfransfection, permeabilized anstained
for LAMP2and HA (D) HelLa cells were transfected with a plasmid codingM&SDITMDL-HATMD2
or MFSD1LL/AA TMDL-HATMDR, collected 24 hours after transfection and analysedthout
permeabilizationby flow cytometry with an HA antibody coupled fhycoerythrin (PE)(l). The
percentage of HA positive cells was quantified 8tale bars, 1am.

3.1.5 Endognous MFSD1 is lotized at the lysosome of MEF cells

In order to study the expression and localization of MFSD1 in different cell types and organs

at an endogenous level, a polyclonal antibody was raised in mb®ltortly, rabbits were
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immunized with an eighteeaalong peptidederivedfrom the Nterminus of MFSD1ag2-19)
(indicated inFigurel8A). The serum was collected at day 120 after immunizationadiuity
purified (anttMFSD1 antibody).

In order to validate the specificity of the newly generated aiiESD1 antibody, MEF cells
deficient for MFSD1 expssion were preparedVIFSD1 deficient MEF (MEF MFSB4M19)
were isolated from 14 dapld embryos after breeding of mice heterozygotes fdFSD1
(See2.2.2.2.

The antiMFSD1 antibodyvas used to analyséhe protein expression oHAMFSD1 and
MFSD1HA after transfectionin HelLacells andof endogenous MFSD1 MEF (MEF)by
immunablotting and immunofluorescenceThe analysis of MEFs MFSBA™12 gllowed the
specificity determination of aldMFSD1 antibody.

Immundblotting analysis witlthe anti-MFSD1 antibodyevealedan unspecific signal in MEF
lysates at around 38Da, but it also displag a sgnal in MFSD¥"t MEF lysate at a slightly
lower molecular weightas compared tothe HAtagged version under overexpression
conditions that is not present in MFSD®™aMEF lysate (FLFigure18B).Apart from the
full length protein no additional signals were detected in MFSDIMEF lysates using anti
MFSD1 antibody.

The immunofluorescence study éfeLacells transfected with MSDIHA after cestaining
with anti-HA and antMFSD1 antibodies showed a completelacalization of both antibodies
(Figure18C). Immunofluorescence analysis of MRSt MEF and MFSHtat™iaMEFafter
incubation with the antMFSD1 antibodghowed a signal in MFS®¥ MEF that was missing
in MFSDMamiaMEF, Cestaining with either antLAMP1 or antGM130 determined a co
localization of MFSD1 with the lysmeal marker LAMP1, but no docalization with the cis
Golgi marker GM130F{gurel8D). These results demonstrate that MFSD1 antibody detects
specifically MFSD1 andmfirms its lysosomal localizatioat the endogenous levein MEF

cells.

58



3. Results

AN\ /( B

E
l — < - =
- axr =3
Cytosol & ‘L = E
E [a) - -
Membrane = 0 [a Yl =)
sk pp
= I3 ==
588 uwou
v 0 O
kba £ £ T s =
< 55
L
l—
= 35|
()]
2 25 . < NTF+HA
= < CTFI+HA
+
i1
[}
I 15 <« CTFII+HA
D HA
55
< FL+HA
35 <FL+
25 < NTF+HA
NTF
S
: 15
a MFSD1
e
E 35 T . . a—
w
= GAPDH
£
£
a
n
L
=
e
w
=

Figurel8. Endbgenous MFSD1 is localizedlysosomes of MEE" cells.(A)Scheme of MFSD1 protein showing
the peptide sequence used to immunize the rabbits for the antibody generatiorH€Bacells were
transiently transfected with plasmids coding for MFSBA or HAMFSD1, collected 24 hours after
transfection and the lysatesvere analged by WesterrBlotting in parallel with MEMFSD¥" and
MEFMFSDIM™#¥ma|ysates using adMiA, anttMFSD1 and antEAPDH antibodiegC)HeLacellswere
transfected with a plasmidoding for MFSBDHA, fixed 24 hours postansfection permeabilized and
stained for MFSD1 and HA. (@EF MFSDY" and MEF MFSIEa™mawere fixed, permeabilized and
stained for MFSD1 and LAMP1. Additionally, MF8Dtvere stained for MFSD1 and GM1%., full
length; FL+HA, full length fused to HARNRterminal fragment;NTF+HA, Xerminal fragment fused
to HA; CTFI+HAt€rminal fragment | fused to HA; CTFII+HAe@inal fragment Il fused to H&cale

bars, 10um.
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3.2 Study of MFSD&xpressionin mouse tissues

After a basic biochemical characterization of MF8xEllulg our aim was to analyse MFSD1
tissue distribution in the majomurine organs and investigate itsndogenoussubcellular

distributionin tissues

3.2.1 MFSDL1 is expressed ubiquitously in mouse tissues

A MFSD4eficient mouse strain was generated in ordewdecipherthe function of MFSD1 in
lysosomes. Briefly, 1 y2 GAN&HE Q 1§ StS 6GYMI0 O2y Gl AyAy:
was inserted into the seconlFSDI1gene intron of an ES cell that was injected into host
blastocystsand gave rise to chimeric mic&he generation of chimeric mice was done by Irm
HermansBorgmeyer (ZMNH, UKE Hamburghfter breeding of the chimeric micePCR
analysis of genomitil DNAconfirmed the heterozygous presence of th=-SDlmlaallele

in the litters (See2.2.5.5. As a result of heterozygote breedings, 263 mice wene lvath an
outcome of 57 MFSDI™, 142 MFSD¥™M12 and 64 MFSD1'#™1a mice. These numbers
correlate with the expected percentages according to Mendelian inheritash@@onstrating

a lack ofelevated embryonic lethalityof homozygousMFSDIM@tmia mice, After birth,
MFSDI"#tmla mice were indistinguishable from MFSM1, and noobvious behavioural

differences wereobserved
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Figure 19. MFSD1 is ubiquitously expressed in micd) The indicated tissuefom MFSD¥“' and
MFSDiamia mice were collected and the membrane proteins were separated from the soluble
proteins using ultracentrifugation. The membrane proteins were analysed by Wdststimg with an
anti-MFSD1 antibody anah anti-Na’/K*-ATPase aslaading contol for membrane fractions
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In order to validate the deficiency of MFSD1 in MPSBT"2 mice, the main tissues of
MFSD¥"t and MFSDT'¥™1a mice were collected, the membrane proteins were separated
from soluble proteins using ultracentrifugatioand the membrane proteins were further
analysed by Westerblotting using the antMFSD1 antibody. Full length MFSD1 was detected
in alltissue membrane fractions analysed MFSD¥* mice at an approximate size of 35
kDa,and it wascompletelyabsent in all theFSD @ ™mlatissye membrane fractionglighest
protein levels wee found in kidney, liver, lungnd spleen, whereabw MFSD1 levelaere
detected in brain andheart (Figurel9A).
In order to investigate whether the tmla cassette contalithe IRES:lacZ trapping cassette,
X-gal stainings from MFSP and MFSD¥'™12 tissue sections were performedNo
differences on the staining of liver,dkiey and spleen were found between MFS and
MFSDY™12 mice due to high endogenolisgalactosidasectivity in MFSD¥"t mice (data
not shown. The resultsof Xgal staining of brain sectiongvealed a turquoise signal in
MFSDY™1a samples limited to the hippocampuarea that was absent in MFS® brain
(Figure20).

MFSD1 v/t MFSD1 wttmia

“ em—— C——
-

Figure20.MFSD1 is expressed in the hippocampusbiain. MFSD1"™12 and MFSD¥'*t brain sections were
prepared aftertissueperfusion with 4% PFénd sectionsvere with X-gal.Scale bars, 100 pm.

Altogether, these results confired the complete loss of MFSD1 expressithre presence of
the IRESacZtrapping cassette in MFSP12t™m1amjce and revealed the ubiquitous expression
of MFSD1

3.2.2 MFSD1 subcellular distribution

With the aim to investigate the subcellular distribution of MFSD1lissues Percoll density

fractionation of liver and kidney from MFSD¥" mice was performed using
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ultracentrifugation.TKS | OGAGAGE 2F (KS théxdsaningiaséntthe | OA RA (
fractionswas evaluated and the fractions were analysedvgsternblotting with the antk

MFSD1 antibody. The liver results derdot NI (i S R -héxosantindlasé activity (>6%)

through fractions FC mo =  g-tekokamihidade activity peak in fractions F12 and F13
(Figure21! L 0 ® { A-hédosamihidage Aactivity, MFSD1 had a basal expression pattern
through F3F12 fractionwith the highestexpression at fraction F1Eigure21BI). The kidney
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Figure21. MFSD1 highest expression in liver and kidney is found in fractions with a higlexosaminidase
activity. Liver and kidney fractions were prepared by Percoll density centrifugation. (A) The enzymatic
activity of the lysosomal hydrolasehexosaminidase in the Percoll density fraction of liver (I) and
kidney (1) was analysed usipgnitrophenyH -D-glucosamirnde as a substrate at a pH of 4.6. (B) The
Percoll density fractiomn (F)of liver (I) and kidney (II) were analysed by Westdotiting usingan anti-
MFSD1 antibody{C)MFSDT"¥™magnd MFSD¥™ liver and kidney sections were prepared aftissue
perfusion with 4% PFAectionsvere stained with antMFSD1 and anrttAMP1 antibodiesScale bas,

10 um.
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fractions also had a basalhexosaminidase activity (>6%) through fractiond=&3, and two
activity peaks were present in fractions F4 and FEgufe21All). Interestingly, Western
blotting analysis of the kidney fractions showectttetection ofMFSD1 through fractions F2
F7,with the highest expression iftaction F4 and the absence of detection in fraction F12,
wherei -hexosaminidasectivity is highest in kidnegFigure21BII). Tissue sections ofdih

liver and kidney from MFSD¥"t and MFSDT!™Ma mice were evaluated by
immunofluorescence using the aiFSD1 antibody and an aitAMP1 antibody. The results
revealed a specific signal of MFSBMFSDT" (absent inMFSDI"at™m13) that co-localized

with the lyssomal marker LAMP1, confirming the presence of endogenous MFSD1 in
lysosomes of both livefin hepatocytes, macrophages and sinusoidal endothelial caiid)

kidney(in cells from the proximal convoluted tubulggjgure21C).

3.3 MFSDiatmia mice phenotype study

Mutations in genes coding fofysosomal transporter often lead to accumulation of the
substrates in the lysosomes. For instance, mice deficient for cystinosin, a lysosomal cystine
transporter, accumulate cystine in the lysosonwsliver, kidney and heart, among other
tissueg(Cherqui et al. 2002AlsoSalla disease patients with mutationsShC17A8ene, that

is coding ér the lysosomal sialic acid transportgalin exhibitaccumulation of sialic acid in

the lysosome®f fibroblasts(Renlund et al. 1986Mfter confirming thecomplete absence of
MFSD1 in MFSDt™lamice, our aim was tasethe MFSD4deficient miceas a tool to learn

more about the function of MFSD1 and pisssible transporsubstratées.

3.3.1 MF®1 deficiency leads to enlarged lysosomes in kidneys

One might hypothesizthat if MFSD1s a lysosomal exporter, the deficiency of MFSD1 would
lead to the accumulation of its substrate/s in the lysosome, and as a consequence the size and
number of lysosomes would increase.

In order to testthis hypothesis, the organs with highest expressiorM#®SD1 (kidney, liver,

lung and spleen) were collected and analysed by Wedbstting using several antibodies
directed against lysosomal proteinBhe results revealedo changes in the protein levels of

the lysosomal proteins LAMP1 and LIMP2 in likamg or spleen oMFSDT"@t™mla mice

compared to the same tissues of MFSI mice (data not shown). However, in kidney the
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levels oL AMP1 were increased twofold MFSD 1@ ™lamjce compared to MFSB% mice,

while no change in the levels of LIMRas observedRigure22A).

Since overall LAMPL1 levels were increased in kidney, a more detailed analysis was performed.
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Figure22. The deficiency of MFSD1 leads to the accumulation of material in vesicles of the proximal tubules

of kidney. (A)Kidneys oMFSDI"#t™agnd MFSDY¥" were collected, lysed and analysed by Western
blotting using antibodies against LAMP1, LIMP2, TUBULIN and MESDMIFSDI#Mmia gnd
MFSDY¥" kidney sections were prepared after mice perfusion with 4% PFA and were stained with
anti-MFSDlantiLTA ad antrWGAantibodies (C) MFSDN¥™magnd MFSD1¥™" kidney sections were
prepared after mice perfusion with 4% PFA and were stained withL#iP1 antibody. Scale bars, 10
um. (D)MFSDIM#t™m1a gand MFSD1"™ kidneyswere collected and fixed with 3¢utaraldehyde and
sections for electron microscopy analysis were prepaiéfthite arrows show enlarged vesicles with
accumulated material. Scale bar (), d®; Scale bar (ll), dm. Analysis of MFSD1 expression through
major structures of kidney was permed by C Meyer-Schwesinger Electron microscopy was
performed by R. LillmanRauch and D. Niemeier.
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The expression of MFSD1 through cortex, outer medulla and inner medulla of the kidney was
analysed in collaboration with C. Mey8chwesinger (Institutéor Cellular and Integrative
Physiology, UKE Hamburg) by immunofluorescence using thevi&®8D1 antibody. Lotus
tetragonolobus lectin (LTA) aMidheat germ agglutinin lectin (WGA) were used to identify the
proximal convoluted tubule and the distabnvoluted tubule, respectively, as they bind
monosaccharides of the mentioned structurddFSD1 was only detected in the cortex of
MFSDY¥""t kidneys, while no MFSD1 signal was detected in MPSTY1!2 kidneys(Figure

22B). The highest MFSD1 expression was found in the proximal convoluted tubules and the
juxtaglomerular apparatus, while low MFSDL1 levels were detected in the distal convolutes
tubules and no specifidaining for MFSD1 was detected in the glomerulus (data not shown).
Immunofluorescence analysis were performed in order to investigate the size of LAMP1
positive lysosomes iMFSDT'#t™1a kidneys Kidney sections were stained with the anti
LAMP1 antibodyrevealing enlarged lysosomes (up tet gim) in the proximal convoluted
tubules ofMFSDIM¥™Miakidneysthat could hardly be found iIMFSD¥* kidney Figure22C,

yellow arrows). Potential substrate/s transported by MFSD1 might be accumulated in the
enlarged LAMP1 positive vesicles found in the proximal convoluted tubulues of MFST2
kidneys. Therefore, the kidneys of MFSBA™!2mice andVIFSDY¥"" micewere analysed by
electron microscopy (EMjogether with R.Lullmann Rauch and.INiemeier Despite
variability between the samples, thEM imagesrevealed the presence obolymorphic
material in vesicles of the proximal convoluted tubules of MFSBT2 mice Figure22D).

Also liver sections were analysed by electron microscopy, but no consistent vesicle
enlargement was observed MFSDI"1#tm1a gamples comparecbtMFSDT"t samples (data

not shown).

3.3.2 MFSDI"#tmia mice have an abnormal liver morphology

The study ofyoung MFSDI"#tm1a mice five weeks after birth showed no macroscopically
detectable phenotype on the major organs with the exception of the spledose size was
increased twéold compared tcage matchedIFSDY¥"" mice Figure23BIl). At three months
of age the absence of MFSD1 resulted, in addition to splenaimefigure23All), in an
abnormal appearance of the liver with large nodules on the surfegri{e23Al). The death
rate of MFSDT1¥M1a mice at older age (>1 yearyvas comparable to the death rate of

MFSDY"t mice, themacroscopidiver appearance did not worsen asglenomegalyvasstill
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present Figure23BIl).The enzymatic activityn serum of hepatic proteins waneasurel in
collaboration withD. Wiegmann (Clinical chemistry, UKE Hambueygealinga significant
increase in alanine transaminase (ALT), aspartate transaminase (AST) and glutamate
dehydrogenase (GLDH) activityMFSD1'#t™m1a seruym at 3 months of age when compared

to MFSD¥"t serum, while no difference on lactate dehydrogenase (l.RHjumin and
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Figure23. MFSDI"#¥™1a mice have splenomegaly and suffef a liver insult. (A) Representative pictures of
MFSD¥" and MFSDT!*¥™ Jiver (I) and spleen (1pf 3 months old mice. (B) MFSTT' and
MFSDi"atmiamjce were sacrificed 5 weeks, 3 months or more than one year after birth and their livers
(I) and spleens (1) were weighted. The tissue weight values m@realized tothe body weight,(C)
Serum from 3 and 6 month old mice was collected, the eratimactivity for ALT, AST, GLDH and LDH
was assayed and the albumin levels were measufde enzymatic activities were analysed Dy
Wiegmann (Clinical chemistry, UKE Hamhukgues are given as me&a8EM. Asterisks indicate
statistically significantlifferences between the two groups [{%0.05;** p<0.01;*** p<0.005).Scale
bars, 1cm.

66



3. Results

bilirubin levels was found between the two genotypes. At six months of age, ALT, AST and
GLDH enzymatic activity levels in MFSB4M12serum were still higher than thievels found

in MFSD1"t serum, but the differences in ALT and AST activity levels between the two
genotypeddid not reach significanc@-igure230). These resultshow that the lack of MFSD1

at three months of age leads to hepatocyte damagat the liver phenotype does not worsen
afterwardsand suggest that MFSI¥™amice livers mighslightly recover from the liver

insult.

3.3.2.1 Sinusoids obstruction and hepatoogtatrophy in MFSDT12™1a mice liver

Sincethe previous results suggested that the liver insult was acute at three months of age, a
more detailed analysis of mice liver sections at this age was performed. All the data that will
be presentedhas beenobtained fromthe analysis of three months old micié,not stated
otherwise

Hematoxylin and eosin (H&E) stainiofjthe liverrevealed an heterogeneous liver histology

in MFSD1#tmia mice, where some areas were comparable to MFS®Bliver while other

areas were affected bysinusoidal obstructiorand hepatocyteatrophy (Figure 24, empty
arrowheads).

A Liver MFSD1WTWT Liver MFSD1m1a#m1a

s LAY R
\ Vs (S

Figure24. MFSDI"amia Jivers have sinusoidabbstruction and erythrocyte extravasationMFSDI"#t™1a gnd
MFSDY"™ iver sections of three months old mice were prepared after mice perfusion with 4% PFA
and were stained with haematoxylin and eosin. Red arrow show sinusesidugtion and hepatocyte
atrophy. Black arrows show erythrocytes extravasation. Scals, H&0 um. H&E stainings were
performed byR LillmanaRauch and. Niemeier.

Additionally, etravasation of erythrocytes through the space of Disse was obseFRigdré
24, black arrowead9 and infiltration of mononuclear cells in the saraffected areas of

MFSDI&tmiajiver tissue was detected={gure24). Toluidine blue staining difver sections
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confirmed the obstruction of sinusoids, the atrophy of hepatocytegyre25, red arrows)
and the presence of erythrocytés the space of Disg&igure25, black arrowpsobserved by

H&E staining in MFSB¥™amice.

Liver MFSD1W™WT Liver MFSD1t™ma/tm1a
: e IR

Figure25. MFSDI"#™m1a |ivers have hepatocyte atrophy and erythrocyte extravasatioblFSDT™¥™!2 and
MFSDY¥™ Jiver sections were prepared aftanice perfusion with 4% PFA and were stained with
toluidine blue. Black arrows show erythrocytes extravasation. Red arrows show hepatocyte atrophy.
Scale ba, 10um. Toluidine blue stainings were performed ByLUllmanaRauch and. Niemeier.

3.3.2.2 Infiltration of blood cells in liver tissue of MFStatmla mice

Theanalysis of H&E stainings of liver sections suggested an infiltration of mononuclear cells
in MFSDfM&tmia tissyes. Ther®re, immunofluorescence analysis of the samples using
antibodies against different mononuclear cell markers was performed. Antibodies against
CD68, myeloperoxidase (MPO), B220 and CD3e were used to identify macrophages,
neutrophils, B lymphocytes andl lymphocytes respectively. The analysis of the stainings
revealed an increase in the number of macrophages, neutrophislymphocytes and
Tlymphocytes inMFSDIMam1a liyer when compared tdFSD¥" liver (Figure26A). Also

an increase ocdutofluorescent material and augmented levelsioé proliferation markeki67

were found in the affected areas of MFSTI¥™2|ivers when compared to MFSIW1! livers
(Figure26A). Macrophageslymphocytes and neutrophils are known to be inflammatory cells
(Susca et al. 200130 the mRNA levels pfoinflammatory cytokines in livavere investigated

by realtime quantitative PCRIRFPCR). The results of the analysigealed arincrement of
CXCL1 and MCP1 mRNA levels in MR8y 2 compared to MFSDY" samples(Figure

26B). These results suggest an inflammatory state and an increase in cell proliferation in the

affected areas of the MFS[Pi@tmlajjyer,
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Figure 26. Infiltration of inflammatory cells inMFSDI"#tM1a Jivers, (A) MFSDT!¥™12 and MFSDY™ liver
sections were prepared after mice perfusion with 4% PFA and were stained with antibodies against
myeloperoxidase (MPO), B220, CD3e, CD68 and ki6KIR8PpI"a™m1a and MFSDY"™ livers were
collected, the total RNA was extracted and it was used to generate cDNA, which afterwards was used
to analyse the transcription of CXCL1 and MCP1 geneRByY@RScale bas, 10um. Values are given
as meaaSEM. Aterisks indicate statistically significant differences between the two groyp<(65).

3.3.2.3 Liver fibrosis and angiogenesis in MFSBY™2 |iver

Fibrosis is an ubiquitous responsetiog liver to acute or chronic injur{Bataller and Brenner

2005) and damaged liver sinusoidal endothelial cells (LSECs) are reported to play a key role
contributing to hepatic complications like fibrogRoisson et al. 2017)

Sinceour results demonstrate that MFS[1¥™m1a mice suffer a liver insultand that the

sinusoidsare affected, the liver fibrotic statevas investigatedusing different methods. The
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Figure27. MFSDI"amia Jiver suffer fibrosis and loss of LSEQ&A) MFSDI"#™a and MFSDT" liver sections
were prepared after mice perfusion with 4% PFA and were stained with Sirius red. Black arrows show
sinusoids obstruction; empty arrows show collagen deposition. Scate 1B0um. (B)MFSD"1a/tmia
and MFSDY" livers were collected and fixed with 3% glutaraldehyde and sections for electron
microscopy analysis were prepared. White arrows skowisoids; empty arrow shows LSECs fenestrae;
yellow arrow shows the absence of LSECs endothelium; green arrow shows capillary. S¢lardr
(1), 10um; scale bas (I11)-(V1), 1um. (C) MFSDT¥™M1a and MFSDY* liver sections were prepared
after mice perfusion with 4% PFA and were immunostained using'afitia ! Z-vWF yand &antCD31
antibodies. Scale bgr10 um. Electron microscopy was performed I®: LillmanrRauch andD.
Niemeier.
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examination of liver sections stained with Sirius red provided evidence of collagen deposition
in MFSD1'@tmia Jivers Figure27A, arrovheads) and confirmed the obstruction of sinusoids
in the affected areasHigure 27A, black amws). The analysis of the liver by electron
microscopy supported the presence of collagen fibres in MIFST 112 samples Figure27BV,
black arrows) observeldly Sirus red staining. It also revealed the sinusoidal structures in
MFSD¥" (Figure27BI, white arrow), while those structures were lost in MFSBA™2 |iver
(Figure27Bll, white arrows). Higher magnification images allowed to identify the sinusoidal
fenestrae of MFSDY" LSECsF{gure27BlIl, empty arrow), while in MFSD¥#™12 |ivers
LSECsvere not detected in many area@-igure27BIV, yellow arrow)Finally, the electron
microscopy analysis of the samples revealed gfahological presence of capillaries in
MFSDT@tmlasamples rarely seen iMFSDY™ (Figure27B, green arrow).
Immunofluorescence analysis of liver sensgrovided evidence of a highsmooth muscle
actin SMA expression, that has been shown to tiearacterisic of activated hepatic stellate
cells in liver(Boers et al. 2006; Friedman 200&) MFSDT'1#t™mia |ivers compared to
MFSD¥"t (Figure 27C), confirming the presence of activated hepatic stellate cells. Von
Willebrand Factor (vWFan adhesive glycoprotein expressadd stored in WeibePalade
bodies of LSECETurner and Moake 2015)is observed as vesiclike structuresby
immunofluorescence in healthy liv@Knittel et al. 1995)The analysis of liver sections stained
with an anttvWF antibody revealedan accumulation of VWF in the injured areas of the
MFSDI"#tmia Jiver sectiong(Figure27C) Furthermore, immunostaining with an ar@D31
antibody demonstated an increasd staining in the MFSI¥t™12 |iver in comparison to
MFSDY"™ liver, suggesting the generation of new capillaries in MPSBT'!2 livers (Figure
27C)

Gene expression analyses usgiJFPCR revealed a significant increastheftranscript levels

of proteins involved in matrix remodelling like TIMP1, MMP2 and MMP9 in ME3{yta
liver in comparison to MFSP" liver (Figure28A). gRFPCR analysis also confirmed the
transcript levels increase &wf and Pecamlgenes, and revead the expressiomcrease of
Cd4 gene, involved in new capillarization process in l(\@na et al. 1990; Wisse et al. 1985)
in MFSDYamlaiyver compared to MFSD™ liver (Figure28A). Thetranscripts levelsf the
gene coding for Factor VI, a specific marker of LSHEahs et al. 2014; Shahani et al. 2014)
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were decreased in MFSDT#t™1a |iver in comparison to MFSPI" samples, therefore

supportingthe loss of LSECs in MFSEA™2mice Figure28A).
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Figure 28. MFSD1"#M1a |iver have increased matrix remodelling and capillarization genes expression and
decreased expression of LSEC gerfa}.Livers oMFP 1matmiaand MFSDY¥™ micewere collected,
the total RNA was extracted amdversetranscribedto cDNA, which afterwards wased to analyse
the transcript level®f the mentioned genes. (B) Representative liver pictures of mice at one and a half
years of ageArrows show tumorsScale bar, 1 cni\sterisks indicate statistically significant differences
between the two groups {<0.05;** p<0.01;*** p<0.005).

A common enestage of chronic liver disease is canfldernandezGea and Friedman 2011,
Pinzani, Rosselli, and Zuckermann 20The study of mice at an old age (>18 months)
revealed astatistically significanincreasein the frequency of liver tumours in MFSD3tmia

mice 6 mice out of9 had liver tumours) when compared to MFS®1 mice (3 mice out of

17 had liver tumoursypplying Fisher’s exact te#t representative picture of the tumours
found in MFSD1"#t™1ajver is shown irFigure28B.

Altogether, these results suggetste damage of LSECs, a process of new capétemzand
fibrogenesis in MFSIT¥™M1aiver, that woulddevelop into cancer in a late stage. It has been
shown that all forms of liver cirrhosis are characterized by a defenestrated sinusoidal
endotheliumé . Kdzy OKS{G | yR Cdz2ASRI ™ ddired 199 Madiety ST ml
al. 1993) Therefore, the lack of MFSD1 in LSIE@dsto LSECs cell damage and defenestration

of the sinusoids, triggerintipe process of ne-capillarization and fibrogenesis.
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3.3.2.4 Tie2 promoterdriven MFSD1 conditional knockout mideave an abnormal liver

morphology

In order to test the hypothesis thahe lack of MFSD1 in LSECs is the trigger of the liver

phenotype, we aimed tgeneratea conditionalLSE&pecificMFSD1 knockout mousérain.

WT

CD31

CD31

ACTIN

B C

Liver MFSD1/GAPDH wT Tie2 MFSD1 KO
WT Tie2 MFSD1 KO

Tie2-MFSD1 KO

n

kDa

T rT I

°

T

MFSD1

35[-— —— — — -]
GAPDH

Relative to WT
o
w

4
°

wT Tie2-MFSD1 KO

D WT 3 Tie2-MFSD1 KO

Figure29. Tie2 promoter driven MFSD1rockout mice have an abnormal morphologfA) MFSDIetmic Tig2
cre™wt and MFSDT"¢tmic Tie2cre™ liver sections were prepared after perfusion with 4% PFA and
were immunostained using the aAWlFSD1 antibodyin combination with anti-CD31, antF4/80
antibodies or Texas red phalloidin, which recognizes actitale bars, 1Qum (B) Livers from
MFSDIetmic Tie2creg"™ and MFSDIM™mc Tie2cre™ micewere collected five weeks after birth,
the lysates were analysed by Westdbiotting with the anttMFSD1 antibody and an a@APDH
antibody as aprotein loading control (I) for the quantification of MFSD1 expression (II). (C)
Representative picture of krs formMFSDIMe™mic Tie2cre"™t and MFSDIM¢™mI¢ Tie2cre™™ mice
at 3 months of ageScale bar, 10 cnfD) Liver sections of three months old mice were prepared after
mice perfusion with 4% PFA and were stained with haematoxylin and.&xsiebars, 50um. H&E
stainings were performed big LillmansaRauch and. Niemeier.
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Most endothelial specific promoters used to express are alsaactive inhematopoieticcells
(Fahs et al. 2014)ie2 promotedriven cre expressing micgere usal to produce a mouse
strain with MFSD1 deficiency in endothelial cefisl Kupffer cellFigure29Aandsee2.2.5.3.
Shortly, the breeding of MFSI32™1aith flipase expressing mice generated MFSE 1"

mice. Mfsd1l tmlcgene corresponds to the wild typgFSDlgene with 2 loxP sequences
flanking exon 2. Cre enzyme catdg a recombination between the two loxP sequences
(Sternberg 1981that results in the deletion of the exon 2 of MFSD1, and the mRNA generated
harbours a frameshift mutation that leads topeematurestop codon. The litters generated
from breeding MFSD1¢Mic Tie2cre™t females and MFSIFEC™C Tie2cre”™ males
consisted 0f50% of MFSD1¢tmic Tie2cre"™t and 50% MFSD1Mic Tie2cre™ mice
MFSD{icmic Tie2cre"™t mice (WT mice) expressed MFSDIubiquitously while
MFSDictmic Tie2cre™t mice (Tie2MFSD1 KO miceyere mosaidor MFSD1 gxession

with MFSD Jexpressionn the cellswhere Tie2 promoter is inactivend MFSD1 absent in the
cells where Tie2 promoter is active.

MFSD1 expression of different cell types from the liver was analysed by immunofluorescence.
Liver sections oW Tand Tie2MFSD1 K@nice were cammunostained with the antMFSD1
antibody and with antiCD31, antF4/80antibodiesor Texas red phalloidin, which recognizes
actin, in order to detect LSECs, macrophages and hepatocyspectively. The results
revealed that LSECs and macrophages had lost MFSD1 expression, while hepatocytes still
expressed MFSD1 me2MFSD1 KO mid€igure29A). The MFSD1 expressionTire2MFSD1

KO liver was investigated by Westerblotting using the antMFSD1 antibody. MFSD1
expression inMie2MFSD1 K@ver was indistinguishable from that oWT liver (Figure29B).
Despite a high variabilityt ¢hree months of age the absence of MFSDL1 in the Tie2 expressing
cells resultedn an abnormal appearance of the liver with large nodules on the susiatiéar

to MFSD1 full knockdumice (MFSDT'¥™M1d) (Figure29C). H&E analysis of liver sections
revealed the presence of areas affected by sinusoidal obstruction, hepatocyte atrophy and
erythrocytes extravasation iie2MFSD1 K@nice (Figure29D). These resulténdicate that

the expression of MFSD1 in hepatocytes is nofficient to prevent LSECs death and
hepatocyte integrityloss. They alssuggest that the lost of MFSD1 expression in L&t@s
eventually Kupffer cellshight be triggering the liver phenotype observedNFSD"tmia

mice

74



3. Results

3.3.2.5 Platelets levels are decreased in serum and increased in liver of MES#1amice

Sincethe loss of MFSD1 expression is leading to LSECs daafemgemally exposing the
hepatocytesto the blood circulationthe recruitment of platelets to the affected areas of
MFSDiatmia liyer was investigatedoy immunofluorescence staingnusing an amCD41
antibody. The results revealed an increase of CD41 signal in the affected areas of
MFSDiatmlaywhen compared tdVIFSDY™ [ivers Figure30A). This staining also revealed
the presence of large CD41 positive cells, which appear to be megakaryocytes, in
MFSDiatmia fiversthat were notobservedin MFSD¥" liver (Figure30A).

Sincethe plateletlevelsin MFSDT"#t™12aiver were abnormajlthe platelet numbersin blood

of MFSDT"#m1a micewere investigatedogether with thefollowing platelet parametersn
collaboration with D Wiegmann (Clinical chemistry, UKE Hamhbunggan plateletvolume
(MPV), platelet distribution width (PDW) and platelet large caflo (RLCR). Theesults
revealed that thehrombocyte levels in serum were significantly decreasel gD [1¥/tmia
samples in comparisoto MFSD¥"t samples(Figure30B). Additionally, themean platelet
volume MPV), platelet distribution width PDW and platelet large cell ratioR-LCR values
were higher ilMFSDT"1@tmlap|atelets compared ttMFSD¥"! platelets Figure30B), which
could be interpreted as a sign of platelet activati@udak, Polat, and Huysal 2016)

The spleen is one afhe major organs were megakaryogtopoiesis takes places in mice.
Therefore, the spleen of MFSDIM@t™mia and MFSD¥™ mice was analysed
Immunofluorescence staining of spleen sections wathanti-CD41 antibody revealedna
increased stainingsuggestin@ higher megakaryocyte number, of tMFSDI"¥M1agpleens
when comparedto MFSD¥"™"t spleens Figure300). H&E staining of spleen sectioaad
counting of megakagocytes confirmed the increase of the megakaryocyte number in
MFSDiatmlagpleen in comparison tMFSD¥™Wt spleen Figure30Dl,I).

The interpretation of theseesultssuggestshat the sinusoidal damage MFSDIM@t™m1a fjyer
leads to aconsumptionof platelets in the damaged sinusoids, evenruitingmegakaryocytes

to the liver andcausingdecreased platelet levels in serum. Significantly higher number of
megakaryocytesvere found inMFSDIM¥Mm1agpleen, which might ba sign ofan attempt to
compensate the decreased platel@imbersfound in serum. As the spleen is one of thejona
immune organs in the mice, we aimed to investigatenore detailthe immune status of

MFSDatmla mjce,
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Figure 30. MFSDI"a™m1a mjce have increased platelets in liver, increased megakaryocytes in spleen and
decreased platelets in serum compared to MFS®1 mice. (A) MFSDT!#™!a and MFSDY¥™ liver
sections were prepared after perfusion with 4% PFA and were immunostained usinGDatti
antibody. (B)The serum of MFSEt¥™2 and MFSD" mice was collected and the thrombocyte
number was analysed. The platelet values indicatecer& also analysed(C) MFSDT"#tmia gnd
MFSD¥"™"t spleen sections were prepared after mice perfusion with 4% PFA and were immunostained
using antiCD41 antibody(D) MFSDI#™1a and MFSDY¥* spleensections were prepared after mice
perfusion with 4% PFA and were stained with H&E (l). The number of megakaryoayfesdoeas
counted (Il). Scale bas (A), 10um; scale bas (Q, 1mm; scale bar(D), 100 um. Asterisks indicate
statistically significaindifferences between the two groups {%0.05;** p<0.01;*** p<0.005). K&E
stainings were performed b LillmannRauch andD. Niemeier.The platelet values were analysed by
D. Wiegmann (Clinical chemistry, UKE Hamhurg)
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3.3.3 Deficiency of MFSDIleads to immunodeficiency

The spleen, one of the main tissues involved in the imnmezomapetentsystem of the mouse,
was increased in sizEigure23B) and had highenumber ofmegakaryocytsin MFSDY1&/tmia

mice in comparison tdIFSD¥"t mice Figure300). Additionally, the liver of MFSEy{/tmia

mice was affected by sinusoidal obstruction and infiltration of immune cells. The phenotype
resembled that of sinusoidal obstructive syndrome (S3@8)man patients and experimental
animal models SOS ia liver disease where the sinusoids are obstructed. Patients suffering
from SOS have thrombocytopeniéMohty et al. 2015)and some patients &ve
immunodeficiency(C. Q. Fan and Crawford 201Zherefore, the expression of MFSD1 in
immune organs and immune celland theimmune status of MFSIFL&™M1a mice were

investigated in more detail

3.3.3.1 MFSDL1 igxpressed in immune organs

First, the expression of MFSDL1 in the immune organs and cells was evaluated by Western
blotting and immunofluorescence analysis.

Western blotting analysis of bone marrow, spleen and thymus lydabes MFSD1a/tmia

and MFSDY¥"™ mice using the amMFSD1 antibody revealed a high expression of MFSD1 in
the three MFSDT" organs, with highesexpression in bone marrowrigure31A). Splen

and thymus sections of MFSD®™a and MFSD¥"t mice were analysed by
immunofluorescence with anfMIFSD1 and antiAMP1 antibodies. The results revealed that
MFSD1 cdocalized with the lysosomal marker LAMP1 in the two tissues of MEPSDdice,

and that MFSD1 signal was absent in MPSBT'!2 mice Figure31B). The expression of
MFSDL1 in B cells and T cells isolated from blood was investigated by Wédsteng lanalysis

with the anttMFSD1 antibody. The results revealed that MFSD1 was expressed in both cell
types, with the highest expression in B ceig(ire31C).Spleen sections of MFSH* mice

were stained with antMFSD1 antibody and arB220 or anti CD3e antibodies as B
lymphocyte and T lymphocyte markers, respectively. The analysis of the stainings revealed
that all the B220 positive cells and the CD3e tpasicells expressed MFSHigure31D).
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Figure31. MFSD1 is expressed Byand Tlymphocytes in spleen(A) The indicated tissuelsom MFSD [1¥tm1a
and MFSDY¥"*t mice were collected and their lysates were analysed by Western blotting with anti
MFSD1 antibody and arBAPDH and antilIMP2 antibodies as loading controls. §BJSDI"#tmia ang
MFSDY¥"™ spleen and thymusections were prepared aftemice perfusion with 4% PFAnd were
immunostained using arflFSD1 and antiAMP1 antibodies. (C) Lysates of spleen &nénd
Tlymphocytes isolated fronfrom MFSDT"#ma and MFSD¥*t mice were analysed by Western
blotting using the antMFSD1 antibody and arBAPDH and antilIMP2 antibodies as loading control.
(D) MFSDt™ spleen sections were prepared aftemice perfusion with 4% PFAnd were
immunostained using antiFSD1, antB220 and antCD3e antibodies. Scalersal0um.

3.3.3.2 MFSDI1#tm1a mice exert reduced lymphocyte numbers and immunodeficiency

As MFSD1 was expressed in bBtand Tymphocytes, the lymphocyte distribution in spleen
was investigatedy immunofluorescence using antibodies against B220 and CD3e. The results
revealed thatMFSDI"atmla gpleen had reducediumber of B220 positive cells in the red
pulpa area when compared tddFSD¥" spleen, while no difference in the staining of CD3e
was observed between the spleen of the two genotypes analyBegli(e32A).

In order to have quantitative data about the percentage of B220 positive cellspterogtes

of MFSD¥""t and MFSDI™at™m1a mice were analysed by flow cytometry with the aB220

antibody. The analysishowed that MFSDI"#mla gpleen had significantly reduced
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