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ABSTRACT

Peroxisomes are cell organelles with important functiomsatabolic processes, includibgpxidation

of very long-chainfatty acidsandbrancheechainfatty acids, ether lipid synthesisatabolism ofD-
amino acids and polyaminess well aghe degradation of reactive oxygen spedi@©S) particularly
hydrogen peroxide.

As lipids havea spedfic functional significancén the nervous systenperoxisomal disorders lead to
disturbed myelination of axonsesulting in severe neurological diseadasaddition, @tients show
testicularabnormalitiesincluding the reduction ofseminiferous tubukeor a spermatogenic arréisat
leads to azoospermi&nderlying alterations in the testes due to a peroxisatetdctare not well
characterizedPeroxisomes do not syhesise proteins on their own, thereftrey require an import
machinery to translota proteins from the cytosol into the organell&e peroxisomal membrane
proteinPEX13 is part of ths translocation machineryts inactivation leads to a biogenesis defect of
peroxisomes with loss of all metabolic functions.

Basedon the Crdox techngue two mouse models with a conditional knockout Rex13were
establishedn either pre or postmeiotic germ cellsnediated by théransgenicStra8Cre orPrm-Cre
promoter, respectivelyl he effects of gperoxisomal knockouwvere analysed with focusn germ cell
differentiation and maturation The Stra8Cre mediated peroxisomal knockoimduced a severe
impairment of spermatogenesis. Germ cell differentiation was interrupted at the round spermatid stage
leading to the generation of multinucleated giesits and thusinfertility of male mice More lipid
droplets were accumulated in the cytoplasm of Sertoli cells, compared to control mice. In adaktion, g
chromatograpy revealedan alteratiorin the compositionof polyunsaturated fatty acids the tests.
Whereas precursors of thperoxisomal b-oxidation were upregulated, docosapemt®ic acid
(C22:5(r-6)) and docosahexrnoic acid(C22:6(s-3)) were significantly dowsregulated.Fatty acid
elongases and desaturases that are involved in peroxibeomaation were significantly increased.
Peroxisomal gnes involved in the metabolite transpdrxidation ether lipid synthesis as wels
retinoid and ROS metabolismere strongly dowsregulatedin the Stra8Cre mediated?ex13KO

mice,

In contrast to thia spermatogenesis was not affected inRh&-Cre mediatedPex13knockoutmice.

Mice were still fertileand showed no obvious impairments of the peroxisomal compartment.

This study provides evidence that peroxisomesare inevitableto ensure proper gerncell
differentiation Moreover peroxisomes seem to be more important for germ cells prior to meiosis than

for cells that further differentiate into spermatozoa.



LITERATURE REVIEW

1 INTRODUCTION

Peroxisomes arabiquitouseukaryoticcell organelleswith various importanfunctionsto maintain
cellular homeostasisThey are mainly involved irb-oxidation of very long-chain fatty acids
(VLCFASs), synthesis and generatiar ether lipids, steoids, cholesterol and bile acfiVanders and
Waterham 2006a As by-product of theb-oxidation pathway, reactive oxygen spec{OS) are
generagd, whose accumulation lesitb oxidative stress in the cell. Through their degradation within
the peroxisomal compartment, they will be disposédio prevent cellulamtoxication(lslingeret al.
2012.

Peroxisomes are either synthesizinovoor derive from preexisting ones througtivision. Their
biogenesis is maintained by essential prateialled peroxins oPEX proteins of which PEX5, PEX

7, PEX10, PEX12, PEX13, PEX14 are involved in the import of enzymes into the cellular
compartmen{Hasanet al. 2013. Peroxisomal matrix proteins will be synthesized on free ribosomes
in the cytoplasm. They contain a recognition sequence, defined as the peroxegeiahg signal
(PTS1) that will be podranslationally recognised by receptofhie PEX proteins willsubsequently
be translocated via an import machinery compieto the lumen of the peroxisom&tanley and
Wilmanns 200% Impaired groxisomalfunction characterized by defects in the biogenesis, protein
import or impaired metabolic pathwaysay lead tasevere neurological diseases that can be |ethal
shown for the Zellwegesyndrome(Gould and Valle 2000 Peroxisonal dysfunction can also lead to
less severgliseaseglisplayed by patients affected withlXked adrenolekodystrophy(X-ALD) or
adrenomyeloneuropathyAMN), whose symptoms result from an accumulation of VLCFAs
Interestingly, patients also show alteoas in their reproductive tradncluding degenerating Leydig
cells, reduction ofthe seminiferous tubules or evea spermatogenic arresiSpermatogenesis
comprises restructuring of th8loodtestis barrier(BTB), endocrine and paracrine regulation
(Weinbauer and Nieschlag 199Mitotic and meiotic eventdt thereforerelies on the availability of
steroids, plasmalogens and scavengindgR@iSthat implies peroxisomal function

Based on the evidence that peroxisomes are present in all germ cells except for sperthatstzaty
focused on thémportance of peroxisomes duriggrm cell differentiationThe experimental design
aimed at the chacterization of the éécts of abolished peroxisome biogenesisnurine testicular
cells to analysewhich peroxisome specifimetabolic pathways anequired andndispensablgor
germcells to differentiate into fullyunctioning sperm

Based on th€relox system the deletion okexon?2 of the peroxisomal proteiREX13 wasmediated
by atransgenicStra8Cre promoter or &rm-Cre promotetto interfere with the protein import and

thus abolishing peroxisomal functiomeitherpre- or postmeiotic germ cellsrespectively
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1.1 Peroxisomes

Peroxisomes were first discoverattheultrastructural leveby Rhodin(Rhodin 1954. Together with
glyoxysomegiin plants and filamentous fungiglycosomege.g. in human pathogehgishmaniaand
Trypanosoma sppand hydrogenosomgthey were groupedhto theorganellefamily of microbodies
Peroxisomes were defined as a distinct organelle, when De Duve and colleagues idenatied
oxidase and Eamino acid oxidase activityas well asperoxisome specific catalagPe Duve and
Baudhuin 196§ In the oxidative reactiorhydrogen peroxideH,0,) is produced, which in turn will

be catalysed tooxygen (O,) and water {H,O) to maintain cellular function and homeostasis.
Morphologically, they are characterized byfiae granularproteinaceous matrix surrounded by a
single membranat the ultrastructural level'he membrane is permeable to small molecules aach
urate or amino acidéDe Duve and Baudhuin 1956For larger sulisates (e.g. acetyCoA) and
cofactors (e.g. NA), shuttle systems are used that connect the peroxisomal lumen to the cytosol
(Tabaket al. 1995 van Roermuncet al. 200§. Small solutes (MWk 300D) can easily pass through
porelike structuregAntonenkovet al. 2004). The size and number of peroxisoniesdaptable to the
requirementand compositiorof their environmentand has an impact on their function and reactions
(Lizanaet al.2008. Peroxisomesreusuallyspherical shapedrganelles that angresent in almost all
eukaryotic cellsexcept forerythrocytesin sebaceous and preputial glands and regeneratingHisngr
are interconnected and organized into a xisomal reticulum(Gorgas 1984Yamamoto and Fahimi
1987. Thesizeof peroxisomewaries depending omé organ. In kidney anidser, they are relatively
large (0.31.0 um in diameter), whereas in the brain and muscle their size ranges freh28(im
(Holtzmanet al. 1973 Usudaet al. 1988. Peroxisomesare involved ina multitude ofcatabolic and
anabolic processdscluding the degradation of VLCFs and their derivativeshvixidation, synthesis

of ether lipids, steroids and cholesterol, catabolism of purines and biosynthesis of glycerolipids and
bile acids (Figurd).
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Figure 1| Simplified scheme of the peroxisomatompartment. The peroxisome ignainly involved in the
degmadation of VLCFs and their derivatives \leoxidation, synthesis of ether lipids, steroids and cholesterol,

catabolism of purines and biosynthesis of glycerolipids and bile &eciddified according tqNenicu et al.
2007.

1.1.1 Peroxisome biogenesis

As mostother orgaelles, peroxisomedack their own DNA.They do not have an endosymbiotic
origin and proteins were derived from primitive eukarydqtgabaldonet al. 2006. Peroxisomes are
generatedde novofrom the endoplasmic reticulum (ER) through budding and heterotypic fusion of
two vesicles under the control ¢fEX1 and PEX6. The mechanism vgainitially described in
Saccharomyces cerevisig&itorenko et al. 2000. As also shown in mammalian cgll mature
peroxisomes multiply by growth and fission, mediatedPEX11 (Opalinskiet al. 2011, Schraler et

al. 2016. Peroxisomal assembbnddivision are maintained by the function esential peroxisomal
proteins, called peroxin®urdue and Lazarow 200Wa et al.2011). Peroxisomes elongate by means
of PEX11 (PEX11b in mammalian cellsand membraneanchoreddynaminrelated proteifDRP)-
interacting proteingLazarow and Fujiki 1985 Tubulation and elongation is regulated by external

stimuli and the exposure to growth factorspatyunsaturated fatty acid®UFA9 (Schraderet al.
1999.
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1.1.2 Peroxisomal protein synthesis and their import

Peoxin proteins are encoded BEX genes. Their nomenclature refers to the date of their discovery
(Distel et al.1996. Nearly 30 peroxinkave been identifiedo far

PEX proteinsare synthesizedn free ribosomes in the cytosol and posttranslationdly imported

into peroxisomegLazarow and Fujiki 1985 Newly synthesizedberoxisomal matrix proteinare
recognized by cytosoliceceptors andare directed to a docking and translocation cterpat the
peroxisomal membran@eroxisomes are able to trandpoairgoes in a fully folded, eactor bound
and even oligomeric sta{&chrader and Fahimi 280 The importof matrix cargas enabledy two
peroxisomal targeting signals, PTS1 and PTB2imann and Schliebs 200%TS1 is located at the
C-terminal end of the protein and shares a conserved,-cleamable tripeptide SKL
(SIAIC)(K/H/R)(L/M) (Gould et al. 1988. PTS1 containing cargoes are sptranslationally
recognised byPEX5 that contains a conservedt€minal domain with aetratricopeptide repeat
(TPR motif and a divergent ferminal domain(Stanley and Wilmanns 20R6PEX5 has binding
capacity not only foPTS1 but also for rmebraneboundproteinssuch asPEX14, PEX3, PEX8 and
RING-finger peroxinsamong its Nterminal region(PEX2, PEX10 and PEX12) (Erdmann and
Schliebs 2005Ma et al. 2011). The consensus sequenoé PTS2 (R/K)(L/I/V)(X5)(H/Q)(L/A) is
recognized bythe specific cytoplasmic shuttling recept®EX7, that directs the proteins to the
peroxisomesLoaded with their cargdhe shuttling receptors bind to the peroxisomal protein import
machinery, also described as docking complex or importomer, before the ra@ggtcomplex will

be translocated into the peroxiso(hair et al.2004 Rayapuram and Subramani 2006

The docking complex is assembled B¥X13, PEX14 and PEX17 (ScheltStevenet al. 2005. It is
linked to a RING-finger motif by PEX8 (Agne et al. 2003. The RING subcompleis composed of
PEX2, PEX10 andPEX12 whichis a characteristic element of E3 ubiquitin ligasesl therefore
facilitates PTS receptor recycling and degradatibhe last complex is a receptoco-receptor
recycling machinery composed BEX4 and two ATPase PEX4 is a member of the E2 family of
ubiquitin-conjugating ezymes; it isanchored to the peroxisomal membrane through the cytosolic
domain of PEX22. The two ATPases(PEX1 and PEX6) areassociated with a variety of different
cellular activities (AAA+ poteins); the AAA+ complexis attached to the membrane through
membrane proteiREX26 (Erdmann and Schliebs 2005

1.1.3 Peroxisomal function

Peroxisomes are involved in catabolic and anabolic processes which are important for proper cell

function and proliferation Metabolic processes include degradation of VLCFs fwaxidation,
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synthesis of ether lipids and cholesterol, catabolism of purines and biosynthesis of glycerolipids and
bile acids(Wanders and Waterham 2006a

1.1.3.1Metabolite transport

The transporbf molecule substrates and produatsoss the membrane is facilitated through specific
proteins that either function as carrier of matrix protéingiaintain all metabolic functiorm are part

of a transport systelfSubramani 1996Girzalskyet al.2009 Girzalsky et al. 2010. One of the major
constituents of the peroxisomal membrane is the-Aifiding cassette (ABC)dnsporter of subfamily

D (ABCD) thatfunctiorsin thetranslocation of substrates for peroxisofmaixidation.

In mammalian peroxisomes, thréd@B-binding cassette transporters of type D have been identified.
ABC transporters requirbomo or heteredimerizationto constitute a fujt active unit(Bakeret al.
2015. The most prominent one iBBCDL1 that is also known as ALDP (adrenoleukodystrophy
protein) As a result of mutatedBCD1gene unbranched, saturated and VLCFAs aceumulagdin

the cellwhich is the main characteristic ALD (Mosseret al. 1993 Kemp and Wanders 2007The

two other members arBBCD2 (adrenoleukodystropkelated protein (ALDR)Feigenbaunet al.
1996 andABCD3 (70 kDa peroxisomal membrane protein (PMP{@anakaet al. 1996 Tanakaet

al. 2002.

The specificity of ABCD transporters for ae§bA esters is differenin yeast ABCD1 prefers the
transport of hydrophobic 2:0CoA and C26:0CoA, whereasABCD2 preferentially transports
C22:0Co0A, C22:6CoA and C24:68CoA. ABCD3 is required for the metabolic transportarfigrchain
unsaturated acyCoAs, 2methyl brancheathain acyilCoAs and longchain dicarboxylic CoA esters

across the groxisomal membran@akeret al.2015.

1.1.3.2Fatty acid (FA)

Fatty acids are either synthesized and elongatet movdipogenesis (DNL) in the livefHellerstein

1999, by peripheral lipolysis (breakdown of lipids) or derived from the diet (fruits, vegetable oils,
seeds, nuts, animal fats, and fish oild)ey consist ofdng hydrocarbon chains with a carboxyl group
and a various number of double bondzatty acids are distinguished into saturated (SFA),
monounsaturated (MUFAs-7  a r9landyPUFAS¥-3 a n6jl depending on the position of an
incorporated double bond, counted from the first methyl grospally, they consist of even numbers

of carlon atoms, ranging from 14 to 2&ibson 1965.

De novofatty acid synthesis up to palmitic acid (C16:0) takes place in the cytosol by means of fatty
acid synthase (FAS). For DNL, acefybA is required, that mainly derives from carbohydrates via the
glycolytic pathway, and will be carboxytad to malonyCoA to producea keto acid. A polymer is

produced through condensation, dehydration and reductithre kéto acid, to synthesize a methylene
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group from the carbonyl group. This process will be repeated until afafty6acid will be fully
synthesized(Gibson 1965k VLCFAs (O C20) are synthesized in thER, peroxisomegHorie et al.
1989 and in mitochondridy elongation ottorrespondingnzymesELOVLS) (Daset al.2000.
SevenELOVL proteins are known of whidBLOVL1, ELOVL3, ELOVL6 andELOVL7 are inwlved

in the elongation of MUF#, whilst ELOVL2, ELOVL4 andELOVLS5 utilize PUFA as substrate
(Pereiraet al. 2004 Jakobssoret al. 2006. Elongation ofitlinolenic (18:3¢-3)) and stearidonic acid
(18:4(¥-3)) as well aslinoleic (C18:2f-6)) a n dlinotenic acid (C18:3(r-6)) is regulated by
ELOVLS5 (Sprecheret al. 1995. The desat ur ati on sltierpolferno ne- laicn odl
linolenic into stearidonic acid is performed d§-fatty acid desaturase (FADS@hoet al. 1999.

Fatty acidb-oxidation is a central metabolic proceBsiring mitochondriab-oxidation fatty acids up

to a length of 22 carbon atoms will be catabolized, providilegtrons to the respiratory chain and
thus energy in form of ATPBartlett and Eaton 2004VLCFAs are shortened in peroxisomésn de
Beek et al. 2017 for further mitochondrial fatty acidb-oxidation andas a preequisite for
plasmalogens and cholesbl biosynthesigGhisla2004). Saturated fatty acids with an even number of
C-atoms will be degraded by usubloxidation, producing a trampenoytCoA double bond,
followed by hydration and oxidation to produce ac€glA and acylCoA. Oxidation of unsaturated
fatty acids rquires two additional enzymes: isomerase and reducthseenzyme isomerase recruits
existing cis-qzdouble bonds intdrans-gzdouble bonds followed by oxidation stephe enzyme
reductase is involveth theb-oxidationand metabolism of polyunsaturated fatty erGglA esters
during the conversion of the intermediate-@idnoylCoA thioesters tarans-gq-enoykCoA. To end

up in a hydrocarbon chain, the carbonyl group musetieced Reddy and Hashimoto 2001
1.1.3.3Peroxisomab-oxidation

During peroxisomalb-oxidation free energy is released in form of h€athrader and Fahimi 20P6
The chain shortening of acyToA esters is catalysed yielding chaimortened acyCoA and acetyl
CoA (Poirieret al.2006, as well as octanyCoA and propionylCoA that are conjugated to carnitine
and shuttled to mitochondridhe shortened products will further be oxidized under the generation of
ATP via the mitobondrial electron transfer cha{fferdinandusset al. 1999 Reddy and Hashimoto
200)). In the inifal stepof peroxisomab-oxidation H,0O, is producedthrough electron transfer onto
an oxygen molecule performed by a flavoprotein dehydrogefi&geenzymecatalases needed to
catalyse the decomposition fofdrogen peroxidéo water and oxyge(Bravermaret al.2013.

The basic processes of fatty abidxidationare similar to mitochondrid-oxidation, but performed
with different enzymatic isoformsSubstrates used for perozisal metabolism are pristanic acid
which is derived from dietary sources, hexacosanoic acid (C26:0), amd diihydroxycholestanoic
acid (DHCA and THCA) from cholesterol in the liver, lenlgain dicarboxylic acids as product of

omegaoxidation of longchain monocarboxylic acids, specific prostaglandins and leukotriens, some
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xenobiotics as well as vitamins E and\Wanders and Waterham 200®ne cycle of peroxisomét
oxidation is also required for the synthesis of docosamexa aéd (C22:6¢3; DHA), a¥-3 PUFA

DHA is synthesized from linolenic acid and requires several desaturation and elongation steps and is
regulated byELOVL5 andELOVL2 (Gregoryet al. 2013. DHA together with arachidonic acid
(20:69(Gr AA) and ei co03d;E&EPA nontabetato phospholipids :abttiencfore
regulate cell membrane fluidityStoffel et al. 2008. DHA is highly abundant in membrane
phospholipids of round spermatifiSroganet al. 1981 and mature spermatoz{fejrajiet al.2009.

1.1.3.4Reactive oxygen speci€ROS)

ROS are formed as fyroducts from electrotransfer reactionghat areproduced by mitochondria,
peroxisomes and the EROS is a collective term for oxygederived radical spees, including
superoxide anion (primary form), hydrogen peroxide, hydroxyl radical and peroxyl radical (secondary
form) as well as nitrogenous compounds (peroxynitrous acid, nitroxyl anion, peroxynitrile, and nitrous
oxide) (tertiary form)(lommiello et al. 2015. They areconsidered to have toxic effects on lipids,
proteins and nucleic acidgreeman and Crapo 198Rizzimentiet al. 2010 and theyarelinked to
cytoskeletal modifications and inhibition of cellular mechanigiisashawv et al. 1986 Davies 198Y.

To protect the cell from damaging effects caused by R&S; must be degraded by antioxidant
enzymes such as superoxide dismutase (which redugeso H,0,), catalase, rad glutathione
peroxidase (which redusél,O, to H,O). Peroxisomal detoxification includes severalOslgenerating
enzymes: glycolateoxidase,-&nino acidoxidase, urateoxidaseahydroxyacidoxidase, and fatty
acylCoA oxidasgBoveriset al. 1972. The oxidative reactions are important to detoxify a variety of
toxic molecules (e.g. ethanol), particularly in liver and kidn€ge main contributors of 1@,
generationin mammalsare the perxisomal b-oxidation of fatty acids 1(.1.3.3, the enzymatic
reactions of the flavin oxidases, the disproportionation of superoxide rafichlsader and Fahimi
2009. The expression ob-oxidation enzymes is elevated when activators of the peroxisome
proliferator activator receptors (PPAR$ke fibrates or free fatty acidsare applied(Fahimi et al.
1982 Schrader and Fahimi 20P6These conditiongenerateoxidative stressthat describesan
imbalance of oxidant production aadtioxidant capacityThannickal and Fanburg 2000t may lead

to agerelated and chronic diseases includaging,cancer, cardiovascular disease, diabetes, chronic
inflammation, ad neurodegenerative disordgiSooke et al. 2003 Chakravarti and Chakravarti
2007). In terms ofmalefertility, ROS camegatively influenceghe sperm concentration, motility and
morphology leading to leukocytospermia, varicocele and idiopathic infer(ifgsqualottoet al.
2000. Besides their harmful rode ROS have also important function as mediators in cell signalling
and regulatior(Finkel 1998. Low concentration of D, is required for proliferation, apoptosis and

carbohydrate metabolis(Bonekampet al.2009.
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1.1.4 Peroxisomal diorders

Peroxisomal disorders aseibdivided into twagroups.One group compriseperoxisomal biogenesis
disorders (PBD),the other one includes single peroxisomal enzym@&nd substrate transport
deficienciegWanders and Waterha2006b.

1.1.4.1Peroxisomal biogenesis deficienc{@8D)

Peroxisomal biogenesis deficienci®B09 are characterized lmefectivePTS1 and PTS2mediated
import of peroxisomal matrix proteg(Slawecki et al. 1995, leading to peroxisomal metabolic
dysfunctionand a declinén peroxisomdormation(Maxwell et al.2003.

Mutationsin one of the 13PEX genes cause Zellweger spectrum disordess are a heterogenous
group of autosomal recessive disord@fgaterham and Ebbiek 2012 Fujiki et al. 2014. ZSDs
include Zellweger syndroméS), neonatal drenoleukodystrohpy (MLD) and infantile Refsum
diseasg(IRD), whose symptoms result frothe accumulation of VLCFAs, phianic: and pristanic
acid, C27bile acid intermediates and pipecolic acid in plagivanders and Waterham 2006&he

ZS, also known as cerebrohepatorenaldsgme is the most severe formf PBDs (Steinberget al.
2009. It affecs the physical developmentith defects in brain morphogenesis (e.g. characteristic
craniofacial dysmorphism with high forehgaals well asthe sensory systn with impact onthe
muscle tongresulting inhypotonia seizuresloss of vision and hearininfants do not survive their
first year(Bravermaret al.2013.

Patients with neonat#lLD (N-ALD) show kss severe symptom¥-ALD results from mutations in
PEX1(encodes a protein that is a member of Afype ATPasesPEX5 encoding for PTSIRPEXLO

and PEX13 that interacts with the PTS1 receptbeukodystrophyoccurs in early childhood with
active demyelination in the cerebrum, midbrain and cerebellum, resulting in progressive psychomotor
regressiorfAubourget al. 1986. Patients can at least survive a decade

Brain development is also affected patients withIRD (Scottoet al. 1982 Steinberget al. 1993.

Due to mutatedPEX], PEX3 PEXG PEX12 andPEX26 (Waterham and Ebberink 20y 2patients
have increased hgtanic acid levels and displayminor dysmorphism, mental retardation,
hepatomegaly, sensorineural hearingsloretinal pigmentary degeneration dryghocholesterolaemia
(Duboiset al. 1991, Naidu and Moser 1991In contrast to the more severe types of Z&®neuronal
migration disorder and progressive white matter diseasebeobserved in these patier(/anders
and Waterham 2006b

Another candidate of the group of PBDsriszomelic chondrodysplasia punctdfRCDP) type 1
Unlike ZSDs, mutations iPEX7 are associated with RCDP typgBravermanet al. 2010. Patients
usually suffer from dwarfism, with shortened proximal parts of the extremities, typical facial

appearance, severe mental retardaiith spasticity and ocular abnormaliti@ke Kretseet al.1981).
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1.1.4.2Peroxisomal singkenzymée transportedeficiencies

Peroxisomal single enzyme or transpaficiencies are classifiewith respectto the affected
peroxisomal pathwayA defect in ether phospholipid biosynthesis results in RCDP of typafto a
mutation iINnGNPAT, the enzymdHAPAT is deficient(Wanderset al. 1992 resulting in the inability

to synthesize ether phospholipids, including plasmalo@éfaders and Waterham 20068anders
and Waterham 200aThe gmptoms overlap with those of RCDP of type 1. These refer to
abnormalities, hypotonia, dwarfism and shortening of extrenfies/ermaret al.2013.

A disturbancein peroxisomalb-oxidation results in an increase @feroXsomal metabolitesFive
disorderghat belong to this grougre characterized so faX-ALD, acytCoA oxidase deficiency, D
bifunctional protein deficiency, sterol carrier protein X (SCPx) deficiency, antByacyl-CoA
racemase (AMACR) deficiencyWanders and Waterham 200Q6bThe most frequentsingle
peroxisomal disorder with a minimum incidenceld21.000 males in the USA to 1:15.000 males in
Franceis X-ALD (Kemp et al. 200]) that is characterized by mutation in theABCD1 genethat
causes theccumulation of VLCFAsn the cell(Mosseret al. 1993. One phenotype is referred to as
AMN, a combination of anyelopathyand a peripheral neuropathioser et al. 2007). The other
phenotype is termed as childhood cereaDd (CCALD). Symptomsinclude behavioural, cognitive
and neurologic deterioratiofWanders and Waterham 2006k can also occur during adolescence
(adolescence cerebral ALD; ACALD) or adulthood (aghaiebral ALD) (Wanders and Waterham
2006h Wanders and Waterham 2006&atients with XALD are predominatty affected by
adrenocortical dysfunction, most of them before having entered adulthood. Consequently, they do not
produce adequate amounts of steroid hormones and display myelojjBiley et al. 2005. In a
publication from1981, XALD could be associated with abnormalities in testicular function and

developmen{Powers and Schaumburg 1981

1.1.5 Peroxisomatlysfunction ananale fertility

Powers and Schaumbuemalysedtestes biopsies of young-XLD patients (from 8 to Yearold

boys) at thaultrastructural levelAlthoughthe number of interstitial cells wasjualto healthy control
biopsies, theydetectedperinuclear linar clefts with electromense lamellar fragments intermixed

with vesicles of the ER and pale lipid droplét®; (Powers and Schaumburg 198The group of
Assies(1997)alsoexamined the effects of-KLD on testialar function. In more than 5% of tested
caseserectile dysfunction and diminished body sexual mas describedBeyond tlese findings
patients showed a diminished libido, cryptorchidism (absence of at leastsiis in the scrotum),
gynaecomastiéenlargement of male breast tissue) and small testes. Interestingly, plasma testosterone

(T) concentrationsvere at the lowest level ohormal rangeln a more recent study published by
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Stradomska et a{2012) X-ALD andAMN patients(aged 2448) displayedLeydig cell and/or Sertoli

cell dysfunctionwith very high levels of ABCD1 in Sertoli cellfuteinizing hormone L(H) and
follicle-stimulating hormoneHRSH) levels were slightly increased in both groupssemen analysis

was performed in a case study, lsted in 1998 The 22yearold patient showedsevere
asthenotextozoospermia with abnormal sperm motility and morphology as double heads and disrupted
membranes. The sperm number was reduaecbmpanied with a decline of fertilijAversaet al.

1999.

1.2Infertility

The proper definition for infertilitys the failure to conceive after one year of unprotected intercourse.
It approximatelyconceris 72.4 million people worldwid¢Couttonet al.2015a Couttonet al.20158.

The parameter for testing male fertility are sperm concentration, sperm motility and morphology
(Kumar and Singh 20)5Parameters below th&'orld Health OrganizationVfHO) values count for

male factor infertility (Plachotet al. 2002. According to statistics from 2014, imposed by the
European Society of Human Reproduction and Embryology (ESHRE0 200f infertility cases are
explained by physiological causes in men;380% cases are attributed to the female, andl@56

cases toboth partners (https://www.eshre.eu/guidelinesmdlegal/artfactsheet.aspx) Unexplained

male infertility (UMI) still affects approximately 1%, althoughstudies range from @& to 37% UMI.

The studies also include infertile patients with normal seamalysis, normal history and physical
examinationand whenthe female factor infertilitycan be excludedMoghissi and Wallach 1983
Collins and Rowe 1989Collins and Crosignani 1992Hamadaet al. 2011). Environmental,
behavioural and genetic tacsare the source of iertility (Cooke and Saunders 2Q0Zhese include

the presence of antisperm antibodies, sperm DNA damage, elevawdd t\ROS and sperm
dysfunction Dysfunction along the hypothalamigtuitary gonadal axisffects hypogonadotrophic
hypogonadism and Kallmann syndrome, direct trauma, inflammation or infection of the testis,
varicocele, cryptorchidism, -¢hromosome micmteletions, testicular cancer, erectile dysfunction,
infrequent or retrograde ejaculation, epididymitis, congenital bilateral absence of the vas deferens,
Kl'inefelterdds syndr oaalkonly(sgndromepAdajwal etaln 2014.SSpermh o | i
abnormalities are categorized into azoospermiespermatozoa in the ejaculatdigospermia(sperm
concentration is less than 20 mio inlasthenospermifless tharb0 % of spermatozoa have normal
motility or less than 2846 have any motility and eratozoospermifess than 3®6 of spermatozoa

have a normal morpholoyy

10



LITERATURE REVIEW

1.3The male reproductive system

The genital ridge is established through migration of primordial gmths and somatic progenitor

cells that express a variety of transcription factors. In mammalian specie§Rthgene (sex
determining region of the Y chromosome) determines the sex of the gonads. Androgens maintain the
male phenotype, that is charactedzy external and internal male reproductive orgheguneet al.

1998. The internal se organs refer to the accessory glands including the vas defddectug
deferen} the seminal vesiclesGlandulae vesiculosgethe prostate and the bulbourethral glands
(Cowper’s gland). The external organs comprise the penis, the testes that adedritbtte scrotum,

and the epididymisThe testes areval shaped organshey are involved in androgen synthesis,
designated as steroidogenesis, and the production of spermatozoa, as consequence of differentiating
germ cells, a process called spermategen

The testicles are covered by a midiyered tunicathe Tunica vasculosathe Tunica albugineaand

the Tunica vaginalis The Tunica vasculosés the inner layer and facilitates blood supply to the testes.

It is covered by thdunica albugineahatencapsulate the testis. It connects to fibres surrounding the
epididymis. TheTunica albugineas involved in blood flow regulation, inteesticular pressure and
contraction to induce sperm moveméB8etchell 1994 It is overlaid by a third layer, th&unica
vaginalis TheMediastinum testiswvhich is a network of thick fibrous connectivestig, extends from

the top to the bottom of the testis. It contains the rete testis, blood and lymphatic vessels.

Testicular septa radiate from thMediastinum testigo theTunica albuginegde Kretser 1979 They

partition the testis into lobuletgbuli tests) that contain the seminiferous tubul@silfuli seminifer),
arranged as tubes. They contribute to approximately 90 % of adult mass; the remaining 10 % are
interstitium consisting of blood and lymph vessels as well as the steroid producing Leydig cells
(Schlatt and Ehmcke 2014 Spermatogenesis takes place in the germinal epithelium of the
seminiferous tubules, containing germ cells and Sertoli cells. The lay&rof seminiferous tubules

are composed of contractile peritubular cells that support the release of immature spermatozoa from
the seminiferous epithelium into the tubule lum{@&ym and Fawcett 1970 The spermatozoa still

lack the @pacity to swim and to fertilize an egg. They acquire their function during the transit in the
tubules to theepididymis. Spermatozoa initially enter the headp() of the epididymis via the
efferent ducts of th&lediastinumtestis They proceed througtne body ¢orpug to the tail Caudg

that serves as a storage reserg@iooperet al. 1986 Thonget al. 2014). During ejaculation, the
prostate glands produce and secrete alkaline seminal fluids (ab86t Z0of the semerjaculate)

that help the sperm to survive in the acidic vaginal environment. The fluids from the prostate are
mixed with those from the s@nal vesicles and other accessory glasdsooth muscleells aremside

the prostatestromathat contract to press the fluid into the urethra. Semen is formed, which will then

be released as ejaculftéerzeet al.2016.
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1.3.1 Spermatogenesis

Spermatogenesis is the process of germdieision anddifferentiation to produce spermatozoa. It
occurs in the germinal epithelium of coiled seminiferous tubfileset al. 2013. It is regulated by

growth factors and hormones via the hypothalapiigitary-gonadal axis to facilitate a gene
controlled cyclic process, with successive mitotic, meiotic andrpesitic phases.

In mammals, spermatogenesis can be divided into three phimsdbe first phas, diploid
spermatogonia proliferate and undergo a series of mitotic divisions to progressively develop into
primary and secondary spermatocytes. During the second phase, spermatocytes meiotically divide into
spermatids. In the last phase, a process thaeharacterized as spermiogenesis, spermatozoa will be
released from the epitheliu(@'Donnellet al. 2011). Immotile spermatozoa will finally mature in the

epididymis(Hess and Renato de Franca 2008

1.3.1.1Germ cell differentiation and spermiogeises

Germ cells are arranged in a higisiyuctured, sequential order from the basement membrane towards
the lumen. The stem cells of the germinal epithelium, known as spermatogonia, reside at the peripheral
basement of the seminiferous tubuleman undifferentiated spermatogonia are classified into type A
dark spermatogoni@g), type A pale spermatogonfa,), andtype B spermatogoniB). Type A
spermatogonia maintain the supply of stem cells, typeniotically divide to produce identically
clones tlat are linked via cytoplasmic bridges and type B mitotically divide into primary
spermatocytefClermont 1972 In rodents, selfenewing, undifferentiated spermatogonia correspond

to A single (A), A paired (Ay), and A alignedA,) spermatogonigNishimuneet al. 1978 de Rooij

200]). As spermatogonia either undergo selhewal to generate new spermatogonial stem cells or
differentiate into wo A, spermatogonigde Rooij 1998 The latter will divde into 4, 8, 16 and
sometimes 32 Aal spermatogon(dan et al. 2012. After a series of mitotic cell divisions,
spermatogonia of type B are form@tk Rooij and Russell 2008ponteet al.2005. B spermatogonia
mitotically divide into primary spermatocytes. Preleptotene/leptatprematocytes undergo the first
round of meiosis to give rise to secondary spermatocytes. After a second round of meiotic division,
chromatids will finally be separated generating haploid round sperm@aisdel and Schimenti
2010. Meiosis into haploid spermatids lasts ~11 days in m@addy 1998. During spermiogenesis,
round spermatids transform into spermatozoa with fully compacted chromatin. Spermiogenesis
includes several eventBke acrosome formation, condensatiaf the nucleusand sperm tail
development, reorganization of cellular organelles and reduction of cytoplasm. The acrosome is
formed by the Golgi complex and contains hydrolytic enzymes as a pisttedo penetrate the egg
during fertilization. It eventually forms a cap structure over the nucleus in mature spern{@oake

and Saunders P@). Mature spermatozoa free themselves from Sertoli cells. With entering the lumen
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of the seminiferous tubule, they will finally be released as spermatozoon, in a process called
spermiation(O'Donnellet al.201]) (Figure 3 .
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Figure 2| Schematic representation of the germinal epitheliumThe germinal epithelium is divided into a
basal lamina and an adluminal compartment, maintained by Sertoli cells. The basal lamina contains self
renewing spermatogonia of type A and mitoticallwiding spermatogonia of type B that form primary
spermatocytes, diploid (2n) cells. Primary spermatocytes will travers@TtBewhilst undergoing first meiotic
divisions generating secondary spermatocytes, haploid cells (1n) cells. These undergo aesiesooidnseiotic
divisions to generate round or early spermatids. This type of spermatids is chazdcteyiznuclear
condensation, aosome and flagellum formation and several intracellular transformations to develop into late or
elongating spermatids. #dr the withdrawal of their cytoplasmic content (residual bodies), spermatozoa will be
released into the lumdSharma and Agarwal 2011

Depending on the developmental stage, defined physiological characteristics and cell associations are
found (Hermoet al. 2010. In the mouse, sperm is continuously produced in a-aeflned cycle and

in an asynchronous manner, characterized as spermatogenic@eawe cells enter the cycle of the
seminiferous epithelium progressively along the longitudinal axis of the tuf{idéass et al. 2013.

All stages are involved in spermatogenesis, but spermatozoa are released only in dtale VI
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humans, sperm is also produced constantly and continuously, but their spermatogenesis is
synchronized(Johnson 199 It is a spiral cellular arrangement that progresses down the tubule
(Schulze and Rehder 1984n humans, spermatogenesis is reported to persist 74 days, with 12 defined
stages. One cycle of the seminiferous epithelium lasts 16(daysn 2008 Muciacciaet al.2013.
In mouse, 12 different stages of the germinal epithelium were desékibleidnd and Clermont 1952
Oakberg 1957Ahmed and de Rooij 200%hat are defined as followgtHess and Renato de Fean
2008:
Stage I: Early pachytene spermatocytes are presehe Golgi apparatuslacking PAS granular
material, issmall.
Stage HVIII : In these stagesound and elongated spermatids are found. Round spermatids are
recognized by a small nucleus amthrge central nucleolus.
Stage II: PAS proacrosomal granules appear in ¢teatreof the Golgi apparatus.
Stage lll: Within the larger round Golgi vesicle, an acrosomic granule is formed.
Stage IV: The acrosomic granule begins to flatten.
Stage V. Acrosome forms a calike structure over the anterior half of the sperm’s heatypB
spermatogonia are prominent.
Stage VI The granules of the acrosome are distinetyfi®e spermatogonia undergo mitotic divisions
to form preleptotene spermatocytes. Eloedaipermatids start migrating adluminal.
Stage VII: Thinning of the acrosome that spreads across the nucleus. The elongated spermatids,
whose cytoplasm still covers the sperm head and about % of the tail, are found at the lumen.
Early VII : The cytoplasms prominent at the migiece of elongated spermatids.
Middle VIl : A cytoplasmic lobe begins to form as the cytoplasm at the-pieice
continuously vanishes. Distinct, dark granules are still present in the cytoplasm.
Late VIl : A cytoplasmic lobe is presebetween sperm head and the basement membrane.
The granules are located near the sperm head and below. Preleptotene spermatocytes develop
into leptotene spermatocytes as identified by small and fine clumps of chromatin.
Stage VIII: The sgrmatid’s nucleuds covered by a flattened acrosomal cap. Spermiation starts as
elongated spermatids are released into a lumen.
Stage IX At this stage, round spermatids begin their transition into elongated spermatids.
Cytoplasmic lobes that have been released duringptheer stage fuse into residual bodies that will
be phagocytosed by Sertoli cells.
Stage X The spermatid head forms a protrusion that is covered with a granular acrosome on its
ventral side.
Stage XI Chromatin condensation starts in elongated spermasdt is identified by a thinner and
more elongated nucleus. Diplotene spermatocytes enter diakinesis of meiosis I.

Stage XII: Meiotic and secondary spermatocytes can be found at this stage.
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1.3.1.2Endocrine regulation via the hypothalanpituitary-gonadal axs

Testicular cell interactions are mediated by endocrine, autocrine and paracrine signaling via the
hypothalamiepituitary-testicular axis (Steinberger 1971 Parvinen 1982 The release of the
gonadotropirreleasing hormone (GnRHh the hypothalamus is regulated by secreted melatonin,
derived from the pineal glandBlanchardet al. 19989. GnRH induces the stimulation of the anterior
pituitary to release the main gonadotropierhones FSH antlH ((Clarke and Cummins 1982L.H
stimulates androgen production in Leydiglls upon binding to its LH receptor. It is regulated by
feedback inhibition through testosterone and its aromatized product est(8tiidd et al. 1989.
Consequently, testosterone will be reduced and thus stimulate GnRH and LH production again
(Matsumoto and Bremner 198Roser 2008 FSH directly stimulates the FSH receptor expressing
Sertoli cells and induces the synthesis of androgen binding p{@tBi?) that is a glycoprotein that

acts as carrier for testosterof@antiemmaet al. 1992. Inhibin acts over an endocrine feedback
signalling between germline stem cells and the pituitgrynhibiting FSH productior{Rivier et al.

1987 Risbridgeret al. 19904 Risbridgeret al. 1990h Schlatt and Ehmcke 2014It antagonizes
activins that are members of thhansforming growth factebeta(TGFb) family and are formed by
dimerization of the two subunitb, and bg. Activin and FSH influence Sertoli cell and germ cell
proliferation in an agelependent manne(Boitani et al. 1995 (Figure 3) The increase of
steroidogenesis relies on organelle components, including peroxisomes interacting with lipid droplets

(Binnset al.2006 that provide precursors for androgen biosynthesis.
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Figure 3| Hormonal control of spermatogenesis via the hypothalamigituitary -testicular axis. The pituitary

gland secretes LH and FSH that bind tteeir receptors, located on either Leydig cells or Sertoli cells,
respectively. Their secretion is regulated by GnRH. Upon LH secretion, testosterone will be produced. FSH
stimulates Sertoli cells to produce ABP, inhibin, DHT and estradiol. ABP boundttsterone is required for
spermatogenesis. LH is negatively regulated by sex steroids, whereas FSH is regulatethagkfadubition of

sex steroids and inhibinABP- Androgenbinding protein; DHTF Dihydrotestosterone; LH Luteinizing
hormone; FSH Follicle-stimulating hormone (http://clinicalgate.com/wp
content/upbads/2015/04/imagel1237926.jpeg)

1.3.2 The Sertoli cell

The Sertoli cell is easily recognized by its irregular shaped nucleus and its large centrally located
nucleolus(Jeanet al. 1983 Ye et al. 1993. Sertoli cells have a thick basal lamina and are thus
classified as epithelial cells. However, they @ifffrom all other epithelial cells as they lack
intermediate sized filaments of the keratin type but have in return vimiabtirmediate filaments

(Franke et al. 1979 Domke et al. 2014. In addition to sER, mitochondria, peroxisomes and
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lysosomes, they also contain lipid inclusions and protein cry3taésamount of.Ds varies according

to the stage of thepsrmatogenic cycléNiemi and Kormano 1965)utteet al. 1985. Compared to
germinal cells, Sertoli cellaave a higher ratio of esterified to-asterified cholesterol. Sertoli cell
functions comprise phagocytogiGhemes 1986and paracrine regulation of testicular size, structural
organization andegulation of thenumber of spermatozoa through secretion of regulatory proteins as
peptide growth factors and hormor{€sth et al. 1988.

1.3.2.1Blood-testis barrie(BTB)

The BTB is formed by the junctional complex between Sertoli cells that divides the epithelium into a
basal and an apical compartmé@triswold 199%. The apical and lateral processes of Sertoli cells
surround adjacent germ cells to mechanically support and provide germ cells with important
nutritional and physical factof@ruk and Cheng 2004 It has been claimed for a long time that
Sertoli cell to germ cell contact is maintained by desmosomes and desmosemediions(Gilula et

al. 1976, gap junctions, ectoplasmic specializat{@tussellet al. 1988 and tubulobular complexes
(Russell and Malone 1980Howeve, the group of Werner Franke clarified that Sertoli cells lack
desmosomes anldi kfiedoe sj(Domio thialo 2054. The dynamics of the BTB is
regulated by specific adherens junctions based aadierin(Domke et al. 2014, gap junctions,
polarity proteins and tight junction (TJ) proteins, such as claudins, occludin and zonula occludens
(ZO) (Chiharaet al. 201Q Chenget al. 20113. Another barrier is formed byJs in microvessels

within the interstitium. However, the endothelial barrier does not remarkably support the BTB in
rodents and primateym and Fawcett 1970 Most of the BTB proteins are anchored to tightly
packed actin filament bundles between cisternae of ER and the opposing plasma membranes of two
adjacent Sertoli cell&Chenget al.2011a Chenget al.20110. TheTJ proteins, namely claudins and
occludins, consist of four transmembrane domains wheaad\Gterminal ends i@ directed to the
cytoplasm(Tsukitaet al. 2001). Their major function is to protect germ cells from the circulatory and
lymphatic system anthereforeproviding them an immune privileged microenvironment for meiosis
(Griswold 1995 Fijak and Meinhardt 20Q06by preventing trespassing of molecules larger than 1.000
Da. In tdal, 24 members of the claudin family are known with orgpecific expression patterns
(Tsukitaet al. 2001). In mice, ¢audinll is specifically expressed in the Sertoli céMorita et al.

1999 and peaks between postnatal dal6éas BTB formation initiate@lianget al. 2014). From late

stage VIl to early stage IX of the seminiferous epithelial cycle (Russell, 1pi&¢ptotene/leptoten
spermatocytes traverse the barrier from the basal to the adluminal part whereby the BTB undergoes
structural rearrangements to facilitate the transit of the spermatocytes that are connected by
intercel |l ul ar (Fawcetdl96l Duriagsthe nigratiomoé spermatocytdsdugh the

BTB, the TJ protein laudin3 is mainly involved by establishing new TJ fibrils below the
preleptotene/leptotene spermatocytékiharaet al.201Q Smith and Braun 20}2
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1.3.2.2Phagocytosis of residual bodies

As late spermatids enter spermiogenesis, their caudal cytoplasmic mass consists of a Golgi complex,
mitochondria,peroxisomesannulate lamellae, a chromatoid body, ribosomes, a few largmleac
myelinrike membrane profiles and sporadiDs (Breuckeret al. 1985. At the step of detachment,

late spermatids shed the excessoplasmas residual bodies that remain at the surface of the
seminiferous tubuléKerr and de Kretser 19Y4The cytoplasmic content is avoid of the chromatoid
body, but still contains organelles, as condensed mitochondria and perckilgmsteucture{Nenicu

et al. 2007, ribosomes as a single complex, and lipids. The Golgi complex is present as aggregations
of vesiclegBreuckeret al. 1985. Upon cytokine stimulation, residual bied and apoptotic germ cells

will be endocytosed and degraded by Sertoli dilkrr and de Kretser 197€hemes 1986Lui and

Cheng 200Y. These vesicles merge to give rise to endosomes which then transform into acid
phosphataspositive multivesicular bodies and into secondary lysoso(ivesrales et al. 1986.
Lysosomes fuse with internalized residual bodies to form a phagolysosome that migrates to the base of
the Sertoli cells during stage IX of spermatogendbMeraleset al. 1985 Moraleset al. 1986. At this

step, residual bodies will lose their defined margins and release lipid components that coalesce to form
large lipid inclusions within the Sertoli cells at around stage X. These lipid droplets will be

incorporated into primary spermatocytes to enable mgisis and De Kretser 1975

1.3.3 Lipid composition in all cells of the seminiferous tubule

As described in the previous sectioh3;2.3, a variety ofLDs and vacuoles are found in the
cytoplasm of Sertoli cells and will be tremitted to primary spermatocytg&chulze 1981 Two types

of lipid inclusions are found in the cytoplasm of most Sertoli cells: small eledg&ese lipid droplets
and largeelectronlucent lipid vacuolesStearic and oleic acids, as well as arachidonic,cadsa
7,10,13,1&etraenoic acid are most abundant in Sertoli cells. Compared to Sertoli cells, germ cells
mainly contain palmitic acidC16:0) as well as PUFAs, like docoda7,10,13,16entaenoic acid
(C22:5) and docos#,7,10,13,16,1hexanoic acid (@2:6) that are products of peroxisonfal
oxidation (Beckman and Coniglio 1979However, the changes in lipid droplets correlate with the
cycle of the seminiferous epitheliufNiemi and Kormano 1963°aniaguaet al. 1987. During sexual
maturation, 2zZarbon polyenes, like docedas,10,13,1pentanoic acid in the rat and docosa
4,7,10,13,1éexanoic acid in the human, accumulate in the t¢Bskman and Coniglio 1979
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1.4Mouse modd of male infertility

Mice arethe mostfavoured animalmodel to study spermatogenedise to similarities ofjerm cells
differentiation in mouse andhuman conserved gene regulation (Kennedy, 201#hgir short
reprodutive cycle with a large litter size and relatively cheap housing conditi@o®ke and
Saunders 2002Jamsaiand O'Bryan 2011 Several studies about testicular dysfunction associated
with asingleenzymedeficiency in peroxisomes have been published during the last two decades.
In a study of Rodemer et §003) KO mice with a disruption irGNPAT (formerly abbreviated
DAPAT or DHAPAT; dihydroxyacetonghosphate acyltransferase (GNPABeingassociated witla
deficiency in plasmalogen synthesis, were steril€O mouse testes were atrophiavith a
spermatogenic arrest and elongated spermatids and spermatrsoabsentThe disruption of the
peroxisomal fatty acyCoA oxidasg(ACOX1) gene in a mouse model created by FE06)(Fanet

al. 1996) (Fanet al. 199@) caused a pseudwonatalALD phenotype Thenumber of Leydig cells
and spermatids wersignificantly reduced resulting in hypo-spermatogenesi@~an et al. 19961).
Peroxisomab-oxidation has also been interrupted in MEPmultifunctional protein 2, also known as
d-bifunctional enzyme) KO mice. The phenotypic profile showed accumulations of neutraliipids
Sertoli cells and a reduction of the PUFA docosapeoia acid. Preplertal micedisplayed a loss of

postmeiotic germ cells which resulted in a complete testicular atr@iphygheet al. 2006.

1.50bjectives

The most severe forntd peroxisomal disorders are lethal, as lipids and cholesterol areraquiisite
for cell structure. Moreover, ROS metabolism is essential to provide aftegi@nvironment. In less
severe forms of peroxisomal dysfunction, as described for patiefisAiN and X-ALD, testicular
alterationsincluding degenerating Leydig cells, reduction of the seminiferous tubules or even
spermatogenic arrest were diagnosed

So far, onlyperoxisomakingleenzyme deficiencieBave been studied in mouse moddlse aimof
the present study was to analyse the consequencesaohlete peroxisomal dysfunction due to a
biogenesis defech germ cells The hypothesis is that more severe disturbawdésesult on cellular
level due to abolishegderoxisomal function

Basedon the CrdoxP system, a conditional KO of the importomer constituRex13was inducedn
either pre or postmeiotic germ cells mediated by dransgenicStra8Cre or Prm-Cre promoter,
respectivelyAs an integral membrane protein, PEX&3nvolved inthetranslocation of PEX proteins
from the cytosol into the organelle via its cytosolic SH3 dontiaéninteracts with lhe receptors for
PTS1 and PTSZEIgersmaet al. 1996 Erdmann and Blobel 1996With interfering with thePex13
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gene peroxisomal matrix protein impowill be impaired and thus abolish peroxisomal biogenesis.
The major aims of the studyene:

I To investigate the effects of a peroxisomal dysfunction in the testitathlysghenotypic
and cellular differences between fhre- and posimeiotic induced peroxisomal KO
To study spermatogenesis and male fertility in this context
To charactaze the morphology of the testigathological alteratios of the germinal
epithelium and structural integrity

1 To identify affected metabolic pathwaysith focus onperoxisomalb-oxidation, including

metabolites and enzyme composition.
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2 MATERIALS AND MET HODS

All details for primary and secondary antibodies are listedTable 5 (2.10. Buffer slutions are
mentioned in Table €2.11). Reagents and chemicals are summarized in Tak?1? (Kits (Table
8), equipment (Table 9) and specific materials (Table 10) which were used in this stutbteal in
the last paragraph of the material and methextion 2.13.

2.1 Mousestrainsused for the sidy

All mice listed belowwere housed under standard conditions with free access to standard laboratory
food and water and a 1fts dark/light-cycle. The use of mice was in accordance with the Guide for
the Care and Use of Laboratory Animals from theitim® for Laboratory Animal Research. The local
Ethics Committee approved the study and the procedures were in compliintiee current national
laws(A T i e r s ¢ h TigrSchgGdrene 25.050199&GBI 1S.1105)

2.1.1 C57BI/6J mice

Male C57BI/6J rice (CharlesRiver LaboratoriesSulzfeld, Germany) at theninimum age of 2
monthswere used for all experiments amder to characterizperoxisomes irgerm cells They were
mainly used to backcrossther FVB/N or 129S background into C57BI/6 WT strain to generate a
congenic mouse strain based upon markersisbiselection protocol (MASPAfter the fourth
backcross to B6, the offspring were less than 1 % origaelkground strain and > 99 % B&B2).

2.1.2 GFPRPTSL1 transgenic mice

A fusion protein of the green fluorescent protein (GBRY PTS1 is frequently used for visualization
of peroxisomes in living celléMonosovet al. 1996. The transgaic mouse line used ithis study has
beengenerated in the laboratory BrofessorZimmer (Department oNeurobiology;University of
Bonn, Germany) by injecting a GFPTS1 cDNA fragment under the control of the muriesa26
promoter into the pronucleu$ 6D1 mouse zygotes. The animals used vadtained fronthe animal
facility in Marburg and housed at thanimal facility at theUniversity Medical Center Hamburg
Eppendorf (UKE)
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2.1.3 Pex13oxP transgenic mice

The Pex13o0xP transgenic mouse line in C57BIl/6adkground was provided yveline Baumgart

Vogt (Institute for Anatomy and Cell Biology; lDustud_iebig Universily, GieRel. The animals went
through the embryo transfer at the transgenic animal facilities at the UKE Hamburg. In the transgenic
animals, he exon 20of the murinePex13gene is flanked bloxP sites [oxP: locus of crossing over of

the P1 phage). The encoded cDNA sequence &ip35 recognized by the enzyn@erecombinase

(Cre Acat al yses r ec o mbHeterezygouaniniak df this linehwere &dssegwita g e ) .
C57BIl/6Jwild-type (WT) animals Mice heterozygous foiPex13oxP were crossed inbred to obtain

homozygous mice.

2.1.4 Stra8Cretransgenic mice

The StraB8-Cre transgenic animals in FVB/N background were obtained from JacksormatahydBar
Harbor, Maine USA). HeterozygousStra8-Cre animals were crossed with C57BI/JT animals in
the central animal facilityThe animals specifically express tGeerecombinasén spermatogonia and
pachytene spermatocytes before entering me{@itadAbdelghaniet al. 1996, under the control of

atransgenictra8promoter.

2.1.5 Prm-Cretransgenic mice

The Prm-Cre transgenic animals in 129S bacignd were obtained from Jackson laborat{@gr
Harbor, Maine USA). Heterozygou®rm-Cre animals were crossed with C57BIMIT animalsin the
central animal facility The expression of th€re recombinase is directed by teansgenicPrm

promoter fragmenthat is exclusively expressed in spermatids.

2.2Backcrossing of mouse strains

Mice in either FVB/N or 129Sbackground were backcrossed into C57BN@ strain to generate a
congenic mouse strgibased upon MASMMice heterozygous$or Crerecombinas€Stra8 stimulated

by retinoic acid gene 8 &trm; protamine)were selected as parents and crossed to C57BI/6 mice (FO).
Offspring were firstscreenedor their Cretransgene and thestreenedor the genetic background by
single nucleotide polymorphism (SNB&) detect strain differenceSNP enables the identification of
mice with highest percentage recipient strain background in each backcrosQolyrdretransgene
positive male mice were selected for SNP analpgisising speedongenis. SNP genotyping was

carried out by LGC genomics (Herts, UK). A panel of 100 SNPs in total was tested. Male mice with
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the highest percentage ofcipientstrain were selected to continue with the next cross with the
recipient strain. After the fourth backcross to B6 the offfigpare less than % original background
strain and > 996 B6.

2.2.1 Breeding strategy to gener&&a8Creor Prm-Cre mediatedPex13KO mice

To analyse the physiological function of peroxisomes ireseatgerm cell specific peroxisomal KO
was generated befe spermatogonia enter meiosis and after meiotic division. The germ cell specific

g)xPlloxP mice

deletion ofexon 2of Pex13was achieved by crossing homozygous nfatdemale)Pex1
in C57BI/6J backgroundo corresponding female (or male) animals expngs€re recombinase
exclusively in pre (mediated byStrag or postmeiotic (mediated byPrm) germ cells, respectively
designated as PO (parental linefeterozygousmale mice (gPex13TZ) with one WT allele and
either onefloxed Pexl13 allele or excisedexon 2 of Pex13 and positive forCre recombinase
(gcPex13™FiCreé™ e or gcPex13'T! FCHE ™™ from the F1 generationyere obtained anihbred

with female siblings of the same genotype to genétae (gdPex13® * 2/ RG&E2™). Mice in the F2
generation carried following genotypes:gcPex1XO  (gcPex18?®9StragCre
gcPex13?=prm.Cre™ ), gdPex1HTZ (Pex13™4Strag Cre*er :
Pex13 ™= 9IprmCre™*™*) and control @cPex13VT; Pex13™StragCre “*: Pex13™iPrm
Cré"®™) mice. Mice of this F2 generation were born with the expected Mendelian frequency and
were phenotypicallyindistinguishable from their littermates after birth. BdirexperimentsF2 male

mice were use@Figure 4)
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Figure 4| Mating strategy to create tissuespecific g&?ex13¥KO mice. Parental generatioRO: Pex1¥xPoxP
(black; homozygousPex13loxP mouse line) andPex13™]Cre®**™*  mediated by either theansgenicStra8
or Prm promoter(red; heterozygousStra8 / Prm-Cre mouse ihe); obtainedfirst generation K1 offspring),
containingheterozygous mal@emale)(grey; gcPex13' "% Cre™™*®" or (orange)gcPex13""/ #RCr&™"), were
inbred with female(male) siblings of the same genotype to genetés (gPPex13™ * 2/ E5&F°™). Mice in
the F2 generationwere born with the expected Mendelian frequeoayrying following genotypes:control
(purple; gcPex13VT;  Pex13™Jstra8Cre™™;  Pex13™IPrm-Cre®*), gcPexdXO  (blue;
gcPex18%®*XStra8 Cre™ ™ gaPex1 82 IPrm-Cre™*™) and gcPex1HTZ (orange;Pex13™™9Stra8
Cré™ ™ : pex13 ™ IPrm-Cre™*™) mice.

2.3 Genotypingwith polymerase chain reactigRCR)

Mouse tail biopsies were collected for DNA extraction, using REEDExtractN-Amp Tissue
polymerase chain reactioRCR Kit. Biopsies were incubated with %0 of extraction solution and
125 pl tissue preparation for 30 min at room temperature (RT), to extract. DNé reaction was

stopped by heat inactivation at 96 and by adding 5@ neutralization bufferMice were testethy
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qualitative PCR(gPCR) for their genotype, using the REDExttN-Amp PCR Ready Mix The
correct genotype was confirmed by appropriate primer pairs detectirtgattsgenicStra8 or Prm
promotermediatedCre recanbinase and the flankdeex13gene For the detection dPex13 the5™-3"
primer PEX1BxP_for and 3"-5 primer PEX130xP_rev were used, to yield band at 49p,
representing th&VT allele and a bandt 540 bp, which represents thitoxed Pex13allele with two
loxP sites flankingexon 2 ExcisedPex13was further confirmed bforward and reverse primer pair
PEX13p, t o d et 4@bp.Crarecbnbimabemadiatedby thetransgenictra8promoterwas
initially identified with primer pair5°-3”~ Stra8 oIMR8773 for and 35" Stra8 oIMR8774 rev to
detect a band at 179 bp. Primer sequences were provided by Jaaksoatory. During théime of
the experimental procedurgsimer sequences were changed by Jackson Labordtrrynknown
reasons). The oligoucleotides were renamed intoStra8 oIMR9266_for and 3°-5
Stra8 0IMR9267_revprimer, resulting in a productehgth of 236bp. Product size differences are
indicated in the appropriate figureBor the detection of th€re recombinasemediatedby the
transgenid®rm promoter, 53" primerPrm-Cre_Yu_for and3"-5" primerPrm-Cre_Yu_revwere used
yielding a producof 95 bp. Appropriate primers are listed irablel.

Cre-PCR conditions were as follows: first denaturatstepat 94°C for 3 min, followed by 34ycles
(denaturation at 94C for 30 se¢ annealing at 58C for 45 se¢ elongation at 72C for 1 min), and
final elongation at 72C for 5 min. Forsimultaneous detection of tiRex13oxP allele and thé>ex13
WT allele, appropriate prime(3 ablel) were applied, generating d®bp Pex13loxed amplicon and
a 490bp Pex13NT amplicon. PCR conditions were aslfols: first denaturation at 94C for 3 min,
followed by?29 cycles denaturation at 94C for 3 min, annealing at 57C for 45seg elongation at 72
°C for 1 min), and final elongation at 72C for 5 min. PCR products were separated on a%.0

agarose getontaining0.05 pl/ ml ethidium bromide (@ mg/m).

Table 1 Primers used for genotyping

Primer Sequence Annealing Product length
temperature

PEX130xP_for ATGGCTCCCAAGTTAGTTCTG 57.9 °C 490 bp WT allele

PEX130xP_rev TCTGTTTCCCTCCCACCTC 58.8 °C 540bp loxP allele

PEX13p for TGGCTCCCAAGTTAGTTCTGTC 60.3 °C 410 bp

PEX13m rev CCTCTCTATTTGTTGCTTACCCC 60.6 °C

Stra8 0oIMR8773 for GTGCAAGCTGAACAACAGGA 57.3°C 179 bp

Stra8 0oIMR8774_rev. AGGGACACAGCATTGGAGTC 59.4 °C

Stra8 0IMR9266_for AGATGCCAGGACATCAGGAACCTG 64.4 °C 236 bp

Stra8 0IMR9267_rev. ATCAGCCACACCAGACACAGAGATC 64.6 °C

Prm-Cre _Yu_for GCATTTCTGGGGATTGCTTA 55.3°C 95 b

Prm-Cre_Yu_rev ATTCTCCCACCGTCAGTACG 59.4 °C P
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2.4 Lasercapture microdissectioth CM)

In order to confirmthe peroxisomal KO paraformaldehydePFA) fixed paraffirembeddedestes
from adult gcPex1¥XO, gcPex13HTZ andcontrol mice were used for laseapture microdissection
(LCM; Institute for Anatomy and Cell BiologyJustusLiebig-University, Giel3en) Slides of6 pum
thickness wre cut using a microtomand placed on nucleaf®e specimen slides. Sections were
stained with Mayer”saematoxyliras follows:

70 % ethanol fixative for 3 sec, DEPC water for 5 sec, Mayeésnatoxylifor 15 sec, DEPC water
for 5 sec, 70 % ethanol f® sec,2 times95 % ethanol for 10 seéfter air drying, pecimens were
inspected using an Axio Observatmicroscope and microdissected with a P.A.L.M lassgture
micro-dissection control unit. Specimens wefigualized by a P.A.L.M RoboSoftware 4.0ross
sections fromMNCs and spermatocytes &tra8Cre mediatedgcPex1XO mouse testeas well as
spermatocytes and round spermatidgafex13HTZ andcontrolmice were catapulted into a lid of a
500 ul LPCMicrofuge tube and resuspended in RLT buffeat each genotype, a total number of 50
tubuleswasneeded to gain minimum of one thousand cellsatwere catapulted as starting material
for DNA isolation DNA was isolated withArcturu®® PicoPureDNA Extraction Kit Prior to use,
lyophilised proteinasd& was reconstituted with reconstitution buffer. A total volume of 30 ul was
transferred onto collected cells, placed in the lid. Cells were incubated at 65 °@GrfoP8teinase K
was inactivated at 95 °C for 10 min. DNo®ncentration was measured witiNanoDrop instrument.
200 ngof DNA were used fogPCRs.

2.5Morphological analyses

2.5.1 Preparation of testis biopsies

Mice were anaesthetizdry intraperitonea(lP) injection using amixture of 100 mg/kg ketamine and
10 mg/kg xylazineand euthanized by cerdkdislocationTestes were removed by a single transverse
incision at the caudal abdome8kin wasseparated from the muscle layer, followed by a similar
transverse incision througine muscle. The fat pads were pulled through the incisising blunt
forcepsand testes were carefully detachigididymis of adultcontrol gcPex1HTZ andgcPex1XO
mice was also removedror macroscopic analyses, testes were weidhedeans of an analytical
balanceandtheir length wasneasuredThey were furtheimmersedin 4 % PFA (pH 7.4)at 4 °C
overnight For paraffinembedding, testes were transferietd phosphatéuffer (PBS; Table6) until
embedded into paraffirusing aparaffin dispensing systerithe paraffin blocks werstored atRT.
Paraffin blocks of testes exe cut on amicrotome into sections of 2 um thickness.For

cryopreservation, testes were transferred to a 30 % sucrose solution.
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2.5.2 Fixation and processing of testes forapyeservation

Mice of each animal genotypedntrol gcPex1HTZ and gcPex1¥XO mice) were anesthetized as
described Z.5.1). The testes were excised, the capsule punctured at both poles with a needle and
immersed with 4 % (w/v) PFA overnight at 4 °C. Thereafter, they were incubated in 30 % sucrose for
a minimum of 24 hrs For snap freezing, a stainlesteel bucket was filled with-thethyl butane and

placed into a cryobucket, filled with liquid nitrogennithyl butane rapidly cooled down, indicated

by vapour formation. With freezing of then2ethyl butane tdas freezing point 0f150 °C, solid white

ice was visible at the bottom of the steel bucket. One specimen at a time was carefully transferred into
2-methyl butane. Complete freeze was achieved after 60 sec. The tissue was immediately transferred
into a cyotube and stored aB0 °C. Prior to use, tissue was directly embedded into a-cryo
preservative solution (@.T). Cryosections of 6 and 10nuthickness, obtained oncayostat were
subjected to immunofluorescgi2t5.4 and Al RedO (ORO)staining(2.5.7).

2.5.3 Fixation and processing of tissue for electron microscopy

gcPex1¥XO0, gdPex1HTZ and control mice were anaesthetized as describ2db.(). Testes were
surgically renoved and fixed by perfusion with 4 @epolymerizedPFA (w/v), pH7.4. Dissected

testes fragments were pdsted with 5.5 % glutaraldehyde in 0.05 phosphatéuffered salineyv)
overnight(Table6). Forroutine electron microscopy, testes fragments were incubated in 1 % aqueous
osmium tetroxide for 90nin and subjected to dehydration in a series of graded alcohol (35 % to
absolute) before they were embedded in a mixture of -pyd@anetriol glycidyl ether (Epon) and
propyleneoxide (Table6).Onee m s emi t hin sections weflinterest. 8dr t o
electron microscopy, 80 nuitrathin sections were cuthe sections were examined om electron

microscopgPhilips).

2.5.4 Haematoxylin and eosin staining (HE)

Paraffin sections (fam) of prepubertal and adult mouse testes from all genotypes stained with
haematoxylin and eosin in an automated system. Sections were deparaffinized and rehydrated as
follows: Xylene 3 x 10 min, absolute ethanol 2 x 5 min, 96 % ethanol, 80 % ethanol, 70 % ethanol,
and distilled water, each step for 1 x 5 niline sections were stained for 3 min in 10 % Mayer's
Haematoxylin. After a washing step in distilled water for 2 min, the cytoplasm was stained for 3 min

in 1 %eosin containing 0.2 % glacial acetic acldhe slides were shortly washed in distilled watér (3

sec), followed by dehydration steps in 70 % (15 sec), 2 x 96 % (30 sec) and 2 x 5 min 100 % ethanol,

followed by 3 x 5 min in Xylene. The sections were examimed lightmicroscopeZeis9.
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2.5.5 Immunohistochemistry (IHC)

For immunohistochemistry, tissuectiens weredeparaffinisedand rehydratedAntigen retrieval and
accessibility of epitopewas achieved by subjectirige sections to théargetretrieval solution S1699

(pH 6), followed by microwaving2 x 4 min at full power)jn a conventional householdicrowave

oven. Cuvettes were filled up to the same volume with water between each microwaving step.
Specimens were three times washed in -MBSSubsequently, sections were incubated with the
primary antibody artCD45 (1:25 diluted in antibody diluentable 5) for 1 hr at RT. After washing 3

x 5 min with TBST, specimens were incubated with secondary antibody for 30 min.&p&Eimens

were further incubated with alkaline phosphatase (\¢t@ita ABGAP) for 30 min at RT. For
visualization, permanent reglas added15 min at RT) followed by rinsing under watdihe nuclei

were counterstained with diluted haeomal for 10 sec at RT and mounted with eukitt mounting

medium.The sections were examined a lightmicroscopeZeis3.

2.5.6 Immunofluorescenc@F)

For indirect immunofluorescence stainingsaraffin and cryosectionsf all genotypeswere used
Paraffin sectionswere deparaffinisedand rehydrated and subsequergiybjected to digestion with
trypsin for 7 min at 37C, followed by microwave treatment fon35 min at 900 W in 10 mM citrate
buffer at pH 6.0 (modifiedaccording to Grabenbauest al. 2001) Pbr improved retrieval of
peroxisomal antigens and accessibility of epitop&sspecific binding sites were blocked witty#
BSA in PBS for 2hrs at RT, andsections were incubated with primary antibodi€able 5)in 1 %

BSA in TBST overnight aRT. On the following day, the sections were incubated with fluorochrome
conjugated secondary antibodies i#1BSA in TBST. For DNA labelling the secondary antidg

was supplemented with@ g / mI-Diamiblipo@-phenylindole (DAP). Specimensvere washed in
PBS and mounted with Mowiol i88. For fluorescence staining of cryosections, specimens were
initially rehydrated and permeabilized in TBS for 30min and thenncubated with 10 %v/v) Roti-
Block (diluted in PBS)for 1 hr to reduce neapecific binding of antibodies. Sections were further
incubated with primary antibodies (Table 5) in 10 % (v/v) Mtick for 1 hr at RT. After extensive
washing with TBS, tis®isections were incubatedth a secondary antibody, suspended in 10 % (v/v)
Roti-Block, for 1 hr, to visualize immune complexes. The secondary antibody was supplemented with
1 pg/ml DAPI. Specimensvere washed in TBS and mounted with Mowie88& Negativecontrols
were processed in parallel by addition of FB®uffer instead of the first antibodies.

Specimens were analysed usiagConfocal Laser MicroscopéNikon) with standard filters for
detection of Cy3, Alexa488 and DAPI. Digital images were obtaimigldl a Nikon Alplus camera

using the Nikon NIS Elements Advanced Research software.
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2.5.7 Oil Red O stainingORO)

Frozen sections of prepubertal and aduPeyclXO, gdPex1HTZ and control mice were stained

with OROfor the detection of lipid droplet©RO saining was performed according to the protocol of

Lillie et al (1943)usinga 0.5% ORO stock solution in isopropandCr yosecti ons (6 ¢
with a cryostatand air dried for 30 min, followed by fixation with ice cold #formalin for 5 min.
Therafter, the sections were rinsé@d running tap watefollowed by 60 % isopropanol to avoid

carrying of water into th©RO solution. The sectigwere stained with freshly prepared 8430RO

working solution for 15 min at RT and rinsed ones with%Qdsoprganol. Nuclei werecounter
stained with Mayerd6s haematoxylin (5 dips for

stained sections were mountedajueous mountant.

2.5.8 TUNEL assay

The TUNEL assayusingDed EnNdE Col or i met r, was pelotnscEth detBcy BNAe m
fragments resulting from apoptotic signalling cascades. Discontinuities in the DNA will be identified
by terminal deoxynucleotidyl transferase (TdT) that catalyses the addition of dUTPs that are
secondarily labelled with a markgEllis et al. 199]). Paraffirembeddedestis sectionsof adult
gcPex1¥XO, gdPex1HTZ andcontrol mice were deparaffinized in xylen&lides were washed two
times in 100% ethanol (5 min, RT), followed by rehydration through grading ethand¥q 986 %, 70

% and 50%). The tissue sections werexdéd in 4% PFA and immersed in PBS (5 min, RTljhe
sections were covered in a gml proteinase K solution for 15 min at RT to permeabilize the tissues
followed by a washing step in PBEssue sections were refixed if4PFA and immersed in PBS (5

min, RT).Areas were guilibratedandincubated 60 min at 37°C) with biotinylated nucleotide that is
incorporated at the 3iydroxyl radical OH) DNA ends using the@ecombinantTdt enzyme.The
reaction was terminated lasyymersing the slides i x SSC(15 min, RT), followed by a washing step

in PBS Endogenous peroxidase was blocked by%0 Bydrogen peroxide (3 min, RT). Horseradish
peroxidasdabdled streptavidin (Streptavidin HRP) was added that bindsaiinylated nucleotides.

For visualization, th peroxidase substrate, hydrogen peroxide, and the stable chromogen,
diaminobenzidine (DAB) were added until apoptotic nuclei turned dark brown whilst a light brown
background was still visibleThe slides were rinsed in deionized water to stop the reaetn

mounted in aqueous mounting medi(ifable §.

2.5.9 Evans Blue

The visualization othe BTB integrity was achieved by using the azo dye Evans Blue. Evans Blue was

applied by an intravenou@V) injection at a dose of 100l (50 mg/ml PBS). Adult mice oflla
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genotypes were used. The azo dye was circulating in the blood systeimhfauntil mice were
anaesthetized and intracardially perfused with 1 % BSA in NaCl to remove frewitiye the
circulation Mice were immediately perfused witht73%6 formalin. Testes were surgically removed and

fixed overnight in an additional step of73% formalin. As control for endothelial permeability, liver,
kidney and brain were also removed. For cryopreservation, the samples were first transferred to 15 %
sucrose, followd by 30 %sucrose and stored a80 °C. Prior to use, tissue samples were directly
embedded into a crypreservative solutiond.C.T). Cryosections of 6 um thickngsvere obtained on

a cryostat The level of incorporated Evans Blue was assessed at 62@singha Confocal Laser

Microscope.

2.6 Preparation of a testicular single cell suspension

Cells were isolated from 8 to 53 weeks olwhtrol gdPex1HTZ and g&ex1KO mice Adult mice

were anaesthetized by injection using a cocktail of 100 mg/kg ketamine 40dmg/kg xylazine and
euthanized by cervical dislocation. The testes were surgically removed aseptically by opening the
abdomen and incising the peritoneum. The epididymis was disconnecteduficaalbugineawas
carefully removed and seminiferous tusilwere dissociated by treating the decapsulated testes with
collagenase type IMO(4 mg/m), dispase 1.2 U/m) and DNAse 20 ug/m) in PBS. The cells were
incubated at 33C for 30 min, under rotating motio.he cellswere strained through 20 pum cell
strainerto exclude interstitial cells and tissue from the tubules. The resulting whole cell suspension
was further dissociated by using a second enzymatic digestion. The cells were incubat¥d far 33

10 min, under shaking conditions. For the removiatell clumpsin cell suspensionsf control
gcPex13HTZ andPrm-Cre mediatedgcPex1XKO testes cells were strained through a Fal®atd pm

cell strainerand triturated with a Pasteur pipette until they were dissociated to a single cell suspension.
In terns of Stra8Cre mediatedgcPex1XKO testicles, cells were again strained through a F&1@6n

pum cell strainerto reduce shear stress and damage of MIRGSFACS analysis,eparated germ cells

were sedimented by centrifugation formn at 1500 rpm at 18C. The cell pellet was resuspended in

5 ml PBSand stained with Hoechst 33382 ugml) followed by centrifugation (1500 rpm, 5 mat

RT). Testicular ells were fixed with 26 formaldehyde fo5 min at RT. Cells were again centrifuged

and washed in 5 ml FB For qRTPCR, a cell sampléom the appropriateell suspensiornf all

genotypesvas taken.

2.6.1 Separation of cells by velocity sedimentation

The separation of germ cells was perforrbgdrelocity sedimentation, as already described by Bellvé
(1993) (Bellve 1993(Bellve 1993The principle of this method is to allow cells to sediment in a
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continuous gradient oBSA (Platz et al. 1979, under the influence of gravity bthe following

equation:

| = density of the cell

1~ = density of the medium
= coefficient of viscosity

g = acceleration due to gravity

r = radius of the cells

Following this relationship, the densitf the mediuminearly increases from top to the bottdama
specificglassware Separation is carried out according to the radius of a cell in a defined time frame.
Testes hiopsies were prepared as described in the previous se&tohsCellswere spinning (1500
rpm, 10 min) and finally resuspended in 0.5 % BSA to avoid any enzymatic influBmeenethod
was initially established in control mice, usindl-® % BSA gradient. ForStra8Cre mediatedKO
mice,a 2-4% BSA gradienwvas adjustedSoluions were preparealsdescribedn Table6.

Cell separatiorwas carried out at 4 °C mECET Celsefsystems 544QFigure5) thatincludedtwo
measuring cylinder filled with either 1 8 %) or 5% (4 %) BSA, whilst the cylinder containing 1 %
BSA had amagnetic stirrerThe gradient was established byxmg 1 % (2 %) BSA with 5 %(4 %)

BSA thatwas gradually pumpeidto the sedimentation chambéa a pipe To avoid cell adhesion on
the bottom of the chamber, the chamber was finally cushioned with B5A6 The single ell
suspension wakaded ontothe gradient. Prior to sedimentation, the chamber was tilted from the
upright into the horizontal position, by means of a mo#dter 8 hrs of sedimentationthe chamber
was set into the upright position.e® were pumped back via the pumping system and finally
collected in 50 ml Falcon tube€ells werecentrifuged stained with DAPI and further used for

morphological analyse2.6.4).

1%

5%

Figure 5| Schematic represenation of th&CET Celsep Systems 5440The chamber wafilled with BSA that

was pumpedrsia a pumping system from measuring cylinders, containing either 1 % or 5 % BSA. The single cell
suspension was loaded onto the gradient in the sedimentation chamber. Cell fraget®teken in a volume of

50 ml and used for further analys&tie scheme was taken from a former doctoral thesis (Detstig201]).
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2.6.2 Flow cytometric aalysis anctell orting

Analysis and cell sorting were performed on a BD FACSArialll Fusion cellrséite cell sorting, 20
million cells were diluted in 5 ml PBS and str
bottom tube to ensura single cell suspensiotioechst blue fluorescence emissions were collected
usinga combination of 400 nm longaps and 505 short pass filters, and a 630/30 band pass filter.
Analysisand sorting was done with a 1Q@n nozzle.Cells were sorted according to DNA content,

granularity and size.
2.6.2.1Preparation of FAC$urified cells for electron microscopy

For electron mimscopy, a cell suspension was prepared as described @x@vé&he cell suspension

was fixed with 4% depolymerized formaldehyde (w/v), 0.85 glutaraldehyde (v/v), 26 sucrose

(w/v) and 0.1 M HEPES, pH 7.4. For routine ¢en microscopy, the sorted cellere placed in 1.5

% agarose. Fixed cells, embedded in agarose, were packed into a dense pellet by centrifhgation.

cell pellets werencubated in 6 aqueous osmium tetroxide for &fin and subjected to dehydration

in a series of graded alcohol (36 to absolute) before they were embedded in a mixture of-1,2,3
propanetriol glycidyl ether (Epon) and propylene oxifhee m semit hin secti on:
determine the region of interest. For electron microscopy, 8Qiltrathin sections were culhe

sections were examined on @ectron microscop@Philips).
2.6.2.2RNA isolation and cDNA ynthesis of purifiedixed germ cells

For RNA purification, from 30.000 t6.700.000 cells were sorted ialEon rounebottom FACSubes
containingPBS. Total RNA from formaldehyddixed isolated cellsvas isolated with th&kRNeasy
FFPE Kit to reverse formaldehyde modification of RNA. RNA waseelun 20 pul RNaséree water.
The concentration of extracted RNA was determined with a nanddbep000 Spectrophotometer.
For cDNA synthesis, purified RNA was reverse transcribed usin@TAéirst StrandKit according

to manufacturer’s instructions. Buo small amounts of extracted RNA, the maximum of the yield

was reverse transcribed into cDNA (1800 ng).
2.6.2.3QRT-PCRandprimers used to characterize purified germ ceflgVT mice

The expression level of distinct MRNA was measured by-BRR using the IghtCycler 480 SYBR
Green I Master.  Primer design was performed with Primer Blast
(http://iwww.ncbi.nim.nih.gov/tools/primdrlast/). The quality of the oligonucleotides was checked by

oligocalc (http://www.basic.northwestern.edu/biotools/oligocalc.htmigddlcleotides used for gene

32



MATERIALS AND METHODS

expression analysis alisted in Table2. 5 ng of cDNA were used per reaction. Reactions were run in
duplicate wells.

An initial denaturation at 95C for 15 min was followed by 45 cycles of denaturation (€4 155s),
anneahg (56 °C, 30s forCrem, Tacstd Sycp3and Tnp 64 °C, 30 secfor Prml, Stmnl AR and
Acrvl) and polymerization (72C, 30 seqd. Thereafter, a melting curve was generated over
temperatures of 585 °C with 30 sedl °C. The analysis of gene expression lindstinct cell types

was performed on 9%ell plates with thegRT-PCR system LightCycler 480. As reference genes,
Gapdhandb-actinwere formerly identified as optimal for the tegiFastiget al.2011). All expression

levels were calculated as relative values using the mean of both reference genes. The samptes were ru
following the MIQE guidelinegBustin et al. 2009. The quantification of the expression of a target
gene was calculated using the difference of thealues (C;) from the target gene and the mean of
the G-values from both housekeeping genes (€ference gene). As control sample for gRTR
reactions, ngemplate control and cDNA obtained from a single cell suspension of whole testis were

run.

Table 2| Primers used for germ cell specific marker expression

. Accession Annealing Product
Primer Sequence
number temperature length
Tacstd for (5-3") TTGCTCCAAACTGGCGTCT 59.85°C
" NM 2.2 1
Tacstdrev (3°5") GTTGTTCTGGATCGCCCCTT 00853 60.32°C 00 bp
AR for (5-3") TGAGTACCGCATGCACAAGT 57.3°C
AR rev (3:5") GCCCATCCACTGGAATAATGC NM_013476.4 59.8°C 149 bp
Sycp3for (5-3)  CAGAAGAAGATGTTGCTGATGAA 57.1°C
Sycp3rev (3:5)  CCAGCATATTCTGTACTTCACCTC NM_011517.2 61.0 °C 141 bp
Stmnlfor (5-3") TCCTTGCCAGTGGATTAGTA 57.9 °C
Stmnlrev (3-5") CTTTTGACCGAGGGCTGAGAA NM_019641.4 59.8 °C 143 bp
Crem_for (5™-3") ACTCTAGCTCAGGTAGCAACA XM_0065255 57.9 °C 192 b
Crem rev (3-5") AGGTGGTGTCCCTTCTTCCT 75.2 59.4 °C P
Acrvl for (5-3) GGTGAAGTTTCGGGTGACGA 59.4 °C
Acrvl_rev (3-5") ACATGCACTGCTGGGAGTTT NM_007391.2 57.3°C 202 bp
Tnp_for (5-3) AGCCGCAAGCTAAAGACTCA 57.3°C
Tnp_rev (3-5") CGGTAATTGCGACTTGCAT NM_009407.2 54.5 °C 146 bp
Prm1 for (5-3") GAAGATGTCGCAGACGGAGG 61.4 °C
Prm1 rev (3-5") CGGACGGTGGCATTTTTCAA NM_013637.4 59.8 °C 192 bp
Gapdh for (5-3") TGTCCGTCGTGGATCTGAC 58.8 °C
= NM 4.2 7
Gapdhrev (3-5) CCTGCTTCACCACCTTCTTG 00808 59.4 °C 5 bp
pb-actin_for (5-3") ATGTGGATCAGCAAGCAGGA 57.3°C
. . NM_007393.1 100 b
p-actin _rev (3-5") AAAGGGTGTAAAACGCAGCTC - 57.9°C P
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2.6.3 Counterflow centrifugal elutriatio(CCE)

The principal ofCCEis to separate cells according to cell size and dehaigd on centrifugal force
and counterflow(Lindahl 1948. An elutriator from Beckman Coulter was useith a 4-ml standard
chamber.A single cell suspensionag prepared asedcribed above2(6). Testicular cells ofpre
meiotic inducedgcPex1XO mice were usedCells were centrifuged and resuspended in 2 ml PBS.
The total volume of cells was injected under sterile conditions upstream of the pug@ wyringe
(minus piston) as a reservoir connected to-wa$ valve inline as described by Kauffmaet al
(1990. The cells were pumped into &iangularshapedseparatiorchamber situated in a centrifuge
rotor while spinningand opposing the cells tentrifugal forceA flow pump is needed as counterflow
to push the cells out of the chamber into a collecting fleskor speed and pump rate were calculated
according toStoke’s lawStoke’s lawdescribes normal cellular run conditions (assuming Ahatw,
=0.05 g/ml,E = 1.002 mPa/s), a relationship between flow fatecell diameterd and centrifugal
speed RPM) that follows theequation:

PTITT

2.6.4 Cytospin and rarphological analyses of sorted cells by fluorescent microscopy

For first morphological analysis and purity calculations, cytospin adaptors forspeed
centrifugation of cells onto slides were used. The chambers were loaded with 100 pl of each sample of
sorted cells and spun at 1500 rpm for 10 nietfich). After centifugation, the excess was carefully
withdrawn. The slides were covered with coverslips. The cells were analysed in a confocal microscope
(Nikon) using a blue excitation filter at 405 nm and &-ABh emission filter. Theslides were
photographed at 400 magnifications The cells were scored according to criteria of size, shape, stain

intensity, and nuclear size and shape.

2.7 Total RNA isolationfrom testis biopsies

Total RNA from testis was isolated phenolchloroform extractionTestis biopsies were takémom

all genotypeqcontrol gdPex13HTZ, gdPex1¥XO mice 2.5.1). The Tunicaalbugineawas removed
and decapsulated testicles wearemediately transferred to liquid nitroge@ooled mortar and pistil
were used to mince the tissul ml TRIzol was added to the pulverized tissue and kepRht
Homogenate was transfed to an Eppendorf tube andlaroform was added at one fifth of the total
volume After centrifugation (14000 x g, 20min at 4 °C), the upper liquid phase was carf

removed and transferred to anottigpendorftube RNA was precipitated with isopropyl alcohol
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followed by cooling at20°Cf or 306 and ©O@xy 20nihat gLt The pellet(wasd
washed two times with 7% ethanol and solubilised 00 pl RNasdree water RNA concentrations

were quantified using nanodropND-1000spectrophotometer

2.7.1 QRT-PCRto characterize the peroxisomal compartment in testes biopsies

For cDNA synthesis, purified RNA of whole testes as well as single cell pamdatias reverse
transcribed using theRFirst StrandKit (Qiagen Hilden, Germany according to manufacturer’s
instructions For the evaluation of the mRNA level of peroxisomal genes being involved in biogenesis
(Pex13 Pex14 Pex19, b-oxidation (Acoxl Hsd17bd, ROS metabolisn{Sodl Caf), metabolite
transport (Abcd)), ether lipid synthesiqGnpa), retinoid metabolism(Dhrs4) and polyamine
metabolism(Paox, a customized RealTime ready custom Panel in a 384 multiwell plate forasat
used(Table 3. A reaction volume of 1Qu per well was preparedesulting in a primer concentration

of 0.4umol for each primer and a cDNA concentration of 5 ng equivalent of total RNA/PCR reaction
The fold change of gene expression iPgelHTZ and gPex1¥XO was calculated by normalizing

the mRNA level in control testis.

Table 3| Primers used for peroxisomal gene expression

Gene Symbol Forward primer Reverse primer

synaptonemal Sycp3 GGGACAGCGACAGCTCAC CCAGATTTCCCAGAATGCT

complex protein 3 T

polyamine  oxidase Paox CCTCCCTGAAGATGGAACTG GCCCCATGTGTGGTAGAAT

(exo-N4-amino) AA

dehydrogenase/redu Dhrs4 GCTGCTGTCAACCCTTTCTT TCATGGCTGTAGCTGTCAC

tase (SDR family) AT

member 4

glyceronephosphate Gnpat GCAGCTTTCGTGAGACTGG GCAGGCCCGTCACATAAT

O-acyltransferase A

ATP-binding Abcdl GCCAGCCTCAACATCAGG ACTCTTGCCACAGCCATTG

cassette, sufamily

D (ALD), member 1

Catalase Cat CCTTCAAGTTGGTTAATGCAGA CAAGTTTTTGATGCCCTGG
T

Superoxide Sod1l CAGGACCTCATTTTAATCCTCA TGCCCAGGTCTCCAACAT

dismutase 1 C

Hydroxysteroid (17- Hsd17b4 AGCATGGGACCATATGAAGAA TATAATTCGCCTGGCCAAA

beta) dehydrogenas G

4

Acyl-Coenzyme A Acoxl TGGAGATCACGGGCACTTAT TTCCAAGCCTCGAAGATGA

oxidase 1, palmitoyl G

Peroxisomal Pex19 TGCTGTACCCATCCCTGAA GGAGGAGTGGAGTCCTGGT

biogenesis factor 19

Peroxsomal Pex14 ACTCCGCAGCCATACAGC CTGCCATGATGATAGCCAA

biogenesis factor 14 G
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Peroxisomal Pex13 TAGACCAGACTGGCTTCGAACT CATGCCTTTAATCCCAGCA

biogenesis factor 13 C

Acrosomal  vesicle Acrvl TGGAGAAGGAGTATGCACCA ACCCTTGAACCATGAACTG

protein 1 G

Protamine 1 Prm1l CACAGCCCACAAAATTCCA CAGAGCAGGGGACACCAC

Actin beta Actb GGATGCAGAAGGAGATTACTG CCACCGATCCACACAGAGT
C A

Glyceraldehydes- Gapdh AGCTTGTCATCAACGGGAAG TTTGATGTTAGTGGGGTCT

phosphate CG

dehydrogenase

2.7.2 QRT-PCR and primers used to charactetimBTB and faty acid synthesis in testes

biopsies

For cDNA synthesis, purified RNA was reverse transcribed using teiRSE StrandKit according to
manufacturer’s instructionReattime PCR amplification was performed 96well plateson a Light
Cycler 480 using SYR Green | Master kit-or relative quantificatiorf-actin and Gapdhwere used

as  housekeeping genes. Primer design was performed with  Primer Blast
(http://iwww.ncbi.nlm.nih.gov/tools/primdslast/). The quality of theligonucleotide was checked by
oligocalc (http://www.basic.northwestern.edu/biotools/oligocalc.itmhll  oligonucleotids were
initially testedby a gradient PCR to evaluate the appropriate temper@&@liganucleotids used for
gene expression analygsare listed in Tabld. 5 ng of cDNA wee used per reaction. Reactions were
run in duplicate wells. The thermocycler protocol watas followsaninitial denaturation step of 95

°C for 5 min, followed by 45 cycles of 9% for 15 seG annealing temperature 88 °C (for Elovi2,
Elovl5 andFads? or 61°C (for Tjpl, Cldn3 andOcln) for 30 secand 72°C for 30 sec As control
sample for gRIPCR reactionsa notemplate controlncluding RNasdree water instead of cDNA
was run. Melting curves were generated over temperatdresa 5595 °C with 30s/1 °C and
evaluated for each gene using thight Cycler 480software.All expression levels were calculated as
relative values using the mean of both reference genes. The samples were run following the MIQE
guidelines(Bustin et al. 2009. The quantification of the expression of a target gene was calculated
using the difference of the&alues ¢iC;) from the target gene and the mean of thev&lues from

both housekeeping gen&apdhandb-actin (C; reference gene).he fold change of gene expression

in gcPex1HTZ and gPex1XKO was calculated by normalizing the mRNA level in control testis.

Table 4| Primers usedfor BTB marker expression

Accession Annealing Product

Primer Sequence

a number temperature length
Marker of fatty acid synthesis
Elovl2_for (5-3") GAGAAGGTGATGTCCGGGTAG NM_019423.2 61.8°C 144 bp
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Elovl2 rev (3-5) ACATGGACGCGTGGTGATAG 594°C
Clovs rov (45)  CCATCCTTTGACTOTTGTATCTCGG NM-1342553 20008 2001p
aduzrev (v5) | GGAGGCATCCGTAGATTT | NMLOIOBSSL  [li.l 160bp
Marker of the BTB

T Tacoone®s oz BiC o
) cmomorcaicicoceey oz fae i
oo W.oose2 e s
Housekeeping genes

capdhre (v8)  COTGCTTCACOAGOTTCITG  NML00S0842  Cou.l  Tbp
acintor (1) AAAGGOTOTARMACGCAGGTC  NMLOOT3L  ZTC.l 1000p

2.8 Testes biopsies foiplid analysis

Adult mice of all genotyps (control, gex1HTZ, gdPex1¥KO mice) were anaesthetizedby IP
injection using a cocktail of 100 mg/kg ketamine and 10 mg/kg xylaaimk euthanized by cervical
dislocation Testes wereremoved aseptically. Th&unica albuginea was carefully removed
Decapsulated testes were freezed in nitrogeral testicular triglycerid¢TG) andphospholipid (PL)
levelswere quantified by gas chromatographgss spectrometry (GRS) (in collaboration with Dr.
Klaus Tdédter, Department of Biochemistry and Molecular Cell Biology, UKE, HarrBppgndorf).

2.8.1 Gas chromatographyass spectrometi{fzC-MS)

Tissue lipid extracts were prepared according to Felcd (1957) and total tissue fatty acid profiling

was performed as already descril§Barteltet al. 2013, using20 ul of solvent per mg of tissueéG

and phospholipids wergeparatean silica gel 60 plated00 pl of extractwere evaporated to drying

and redissolved in 25 pl chloroform/methanol in a 2:1 rafibe solutions werepotted onto th plate

and developed with an eluent containing hexane, diethylether and acetic acid (80:20:1.5).
Visualization of lipid bands was performed with primuline (5 mg in 100 ml acetone:water 80:20).
Fatty acid methyl esters were prepafieon 25 ul extract (tal FA) or of the scratched bands without

further extraction, based on the method of Lepage and(Repyageet al. 1989 by adding 1 ml

met hanol /toluene (4:1), 100 ¢l heptadecanoic a
chloride and heating in a capped tube for 1 h at 100 °C. After cooliRy t& ml of 6 % sodium

carbonate was added. The mixture wasscen f uged (1800 x g, 5 min.).
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diluted 1:5 with toluene and transferred to auto sampler vials. Gas chromatography analyses were
performed using an HP 5890 gas chromatograph (Hewlett Packard) equipped with flame ionization
detector(Stationary phase:DB25 30 m x 0.25 mm id., film thic
Germany). Peak identification and quantification were performed by comparing retention times,
respectively, peak areas to standard chromatograms. All calculatetmsed on fatty acid methyl

esters values. Concentration of individual fatty acids was calculated as % of total fatty acids.

2.9Serum collection forteroid measurements

Five individuals per genotype (including onitrol, gcPex1HTZ and gcPex1XO mice) were
anesthetizedby IP injection using a cocktail of 100 mg/kg ketamine and 10 mg/kg xylazine. Blood
samples were taken by direct cardiac puncture.

For thispurposea 22gauge needle, fittednto al ml-syringe, was inserted from tleentreof the
thoraxtovar ds t h e a n,5h@&nnbdeep,raadrheld ab3b & away from the chest. When
blood appeared in the syringbge plunger was gently pulled back to obtain the maximum amount of
blood (L ml). Blood samples were immediately transferred to 1.5 miekgorf tubes andlotted at

RT for 1 hr. The samples were centrifuged for 10 min ab@8 x g at RTto separate the serum from
the rest of the cellsSerum was removed and stored&t °C until the hormonal measurements were
performed.The samples werenalysed by ELISA kits for testosterone, follidémulating hormone

and luteinizing hormone

2.9.1 ELISA assay

Serum hormone concentrations were measured using a competitive inhibition enzyme immunoassay
The ELISA was performed on FSH, Lidnd TestosterongTable 8)according to manufacturer’'s
instruction Serum was collecte@(9) and used from all genotypes of both mouse strains. Prior to use,
serum wadive times diluted with PBS50 U of standard, klank and sample were used peell. The

same volume ofeconstituteddetection reagent A was added and incubated forat 37°C. After

several washing steps (350que fold wash solution; 5 times a 2 min), 100 pl of detection reagent B
was added and incubated for 30 min at°87 After another washing step (350 phe fold wash
solution; 5 times a 2 min), 90 pl of substrate solutiaas added and incubated for 20 min at’G7

The total reaction was stopped by adding 50 pl of stop solution.
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2.10 Primary and secondary antibodies

Table § Primary and secondary antibodies

MATERIALS AND METHODS

Host Primary Antibodies Conc. Supplier Function of Antigen
Rabbit Rat ABGtransporter D3 IF 1:500 Gift from Alfred ABC-transporter for
70kDa Peroxisomal Volkl, Dept. Anat.  lipid derivatives;
membrane protein (ABCD: Cell Biol. Il, Univ.  generally used as
/ PMP70) polyclonal Heidelberg marker protein for the
antibody peroxisomal
membrane
Rabbit Bax (D3R2M) #14796, IF1:100 Cell Signaling Key component for
monoclonal Technology cellular indued
Cambridge, UK apoptosis
Rabbit Cleaved Caspasg #9661 IF 1:300 Cell Signaling Used as marker for
(Aspl75), polyclonal Technology apoptosis
Cambridge, UK
Rabbit Mouse Catlase (CAT), IF 1:2000 Gift from Denis|.  generally used as
polyclonal Crane, Biomol. marker protein for the
Biomed. Sci., peroxisomal matrix;
Griffith Univ., degradation of kD,
Nathan, Brisbane,
Qld 4111, Australia
Rat CD45 IHC 1:25 BD Biosciences Panleukocyte marker
Rabbit MouseOSPLClaudinll, IF 1:500 Invitrogen Structural component
polyclonal Carlstad, CA, USA of tight junctions;
located in epithelial
and endothelial cells
Mouse MouseOxidation IF 1:2000 Molecular complex 3 of the
PhosphorylatiotComplex Probes/Invitrogen, mitochondrial
Il (OxPhoslll), Carlsbad, CA respiratory chain
monoclonal 92008, USA Cat.
no: A11148
Rabbit  Mouse Peroxiri3 IF 1:1000 Gift from Denis|.  peroxisomal
(Pex13p), polyclonal Crane (address see biogenesis protein 13
above) integral peroxisomal
membrane protein;
involved in dockimgy
complex for matrix
protein import
Rabbit Mouse Peroxin 14 IF 1:2000 Gift from Denis|.  peroxisomal

(Pex14p), polyclonal

Crane (address see

above)

biogenesis protein 14
function is similar to
the one of Pex13p (se
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above)
Rabbit  Mouse Thiolase /A, IF 1:500 Gift from P. Van third enzyme of
polyclonal Veldhoven peroxisomab-
(Leuven, Belgium) oxdation pathway
Rabbit Tom70 IF 1:1000 Mitochondrial import
receptor protein
Mouse Monoclonal ati-Vimentin, IF 1:2000 SigmaAldrich, St Intermediate filament
clone VIM 13.2 Louis, MO 63103, generally used as
USA Cat. no: marker for Sertoli cells
A2547
Rabbit  Vimentin (D21H3) XP IF 1:1000 Cell Signaling Intermediate filament;
mMAB (AlexaFluor 488 Cambridge, UK generally used as
conjugate) marker fa Sertoli cells
Host Secondary Antibodies Conc. Supplier
Goat Cy3-conjugated AffinPure @at IF 1:1000 Jackson Immuno Research
anti-mouse IgG (H+L)
Donkey Cy3-conjugated AffiniPurelonkey IF 1:1000 Jackson Immuno Reseh
anti-rabbitlgG (H+L)
Donkey antimouselgG TexasRed IF 1:300 VECTOR, Burlingame, CA 94010
USA Cat. no: Ti2000
Donkey antirabbitlgG AlexaFluor488 IF 1:300 Molecular Probes/ Invitrogen,
Carlsbad, CA 92008, USA Cat. no:
A21206
Rabbit mouse IgG AlexaFluor488 IF 1:500 Jackson Immuno Research
Isotypes Conc. Supplier
Rat IgG2b 1:200 Antigenix America
In AK diluent (Dako)
Counterstain of the nucleus
Conc. Supplier
Hoechst 33342 1:1000 SigmaAldrich; St. Louis; Missouri, USA
DAPI 1:1000 Thermo Fisher Scientifidylassachusetts,

USA
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2.11 Buffer slutions

Table 6| Buffer solutions

Solutions for Molecular Biology

2 % agarose gel, 50ml 1 g of agarose, 50 ml of 1x TAE, 1 pl of ethidium bromide (10 mg/m
TE buffer 10 mMTris-HCL, 0.2 mM EDTA, pH 7.5

Phosphate buffer (0. 28,42 g NaHPO, x 2 H,0, 2,76 g NgHPO, x H,O ad 1000 mbdH,O,
M) pH 7,27,4

Solutions for light microscopy

BSA (4 %) 4 g BSA, 400 ml PBS

Citrate buffer Buffer A: 1 mM GHgO; H,O; Buffer B:50 mM GHsNasO; 2H,0
Citrate buffer: 0.15 mM buffer A, 8.5 mM buffer B, pH 6.0

Fixation solution 4% depolymerized paraformaldehyde

H,0, (3%) 30% HO, 10 ml, ddHO 90 ml

Haematoxylin and eosir Xylene, absolute ethanol, 96% ethanol, 80% athat®% ethanol,

staining ddH,0, 10% Mayer 6s Haematoxyl in,

PBS 10 x 1.5 M NaCl, 131 mM KHPQ,, 50 mM KH,PQ,, pH 7.4

Sucrose buffer (30 %) 30 g sucrose, 100 ml

Sudan black (0.3 %) 0.03 g Sudan black, 10 ml ethanol

TBS 10 x 0.5 M TrizmaBase, 1.5 M NaCl, ad 1000 ml dgBi pH 7.4
TBSTT TBS with 0.2 % TritorX and 0.2 % Tween 20

Oil Red O staining

Formalin (10 %) 270 ml formalin, 500 ml phosphate buffer (0.2 M), ad 1000 ml,@dH
Oil Red O working 0.3 % Oil Red O stockalution (30 ml stock and 20 ml dg8)
solution

TUNEL Assay
1 x PBS (pH 7.4) 137 mM NaCl, 2.68 mM KClI, 1.47 mM KIPO, 8.1 mM NaHPO,
DNase | buffer 40 mM TrisHCI (pH 7.9) 10 mM NaCl 6 mM MgGLO mM CaC}
20x SSC (pH 7.2) 87.7g NaCl, 44.1g sodium citeat

Proteinase K buffer 100 mM TrisHCI (pH 8.0), 50 mM EDTA
Equilibration buffer 200 mM potassium cacodylate (pH 6.6 at 25 °C), 25 mM-HG$ (pH
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6.6 at 25 °C), 0.2 mM DTT, 0.25mg/ml BSA, 2.5 mM cobalt chloride

Solutions for fluorescent microscopy

IF blocking solution

IHC blocking solution
Mowiol 4-88

4% bovine serum albumin (BSA) in THimiffered saline containing
0.05% Tween 20 (TBS)

4% BSA, 0.05% TBS (pH 7.4)

16.7% Mowiol 488, 80 ml 1 x PBS, stir overnight; add 40 ml glycero
stir again overnight; centrifuge at 15.000 g for 1h, stor@tC

Solutions for electron microscopy

Na-Cacodylate buffer
Epon

Fixation solution

Osmium post fixation

0.1 M sodium cacodylate, pH 7.4

24 g epoxy resin, 16g DDSA, 10 g MNA, stir 30 min, add drop by dr
1.5 g BBMA, stir 30 min

4% depolymerized paraformaldehyde, 0.05% glutaraldehyde in 0.0:
cacodylate buffer (pH 7.4) and 2% sucrose

1-2 % aqueous osmium tetroxide

BSA gradient

Medium for cell suspension (0.5 % BSA 2 ml 5% B3\, 18 ml PBS
Lowest concentration (1 % BSA) 4.5 g BSA, 450 ml PBS
Highest concentration (5 % BSA) 22.5 g BSA, 450 ml PBS

Cushion (10 % BSA)

20 g BSA, 200 ml PBS

2.12 Reagents, chemicals and kits

Table 7] Reagents and chemicals

Reagent

Supplier

ABC-AP
Antibody-Diluent
Agarose SeakefrE
Aquatex

Vector Labs Burlingame, USA

Medac (WedelGermany

Axon (Kaiserslautern, Germany)
Merck Millipore (Darmstadt, Germany)

Bovine serum albumin (BSA) SigmaAldrich (St. Louis,Missouri, USA

Chloroform

SigmaAldrich (St. Louis,Missouri, USA
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Collagenase type IV SigmaAldrich (St. Louis,Missouri, USA
Collagenase SigmaAldrich (St. Louis,Missouri, USA
Diamidino-2-phenylindole (DAPI) Thermo Fisher Scientifidfaltham, Massachusetts, UB/
Dispase Gibco

DNase | Roche (Basel, Switzerland)
Dodecenylsuccinic anhydride Serva (Heidelberdgzermany)

Dul becc ¢]J&aCh RIBIEL,)( Gibco(Detroit, USA

Ethidium bromide Promega, Molecular Grade (Madison, WI, USA)
Eosin Merck (DarmstadtGermany

Eukitt Kindler (Freiburg,Germany

Ethanolfor analysis Merck (DarmstadtGermany

EvansBlue azadye SigmaAldrich (St. Louis,Missouri, USA
Formaldehyde 3% Merck (DarmstadtGermany
Glutaraldehyd&5 % Merck (Darmstadt, Germany)

Glycidether Hardener DBA Roth (Karlsruhe, Germany)

Haemalum SigmaAldrich (St. Louis,Missouri, USA
Hoechst 33342 SigmaAldrich (St. Louis,Missouri, USA
Hydrogen peroxid&0 % Merck (Darmstadt, Germany)
Hydrochloricacid Chemsoluté&'h. Geyer (Hamburg, &many)
Isopropanol Merck Millipore (Darmstadt, Germany)
Ketamine WDT (GarbsenGermany

LightCycler 480 SYBR Green | Maste Roche (Basel, Switzerland)
Mayer s hemat oxyl Merck Millipore (Darmstadt, Germany)

Methanol Roth (Karlsruhe, Germany)

Mowiol 4i 88 Roth Karlsruhe, Germar)y

O.C.T, Tissugek™ Sakura Finetek Germany GmbH (Staufen, Germany)
Oil O Red SigmaAldrich (St. Louis,Missouri, USA
Osmium tetroxide Roth (Karlsruhe, Germany)

Roti-Block Roth (Karlsruhe, Germany)
Paraformaldehyel (PFA) SigmaAldrich (St. Louis,Missauri, USA)
Permanent Red Substrate Chromoge Agilent

Protease K SigmaAldrich (St. Louis,Missouri, USA
Propylene oxide Serva (Heidelberg, Germany)

RLT buffer Qiagen (Hilden, Germany)

RNeasy kit 74104 Qiagen (Hilden, Germany)

Rompun WDT (GarbsenGermany

Sodium Cacodylate Fluka

Sudan llI Merck Millipore (Darmstadt, Germany)
Sucrose Merck Millipore (Darmstadt, Germany)
Sodium chloride Merck Millipore (Darmstadt, Germany)
Toluidine blue Merck Millipore (Darmstadt, Germany)
TRIzol Qiagen (Hilden, Germany)
Trizma®Base SigmaAldrich (St. Louis; Missouri, USA
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Table § Kits

Kit

Cat. no. Supplier

Arcturus® PicoPure® DNA Extractiol
Kit

DeadEndE Col ori me
System

REDExtractN-AmpTissue
polymerase chain reaction (PCR) Kit
REDExtractN-AmpPCR Ready Mix
RNeasy FFPE Kit

RT? First StrandKit

QIAamp DNA Micro Kit 50

FSH ELISA Kit

LH ELISA Kit

Testosterone ELISA Kit

KIT0103 Thermo Fisher Scientifidfaltham,
Massachusetts, USA

G7360 Promega, Molecular Grade (Madison, Wi
USA)
)1((I)\ICQ)-II;Q-XN SigmaAldrich (St. Louis,Missouri, USA
R4775 SigmaAldrich (St. Louis,Missouri, USA
73504 Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
56304 Qiagen (Hilden, Germany

CEA830Mu Cloud Clone Corp (Houston, USA)
CEA441Mu Cloud Clone Corp (Houston, USA)
CEA441Mu Cloud Clone Corp (Houston, USA)

2.13 Equipment and mterials

Table 9] Equipment

Device name

Supplier

Analytical balanceAUW220

Axio Observator microscope
Block Thermostate

CryostatCM 3050

Confocal Laser Microscope
Centrifugal counterflow elutriator
Electron microscope

ECET Celsegbystems 5440
FACS Arialll Fusion cell sorter
Flame ionization detector

Gel Imaging Work station Azure c15(
HP 5890 gas chromatograph
LightCycler 480

Universal 32 R centrifuge
Microtome RM 2135
Microcentrifuge;Heraeus Pico 17
NanoDrop instrumern{D-1000
Nucleaseree specimen slides

SHIMADZU (Scientific InstrumentsK y @t o, J i
Carl Zeiss (Oberkochen, Germany)

HLC (Bovenden, Germany)

Leica(Wetzlar, Germany)

Nikon Eclipse Ti NISElements

Beckman Coulter IndIndianapolis, USA)

Philips

Eppendorf (Hamburg, Germany)

BD BiosciencegFranklin Lakes, New Jersey, UFA
Agilent (Boblingen, Germany)

Azure Biosystems (CA, USA)

Hewlett Packard

Roche Basel, Switzerland)

Hettich (Tuttlingen; Germany)

Leica (Wetzlar, Germany)

Thermo Fisher ScientifiMassachusetts, USA)
Thermo Fisher ScientififMassachusetts, USA)
Carl ZEISS (Microimaging GmbH)
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P.A.L.M lasercapture micre
dissection

Paraffin dispensing systeBG 1160
Thermal cyter Gene Touch
Tissue Lyser I

Ultramicrotome EM UC7
Ultra-Microtome MT2B

P.A.L.M Microlaser Technologies GmBH (Bernried,
Germany)

Leica (Wetzlar, Germany)

Biozym (Hessisch Oldendorf, Germany)

Qiagen (Hilden, Germany)

Leica (Wetzlar, Germany)

Sorvall Dupontnstruments (Connecticut, USA)

Table 10| Materials

Material

Supplier

Falcorf 40 pm Cell Strainer

Falcorf 70 um Cell Strainer

FACS tubes

Falconrouneb ot t om t ube
LPC-Microfuge tube

BD BiosciencesKranklin Lakes, New Jersey, USA)
BD BiosciencesKranklin Lakes, New Jersey, USA)
BD BiosciencesKranklin Lakes, New Jersey, USA)
BD BiosciencesKranklin Lakes, New Jersey, USA)
P.A.L.M. Microlaser Technologies GmbiBérnried
Germany
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3 RESULTS

3.1 Generation of germ cell specific peroxisome defick@tmice

For the analysis operoxisomal function in germ cells, thereloxP technologywas appliedto
generate @onditionalgerm cell specificO mousein the peroxisomal translocation machinéngat

would interfere withperoxisomal matrix proteibiogenesis ang@roteinimport Cre transgenic mice

were initially backcrossed tthe recipientC57BI/6 strainto establish a congenic mouse str&&hNP
genotyping enabled the identification of mice with highest percentage recipient strain background in
each backcross round.took five tackcrosses to obtain male mice withd% C57BI/6 background
(Figure6).

L\, O i
FVB-Tg(Stra8-cre)Reb/J (<) >< 2 - FO
2B Cs7BUE-Tg/J wt
| 129S/Sv-Tg(Prm-cre)/J (er+/er) |
v
Lz OF >< smm © F1 (Outcross)
| _ ., O7 |
v
~ 1007 for genome scan with . 07 >< Sl . I‘; N2 (1 ’ BaCkcrOSS)
100 SNP markers
| AR, O |
v
]
:
v
N5/6 (congenic strain)
LR
Ll A 2

Figure 6] Backcrossing of Cre transgenic mice into C57B6/J mouse straiMice in either FVB/N or 129S
background were backcrossed into C57BI/6 WT strain to generate a congrrse sirain, based upon marker
assisted selection protocol (MASP). Parental mice, heterozygous for Cre recomi§itrages{imulated by
retinoic acid gene 8 dPrm; protamine)were crossed to C57BI/6 micé(@). Offspring F1) were screened for
their Cretransgene and for their genetic background by single nucleotide polymorphism (SNP). Only Cre
transgene positive male mice were selected for SNP analysis. Male mice with the highest percestgenf
C57BI/6 strain were further crossed with the remipistrain N2). After the fourth backcross to B6, the offspring
were less than 1 % original background strain and > 99 % B6.

Offspring with afloxed Pex13allele, carrying theCre transgenevasselected fosubsequentating

With respect to the Mendehabreeding pattermeierozygousmice with oneWT allele andone allele
with floxed Pex13(gcPex13™F/Cre&™"*) or oneWT allele and one deletion of thexon 2of Pex13
(gcPex13'T/ =Cr&E ™) were obtained. Heterozygousmale mice (gPex13HTZ) with either one
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floxed Pex13 allele or excisedexon 2 of Pex13 and positive for Cre recombinase
(gcPex13MF/Cre™e™ or gcPex13WT FTYE™ from theF1 generation)wereinbredwith female
siblingsof the same genotype to generd@s (gdPex13™ 2/ FErefc™),

New born pups with different genotypes showed no obvious differences in their phenparpeom
differenttestessizes which will be discussed i&.2 Animals withtwo WT alleles for Pex13 showing
only one band at 49®p and nofloxed Pex13allele were considered asontrol (gcPex13VT,;
gcPex13 ™ Cre™"e* . Figure 7B). These animals also expressedCre recombinase that was
confirmed byPCR showing a band at either 236 bp in case foBtra3 CretransgendFigure7C), or
aproduct of 95 bp representing ttransgeniacCre recombinasmediated bythe Prm promoter(Figure
7D). Animals that werepositive for Cre recombinasevith one WT Pex13allele anda deletion in
Pex13 were consideredas HTZ (gcPex13HTZ; gcPex1d'T/ &Cr&™°*: Figure 7C, D). The
gcPex1XO micehad a deletion irxon 2of floxed Pex13gene exhibiting a single band a#8 bp,
and homozygousCre recombinaseexpression(gcPex13® * 2/ £5&2*) An additional PCR on
gcPex1XO genotyped mice was performed with different primer pairs to demonstrate the disruption
of Pex13gene byCre-mediated excision dbxP sites.The reaction producka 410 bp product of the
disrupted genérigure7C, D).

A)

PEXI13A for PEXI13A rev
ey ——-

PEX13/oxP for PEX13/oxP rev
220X
————[ exon2 |k [ ex3 H ex4 —
loxP loxP
B) (&) )
( £ ( 2 B 2 o ® o B s Q
2 g 5 g % 3 ¢ F Q¥ 3
g : g A T i P é
a, 5 A & & 4 LA & & 3
490bp> 540bp>
490 bp »
410bp *
95 bp »

Figure 7| Confirmation of the correct genotypes for floxed Pex13alleles and eitherStra8Cre or Prm-Cre
recombinasetransgene, using DNA extracted from mouse tail biopsies. (Achematic drawing of designed
primers to detect either floxed or excisedon 2 of Pex13 The pstream primer PEX18xP_for and
downstream primer PEX1&P_revwere generatedo detectthe flankingloxP sites ofexon 2 resulting inan
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amplicon of 490 bp for the WT allele and 540 bp for the floReat13allele. Excisedexon 2was confirmeddy
PEX1®agand PEXIBEXI1 ®MP E X1 Bggenerated an amplicon of 410 bp, following Cre
mediated excision of floxedxon 2 (B- D) The amplification products were visualized on an agarosgBje!
Cre transgenicnice with a single band at 490 bp were considered as cqReall3VT; +/+) animals(C) The
amplified Stra8Cre transgene displayed a product at 23638 Cre recombinase positive animals, showing a
double band for the floxeBex13allele at 540 bp and a product at 490 bp for the WT allele, were considered as
heterozygousRex1HTZ (-/+). Cremediated excision aéxon 2was confirmed by a single band at 540 bp for
floxed Pex13(Pex1¥O0; -/-) and a band at 410 bp for excismabn 2(qPex13. (D) The Cre transgene under the
Prm promoter control showed a band at 95 Bpm-Cre recombinase positive animdlsat were heterozygous
for floxed Pex13,displaying a double band at 540 bp and at 490 bp, were nRmedHTZ. Pex1¥XO mice
exhibited a single band at 540 bp for flox@&x13and a band at 410 bp for excised exomP&x13. A 1 kb
DNA ladder was used.

3.2 Testes of Stra8Cre mediatedycPex1¥XO mice vary in weight and size

The gross morphology gfivenile (57.5 weeks, corresponding digitl 6 i n t;Figureand pl ot
adult mouse testes83 week s, correspondi; Rigure § was stadiedTZE0 |1 n
litter size ofthe breeding paijmproducing a preneiotic inducedgcPex1¥XO, decreasa to 50% with
sequential matingTheir testicles were clearly atrophico@paredto the testicle lengthof 0.78 +
0.076cm in adultcontrol (Figure 9A)and0.764 £ 0.075cm in gcPex13HTZ (Figure 9B)mice, Stra8

Cre mediatedycPex1XO testes(Figure 9C) were much smallewith an averagdéength of 0.442+
0.311cm. Statistical analysis revealed that the total testis wel@Btt6 + 0.008 pof adultStra8Cre
mediatedycPex1¥XO mice was significantly reduceg € 0.01) compared toontrol(0.101 £ 0.012

and gex1HTZ mice(0.093 + 0.010 gFigure8).

Testes weight of juvenile control testes was 0.069 = 0.0Thayaverage weight of juveniftra8Cre
mediated peroxisomal Bex1XO testeswas slightly decrease®.049 + 0.005 gFigure8). Neither

gross abnormalities of external genitatiar differances in epididyn® deferent ducts, seminal
vesicles or prostate glands were detected. ieffex1XKO mice were tested for fertility (90 and 130
day-old), through mating with fertile WT femaled/T females produced no offspring, indicating that
Stra8Cre mediate@cPex1XO males were sterile.

Mouse testicles with #ex13KO in postmeiotic germ cells did not differ itheir length (0.84G
0.042cm; Figure9dD) norin their averageveight (juvenile testicles0.069 + 0.019adult testes0.102

+ 0.013 g)compared taontroltesteqFigure 8) Male mice were also fertile.
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Figure 8| Analyses of testicular weight of all genotypes of juvenilfblue bars; 1) ard adult (green bars; 2)
animals. Stra8Cre (premeiotic) mediated geex13¥O testes of yvenileand adult miceshowed a significant
reduction in their weight compared toRgx13HTZ and control testes. In poesteiotic (Prm-Cre) induced
gcPex1XO testes, no differences were observent. datacollection a minimum of 30 individual testiclesom
adult mice ané minimum of 4 testicleBom juvenile animals wasonsidered.
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Figure 9| Macroscopic analyses of the urogenital tract of (A; +/+) control, (B:/+) gdPex13HTZ and both
(C; -I-) Stra8Cre and (D; -/-) Prm-Cre mediated g®ex1XO mice. (C) Premeiotic induced geex1¥XO
testes were significantly reduced (of 0.442 + 0.311 cm) compar) pcPex1HTZ (0.764 + 0.075 cm) and
(A) control testes (0.780 + 0.076 cnflP) In Prm-Cre mediated gPex13¥XO mice, no significant differences
were found (840 + 0.042 cmgompared tqA) control animalsK- Kidney; U- Ureter; S+ Seminal vesicleB-
Bladder,Dd- Ductus deferengs- Epididymis, Tt- Testcles.
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3.3 Testicular histology oPrm-Cre andStra8Cre mediatednouse testes

Testes of all genotypeasgere hstologically analysed usingaraffirembedded, HE stainegppecimens.
Stage VII seminiferous tubules of prand posimeiotic inducedgcPex1XO testes of early mature
(P30), mature (P70) and senior mice (P360) were compared to control

Compared to contrabsteq253.1+ 33.0um), the diameter of the seminiferous tububépre-meiotic
induced gPex1¥XO mice wassignificantlysmaller(177+ 18.82um; p< 0,0001 Figure10). Regular
spermatogenesis was found in early mature (Fiduwe, D), mature Figure 11B, E) and senior
(Figure 11C, F) controland g®ex1HTZ testes,aswell as Prm-Cre mediatedgcPex1XO (Figure
11J L) mice Tubules were mainly round or oval shaped. The tubules” size incrieaagithgcontrol
(Figure 11A-C), heterozygous (Figur&lD-F), and post meiotic inducedgcPex1¥XO mice (Figure
11J- L). Whereas normal littermates revealed spermatogenic cells at all, statyigding spermatozoa
a severe defect in germ cell differentiationStta8 Cre mediatedgcPex1¥XO testeswasobservedn
HE dgained paraffinsections(Figure 11G- 1). Seminiferous tubules witta premeiotic induced
peroxisomal KOshowed a spermatogenic arrdastead of single round spermaidpermatidstage
nucleiwere arranged as multinucleated giant céd®Cs) with an aerage size of 39.88 8.78 um
(Figure 11G I). With aging, most of the MNCs were lacking nuclei and seemed to lyse, leading t
vacuolization of the tubule3he tubules showed a more irregular shape (Figjlileand displayed an
increased number of inteit&l cells (hyperplastic; Figur&ll). SinceMNCs were frequently present
in the seminiferous tubules &tra8Cre mediated d@ex1XO animals, even in early mature mice,

subsequerdnalyses were conducted ature testes.

Tubulus size
300+

200+

um

100+

Figure 10| Comparison of the average size of the seminiferous tubulesf control and Stra8Cre mediated
KO testes. The size ofthe seminiferous tubules of th@e-meiotic induced geex1¥XO was significantly
reduced(p < 0,0001) compared to control test&atistical significance wasetermined using-test (non
parametric MarwWhitneyUtesty *p O . 05; **p 0.001 < p O 0.01; *
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Figure 11| Histological analyses of controlgcPex13HTZ, and post or pre-meiotic induced gé@ex13¥O
testes of early mature (P30), mature (P70) and senior (P360) midérosssections of all genotypes of
different ages represent germ cell development at stage VII. The germinal epithe({i@cohtrol, (D) HTZ
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and (J) Prm-Cre mediatedgcPex1¥XO testes of early mature mice (P30) showed regular spermatogenesis with
meiotically dividingspermatocytesS) round Rs) and elongated spermatidsg, whose cytoplasm is distributed
along head and tail of spermatid&) In testis with a premeiotic induced peroxisomal KO, spermatid nuclei
were arranged as MNCs. At stage VII, most of the MNCs were lacking nuclei.dnstiballes were mainly
vacuolized(B, E, K) The seminiferous tubules of contrgkPex13HTZ, and postmeiotic inducedycPex1XO
mature andC, F, L) senior mice were slightly increasdt, 1) Germ cell development was comparable to that
of early maturemice. Stra8Cre mediatedgycPex1¥XO seminiferous tubukdecreased in size in aging mice,
compared to control arférm-Cre mediatedycPex13¥O. The germinaépithelium contained many vacuolg)(

Bars represent 20 pum.

3.4 Confirmation ofgcPex13¥XO by PCR analyis of laser capture micro dissected cells

Cre-mediated excision of floxe®ex13was confirmed by PCR of laser miedissected cellfrom
paraffinrembedded specimefSigure12A- C).

In premeiotic inducedgcPex1XO, all luminal cellsrepresenting MNCsd cells from the basal
compartmentvere defined In postmeiotic mediated d@ex1XO, heterozygousnd contol testes,
elongated spermatidsyund spermatids arfsertoli cells as well aghe basal compartmerdontaining
spermatocytes and spermatogonigere collected.Control mice exhibited a band at 490 bp,
representing the WT alleld=igure 13A). Cells collected from d®ex13HTZ testes, representemhe
floxed Pex13allele (including thdoxP sites) at 540 bp, and a WT allele at 490 Ap.amplicon of
excised floxedPex13was present at lowetbundancebecause animakdso carried the Cre transgene
that recombined with thiéoxed Pex13allele (Figure13B). Prm-Cre mediatedjcPex1XO cells had a
floxed Pex13dlele and a deletion iexon 2 assuminga contaninationwith Sertoli cellsthat werestill
carrying the floxed?ex13allele (Figure ¢. Genotyping ofStra8Cre mediatedjcPex1XO confirmed
the complete KO in both alleles, since no flo¥eelx13allele was detectadl (Figure 13D). The
amplicon of delete@xon 2of Pex13wasincreased irgerm cells ofPrm-Cre mediatedycPex1¥XO
(Figure13C) and in MNCs ofStra8Cre mediatedycPex1XO (Figurel13D).

Figure 12| Laser capture microdissection of testicular cells to confirm the genotypes. {AC) Paraffin
embedied sections (6 um) of control andREx1¥XKO testes were stained with HE. Prior to microdissection with

a P.A.L.M. laserfubuli of interest were markgghdicated in yellow)(B, C) In case of control and pesteiotic
induced gPex1¥KO tubuli, round speratids, spermatocytes, as well as apically residing sperm heads were cut
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out. In tubuli of premeiotic induced peroxisomal KO, MNCs weseparatelycut out fromspermatocytegdata
not shown).

(A) Control mice (B) gcPexI3HTZ mice
3z 3 ¢ 3z 3 8
58 & g §8 & S
=R R ] =R R Q’:
1.0 kb
490 1.0 kb
P 0.5kb
0.5 kb
95 bp-

(C) Prm-Cre mediated gcPexI3KO (D) Stra8-Cre mediated gcPexI3KO

Figure 13| Targeted disruption of Pex13was confirmed by PCRof microdissected cells. (AD) A total
number of 1000 cells per genotype was used for DNA extraction and subsequent genotyping ) RCR.
transgenic micevith a WT allele at 490 bp, were considered as control.rhicease of th&rm-Cre transgene
band at 95 bpvas visible (as shown i8). WT mice, positivefor the Stra8Cre recombinaseéhad an additional
band at 179 bigas shown irD). (B) gcPex13HTZ mice were genotyped according to the floxgek13allele
(including theloxP sites), represented/la 540 bp amplicon, and a WT allele at 490 bp. A faint band was visible
at 410 bp, representing the excisedon 2 of Pex13(C) Haploid germ cells of the®>rm-Cre mediated
peroxisomal KO carried a floxdelex13allele at 540 bp and a deletiondron 2at 41 0  bPex13. Genotyping
represented an incomplete KO, because of a contamination by Sertoli(Dglls: the Stra8Cre mediated
gcPex1XO, the floxedPex13allele was not detectable in MNCs, confirming a complete KO in both alleles.
Excisedexon 2of floxed Pex13was further confirmed by an amplicon at 410 bp. A 1 kb DNA ladder was used.

floxed
PexI3
Pex13A
Prm-Cre

1.0kb
540 bp-

410 bp- 0.5 kb

410 bp-
179 bp~

95 bp-~
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3.5Peroxisomal proteitocalization is altered in preeiotic induced geex1¥XO

To confirm the peroxisomal KO ifPex13 male GFPPTSL transgenic micewere crossednto
homozygousStra8Cre mediatedperoxisomal gcPex1XO female mice In the control group,
peroxisomes were presdntLeydig cellsandin all germ cellsgxcept forspermatozoaAlthough the
presence of peroxisomes was already confirmed in Sertoli cells)PGER was not visible in these
cells(Figure14A, B). In premeioticinducedgcPex1XO testes, GFP was only detected in peritubular
myoid cells in the basal epitheliurand in Leydig cell{Figure 14C, D). Whereas residual bodies
were present in the lumeri control mice(indicated as green dots)o residual bodies were found in
seminiferous tubules @tra8Cre mediate@dcPex1XO mice Figurel4D).

W3 IGI-PTS1
¢”+%% DAPI

s3sts W WGEEPTSI

o »r*

po 8

Figure 14| Crosssections of control andStra8-Cre mediated g&ex1XO testes with a GFRPTSL1 signal.

(A, B) In control mice, peroxisomes were abundant in interstitial Leydig cells and all germ cells, except for
spermatozoa. Luminal fluorescent signals r(ED)jlrsent
pre-meiotic inducedgcPex1¥XO testesthat were GFP positive and homozygous for the Cre translocon and
floxed Pex13 peroxisomes were only present in Leydig cells, peritubular myoid cells and spermat(gednja.

Nuclei were counterstained with DAPI (grey). Bars represent 50 pm.
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Staining withthe PEX13 antibody revealed a punctate localization in all cell types including testis
specific somatic cells (Sertoli cells and peritubular cells) and gers (splrmatogonia, primary and
secondary spermatocyteound and elongated spermatids) the seminiferoustubulesof control
(Figure 15A, B) and Prm-Cre mediated geex1¥XO mice (Figure 15E, F), with the exception for
mature spermatozoa. PEX13 was aburgagtpressedn spermatocytes and spermatiog it was
weakerexpressedn Sertoli, peritulular myoid and Leydig cells. In testes witiPax13KO in pre
meiotic germ cells, thdistribution was clearly cytoplasmigo all germ cells, including MNCE-igure
15C, D). In contrast taontroltestes, no punctate structures were found in a patteristtygtical for
peroxisomes, indicating a loss of PEX13 already in early germ cellrimCre mediated
gcPex1XO testes(Figure 15E, F), PEX13 localization resembled that of contndte (Figure 15A,
B).
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Figure 15| Immunofluorescent detection of PEX13 n the seminiferous tubules of all genotypes. (A, B)
Paraffinrembedded specimens of control (P6@, D) pre and (E, F) postmeiotic induced peroxisomal KO

(P80) testes were labelled with PEX1@, B) In the testis of control andE, F) postmeiotic indiced
peroxisomal KO, PEX13 was mainly localized in punctate structures in spermatocytes, but was also found in
postmeiotic germ cells.(C, D) In the Stra8Cre mediatedgcPex1¥XO mice, PEX13 showed a diffuse
cytoplasmic pattern in all germ cells, includiftiNCs. In contrast to control testes, no punctate structures were
found in a pattern that is typical for peroxisomes, indicating a loss of PEX13 already in early germ cells. Bars
represent 50 um.

In control (Figure 16A- C) andheterozygougFigure 16D- F) mouse testes, PEX14 docalized with
the GFPPTSL1 transgene and was highdxpressedn all germ cells, butwas also detectedin
peritubular myoid and Leydig cellf postmeiotic induced peroxisomal KO mice, a similar pattern
was found for PEX14 (Figur&7B, C), as shown for control testéBigure 17A) The anttABCD3
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antibodyshowed significant immunoreactivity to peroxisomesSartoli cellsand germcells of the
basal part of the germinal epithelium and in Leydig ceflsontrol mice(Figure 16], L, K, M). In
Pex13deficient cells ofStra8Cre mediated d@ex1XO testes, the peroxisomal membrane proteins
were not localized to punctate structures, but aggetar be cytosolically localized (Figui®G, H, N,

0). Positive and negative controls are shown in Fig8re 1
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Figure 16| Immunofluorescent detection of organelle marker proteins in the seminiferous tuldes of all
genotypes carrying theGFP-PTS1 transgene. (AC, J) Cryosection®f GFRPTSL1 (green) transgendontrol

(P60), (D- F, L) heterozygous (P80) and@s- I, N) premeiotic induced peroxisomal KO (P80) testes were
stained with(A, B, D, E, G, H) PEX14 (red) andJ- N) ABCD3 (red). (A, B, J) In control and(D, E, L)
gcPex1HTZ mouse testegintiPEX14 ancanttABCD3 antibodiesvere localized in punctate struces typical

for peroxisomes. ABCD3 was primarily expressed in Sertoli cells and in the basal part of the germinal
epithelium.(A, D, G) Colocalization ofanttPEX14,(J, L, N) anttABCD3 and GFFPTSL1 in the same particles
verified the peroxisomal naturd these structures (yellowG- I; N, O) In Pex13deficient cells, peroxisomal
membrane proteins were not localized to punctate structures. All preparations were counterstained with DAPI
(grey) for labelling of nuclei. Bars represent 50 pm.

Figure 17| Immunofluorescent detection of organelle marker protein PEX14 in the seminiferous tubules of
postmeiotic induced peroxisomal KO. (B, C)Localization of PEX14 showed no differencegaPex1¥XO

testes compared {@) control.
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GFP-PTS1
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| neg ctrl neg ctrl

Figure 18| Positive and negtive controls for immunofluorescence preparations of cryosections. (A, BAs
positive contrad, the epididymisof GFRPTS1 mice were stained witmtiPEX14 and(D, E) anttABCD3
antibodies (G-H) Negative controls (neg cjrllacking the primary antibodyshow the specificity of secondary
antibody reaction in mouse testd#, C, D, F) Peroxisomes are highlighted by the GIFIPS1 signal in the
epididymisand(G, 1) testis.Bars represent 50 um.

3.6 Peroxisomal matrix protein localization is not altered iRegdl KO mice

A doubleimmunofluorescenstainingwith vimentin (VIM), used asntermediate filament marker of
Sertoli cels, and peroxisomal atalase (CAT)was performed.Vimentin labelling displayeda
characteristigpatternin control (Figurel9B), heteroygous (Figurel9E) and postmeiotic induced

peroxisomaKO testeqFigure 19H) with Sertoli cellintermediate filamentextendng from the basal
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compartment to the lumeland lateral extensions that display the BTB. Howevertha Stra8Cre
mediatedycPexL3KO mice Sertoli cel seemed t@nclose all germ cell§igure 19K).

In control, g®Pex1HTZ and gPex1XO mouse testesCAT immunoreactivity was most intense in
Leydig cells as showrin Figure19A, C, D, F, G, |, J and LThe typical punctuate stainingattern
wasalso found in the basal compartment of the germinal epithelium, including peritubular myoid cells
and spermatogonigFigure 19C, F, I) In the adluminal compartment, CAT showed strong
immunoreactivityin the acrosome of round and elongatingrsmatids(Figure 191). A faint punctuate
stainingcould also be observed 8ertoli cells andpermatocytegFigure 19C, F, ). In the Prm-Cre
mediatedycPex1XO mice (Figure19G, 1), the immunoreactivity for CAT wasomparabldo control
mice In premeidatic inducedgcPex1¥XO mice, CAT was also expressed in basal ¢blisin a diffuse
cytoplasmic pattern.lt was most abundant in Leydig cells (Figud®d, L). CAT showed
immunoreactivity to the acrosome of round spermatids clustered in Ni@snot shown
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Figure 19| Immunofluorescent deection of intermediate filament marker vimentin (VIM) and
peroxisomal protein catalase (CAT) in adult testesParaffirembedded specimens (2 um thickness) of mouse
testis biopsies were used and double stained asittiase(CAT, red) andvimentin (VIM, red). (A, B) Vimentin
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showed a characteristic Sertoli daellermediate filament spéic stainingpatternin control,(D, E) heterozygous
and (G, H) postmeiotic induced KCcells Intermediate filamentextended from th basal compartment to the
lumen, with lateral extensions, displaying the BTB, K) In Stra8Cre mediated gcPex1¥XO, vimentin
immunostainingshowed an irregular patter(d, C, D, F, G, |, J, L) Catalase showed a punctuate staining
pattern and was highlgbundant in interstitial Leydig cells in all genotyp@s. C) Germ cells as well as Sertoli
cells were positive focatalasecounterstain in controlD, F) heterozygous an@G, |) postmeiotic induced
gcPex1XO testes.(G, |I) Catalase was also immunoctige in the acrosome, as shown in the seminiferous
tubules ofPrm-Cre mediated geex1¥XO mice. (J, L) In Stra8Cre mediatedperoxisomal KO seminiferous
tubules, CAT was localized in the cytosol. Nuclei were counterstained with DAPI (grey). Bars reb@egant

Theimmunoreactivity for peroxisomdhiolaseshowedstrong signals in interstitial Leydig celb$ all
genotypes (Figur@1A- F). For peroxisomes typical pattern was found in the peritubular myoid cells
and in all germ cells of the germinal epitbhe of control (Figure21A, B), but alsoPrm-Cre mediated
gcPex1XO mice (Figure21E, F). In round and elongating spermatids, immunoreactivity was at lower
intensity compared to suprabasal germ cdlégure 21A, B, E, F). The antibody showed high
reactivity to residual bodies (Figur@lE, F). The characteristic staining pattern of thiolase was
abolished in praneiotic inducedgcPex1¥XO testes (Figure21C, D). Thiolase was present in a
punctuate patterin cells of suprabasatompartment. IlPex13deficiert germcells, the digibution

was clearly cytosolic.
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Figure 20| Presence of peroxisomal thiolase in adult mouse seminiferous tubules- (3) For control and
Stra8Cre mediatedgcPex1¥XO mice a double immunofluorescent staining with thiolase (THI@eg) and
intermediate filameninarkervimentin (VIM, red) was performed(A- E) In all specimens, thiolase was highly
abundant in interstitial Leydig cell§A, B) In control and(E, F) Prm-Cre mediatedgcPex1XO testes, for
peroxisomes typical punctuat@ming pattern was found in the suprabasal and basal layers of all germ cells in
the germinal epithelium(C, D) In germ cells ofStra8Cre mediatedgcPex1¥XO, the protein was cytosolically
localized. E, F) The antibody showed high cresmactivity to rasidual bodies, as shown in peseiotic induce
peroxi somal (K-D) In emttoleandStta8Qre mediatedperoxisomal KOtestes thiolase was
tagged with Alexa488, due to doubtemunofluorescenstaining withvimentin (E, F) In the Prm-Cre mediated
gcPex1XO testesthiolase is displayedired (Cy3).(A, C, E) Nuclei were counterstained with DAPI (grey).
Bars represent 50 pm.
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As an internal control for organelle distribution, the immunoreactivity and localization of
mitochondrialproteins was tested using antibodies against the complef the respiratory chain
(OxPhodll) and the mitochondrial import receptor unitTQM70). In comparison to peroxisomal
enzymesneither mitochondrial complex I{Figure20D, E)nor TOM70(Figure 20F) were markedly
affected inPex13deficient germ cells irstra8Cre mice These markers showed a similar pattern in
control Figure A- C) andPrm-Cre mediatedgcPex1XO testes Figure 20G, H). Mitochondriawere
mainly presentin spermatocytesut werealso found in round spermatid$ controland in MNCs of
Stra8-Cre mediatedycPex1XO mice

" oe RAPI ++ OxPhosIII

OxPhosIII

neg ctrl

Figure 21| Fluorescence detection of mitochondrial protein®©xPhodll and TOM70 in adult mouse testis
of all genotypes (A- C) Paraffin embedded adult specimens of confio}, F) pre- and (G, H) post meiotic
induced peavxisomal KO mice were use@- H) In all specimens, mitochondrial proteins wesgressedn all
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germ cellsand Sertoli cellsas well as irthe (D- F) Stra8Cre mediatedjcPex1¥XO cells (A, B) In control and
(D, E) Stra8CregcPex1¥XO0O mice,OxPhosll was labelled with Alexa488green) (C) In control andF) Stra8
Cre gcPex1XO mice, TOM70 was labelled with Cy3 (red)G, H) In Prm-Cre mediated gcPex1¥XO,
OxPhotll was highlighted in red(A- H) Nuclei were counterstained with DAPI (grears represeriO pum.
() The negative control (neg ctiltmouse), lackinghe primary antibody, shaswthe specificity of secondary
antibody reaction in mouse testBar represents 20m.

3.7The pe-meiotic inducedycPex1XO leads to a severe disturbance in geath
differentiation

The stage®f the seminiferous cycle were definedStra8Cre andPrm-Cre mediatedgcPex1XO
testes. Compared to contmnmiice, no differences were identified in germ cell development at all 12
stages in pogneiotic induced peroxisomal KO tes (data not shown).

In Stra8Cre mediatedjcPex1XO testesthe dassification was madepon meiotic cell divisions of
spermatocyteand developmental stages of spermatids, in this case MNCs

In stage Iltubulesof both control (Figure 22A) and g@ex1XO mice (Figure 22B), round spermatids
hada large central nucleolubutlacked aracrosomal systenMoreover, spermatocytes were found at
the very basal layer in the germinal epithelium, but no spermatogeeria presentStage MV
tubuleswere classifid according toproacrosomal granule®rming a large, fluiefilled acrosomal
vesicle that surrounds the acrosomal graifblgure 22C, D), indicated as condensed structurén
sometubules the acrosomic granule already formed an indentaifotine roundspermatid nucleus
(data not shownMoreover, intermediatepermatogonia with an ovoid nuclensredetectedFigure
22C, D). Stage V was judged upon the presence-bffi® spermatogonia and acrosowesicles over
the nucleus of spermatidis control (Figure 22E) andgcPex1¥XO mice (Figure 22F). For the stages
VI and VII, theidentification ofan appropriate tubein pre-meiotic inducedgeroxisomaKO was not
possible becausestaging mainly referto the migration of elongating spermatiadsvards the Imen
andthe cytoplasmidistribution along head and tail of spermatidsontrol (Figure 22G, H), which
are absent in th8tra8Cre mediated d@ex1¥XO mice Stage VIII incontrol tubuleswas classified
according to the releasd# elongated spermatids thugh spermiation Figure22l). In bothcontroland
gcPex1¥XO mice a flattened acrosome, forming a dége structure (Figure 221, J), could be
identified. IngcPex1XO mice, some of the spermatidarranged as MNCs, already started apoptotic
nuclear condesation(Figure22J). An additionalfeaturefor a tubule of stage VIII was the presence of
enlarged preleptotene cell nuclei in spermatoc{fagire22l, J). The tubuls ofthe glex1XO mice
with slightly stained chromatin gfachytene spermatocytess assigned to be at stage Igkigure
22L). In control only one generation of spermatids i@asatedwith an elongted apicecaudal axis
The presence of cytoplasmic lobes that will fuse into very large rediddadsis very characteristic

for this stage Kigure 22K). Steps IXto Xl in control testes were classified according hootatin
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condensatiolin round spermatidduring theirtransfornationinto elongating spermatid§igure22K,

M, O, Q. Stage X tubulgof the Stra8Cre mediatedjcPex13¥O mice were characterized according

to their pachytene spermatocytes as well as spermatocyte transition between leptotene and zygotene
(Figure22N). In stage Xltubulesof control andgcPex1¥XO testes nuclei of diplotene spermatocytes

were extended as they enteralinesis of meiosis IRigure 220, P. Moreover, morphology of
diplotene and zygotene spermatocytes resetibbd incontrolgerminal epithelium of stage X&tage

Xl tubules could be identified according to meiosis | and Il cells, representing secondary
spermatocytesHigure22Q, R).
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Figure 22| Staging of premeiotic induced g&ex1XO seminiferous tubules. (A)As seen in controlstage |

tubules of(B) gcPex1¥XKO testes showed characteristically round spermatids with a large centrallusigiep

and early pachytene spermatocytep)(at the very basal layer in the germinal epithelium, but no spermatogonia.

In contrast togcPex1¥XO mice, elongated spermatid€$) were also found iffA) control testes(C, D) In

control tubules, stages-IV were classified according to @erosomal granules in round spermatids) @nd the
presence of elongated spermatids. Intermediate spermatofigreag characterized by an ovoid nuclgs. F)

B-type spermatogonidBépg and acrosomal vesicles, locaed t he top of the nucl eus
are characteristic for stage V tubul€&) Stage VI and(H) VII tubules of control testes were identified
according to elongated spermatids migrating towards the lumen. Stage VI also showed mitagigMiteit

the basal compartment, forming) preleptotene spermatocytdlj. (H) At stage VII, elongated spermatids are

at the luminal edge. Their cytoplasm was distributed along head and tail of spermat®ladegcPex1XO

testes were lacking eloated spermatids, no cressctions of geex13¥XO can beshown.(l, J) In stage VIII
tubules, the acrosome is flattened, forming alcdpk e st ructure (). I n control
released, known as spermiatiofd) In gcPex1XO testes some spermatids started apoptotic nuclear
condensation(l, J) The nuclei of pachytene spermatocytes were enlar@gd (K, L) Stage IX showed
characteristic pachytene spermatocytes whose chromatin was slightly stainedKj In control mice
spermatids lsowed an elongated apioaudal axis. At this stage, cytoplasmic lobes fuse into very large residual
bodies.(L) In gcPex1XKO testes spermatid nuclei were clearly condensed, indicating apop(bsil) Stage X

tubules were characterized according to phesence of pachytene spermatocytes as well as spermatocyte
transition between leptotend.)(and zygotene Z). (M) In control, the spermatid head formed a distinct
protrusion. (N) In gcPex1XO animals, only apoptotic spermatids were fourf®) Stra8Cre maliated
gcPex1XO tubules were lacking spermatids. Prior to meiosis |, nuclei of diplotene spermatocytes are extended
(stage XI). Morphology of diplotene and zygotene spermatocytes Rexd@&O resembled that of th@D)
germinal epithelium of control mic&he spermatid nucleus of control testes is thinner and stained moreeintens
(1. (Q, R) Stage Xl tubules could be identified according to meiotic ev@és). In control testes, spermatids
showed an intense nuclear staining. Bars represent 50 pm.

3.7.1 Semithinsectionsof adult testes and epididynisnfirm the spermatogenic arrest
Stra8Cre mediated geex1¥XO testes

Semthin sections of adult mouse testasd epididymisof all genotypes werenorphologicaly
analyed In control (Figure 23A) and g®ex1HTZ (Figure 23B) animals, regular spermatogenesis
with elongated spermatids walsserved. Compared to control andPg&g13HTZ mice the diameter of

the seminiferous tubules giremeiotic inducedgcPex1XO testes was decreasdeigure 23C), as
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already shown ira previous section3.3), because ofvacuolatedgerminal epithelium as well as
apoptotic cellsKigure23F).

At stage X, the germinal epithelium Btra8Cre mediatedjcPex1¥O testes was characterized by
secondary spermatocytes as well as MNCs, displaying a spermatogeniatatinesspermatid stage,
thus lacking spermatozo8ome MNCscontained up to 32 spermatid nudleigure23C, D; XlI). They
were frequently present in all seminiferous tubules withS&ra8Cre mediated deex1XO (Figure
23D). Meiotically dividing spermatocytes were still detectalfFigure 23G). Round spermatids of
MNCs initiated acrosome formatior(Figure 23H). The interstitial space was enlargedith an
increased number of Leydig cellmterestingly, in both interstitial cells as well as in the germinal

epithelium, a remarkablaccumulation of lipid droplets waeund (Figure 23E). Moreover giant

phagosomedominatedn the cytoplasm o8ertoli cells Figure23)).

Figure 23] Semithin sections of adult mouse testes confirm spermatogenic arrest 8ira8-Cre mediated
peroxisomal KO mice. (A) At stage X, regular complete spermatogenesis with elongated spermatids was
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observed in control angB) gcPext3HTZ animals. (C) The germinal epithelium of pmmeiotic induced
gcPex1XO testes was characterized by a spermatogenictaaampanied by the formation of MNQE)
MNCs contained up to 32 spermatid nuclei sharing the same cytofimarked by asteriks (*)E) Both in the
interstitium as well as in the germinal epithelium, large inclusions of lipid droplets were founkkdniay

ar r owh e @g&dshrinkage)ol the seminiferous tubules was caused by vacuolated germinal epithglium (
and apoptotic cells (marked by small arro)( (G, H) However,meiosis Mei) was not affected and round
spermatids were still able to fidte acrosome formatiomA¢r). (1) Large phagosomesRhg werefound at the
basalpart of the germinal epithelium

In premeiotic inducedgcPex1XO animals the number ofLeydig cells increased with agdn
juvenile (P20, P3)testes, the volume of Leydiells wassimilar in all genotypes, includingontrol
(Figure 24A, B), Stra8Cre (Figure 24E, F) and Prm-Cre mediated(Figure 24l, J) gcPex1XO
seminiferous tubuledn mature adul{P80) Stra8Cre mediatedgcPex1XO testes(Figure 24G, H),

the volume ofLeydig cells seemed to be slightly increased compared to control (Figure 24C, D) and
Prm-Cre mediated d®ex1XO mice (Figure 24K, L)In adult mice (P360) with Bex13deficiency in

early germ cells, the volume of interstitial cells has clearly incredsSigdré 240, P) compared to

control mice (Figure 24M, N).
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Figure 24| Comparison of interstitial cells between mice of different aggroups. (A, B) Compared to control
group (P29, (E, F) juvenile mouse testes &tra8Cre mediatedgcPex1¥KO (P20) and(l, J) postmeiotic
induced gPex1¥XO (P30)mice showed a normal distribution of interstitial cel|&, H) In mature adult mouse
testis, the number of interstitial cells was slightly increase&tia8Cre mediatedgcPex1XO (P80) testes
compared tqC, D) control testes(K, L) Postmeiotic mediatedgcPex1¥XO testes showed a similar wuohe of
interstitial cells as sbwn for (C, D) control testes (O, P) In older mice(P360) the seminiferous tubules of
Stra8Cre mediatedgycPex1XO mice wereshrivelled compartto (M, N) control.(O, P) Moreover, the number
of interstitial cells was increased. Bars represent 50 pm.
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The epithelium along thepidydimalduct did not differ betweeoontrol (Figure 25A, B, E, F, Iand
Stra8Cre mediatedgcPex1¥XO (Figure 25C, D, GH, J) epididymesThe initial segmentwas
characterizedaccording toa tall cuboidal epithelium, covered by microvilfFigure 25A- D). In
control mice, eleased spermmaturel in thecaput of the epididymié-igure 25A D). In the Stra8Cre
mediated geexL3KO, no spematozoa were found in the lumérhe epithelium consists of endocytic
columnarcells with a basal nucleus andereocilia (Figure 25C, D). The corpusregion could be
identified according to colummacells with prominent stereocilia(Figure 25E- H). Whereas
spermatozoa were found in all segments of control nsipermatozoa were absent in the epididymis
of Stra8Cre mediatedycPex1XO (Figure 25A, B, E, F, J), @onfirming the spermatogenic arrest
induced by théex13KO in premeiotic cells.

Inital segment and caput region

e
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Figure 25 Semithin sectiors of all segments of the epididymis of geex13NT and gcPex13¥O mice. The
initial segmentnd the caput regioof the epididymis are shown f¢A, B) gcPex13VT and(C, D) gcPex1¥XKO
testes (A- D) The epitheliumof the initial segmentconsists ofcuboidal cells, covered by microvilbn the
luminal side The epithelium of theaputregionconsists of endocytic columnar cells with a basal nucleus and
small stereocilia(E- H) The epithelium ofthe corpuscontains columnar call Theapical part of the cellds

lined with stereocilia.(l, J) The vas deferends characterized by a pseudostratified columnar epithelium,
surrounded by a thick layer ofn®oth muscles and fibroblasta.contrast to geex13VT epididymis,in none of

the segments ofC, D, G, H, J) gcPex1XO animals spematozoa werdound. Specimens were stained with
toluidine blue Cc- Columnar cellsCuc Cuboidal cellsMic- Microvilli, Sci Stereocilia,Sm Smooth muscle,
Spz SpermatozoorPse Pseudostratified camnar epithelium.
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3.7.2 Electron microscopy reveals a severe disturbance in acrosome formation of round

spermatids in preneiotic induced geex1¥XO mice

Pathological alterationsinduced by the Stra8Cre mediatedgcPex1¥XO, were analysedat the
ultrastructural ével with focus on germ cell differentiation rather than the presence of peroxisomes.
As already been shown in the histological analyseStra8Cre mediatedycPex1¥XO testes round
spermatids were arranged as MNE€sntaining up to 32 nucldFigure 26A). Strikingly, all MNCs
contained huge amounts of cytoplaéifigure 26A, B, F, I). Intercellular bridgeslid not seem to be
affected, as MNCs were still islose contact to neighbouring MNd§igure 26F, G). Many
pleomorphic mitochondria were presenMNCs (Figure26A, E, G, ). All spermatids started to form

an acrosomic system ig@ire 26B- E). In some cases, one or more spermatid nuclei even shared an
acrosome (Figur@6E). In thecap phase (Figur26C), the acrosomeasenlargel through addition of
glycoproteinrich contentgnot visible) Acrosome formation was finalized in tlse-calledacrosome
phase, displayed by condensed chromdtigure26D). With initiation of the transition into elongated
spermatids at stage IX, nuclei of MNCs became more cmedie(Figure26H, 1) asan early sign of

beginningapoptosis
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Figure 26| Electron microscopic analysis ofmultinucleated giant cels (MNCs) from adult pre-meiotic
induced gdPex13KO seminiferous tubules. (A)Round spermatids were arranged as MNIC®y @ntained up

to 32 nuclei(B- E) Round spermatids initiatemtrosome Acr) formation (B) The first micrograph of acrosome
formation displays the Golgi phasgC) In the second phase, a € structure has formed, as soon as the
vesicles begin to flatte (D) During the acrosomghase, the sperm chromatin has condendep Some
acrosomes were shared by two or even more spermatid nbigle{R, G) MNCs were in closeontact with
neighbouringmultinucleated giant cells, linkedver intercellular bridgeg*). (H) Some of the MNCs were
lacking nuclei and only contained cytoplagt).At stage IX, spermatid nuclei were condensed, as indication for
apopt oAci- AcrogomdAm- Acrosomal matrixGolgi- Golgi apparatusMit- Mitochondria;Nu- Nucleus.
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In a next step, interstitial Leydig cells as well as the germinal epithelium of matuseaiodmice

with a premeiotic induced gcPex1XO were comparedto testes of adult control mice at
ultrastructural level

Whereascontrol mice showed normal spermatogsis with round and elongating spermatids (Figure
27C), a spermatogenesis arrest could be stated at the spermatid st&gea8sEre mediated
peroxisomal KO animals (Figurg7A, B). Meiosis of early and late spermatocytes was not affected
(Figure27A, B). The defect in germ cell development resulted in disorganized seminiferous tubules,
resulting in vacuolization of the germinal epitheli(ifigure27A, B).

As an additional effect of impaired spermatogenesis, inducadbdlished peroxisomes premeiotic
germcells, massive lipid diplets were accumulated tihe basal part oSertoli cellcytoplasm (Figure
27A, B). In control mice, lipid droplets were also identified in the apical part of Sertoli cells,
indicating stage IX, as excess cytoplasm will beaséd by spermatids and phagocytosed by Sertoli
cells (Figure27C). Phagosomes were therefore found not only basal, but also apibad the
cytoplasm ofSertoli cells in control mice (Figur27F). Interestingly, the Leydig cells of mature
(Figure27G) and especially in senidgtra8Cre mediatedycPex1XO (Figure27H) animals showed

an increased number of lipid droplets comparecbturol mice (Figure27l).

In the testes of atienotypesareas with a higher electron densitgre easily identified as lgsomes,
whereas mitochondria showed characteristic cisternae (Fig@dfe F). Many pleiomorphic
mitochondriacould be identifiedn the germinal compartment of &y old g@Pex1¥XO animals
(Figure 27A, B). In 360day oldgcPex1¥XO mice, mitochondria seeméd be enlargednd longer
and exhibitedlenseubular cristae (Figurg7E).
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Figure 27| Ultrastructural analysis of the cellular composition in the interstitium and the germinal
epithelium of mature (P80) and old (P360)Stra8Cre mediated peroxisomalgcPex1¥XO compared to
control animals. (A) The germinal epithelium o$tra8Cre mediatedycPex1XO (P80) seminiferous tubules
showed meiotially (Mei) dividing spermatocytesA spermatogenesis arrest could be obserteithe spermatid
stage.(B) In old mice (P360), the vacuolizatio’V) of the germinal epithelium has proceed¢@) Low
magnification of the seminiferous tubule adntrol mic depicts normal spermatogenesis, with rouRd) @nd
elongated spermatid€$. Small lipid droplets D) were mainlyfound basal of Sertoli cellsSC), but also
adluminal.(A, B) Lipid dropletsof Stra8Cre mediatedjcPex1¥XO testegP80, P360)ere enlargedD-F) In
Sertoli cells, many mitochondri&ft) andlysosomes (highlighted by an arro®)j were observedE) Satoli
cells ofthe premeiotic inducedycPex1XO animals(P360)containedarge phagosonse(Phg. Mitochondria in
Sertoli cells were larger and longerSira8Cre mediated peroxisomKIO testes compared to control grogt).
Compared te@ontrolanimals(P360), Leydig cells of(G) mature andH) older pre-meiotic induced peroxisomal
gcPex1XO animals showed a cleacamulation of lipid dropletsEs Elongated spermatidd;D- Lipid
droplets Mei- Meiosis; Mit- Mitochondria; PTG Peritubular myoid cellsPha Phagosome;Rs Round
spermatidssER smooth Endoplasmic reticulyns Spermatocytesy- Vacuole (A- C, |) Bars represent 10
um. (D, E) Bars represent gm. (F) Bar represest500 nm.(G, H) Bars represent 20m.
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Juvenile mice (P20) were analysatdultrastructural level to compare adependent alterations in the
germ cell development in praubertal with mature micélestes fromvenile control mice showed
regular spermatogenesis witheiotically dividing spermatocytegFigure 28A) and single round
spermatid nuclei Figure 28C). Meiosis of early and late spermatocytes was also detected in the
germinal epithelium of Stra8Cre mediated deex1XO testes (Figure28D, E). Moreover,
spermatocytes were linked to neighbouring spermatocytes via cytoplasnges(ieigure28G). In
relatively few seminiferous tubuled control mice small lipid dropletavere presenfFigure28B). In
gcPex1¥XO animals, the number of lipid droplets was strongly increased (Fig8F§. A
spermatogenic arrest at the spermatid steaealready detected juvenilegcPex1XO testes (Figure
28H). MNCs were linked to neighbouring cells via cytoplasmic bridges (Fig8ie 1). Interestingly,
many mitochondriawere present in germ and Sertoli cells me-meiotic inducedycPex1XO testes
(Figure28F).

Figure 28| Ultrastructural analyses of gem cell development in juvenile (P20)Stra8Cre mediated
gcPex1¥XO and control animals. (A) Spermatocytes subsequently undergo meiosis in control, as W&l as
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E) premeiotic induced geex1XO tedes.(F) The number of lipid droplets (LD), localized to Sertoli cells, was
increased in geex1¥XO animals, compared tB) control mice (G) Spermatocytes o6tra8Cre mediated
gcPex1XO testes were linked via cytoplasmic bridges (6) The germinal ephelium of controlmice showed
normal spermatogenesis, with single rospérmatid Rs) nuclei.(H) The spermatogenic arrest at the spermatid
stage waslready indicated in juvenilgcPex1¥XO animals that displayed MNC$l) linked to neighbouring
MNCs via cytoplasmic bridges §* (F) The number of mitochondriavas increased inStra8Cre mediated
gcPex1¥XO0 animals Ana- AnaphasegMet early MetaphasdMet- late Metaphase.D- Lipid droplets Mit-
Mitochondria;Tel- TelophasePro- ProphasePTGC Peritubuar myoid cellsRs Round spermatidsSC Sertoli
cells.(A- D, F) Bars represent 10m. (E, G- I) Bars represent @gm.

3.8 Accumulation of lipids irStra8Cre mediatedjcPex1¥XO mice

All distinct mouse genotypes were analysed for lipid distributromnd ouside the seminiferous
tubules As large inclusions of lipid droplets were already identified in semithin sections, their
presence was confirmed il Red O ORO) using frozen sections frowontrol and both Prm-Cre
and Stra8Cre mediatedgcPex1XO mice at different ages, ranginffom early mature (P30) told
(P200)mice In testes ofcontrol Figure 29A, C, F) and posineiotic induced geex1¥XO (Figure
29E, H) mice, lipids weremainly assigned tbeydig cells as prerequisite for steroid synthéBacker

et al. 2009. At stage VI, small deposits of lipid droplets watistributedapically in the germinal
epithelium ofcontrol mice (Figure 29F). With respect to tb spermatogenic cycle, lipid dropletere
detectable in théasal and apical part of the germinal epitheliunswt8Cre mediated peroxisomal
KO mice (Figure29D, G). In stage IX to Xltubules lipid droplets were mainly localized in the basal
part of Setoli cells but also near spermatogo(data not shown)This pattern was iaccordance with
observations of lipid droplet distribution in peskiotic induced peroxisomatjcPex1XO testes
(Figure 29, H). Comparedo control and posimeiotic g®ex1XO testes,morelipid droplets were
found in the basal part of the germinal epithelium ofmpeoticinducedgcPex1¥XKO testeqFigure
29G). As in control and postmeiotic induced gcPex1¥XO mouse tess, lipid dropletswere also
accumulated iheydig cellsof Sra8-Cre mediatedjcPex1¥XO (Figure29B).
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Figure 29| The presence of lipid droplets in control,Stra8Cre and Prm-Cre mediated gcPex13KO testes

(A, B) Testes biopsies from early mature (P3@; E) mature (P90, control; P130, Bex1¥X0) and (F, G)
senior mice (P370, control; P140, pmeiotic inducedgcPex1¥XO; P200, postneiotic inducedgcPex13KO)
were stained with Oil Red Gor the detection of lipid droplet§Vith respect to the spermatogenic cycle, tiny
lipid droplets accumulated in Sertoli andyidgy cells in(A, C, F) control and(E, H) postmeiotic gi®ex1XO
testes at all ageB) In premeiotic g@ex1¥KO testes, high amounts of lipatopletswere already found in the
germinal epithelium and iheydig cells of early mature micgD, G) The nunier of lipid dropets increased
with age.

3.8.1 The peroxisomab-oxidation is mpaired in praneioticinducedgcPex1¥XO testes

After morphological analyses revealed an accumulation of lipid droplets in the seminiferous tubules of

Stra8Cre mediated peroxisomacPex1¥XO mice, their composition was further analysedd
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compared taontroland postmeioticinducedgcPex1XO testes by means ghschromatographyin
premeiotic glPex1XO testes, phospholipidsPL) were slightly decreased(Figure 30A) and
triglycerides TGs) were increasedly trend(Figure 30B). Palmitic acid (C16:0; Figure 30C) and its
derivatives (Figur&80D) washigherin control(28.82+ 1.2% of total FA3 andin Prm-Cre mediated
gcPex1¥XO testes(28.43 + 0.8 % of total FA3 compared to levelsnithe Stra8Cre mediated
gcPex1XO testeswith 23.11+ 0.3 % of total FAs(Figure30C). About 28.14% of palmitic acidwas
content ofPLsand 23.18% of TGs in the Stra8Cre mediatedjcPex1¥XO testes (in control: 33.1%
PL, 24.88% TGs; inPrm-Cre mediatedycPex1¥X0O: 32.93% PL; 23.33%6 TGs; data not shown).

In addition stearic acid C18:0; Figure 30C) and its desatuted derivative oleic acid (C18%-9);
Figure 30D) weresignificantly increasedp = 0.0079)in premeiotic peroxisomalgcPex1¥XO testes
(C18:0:11.32+ 1.0 %; C18:0¢-9): 13.64* 1.4 %) compared to control18:0:9.11 + 0.4 %;
C18:0¢-9): 10.30%+ 1.6 %) and Prm-Cre mediatedgcPex1XO testes (C18:0: 9.53 0.7 %;
C18:0€r-9): 10.90% 1.3 %). In total, all saturated~As, exceptfor palmitic acid (Figure30C), and
MUFAs (Figure 30D) were significantly increased inStra8Cre mediated gcPex1¥XO testes
compared to control and geseiotic iduced peroxisomal K@ice Most strikingly, concentrations
of precursory-3 PUFAS including eicosatetraenoic acid (C20¥g); 0.04 %; in control: 0.02%),
eicosapentaenoic acid (C20r58); 0.38%; in control: 0.27%) ard docosapentaenoic acid (C22:5(
3); 1.42%; in control: 0.55%) weresignificantlyincreasedn Stra8Cre mediatedycPex1XO testes
whereas docosahexaenoic acid (C22@)) was significantly decreaseavith 4.86+ 0.5 % of total
fatty acids(p = 0.0079)compared to control (8.280.8 %9 andPrm-Cre mediatedgcPex1¥XO testes
(8.05 + 0.7 9%; Figure 30E). In premeiotic g®ex1XO, precursor ¥-6 PUFAs such as
eicosatetraenoic acid (C20#6); 13.36+ 1.6 % ard docosatetraenoic acid (C22x46); 2.00+ 0.4
%) were increased. &xosapentaemmacid (C22:5¢-6); 6.54+ 0.7 %9, of which 7.08 %was content
of PL and 3.55 % oT Gs in gcPex1¥XO testes was significantly decreasetdihe ratio of C22:5(-6)
in control group(12.57+ 1.2 % of total fatty acidsyvas 13.00 %contentof PL and 7.38 % of Gs
(Figure 30F). The datathereforesuggestsan accumulation o¥/LCFAs in the premeiotic induced

gcPex13KO modeldue to a disruption gieroxisomab-oxidation.
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Figure 30| Levels of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFASs)y-3
polyunsaturated fatty acids (Omega3 PUFAs) and¥-6 polyunsaturated fatty acids (Omega6 PUFAS) in
control, Stra8Cre and Prm-Cre mediated gcPex1XO testes. Fatty acids were measuredby gas
chromatography(A) Compared to control andrm-Cre inducedycPex1XO testes, the ratio of lipids revealed a
decrease of phospholipids and an incrégstrendof (B) triglycerides in praneiotic inducedycPex1XO testes
(not significant).(C) Mainly all saturated an{D) monounsaturated fatty acids were slightly @ased irStra8
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Cre mediatedgcPex1XO testes, with the exception f¢€) palmitic acid. E, F) Precursoso f -3 ¥ aned
PUFAs were significantly increas€t) in Stra8Cre mediatedgcPex1XO mi c e .  @3)2(dbcoSahexaenoic

aci d) an@) (daxadsaperBagrmic acid) were significantly decre&9edompared to control group and
Prm-Cre mediatedgcPex1XO testes.The standard error of the mean (SEM)shown Statistical significance

was determined usingtést (norparametric MarsWhitneyU testy * p O . 05 ; **p 0.001 <
0.001

3.8.2 mRNA levels offatty acid enzymes involved in peroxisonbabxidation are affected
in premeioticinducedgcPex1¥XO mice

Theresults ofgas chromatography analyses revealastyaificantdecrease in the concentrationtioé
membrandipid componenidocosahexaenoic ac{€22:6(-3)) that is synthesized bag-Desaturase
Fads2(Nakamura and Nara 2008toffel et al. 2008. The expressiorievels of genes that encode for
enzymesinvolved in lipid synthesiswere thereforeinvestigatedby gRT-PCR in total RNA
preparations

Compared tacontrol gcPex1HTZ and Prm-Cre mediatedgcPex1XO testes,Fad2 expressionn
testes with a preneiotic inducedperoxisomalKO was significartly increasedp = 0.0033. In Prm-
Cre mediatedgcPex1XO mice, no changes ifrads2 expression were foun@Figure 31C). The
elongation steps ofLFCAs, including PUFAs, are controlled 8L OVL2 andELOVL5. ELOVLZ2 is
mainly involved in the elongation of C26to C24:4¢-6) and C22 into C24:%(3) PUFAs whereas
ELOVLS5 controls the elongation of C18 to C22 substralHevI2 expression wa®nly slightly
increasedby trendin the Stra8Cre mediatedycPex1¥XO testescompared tacontrol, gcPex13HTZ
and Prm-Cre mediatedgcPex13KO mice (Figure 31A). Levelsof eicosatetraonic acid (C20¥Q)),
docosapentanoic acid (C22s58)) and adrenic acid (C22¥{6)) were increased irBtra8Cre
mediatedgcPex1XO testes(3.8.]). This findingis in accordacnavith the gRT-PCR data, showing
significantly increased expression leveis Elovl5 in Stra8Cre mediatedycPex1¥XO testes(p =
0.0031; Figure 31B). In Prm-Cre mediated gcPex1¥XO mice, the levels of ELOVL2/5 were
unaffected by th€®ex13KO.
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(A) ElovI2 (B) ElovI5
31 3

p=0.0031

Figure 31| Quantitative analyses of elongases and desaturases involved in the fatty acid synthesis
Testicular biopsies from control, heterozygous HTZ) as well as pre (mediated by the Stra8Cre
transgene)and post (mediated by thePrm-Cre transgeng meiotic inducedgcPex1XO testeswere used

(A) Qualitative reverse transcriptase polymerase chain reaction analysis was used to assess gene expression of
fatty acid elongase Elovl2) and(B) 5 (Elovl5) and (C) fatty acid desaturase (Fads? in testis biopsies of

contol group (square box bg)r heterozygous (HTZ; brick bars), prgstra8Cre KO; horizontal line bars) and
postmeiotic mediated peroxisomal KCPim-Cre gcPex1¥XO; vertical line bars).In premeiotic induced
gcPex1XO (A) Elovi2, (B) Elovl5 and (C) Fads2 expression were significantly agegulated compared to

control group and to posheiotic inducedgcPex1¥XO mice. Data represent 4 independent experiments, each
assayed in duplicate, representing gene expres$idnndividuals per genotype. Tistandard eor of the mean

(SEM)is shown Statistical significance was determined usiatpst Welch's correction* p O . 05; * *p (
p O 0.01; *** p O 0.001.

3.9Measurements aferumhormoned.H, FSHand testosterone

Serum hormone levels &H, FSHand testosteroneere measured bhyeans oELISA to investigate
putative alteratiors in steroid biosynthesis. &um sanples from adult mice (9 to 30 weeks 9|d
including control, Cre- negative C57BI/6 heterozygougHTZ), Stra8Cre andPrm-Cre mediated

gcPex1¥XO mice wereused.Apart from one outlier in preneiotic gex1XO animals, the average
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serum concentration of Lhvas in the same range (2.651.26 pg/ml) asLH serum levels in
gcPex1HTZ (3.13+ 1.59 pug/m), control (3.11+ 1.16 pg/m) and WT C57BI/6 (2.6% 0.67 ug/m).
LH level in serum oPrm-Cre mediatedgcPex1¥XO animals wasot significantlyreduced withl.94

+ 0.029 pg/mi(Figure32A). Considering FSH levels, no significant alterations were observed-in pre
meiotic inducedycPex1¥XO mice (13.19+ 0.64 ng/m) and Prm-Cre mediatedgcPex1XO animals
(12.59+ 0.88 ng/m), compared to control (14.161.93 ng/m), heterozygous (12.62 0.54 ng/m)
and WT C57BI/6 (12.7% 0.59ng/ml; Figure32B). The frumtestosterondevelks of control .80+
2.57ng/ml) and WT C57BI/6 (2.42 0.75ng/ml) mice were comparable to the levels determiimed
HTZ (1.99+ 0.4 ng/ml), Prm-Cre mediatedperoxisomalgcPex1¥XO0 (1.59+ 0.27 ng/ml) andStra8
Cretransgeniamice (1.84 + 0.34ng/ml; Figure 32C). Note that high standard deviations within one
mouse group are due circadian fluctuations dformone levels
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Figure 32| Comparison of hormone levels in all germ cell populations(A) Serum levels of luteinizing
hormone (LH), B) follicle-stimulating hormone (FSH), an(C) testosterone (T) were measured in control,
C57BI6, heterozygous (HTZ), préStra8Cre KO) and post meiotic Prm-Cre KO) mediated peroxisomal KO
mice. Nane of the different levels reached statistical signifeeatatistical significance was determined using
Oneway analysis of variance (ANOVA, ngrarametric, KuskatWallis test).
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3.10 The integrityof the BTB is disturkedby theStra8Cre mediatedjcPex1¥XO

To evaluate pathological alterations in therminal epitheliuma comparative analysis of tissue
sections fromP60(controland Stra8Cre mediatedjcPex1X0O) or P80/P10qgcPex1XO/ Prm-Cre
mediatedycPex1¥XO0O) old mice was performewith claudinll Immundluorescentstainingwith the
antirClaudin-11 antibodywas concentrated in trsuprabasal layer within the germinal epithelium of
control (Figure33A, B), heterozygougFigure 33C, D) andPrm-Cre mediated peroxisoiEO mice
(Figure 33G, H). In mice with a Pex13KO in premeiotic germ cellsthe immunoreactivity was
extendedlateral and adluminabf the seminiferous tubule@igure 33E, F) suggesting that the

peroxisomalysfunction in germ cells affects the orgaatian of thetight junctions forming th&TB.
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Figure 33| Localisation of bloodtestis barrier (BTB) marker claudin-11 in paraffin -embedded specimens

of control, gaPex1HTZ and gcPex13KO mice. (A, B) Immunofluorescence staining ofaudinl1lin control,

(C, D) gcPex1HTZ and (G, H) postmeiotic induced peroxisomal Bex1¥XO was concentrated in the
suprabasal layer within the germinal epitheliundicating the presence of tight junctiorfg, F) In Stra8Cre
mediatedgcPex1¥XO mice, the immunoreactivity & extended focally up to the lumen of the seminiferous
tubules, suggesting that peroxisome dysfunction in germ cebstafthe organization of the tight junctions
Detailed immunolocalization otlaudinll is shown at higher magnification in B, D, F ahd for the
corresponding genotype. DAPI stains for nuclear DNA are shown in shades of grey. Bars represent 50 um.
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3.10.1 mRNA expression otight junction proteins is altered premeioticinduced

gcPex1¥XO testis

Antibody labelling ofthe tight junctionmaiker claudinl1l already indicated a structuralterationof
the BTBin testesof Stra8Cre mediatedperoxisomal KO(3.10. Therefore, the expression of genes
encoding for several tight junction proteitisat compae the BTB including claudin-3 (Cldn3),
zonula occludens [jpl1) andoccludin(Ocln), werequantified.

The mRNA leves for Ocln (Figure 34A) and Tjpl (Figure 34 B) were comparabldan all genotypes
with only slightbut no significanteviationsin premeiotic inducedgcPex13O testesHowever, the
MRNA expression o€ldn3wassignificantlydownregulatedn Stra8Cre mediatedycPex1XO (p >
0.00QL) compared to contrpgcPex1HTZ and toPrm-Cre mediatedycPex1XO testeqFigure34C).
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Figure 34| Characterization of the ranscription level of representative genes of the bloatestis barrier in

control (designated as WT), heterozygous (HTZ) as well as préStra8-Cre KO) and post (Prm-Cre KO)

meiotic induced KO testes.Qualitative reverse transcriptase polymerase chaictioeaanalysis was used to
assess gene expression(Aj occludin (Ocln), (B) tight junction protein 1(Tjp) and (C) claudin3 (Cldn3) in

testis biopsies of all genotypes in control group (WT square box bar), heterozygous (HTZ; brick bars), pre
(Stra8Cre KO; horizontal line bars) and pesteiotic mediatedgcPex1¥XO (Prm-Cre KO; vertical line bars).

(C) In premeiotic inducedycPex13O, Cldn3 expression was significantly dowegulated compared to control
group and to posgneiotic inducedgcPex1¥XO. Data epresent 3 independent experiments, each assayed in
duplicate, representing gene expression of 3 individuals per gendtigelard error of the mean (SEM).
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Statistical significance was determined usihtest (Welch's correctionf. p O . 05; ©®* . 1001* x
O 0.001.

3.10.2 Tracing with Evans Blue indicatessauctural disturbance of the BTB 8tra8Cre
mediatedycPex1¥XO testes

Staining with the Sertoli cell markerimentin as well asquantitative analyses of tight junction
proteinsof the BTBalready indicated alteratioms Stra8Cre mediated peroxisomal KO testes.

Mice of all genotypes, including control, heterozygous; pired posimeiotic inducedgcPex1¥XO
were injectedlV with Evans Blue to functionally assess the integrity of the BTB. hedthy
seminiferous tubulegkvans Blue was clearly locatedound peritubular myoid celindin interstitial
Leydig celb (Figure35A- D). In Prm-Cre mediated geex1¥XO (Figure 3G) and g@ex13HTZ mice
(Figure ®C, D), Evans Bluelocalization resembled thene of controltestis (Figure HA, B),
indicating a norpermeability of albumin through the BTB Stra8Cre mediatedjcPex1¥XO mice,

the distribution of injected \EansBlue was slightly different. Compared to control and heterozygous
animals,Evans Bluevasnot onlydetected in interstitial cellut alsoat the very basal compartment,
surrounding spermatogonia (FiguseF). However, in some seminiferous tubules, EB was patrtially
dislocated to the adluminal part (FiguB8E, B, suggesting that BTB ingeity might befunctionally
affected.
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Figure 35| BTB integrity after pre - and postmeiotic induced peroxisomal KO.The integrity ofthe BTB was
evaluated by intngenous injection of the azye Evans Blue (EBXA, B) In control, (C, D) heterozygous as

well as(E, F) pre and (G) postmeiotic inducedgcPex1¥XO testes, Evans Blue was clearly located in the
suprabasal epithelium and the interstitiff). In some seminiferous tubules of preiotic induced geex1¥XO0,

EB seemed to be dispersed adluminadidating a putative disturbance of the endothelial B{HB. Liver, (1)

brain and(J) kidney were used as positive controls. Evans Blue is indicated in red. Nuclei DAPI stains are
shown in grey. Bars represent 50 pm.

3.11 Morphological aalysis ofimmune cellgn theStra8Cre mediatedjcPex1XO teses

An immunostaining against CD45 was performed in seminiferous tubules of all gentatypst for

an inflammatory reactiowithin the seminiferous tubuleas preceding event or as consequence of
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putativedisruptedBTB. CD45 positive cells werenainly foundin Leydig cells (Figure 36A- C) and
in bloodvessels (Figur&6D), but also in a few peritubular myoid cells (Fig®&E). No differences
in CDA45 positive leukocytdocalization were seen betwepre-meiotic indwced (Figure35B), Prm-

CremediatedycPex1¥XO (Figure36C) and control (Figur86A) testis.
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Figure 36| Histological detection of leukocytesn control and pre- and postmeiotic induced peroxisomal

KO testes.Leukocytesvere mainly located in Leydig del as shown fofA) control, (B) Stra-Cre mediated KO
and(C) Prm-Cre mediatedycPex1¥XO testes(D) but also found in blood vessels of all genotypes (in this case,
a representative d*rm-Cre mediatedgcPex1XO testes is shown) anE) peritubular myoidcells. Nuclei are
counterstained with haematoxylin. Bars represent 50 pum.

3.12 MNCsof premeioticinduced peroxisomacPex1XO miceenter apoptosis

The observation of shrinking tubules in agipge-meiotic induced peroxisoma{O mice, and the
finding of condensed round spermatid nuglid to thehypothesighat MNCs might enter apoptosis.
To verify this,a TUNEL assayvas performedo detect DNA fragmentation as a result from activated
apoptotic signalling cascades and caspase cleavage. Specinaeindt ¢?90) control andore-meiotic
induced gcPex1¥XO testeswere tested In control tubules, cell death was mainly identified in
meiotically dividinggerm cells (Figurg7A, B). In Stra8Cre mediatedycPex1XO testes, a similar
pattern of apoptotic cells in thgerminal epithelium was observed. In additianhigh number of
TUNEL positive MNCswas detecte@Figure37C, D).
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Figure 37| Representative examples of apoptoticells in control and pre-meiotic induced g®ex1XO
testes (P90) In situ staining of DNAstrand breaks was detected by TUNEL aséayB) In control tests, cell
development was characterized by regular apoptosis, as shown by FUdElive spermatocytegC, D)
MNCs in gPex1X O were TUNEL positive (A), stage.tOhly afeemsepticc t
germ cells were alsapoptotic C). Bars represent 50 um.

The dynamic expression of programmed cell death related proteins was investigated
immunofluorescent staining usirant-BAX and anti-CleavedCaspase8 antibodies. Regding the
spermatogenic statdhedistribution of apoptotic markers in germ cells of contFg(re38A, B) and
postmeiotic induced peroxisomal KO testeSigure 38E, F) was similar in the way that some
spermatogonia and spermatocytes were positiv€dspase3 (Figure38A, E) andBAX (Figure 38B,

F). As alreadyimplicatedby TUNEL assay, MNC ofStra8Cre mediatedgcPex1XO mice were
Caspas8 (Figure38C) andBAX (Figure38D) positive
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Figure 38 Immunofluorescent detection of apoptotic markers in grm cells of control and g@ex1XO
seminiferous tubules (A, B) In control and(E, F) postmeiotic induced peroxisomal KO testes, some
spermatogonia and spermatocytes were positive(A9rE) Caspase and (B, F) BAX. (C) In Stra8Cre
mediatedgcPex1¥XO mice, proportionally morespermatogonia and spermatocytesre labelled withanti
Caspas8 and(D) anti-BAX antibodies(C) Depending on the differentiation state, MNCs were also positive for
Caspas& and(D) BAX. A detailed representation of apoptoticle@h the corresponding germinal epitheliisn
shown in a higher magnificatio@aspase positive cells are marked by an asterisk g0)ti-BAX labelled cells
are mar ked by an aCaspasd.hPeraady artidpdies weteAebéliéd with Cy3 (red). Nuclei
are stained with DAPI (shown in grefars represent 50 pm.
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