Dissertation

VITAMIN D AND TESTOSTERONE- IS
THERE A RELATIONSHIP?

submitted by

Daniela HOFER, MSc, BSc

for the Academic Degree of

Doctor of Philosophy (PhD)

at the

Medical University of Graz

Division of Internal Medicine

Clinical Department for Endocrinology and Metabolism

under the Supervision of

Univ.Prof. Dr. Barbara OBERMAYER-PIETSCH

2014



Declaration of authenticity

| hereby declare that this dissertation is my own original work and that | have fully
acknowledged by name all of those individuals and organisations that have con-
tributed to the research for this dissertation. Due acknowledgement has been
made in the text to all other material used. Throughout this dissertation and in all

related publications | followed the guidelines of “Good Scientific Practice”.

Graz, June 2014



Dedicated to Marlo



Acknowledgements

First of all | am heartily thankful to my supervisor, Univ.Prof". Dr". Barbara Ober-
mayer-Pietsch, whose encouragement and support enabled me to develop not
only expertise in our field of research, but also selfconfidence in my own work.
| thank her for her trustfulness and for all the possibilities she gave me. Her enthu-

siasm is infectious and motivation for all the work.

| would like to thank Assoz.Prof". PD Mag®. Dr". Nadia Dandachi for supporting
me not only in immunohistochemistry by providing cells and reagents, but also for

many encouraging conversations.

In addition | want to thank PD Mag®. Dr". Beate Rinner as well as PD Dr".
Dipl.Biochem.™ Eleonore Frohlich for their support as supervisors during my the-

sis.

This thesis would not have been possible unless the help from my lab colleagues
and friends. Mag?. Julia Miinzker and me have survived also less good days and
periods during our work together and have managed a lot of things together. Many
conversations and coffees made our day. A big thank to our biomedical analyst
Verena Zachhuber, BSc. She is such a lovely person and has helping hands in all

respects.

| also want to thank the people from the routine lab, who supported me in the

measurement of several hormonal parameters for my research questions.

| owe my deepest gratitude to my family, to my brothers and sister, my brother and
sister-in-law and my neece and nephew, backing me mentally all the time. Above
all, I want to thank my parents for giving me that much support during my whole
career and finally my boyfriend Mario for his love and support in all respects. |

thank him for his patience with me.

Last of all | offer my regards and blessings to all of those who supported me in any

respects within my time as a PhD.



Table of Contents

1., ZUSAMMENFASSUNG ....ccoeerusssnescsssssassssnsassssssassssnsassssssassssnssssssasassssnsassssasassssassssssassssssassssnsassssssass 13
2. ABSTRACT ...occoiaciessiacesinsasssssiassssnssssssnsassssnssssssnsasssnsssssasassssasssnsssassssassssssasassssnssssnsassssnsassssnsassssnsass 15
3. INTRODUCTION ...cococecscsssssssssssssssasasasasassssssssssssnsnsasassssssssssssssssnsasasasasassssssssssssssasasasassssssssssssssnsasasas 17
C 30 T 1 7 V. 1 1 ) 17
3.2. PRODUCTION AND ACTION OF STEROID HORMONES ..ceousersessssessessssessessssassasssssssessssessesssssssassssasses 20
3.2.1.  STEROID HORMONE SYNTHESIS...ceeeeeereeeseesesseseesessesessessesessessesessessesessessesensessesensessssensessssessessesessessssesses 20
3.2.2.  STEROIDOGENESIS IN THE TESTIS tueerstsresseresressssesressssessessssessessesessessssssssssssssssssssssssssssssssssssssssssssssssssssses 20
3.2.3.  SYNTHESIS OF TESTOSTERONE AND ITS FUNCTION .eueuereeremeereesessesessessesensessesessessesessessesessessssessesessesses 21
3.3, OSTEOCALCIN ueretssessssessessrsessessssessessesessesssssssessesessesssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssanssses 23
3.4. INFLUENCES OF VITAMIN D, THE SKELETON, AND MALE ANDROGEN SYNTHESIS s.eseerssessessesasses 24
3.5.  TESTICULAR CELLS uurttssssssesssssssssssssssessessssessesssssssesssssssesssssssasssssssssssssssssssssssesssssssssssssssasssssssasssnasses 26
35,1, LEYDIG CELLS eeeueereereeeseeseseseesesseseesessesessensesessessesessessesensessesessessesensessesessessssensessasensessasensessesensessesesessssessen 26
35,2, SERTOLI CELLS tueutuiereaseesressessssesssssssesssssssesssssssesssssssesssssssenssssssenssssssessssesssssssssssssssssssssssssssasssssssasssssssnssnsanes 27
3.5.3.  TESTICULAR GERM CELLS AND STEM CELLS w.vuvuuressesressssessessesessessssessessssessessssessssssssssssssssssssssssssssssses 28
4. HYPOTHESIS OF THE THESIS.......ceccetststeusersnsrsnssssnssssnsssnssssssssssssnssssssssassssassssnsassssssassssnsasassnsass 30
4.1,  FIRST HYPOTHESIS .erectsssssssessersessessassssssssssssessassassassssssssssssessssssssnsssssssssssssssssssssnsssssssssessassassansnsssnns 30
4.2.  SECOND HYPOTHESIS tirersssassersssassessesassessssassessssassessssassesssssssessssnssessssnssesssssssessssnssassssnssesssssssasssnasses 30
5. GOAL OF THE THESIS......ccceoeetietsususerarsssnssssssssassssnssssssssassssnsssssssssssssnsassssassssssassssnsassssssassssnsassssnsass 31
6. REAGENTS AND MATERIALS......ccccceoeteteeetenisnninsissanssnssnsanssnssnssssssnssnssnsanssnsanssssssnsssssnsanssnsansassas 32
6.1.  CELL CULTURE REAGENTS stvessssssssssssssssssssessassssessassssessassssessensssessssssssssassssnssasssssssassssnssessssassassesasses 32
6.2. CELL CULTURE EXPENDABLE MATERIALS t1essssessesssssssessssessessssessassssessessssassassssassansssassessassssassasasses 33
6.3. REAGENTS AND TEST KITS FOR GENETIC ANALYSIS e.ucvrsersessssersessssessessssessessesessessssassesssssssessssasses 34
6.4. ELISAS AND CELL PROLIFERATION REAGENTS .uvvsssesssssssessessssessessssessesssssssassssassassssessassssassassasasses 35
6.4.1. HUMAN TESTICULAR CARCINOMA CELL LINE NTERAZ /D1 ....coummerermrerrrssssssssesssnsesssssssssssssssssessssns 34
6.5. REAGENTS/MATERIAL FOR IMMUNOCYTOCHEMISTRY ..vosmsssssssssssssssssssssssssssssssnssssssssssssssssssnses 37
6.5.1. BREAST CANCER CELLS MDA-MB231 AND SKBR3 oeeeeeeeeeeeeeeeereeseseeseesessesessesssenssssensssssesssensens 38



7\ D3 W & (0) 0T 38

7.1.
7.1.1.
7.1.2.
7.2,
7.3.
7.4.
7.5.
7.5.1.
7.5.2.
7.5.3.
7.6.
7.6.1.
7.6.2.
7.6.3.
7.7.
7.7.1.
7.7.2.
7.8.
7.8.1.
7.8.2.
7.8.3.
7.9.
7.9.1.
7.9.2.
7.9.3.

7.9.3.1.
7.9.3.2.
7.9.3.3.

7.9.4.

7.9.4.1.
7.9.4.2.
7.9.4.3.

PRE-EXPERIMENTS ....cciutsmisamsasssssssssssssssssssssnsasssssastsssssssssssnssssansasssssssssssssnssnssnssssssssssssnssnssassnssassnnsns 38
CELL ISOLATION PROTOCOL FOR TESTICULAR CELLS .ecuvtrerurecsereeassrerssssressasesesssssesssseessssessassressasses 38
25(0OH)D AND 1,25(0H)2D DOSE RESPONSE ...vcueumesmsmesssessssssssssssssssssssssssssssssssssssssssssssssssssssaes 40

ETHICAL APPROVAL ..cciuticisassassssssssssssssssssnssnsssssssasssssssssssssnssssansssssssssssssssssssssnssssssssssssnssnssassnssassnssns 42

ISOLATION OF HUMAN TESTICULAR CELLS....ctsotisssssssssssssasssssassssssnsssssassnssassassssssssssssnssnssassnssassnssns 42

INVERSE PHASE MICROSCOPY .uucvuismsssssssssssasssssssssssssssssssssnsssssnsssssssssssssssssssssnssssssssssssnsssssassnssassansns 43

IMMUNO- AND CYTOCHEMICAL STAINING tuetssnsassssssnssessassasssssassssssnsssssnssnssassassssssssssssnssnssassnssassansns 43
HSD 312 STAINING w.uueueureresuseressreressssesesssresssssressssssesssssessssssessssssesssssssssssssssssessssssessssssssssesessssessssrenssssees 43
INUCLEAR STAINING cvucutustressssesessssssessssesessssessssssessssssessssssessssssessssssssssssssssssssssssssss st sesssasssssssssesssssssssssesssssees 44
VDR STAINING cevcvuserssessssessssesssssssssesssssssssssssssesssssssssssss s sssssssssessssssss s ss s sssssssssssssssnns 44

CELL PROLIFERATION AND VIABILITY c.eesutsusssmssssssssnsssssassassasssssssssnsssssassnssassassssssssssssnssnssassnsssssnssns 45
CELL VIABILITY IN TESTICULAR CARCINOMA CELLS...vvutresserssressessssessessssessessssesssssssesssssssessessssssssssssas 46
CELL VIABILITY IN HUMAN TESTICULAR CELLS...ccceeutstnsuseressnesesssessssssessssssessssssesssssssssssssessssssssssessssses 47
CELL COUNTING USING TRYPAN BLUE w.ucvtvtreunenssressesssressessssessessssesssssssesssssssssssssssessssssssssssssssssssssssssssssssas 48

IMMUNOLOGICAL ASSAYS tutusrsstsssssssesssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnssssssssssnssssnssns 48
TESTOSTERONE ELISA ..ottt ssssssssssssssssssssssssssssssssss s ssssssssssssssssssssssssssssans 48
SA-DHT ELISA ... otessesssssisssssssssssssssssssssssssssssss s ssss s ssssssb s ssssssssssssssssssssssss 49

SETUPS FOR ANDROGEN MEASUREMENTS ..cvutsesssssssssssssssssssssssssssssssssssssssnssnssssnssnssssnssnssssnssnssssnssns 49
RESPONSES ON 1,25(OH)2D COMPARED TO LH.....coirieeereeeteeseseeseeecsseeses s ssesseaes 49
DOSE-RESPONSE EFFECTS OF LH AND OSTEOCALCIN .uvuveeuetressressusssessssssesssssessssssessssesessssesasssessssses 50
RESPONSES ON OSTEOCALCIN COMPARED TO LH ..ottt ssseseansnes 50

GENE EXPRESSION ANALYSIS uecutumsstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnssnssssnssnssssnssnssssnssns 51
R 0 17, 1 () PP 51
REVERSE TRANSCRIPTASE PCR (RT-PCR) ccoveuerereremsseerseerssessseesseesssessesmsessssssesssessssssssessssssssssans 52
RINA MICROARRAY ANALYSIS .urteueurereussressassrerssssressssssesssssessssssesssssssssssssssssssssssssesssssssssssessssssassresssssnes 53

Hybridization and analysis.......cnneneicsesesssesssseesssesessssssessssssssssssssssesssssssssssans 53
Assessment Of MICTOAITAY Aata......o e ssssssss e sssssss s ssees 54
Confirmation of top genes by RT-qPCRu....rerecreeeseseeseessesssesseesseessessesssesssesssssssseens 55
GENE EXPRESSION OF HUMAN TESTICULAR CELLS AFTER HORMONAL TREATMENT .....ceeevurereunenes 56
Gene expresSion at DASEIINE.. ...t 56
Effects of 1,25(0H)2D 0N GENE EXPIeSSION ccuuieuieeeeeeerrerseessessssesssessseesseessesssesssesssesssssssseens 57
Effects of osteocalcin on gene eXpression ... —————— 58



7.10.  STATISTICAL ANALYSIS werouetsessesessssssessssesessssssessssssessssssessssssessssssesssssssnsssssssssssssnsssssssssnsssssssssansnses 59

8. RESULTS....cccstitimierniararasssssssssnsnssssssssssssssssssssssssssnsnsnssssssssssssssssssnsasasassssssssssssssssssnsasasasassssssssssssnsasasas 60
8.1.  PRE-EXPERIMENTS ...cscsustesesmssssssssssssssessssssasssssssssssssssssssssasss e ssssssasssssssssssssssssassasasssssssasasasssnssesens 60
8.1.1.  FELINE, RODENT AND PORCINE TESTICULAR CELLS....cevcuererueerssssssessssmsssssssssesssssssssessssssssssssssssssasssas 60
8.1.2.  DOSE-RESPONSE OF VITAMIN D FORMS....ccosvuureermermesssesssssssssssssssssssssssssssssssssssssssssssssanssssssnssnssanesns 61
8.2. HUMAN PRIMARY TESTICULAR CELLS we.crustessmsesessnsesssssssssssesessssessssssssssssssssssessssssssssssssnssssssssssssees 63
8.2.1. MORPHOLOGICAL CHARACTERIZATION ..oevvuueerusesessesssssssssssssssssssssssssssssssssssnessssssasessssesssssssssssssasssas 63
8.2.2.  HSD3B STAINING OF TESTICULAR LEYDIG CELLS .uuvvuererusesseesssessssessssssssssssssssssssssssssssssssssssssssssssseas 65
8.2.3.  NUCLEAR STAINING IN TESTICULAR CELLS...ecsertmereerseesnsssessssssssssssssssssssssssssssssssssssanssssssnssnssaneens 66
8.2.4.  IMMUNOCYTOCHEMICAL STAINING OF VDR ...oserturerruerrrsnsessesssssssessssssssssssssssssssssssssesssssssssssssasssas 67
8.3.  CELL VIABILITY AND PROLIFERATION ..cusustessssesessssesssssssssssessssssesessasesssssssssasesessssessssasesssssssssssesees 69
8.3.1.  CELL VIABILITY OF HUMAN TESTICULAR CELLS ..vetresturerueessesssnessssssesssssssssssnssssssssssssssssssssssssssssnssansens 69
8.3.2.  EFFECTS OF 25(0OH)D AND 1,25(0OH),D ON CELL PROLIFERATION IN NT2/D1 CELLS ....evvrenne. 69
8.3.3.  1,25(0H)2D AND CELL PROLIFERATION IN HEALTHY TESTICULAR CELLS w...ovevvuerrureressmesssessaneens 70
8.3.4. TESTOSTERONE AND CELL PROLIFERATION IN HEALTHY TESTICULAR CELLS...ecuverrrerareesessnesaneens 71
8.4. ANALYSIS OF TESTOSTERONE SECRETION...ccetesssesessssasssssssesessssasassssssssssssssssasassssssessssasasasssssssssens 72
8.4.1.  EFFECTS OF 1,25(0H)2D ON TESTOSTERONE DELIVERY w.oorveeummresssmmessssmsssssmsssssmssssssssssssssssssnsessanes 72
8.4.2.  EFFECTS OF LH AND OSTEOCALCIN ON TESTOSTERONE AND DHT SECRETION ...ccvurerereerraeeraeeens 73
8.4.3.  EFFECT OF OSTEOCALCIN ON TESTOSTERONE DELIVERY w.couectmerueruessnsssnssssssssssssssssssasssssssssssssssansens 74
8.5.  MICROARRAY ANALYSIS c.cutrersrssssesesesesessssssasmsesesssessssssasssssssssessssasasssssssessasssasassssssessssasasassssnsseseas 75
8.5.1.  RNA INTEGRITY AND QUALITY ccrsrerrrreeerrssaressssssssssssssssssssasssssssnsssssssssassssssanssssasssasssssassssssassssssansssssans 75
8.5.2.  MICROARRAY GENE CHIPS ....oeestemerureesesssessassssesssssssssssnssassssssssssssssssasssssssssssssnssasssssssssssasssanssassssnssnssassns 76
8.5.3. TOP 1,25(0OH)2D REGULATED GENES......eveuumeeeureessseessssesssssssssssssssssssssessssssessssssssssesssssssssssessssnnes 77
8.5.4.  CONFIRMATION OF TOP REGULATED GENES ....evcuveetmsrureessessesssssssssssssssssmssssssssssssssssasssssssnssssssaneens 78

8.5.5.  CLASSIFICATION OF 1,25(0H),D REGULATED GENES INTO BIOLOGICAL FUNCTIONS/DISEASES

AND NETWORKS wcoureesseesssesssesssssssssssssessssessssessssessssessssessssesssssessssessssessssessssessssesssssesssssssssessssessssesssssssssssssssassssessssasssans 82
8.5.6.  GENE REGULATION OF THE CHOLESTEROL AND ANDROGEN METABOLISM ....cvceumersreesssesseessneeens 91
8.5.7.  REGULATION OF GENES INVOLVED IN CALCIUM SIGNALING PATHWAYS ...oevvvumerrsrssmsesmsessessaneens 92
8.5.8.  1,25(0H);D REGULATED GENES INVOLVED IN IMMUNOLOGICAL SIGNALING....cevveseressresseesaneens 92
8.5.9.  REGULATION OF GENES ASSOCIATED WITH VITAMIN D AND NUCLEAR RECEPTOR SIGNALING.....93
8.5.10.  1,25(OH).D REGULATED GENES INVOLVED IN MAPK AND MEK/ERK SIGNALING ........cvcvunne. 94
8.6.  GENE EXPRESSION ANALYSIS USING RT-QPCR.....cosirrmsmmsmsssmssmssssssssssssssssssssssssssssssssssssssssssssssnas 95
8.6.1.  GENE EXPRESSION AT BASELINE ...cmvuuureesesssmessssssssessssssssssssssessssssssssssmsssssssssssssssesssssssssmsssssssssssssssessas 95



8.6.1.  GENE EXPRESSION AFTER ADDITION OF 1,25(OH)2D ..oosvvereerserrserersesesssssssessssssssssssssssssssssssssssssens 96

8.6.2.  GENE EXPRESSION AFTER ADDITION OF OC..cuimreereseessmresssesssssssssssssmssssssssssssssssssssssssssssssssssssssssssss 98
9. DISCUSSION.....ceeererararnsnsnsssssssssasnsnssssssssssssssasnsnsssssssssssasnsnsnssssssssasasasnsnasssssssssasasnsnssssssssssasasasnanass 101
10. BIBLIOGRAPHY ....coecossiresesnisesasnssssssnssssssnesssnsnssssnssssssnsssssnssssnsnssssnssssssnsssssnssssssnsssssnssssnssssasnas 109
11. APPENDIX....ccccoeesrininsnssssesssssssnsnsnssasssesssssasnsnasssssssssssasnsnsnssssssasasasnsnsssssssssasasnsnasssssssasasasasnanass 116



Abbreviations

1,25(0OH),.D
25(0OH)D
AMH
ABP

ALC

AR

Ca®
cAMP
CK

cOC
CREB
CYP2R1
CYP3A3
CYP11A1
CYP19A1
CYP17A1
CYP24A1
DAPI
dNTP
ESR1
FBS

FSH
FSHR
GAPDH
GDNF
HSD3b
HSD11B1
IgG

IGF-1

1a25-dihydroxyvitamin D3
25-hydroxyvitamin D3

Anti-Mullerian hormone

Androgen binding protein

Adult Leydig cell

Androgen receptor

Calcium ion

Cyclic adenosin-monophosphate
Cytokeratin

Carboxylated osteocalcin

cAMP response element-binding protein
Vitamin D 25-hydroxylase

Cytochrome Pys59 3A4

Cholesterol side-chain cleavage enzyme
Aromatase

Steroid 17-alpha-monooxygenase
24-hyroxylase
4'.6-Diamidin-2-phenylindol
Deoxy-nucleoside triphosphate

Estrogen receptor 1

Fetal bovine serum

Follicle stimulating hormone

Follicle stimulating hormone receptor
Glyceraldehyde 3-phosphate dehydrogenase
Glial cell-line derived neutrophic factor
3b-hydroxysteroid dehydrogenase
11B-hydroxysteroid dehydrogenase type 1
Immunglobuline G

Insulin-like growth factor 1



ILC

IL1

IPA

LC

LH
LHCGR
LIF

NC

ocC

PCR
PLC

PS

RIN
RT-PCR
RT-gPCR
SSC
SHBG
SLC
SRD5A2
StAR
TGFa/b
ucOC
VDR
VDRE
WST-1

Immature Leydig cell
Interleukin 1

Ingenuity Pathway analysis
Leydig cell

Luteinizing hormone

Luteinizing hormone/choriongonadotropin receptor

Leukemia inhibitory factor
Negative control

Osteocalcin fragment 1-49
Polymerase chain reaction
Precursor Leydig cell
Penicillin/Streptomycin

RNA integrity number
Reverse-Transcriptase PCR
Real Time quantitative PCR
Spermatogonial stem cell
Sex-hormone binding globulin
Stem Leydig cell

steroid reductase 5A2

Steroid acute regulatory protein
Transforming growth factor a/f3
Undercarboxylated osteocalcin
Vitamin D receptor

Vitamin D response element

Water-soluble tetrazolium salt 1

10



List of Figures

FIGURE 1. SIMPLIFIED, SCHEMATIC OVERVIEW OF THE SYNTHESIS AND METABOLISM OF VITAMIN D.......... 19
FIGURE 2. SIMPLIFIED AND SCHEMATIC OVERVIEW OF THE STEROIDOGENESIS PATHWAY .......ccceeveveeen... 22
FIGURE 3. SCHEMATIC OVERVIEW OF THE DIFFERENT STAGES OF LEYDIG CELL DEVELOPMENT ............... 27
FIGURE 4. ISOLATED, ANIMAL TESTICULAR CELLS AT PASSAGE 3-4......ccocueiuiueeeeeeeeeeeieeeeeeeeeesese e, 60
FIGURE 5. DOSE DEPENDENT EXPRESSION OF SELECTED GENES AFTER ADDITION OF 25(OH)D.............. 62
FIGURE 6. DOSE DEPENDENT EXPRESSION OF SELECTED GENES AFTER ADDITION OF 1,25(0OH),D. ........ 63
FIGURE 7. TESTICULAR PRIMARY CELLS ISOLATED FROM HUMAN TESTES TISSUE. ......c.coveveueereeereeerennane. 64
FIGURE 8. HSD3B STAINING OF HUMAN TESTICULAR PRIMARY CELLS. ......cveeeveeeeieureeeeeeeesreeesseeneseenannn. 66
FIGURE 9. DAPI-STAINED, TESTICULAR CELL NUCLEI .......cveueiveeeeteeeeeeeeeeeeeseeeeeseeeseeeneseesseeesaeesneseennnens 67
FIGURE 10. BASAL AND 1,25(OH),D STIMULATED VDR EXPRESSION IN HUMAN TESTICULAR CELLS. ....... 68

FIGURE 11. CELL PROLIFERATION AND VIABILITY OF HUMAN TESTICULAR CARCINOMA CELLS NT2/D1. ..... 69

FIGURE 12. CELL PROLIFERATION OF HUMAN TESTICULAR CELLS AFTER ADDITION OF 1,25(0OH).D ......... 70
FIGURE 13. CELL PROLIFERATION OF HUMAN TESTICULAR CELLS......ceittitiaiesteatieteseeeeeseeeneeseesneeneeseeens 71
FIGURE 14. TESTOSTERONE SYNTHESIS IN HUMAN TESTICULAR CELL CULTURES. .....ueevetiaeeeeeseeaneeseenes 72
FIGURE 15. PEARSON CORRELATION. ....uttetteteeteesteeaseraneeeseesseessesssessnsssseansessseessesssesssesanseenseenseesseees 73
FIGURE 16. ANALYSIS OF TESTOSTERONE AND DHT CONCENTRATIONS......ceeteetiesieeseeeseeeaneeeneeeseeeseeenns 74
FIGURE 17. ANALYSIS OF TESTOSTERONE CONCENTRATIONS. .. .cettteiuersueesneeareenseeseeesneesneeaneeenseessnssseenes 75
FIGURE 18. ELECTROPHORETIC ANALYZED RNAS USING THE BIOANALYZER. .....c.ceieeiiieneieeieeeeeneeeneenn 76
FIGURE 19. MICROARRAY GENE CHIPS.......ccuttittitiaiesteateateateestesseaseessesseasssseaseesesseansessesneessessesnsessesses 77

FIGURE 20. HIERARCHICAL CLUSTER OF HUMAN TESTICULAR CELLS EXPOSED TO 100 NM 1,25(OH),D. . 80

FIGURE 21. EFFECT OF 1,25(OH),D ON EXPRESSION OF SELECTED GENES IN TESTICULAR CELLS. ......... 82
FIGURE 22. TOP CANONICAL PATHWAYS ......cooviitiuiaiiesisisetesessssesesessssesesessssesessssssesessssssesessssssesesssssns 85
FIGURE 23. NETWORK REPRESENTATION OF 1,25(0OH),D REGULATED UP STREAM REGULATORS . .......... 86
FIGURE 24. ASSOCIATED NETWORK GENERATED FOR GENES REGULATED BY 1,25(0OH),D...................... 87
FIGURE 25. REPRESENTATION OF THE MOST RELEVANT GENE NETWORKS .........cucovvevereeeeeeeeereesesesnenenens 88

FIGURE 26. GRAPHIC REPRESENTATION OF RELEVANT GENE NETWORKS WITH BIOLOGICAL FUNCTIONS... 89

FIGURE 27. GRAPHIC REPRESENTATION RELEVANT GENE NETWORKS WITH BIOLOGICAL FUNCTIONS........ 90
FIGURE 28. ANALYSIS OF MRNA EXPRESSION AT BASELINE IN HUMAN TESTICULAR PRIMARY CELLS. ....... 96
FIGURE 29. GENE EXPRESSION OF SELECTED GENES OF THE STEROID METABOLISM ...ccceeiiiiiiiiiienaeeanne 97

FIGURE 30. RELATIVE GENE EXPRESSION OF SELECTED GENES OF THE STEROID METABOLISM PATHWAY. 98
FIGURE 31. RELATIVE GENE EXPRESSION OF GENES OF THE ANDROGEN SYNTHESIS PATHWAY ............... 99
FIGURE 32. GENE EXPRESSION OF SELECTED GENES OF THE STEROID METABOLISM PATHWAY. ............ 100

11



List of Tables

TABLE 1. TAQMAN® GENE EXPRESSION ASSAYS .......cvreeveseseeeeeseseeseeseseeseeseseeseeeseeseseeseeseseeseenesees s 36
TABLE 2. PREPARATION OF THE RT-QPCR MASTERMIX USING SYBR GREEN | MASTER MIX ....cccvveeneieene 40
TABLE 3. TEMPERATURE PROTOCOL FOR RT-QPCR USING THE LIGHTCYCLER® .......ovoveeveieeeereeeen. 41
TABLE 4. PORCINE PRIMER PAIRS FOR RT-QPCR .......c.oiiiiiiiiii ittt 41
TABLE 5. PRIMARY ANTIBODIES USED FOR IMMUNOCYTOCHEMISTRY .....oeciiuiieitiieitieeeureeereeestreeeveeesneaens 45
TABLE 6. EXPERIMENTAL SETUPS USED FOR CELL PROLIFERATION AND VIABILITY TESTS ....ccovvveeiveeennnnns 47
TABLE 7. EXPERIMENTAL DESINGS FOR TESTOSTERONE ELISAS .....ccciiiiieiiiiiieceee e 51
TABLE 8. PREPARATION OF THE 2X-MASTERMIX FOR CDNA SYNTHESIS BY RT-QPCR .......ccccviiiieeiee 53
TABLE 9. RUN PROTOCOL FOR RT-QPCR ANALYSIS USING TAQMAN® GENE EXPRESSIONS ASSAYS ....... 57
TABLE 11. PATIENTS INCLUDED IN THE STUDY.. 1.vetitttiteeiteeiteesteesaeeeateeteesteessessssessseenseessesssessssesnnesnseenns 65
TABLE 12. ToP 1,25(OH),D UP AND DOWNREGULATED GENES IN HUMAN TESTICULAR CELLS.................. 78
TABLE 13. COMPARISON OF MICROARRAY AND RT-QPCR DATA......ooiiiiiiiii et 81
TABLE 14. TOP BIOLOGICAL FUNCTIONS OF 1,25(0OH),D REGULATED GENES .......ccvvieouieeeeieeeeieeeeveeeeneeeas 84
TABLE 15. LIST OF GENES BELONGING TO ANDROGEN METABOLISM PATHWAY AFFECTED BY 1,25(OH),D 91

TABLE 16.
TABLE 17.
TABLE 18.
TABLE 19.

1,25(0H),D REGULATED GENES INVOLVED IN CA** METABOLISM AND SIGNALING PATHWAYS.. 92
SIGNIFICANTLY 1,25(OH),D REGULATED GENES INVOLVED IN IMMUNOLOGICAL PROCESSES .. 93
1,25(OH),D REGULATED GENES INVOLVED IN VITAMIN D AND NUCLEAR RECEPTOR SIGNALING94
1,25(0OH),D REGULATED GENES INVOLVED IN MAPK AND MEK/ERK SIGNALING .................. 95

12



1. Zusammenfassung

Einleitung: Vitamin D ist ein vielseitiges Hormon und spielt eine wesentliche Rolle
in der Calcium-Homoostase und im Knochen- und Mineralstoffwechsel. In unserer
klinischen Studien konnten wir zeigen, dass Serum Vitamin D und Serum Testos-
teron-Werte bei Mannern saisonal assoziiert sind. Basierend auf Studien in Nage-
tiermodellen ist ein Zusammenhang zwischen Vitamin D und testikularer Funktion,
sowie der Aufrechterhaltung der Spermatogenese bekannt.

Dem Knochen als endokrines Organ und speziell dem Peptidhormon Osteocalcin
(OC), das in den Osteoblasten im Knochen gebildet wird und vorwiegend als Mar-
ker des Knochenaufbaus dient, kann nach neuen Erkenntnissen ebenso eine Rol-

le im Androgenstoffwechsel zugeschrieben werden.

Methoden: Fur unsere Voruntersuchungen wurden tierische Testes herangezo-
gen und ein Testes-Zellisolierungsprotokoll etabliert. Humane testikulare Zellen
wurden aus Spendergewebe, das einerseits von orchidektomierten Organspen-
dern der Klinischen Abteilung fur Transplantationschirurgie, andererseits von Teil-
orchidektomierten Hodenkrebs-Patienten der Universitatsklinik fur Urologie
stammte, jeweils gesunde Testes-Explantate, isoliert und fir einige Wochen in
Kultur gezlichtet. Ntera2/d1 (NT2/d1), humane, testikulare Keimbahnkrebszellen,
wurden fur Zellviabilitatsversuche (WST-1-Zellproliferationsassay) unter der Zuga-
be von 1,25(0OH),D herangezogen. Zellulare Effekte von Vitamin D, aber auch von
LH (Luteotropes Hormon), IGF-1 (Insulin-like Wachstumsfaktor 1), Testosteron
und OC wurden auf mRNA Ebene in humanen testikularen Zellen analysiert. Tes-
tosteron und DHT (Dihydrotestosteron) wurden im Zellkulturiberstand nach
1,25(0OH),D- bzw. LH- und OC-Behandlung mit Enzyme-Linked-Immunosorbent-
Assay (ELISA) gemessen. Die Genexpression wurde basal und nach Zugabe von
1,25(0OH),D mittels Microarray und quantitativer RT-PCR (TagMan assays) analy-
siert und der Vitamin D-Rezeptor (VDR) auf Proteinebene mittels Immuncytoche-

mie nachgewiesen.
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Ergebnisse: Vorversuche, unter anderem in Schweinehodenzellen, zeigten eine
dosisabhangige Steigerung der mRNA-Expression ausgewahlter Vitamin D- und

Androgenstoffwechsel-Gene nach 1,25(0OH),D Zugabe.

Unsere Untersuchungen in humanen testikularen Zellen zeigten einen Anstieg der
Genexpression relevanter Androgenstoffwechselgene nach Zusatz von supra-
physiologischen Dosen an 1,25(0OH);D. Die Microarray-Analyse zeigte 63 signifi-
kant regulierte Gene nach Vitamin D-Behandlung, davon waren 57 hochreguliert
und 7 niederreguliert. Weiters konnte gezeigt werden, dass 1,25(OH),D supra-
physiologisch die Zellproliferation in gesunden, humanen testikularen Zellen er-

hdéhte, jedoch keine signifikanten Effekte in Hodenkrebszellen NT2/d1 zeigte.

Erhéhte Testosteronkonzentrationen nach 1,25(0OH),D-Gabe konnten im Zellkultu-
ruberstand gemessen werden. Auch die Zugabe von Osteocalcin erhdhte die Tes-
tosteron-, sowie DHT-Konzentrationen in den primaren testikularen Zellen dosis-

abhangig.

Schlussfolgerung: Wir kbnnen erstmals eine reproduzierbare Beteiligung von
Vitamin D und OC an der Androgensynthese in primaren humanen Testeszellen
nachweisen. Vermutlich sind die Aktivierung des VDR und folglich der Vitamin D
response elements (VDRES) in den Zielgenen wichtige Initiatoren der Androgen-
Transkription. Weiters wird vermutet, dass auch durch die Bindung von OC an
Leydigzell-spezifische Rezeptoren, die Transkription ausgewahlter Gene des Ste-

roidstoffwechsels initiiert wird.

Diese Ergebnisse unterstitzen neueste Forschungsansatze, wonach der Knochen
als endokrines Organ und speziell zirkulierendes OC und Vitamin D wichtige Fak-
toren der mannlichen Fertilitat sind. Details der Signalwege von Vitamin D und OC
in der Androgensynthese bleiben zu klaren. Vitamin D und OC kénnten in Zukunft

als wichtige Biomarker in der mannlichen Fertilitat bertcksichtigt werden.
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2. Abstract

Background: Vitamin D is well known for its function in calcium and bone homeo-
stasis. We have already published based on clinical data that vitamin D and tes-
tosterone serum levels in men are saisonal associated. In addition, signalling
through the vitamin D receptor (VDR) seems to be of high importance for testicular
function, such as spermatogenesis and the synthesis of androgens in rodent mod-

els.

The bone derived hormone osteocalcin (OC) has been shown to influence male
testosterone production by inducing the transcription and synthesis of androgenic

genes.

Methods: We have performed pre-experiments using animal testis tissue and es-

tablished a protocol for the isolation of testicular cells.

Human testicular primary cells were isolated from human testis tissue, which was
derived either from organ donors at the Division of Transplantation Surgery, or
from semi-orchidectomized patients due to small testicular cancer at the Depart-
ment of Urology, in both cases healthy testis explants. Cells were cultured for sev-
eral weeks to test various stimuli and dosages of vitamin D effects. The testicular

carcinoma cell line Ntera2/d1 (NT2/d1) was used to test cell viability.

RNA microarrays were performed to screen for vitamin D effects in human testicu-

lar cells on transcript level.

Effects of 1,25(0OH),D, luteinizing hormone (LH), insulin-like growth factor 1
(IGF-1), OC, as well as testosterone on gene expression of selected genes of the
androgen and vitamin D synthesis pathway, respectively, were analyzed using real
time quantitative PCR (RT-gPCR).

Testosterone and dihydrotestosterone in the cell culture supernatants were ana-

lyzed using testosterone enzyme-linked immunosorbent assays (ELISAs). The

expression of VDR in human testicular cells was shown by immunocytochemistry.
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Results:

In pre-studies using porcine testicular cells, we have shown a dose-dependent
effect of 25(OH)D and 1,25(OH),D on mRNA level of selected genes.

Our studies in human testicular cell cultures have shown that supraphysiological
doses of 1,25(0OH),D (100 nM) led to significant alterations in gene expression of

reproductive genes.

Microarray analysis revealed sixty three genes in testicular cells to be differentially
expressed after 1,25(0OH),D treatment, resulting in 56 upregulated and 7 down-

regulated mRNA transcripts.

Supraphysiologic doses of 1,25(0OH),D significantly increased cell proliferation and
viability and testosterone concentrations in human testicular cells as measured by
WST-1 cell proliferation assay and ELISA, respectively. In testicular carcinoma
cells NT2/d1, cell proliferation was not affected by vitamin D.
Physiologic doses of osteocalcin increased testosterone and dihydrotestosterone
concentrations dose-dependently in testicular primary cells as well as mRNA lev-
els of genes related to the androgen synthesis and metabolism pathway, com-

pared to stimulation with several concentrations of LH.

Conclusions: Vitamin D might play a direct role in male steroidogenesis in vitro,
probably by the activation of VDR and the induction of vitamin D response ele-
ments (VDRES) in the promotor region of target genes that might increase gene
expression of genes involved in male androgen synthesis and testosterone pro-

duction.

We could further show activation of gene expression and testosterone production
by OC, assuming that vitamin D might act indirectly through bone to induce male

steroidogenesis.

Signal transduction pathways of vitamin D as well as osteocalcin need to be
further claryfied, VitD and OC might be considered as important biomarkers in

male fertility.
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3. Introduction

3.1. VitaminD

Vitamin D is a fat-soluble vitamin and a steroid hormone as well. It can be pro-
duced from 7-dehydrocholesterol after exposure to sunlight (UVB radiation) and
consecutive conversion of the precursor to vitamin D (cholecalciferol). Although
80-90% of vitamin D production derives from sunlight-induced (ultraviolet B radia-
tion, wavelength 290-315nm) production in the skin there is also a small amount
that can be derived from diet or supplements. Vitamin D from the diet can either be
derived as vitamin D2 (ergocalciferol) from plants and fungi or in form of vitamin

D3 (cholecalciferol) by uptake of fatty fish or cod-liver oil (1).

In the liver, cholecalciferol is hydroxylated to 25-hydroxyvitamin D (25(OH)D, or
calcidiol), by the enzyme 25-hydroxylase (encoded by CYP27A17). Although the
liver contains nearly all of the P4s0 enzymes with 25-hydroxylase activity, a physio-
logical form of CYP2R1 is present in peripheral tissues, among them in testes,

especially in Leydig cells (2).

Another enzymatic conversion occurs in the kidney, but also in nearly all human
cells, where 25-hydroxycholecalciferol serves as a substrate for the enzyme
1-alpha-hydroxylase (CYP27B1), which converts it to the biologically most active
form, 1a,25(OH),-Cholecalciferol (1,25(0OH).D, or Calcitriol) (3).

When transported in the circulation, 1,25(OH),D is preferably bound to a vitamin
D-binding protein (VDBP) encoded by the GC gene and acts mainly through bind-
ing to its nuclear receptor, the vitamin D receptor (VDR). Hetero-dimers with the
retinoid X-receptor (RXR) are formed, which in turn bind to vitamin D responsive
elements (VDRES) in the region of several target genes (4). VDREs are present in
hundreds of genes with effects on cell proliferation, cell growth and differentiation,

or apoptosis (5).
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A simplified, schematic overview of the vitamin D synthesis pathway is shown in
Figure 1.

Vitamin D from the diet and skin that is metabolized to 25(OH)D is used in
clinical practice to determine a patient’s serum vitamin D status as vitamin D suffi-
cient (25(OH)D = 30 ng/ml), vitamin D insufficient (25(OH)D 20-29 ng/ml) and vit-
amin D deficient (25(OH)D< 20 ng/ml) (1). Summarized, serum concentrations of
25(0OH)D are the main validated biomarker of vitamin D status, equivalent to the
pool of vitamin D in the respective body, because 25(0OH)D is 10° times more con-

centrated than 1,25(0OH),D and is thought to have considerable functions (1, 6).

Both forms of vitamin D, 25(OH)D as well as 1,25(0OH).D, can be further con-
verted to vitamin D metabolites known as 24,25(0OH).D or 1a,24,25(0OH),D by the
enzyme 1,25-dihydroxyvitamin D 24-hydroxylase (CYP24A1) (7).

If vitamin D metabolites exhibit also biological actions like their precursor do,
has to be further clarified (8).
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Figure 1. Simplified, schematic overview of the synthesis and metabolism of vitamin D (modified
from Morris, HA. et al., Clin Biochem Rev., 2005 (9). CYP27A1, CYP2R1 (vitamin D-25-
hydroxylase), CYP27B1  (25-hydroxyvitamin = D-1alpha-hydroxylase), CYP24A1  (1,25-
hydroxyvitamin D-24-hydroxylase), VDR (vitamin D receptor), VDRE (vitamin D responsive ele-
ment).
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3.2. Production and action of steroid hormones

3.2.1. Steroid hormone synthesis

All steroid hormones have one precursor hormone in common, which is cholester-
ol. Cholesterol can be taken up by diet or can be synthesized from acetyl CoA.
A number of enzymes regulate the production of steroid hormones; the majority of
them is belonging to the cytochrome P450 superfamily (CYPs), to hydroxysteroid

dehydrogenases (HSDs), and to steroid reductases (10).

There is a number of physiological functions in which steroid hormones exert
their functions besides their role in reproductive system and development of sexu-
al characteristics (11). It is known that they are associated with immunological re-
sponses, influence the water and salt balance and influence the protein and car-

bohydrate homeostasis (12-14).

Biologically active steroid hormones can be synthesized in brain, placenta,

adrenal gland, ovary, testis and adipose tissue (15).

3.2.2. Steroidogenesis in the testis

In men, the role of the testis is to produce fertile sperm and steroid hormones for

reproductive function (15).

The development from spermatogonial cells into mature sperm cells is stimu-
lated by follicle stimulating hormone (FSH), secreted by the pituitary. FSH binds to
FSH receptors (FSHR) presented on Sertoli cells, resulting in an activation of sev-

eral factors required for spermatid production (15).
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Male steroidogenesis is induced by LH (Luteinizing hormone) through the ac-
tivation of cyclic adenosine monophosphate (cAMP) production followed by an
increase in intracellular concentrations of calcium ions (Ca®*) in Leydig cells (16,
17).

The secretion of both gonadotropins, FSH and LH, by the pituitary is necessary
for the induction of testosterone synthesis. In turn, testosterone acts in a feedback
mechanism by stimulating the hormone secretion by the pituitary, with FSH as key

stimulus for spermatogenesis (18).

3.2.3. Synthesis of testosterone and its function

Testosterone is a steroid hormone that is belonging to the family of androgens. It
is derived from cholesterol as well, followed by a cascade of androgen precursor.

A summary of the steroids and the enzyme-catalysed steps is shown in Figure 2.

As main androgen in circulation testosterone is obligatory to support sper-
matogenesis, differentiation of male internal and external reproductive organs and
to induce male sex characteristics and sexual behavior (19). It is necessary for
male fertility and functional reproduction, but e.g. also for bone metabolism as it is

an important factor in the prevention of male osteoporosis (20).

Testosterone can be converted to estrogens by the enzyme aromatase
(CYP19A1) or to the more active form DHT (dihydrotestosterone) by the enzyme
5a-reductase (SRD5a) that exists in two isoforms, namely SRD5a1 and SRD5a2
(21, 22). Testosterone and DHT are the only naturally occurring steroids that acti-
vate the AR (androgen receptor) with similar high-equilibrium binding affinity (23).
Direct binding of both steroids initiates an androgen-dependent gene activation
leading to an increased transcription of specific genes important for spermatogen-

esis and male fertility in general (24).
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Other androgens, like androstanediol or DHEA (dehydroepiandrosterone)
may also bind to the AR, but the binding of them does not or only slighlty activate

the AR to induce downstream signaling effects (25).

Cholesterol
I
CYP11A1
i)
Pregnenolone — — Progesterone
I I
CYP17A1
| \
17-a-hydroxy — % — 17-a-hydroxy
pregnenolone O progesterone
| = |
CYP17A1 “I
¥ % \
Dehydroepi- — 8 — Androsterone —  — Estrone
androsterone N o
. | = I
o
HSD17B1 o
| J T il
- =
Androstenediol — —— Testosterone - Estradiol
|
SRD5A1, SRD5A2
l
Dihydrotestosterone

Figure 2. Simplified and schematic overview of the steroidogenesis pathway, modified from Nacusi
LP. and Tindall DJ., Nat Rev Urol., 2011 (26). CYP11A1 (cholesterol side-chain cleavage enzyme),
CYP17A1 (steroid 17a-monooxygenase), HSD3B1 (3p3-hydroxysteroid dehydrogenase 1), HSD3B2
(3B-hydroxysteroid dehydrogenase 2), HSD17B1 (17p-hydroxysteroid dehydrogenase 1),
CYP19A1 (aromatase), SRD5A1/A2 (steroid 5a-reductase 1/2).
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3.3. Osteocalcin

Osteocalcin (OC) is a peptide hormone, a 49-aminoacid protein, produced by os-
teoblasts in the bone that has been recognized as a by-product of bone metabo-

lism during two decades and functioned as a marker for bone turnover (27).

Osteocalcin undergoes post-translational modifications that further could dif-
ferentially affect its bioavailability and bioactivity. Post-translational modification is
done by vitamin K-dependent carboxylation resulting in carboxylated osteocalcin

(cOC), as well as uncarboxylated or undercarboxylated osteocalcin (ucOC) (28).

Recently, uOC has shown to increase B-cell proliferation in the pancreas (29)
as well as insulin sensitivity in tissues like muscle and adipose tissue (29, 30).
In the literature different reports suggest that ucOC, but not cOC is responsible for
metabolic actions of osteocalcin. Controversies of both isoforms that question if
ucOC and cOC exert differential effects are still existent, but in general bone might

function as an endocrine organ (29, 31).

The newly discovered endocrine action of bone has further suggested a
feedback loop between the gonads and the skeleton. Clarke and Khosla have
shown that androgens have beneficial effects on bone (32). Another feedback loop
might suggests that OC has an influence on male testosterone biosynthesis (33).

Oury et al. have shown that the testes are indeed a target organ for OC (34).

Summarized, latest studies have shown a crosstalk between testes and bone
via OC in which OC has been discovered to influence testosterone production by
the testis to regulate male fertility (30, 35) and vice versa, androgens have shown

to have beneficial effects on bone (32).
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3.4. Influences of vitamin D, the skeleton, and male

androgen synthesis

Leydig cells express the VDR and vitamin D metabolizing enzymes (36) and have
the ability to secrete INSL3 that is known to have a role in osteoblast function (37,
38). 1,25(0OH),D is able to activate osteoblastic synthesis of osteocalcin by tras-

criptional activation of the human osteocalcin gene (39-41).

Besides the classical steroid hormones and factors known to be involved in
functional spermatogenesis, namely IGF-1 (insulin-like growth factor-1), TGFa/
(transforming growth factor a and B), IL1 (interleukin 1), TH (thyroid hormone) and
AMH (anti-mullerian hormone), there is evidence that vitamin D, beyond his tradi-
tional role in calcium homeostasis and function as a regulator of bone health, may

also modulate reproductive processes in women and men (42).

Our study group has shown significant associations of 25(OH) vitamin D lev-
els and testosterone levels and further a similar seasonal association of both hor-
mones with a common depth point in March and peak levels in August in a clinical
study, which included 2299 men (43). The seasonal variation of vitamin D paral-
leled by testosterone in men has been shown also by others (44-46) assuming that

there might be a relationship of vitamin D and testosterone.

Our group could show that daily supplementation with 83 ug (3,332 IU) of vit-
amin D was able to increase testosterone levels in a cohort of healthy overweight
men undergoing a weight reduction program. In this randomized controlled trial,
total, bioactive, as well free testosterone levels were significantly increased in the

vitamin D supplemented group in contrast to the placebo group (47).

Based on rodent studies, vitamin D deficient male rats have shown a reduc-
tion in successful matings and overall fertility (48), further an incomplete spermat-
ogenesis and degenerative changes within the testes, compared to controls (49).
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The skeleton is usually viewed to be a tissue responsible for mechanical and
scaffolding functions and to be a recipient of hormonal input. Vitamin D plays an
essential role in maintaining a healthy and mineralized skeleton (50) as it is well
known that vitamin D deficiency is associated with rickets in children (51) and os-

teomalacia in adults (52).

An OC induced testosterone production in Leydig cells has been shown in
male murine models, but OC has failed to have an influence on estrogen or testos-
terone synthesis in the ovaries (30, 34). Responsible for the OC induced testos-
terone production in male Leydig cells is a G-protein coupled receptor (GPCR)
present on the surface of Leydig cells, known as GPRCG6A that belongs to the fam-
ily of calcium sensing receptors that is not expressed in the ovaries (53, 54). Acti-
vation of the GPRCG6A on Leydig cells lead to an intracellular signaling event trig-
gered through an adenylat cyclase and the production of cAMP (cyclic adenosine
monophosphate). CREB (cCAMP response element-binding protein) might be a
possible transcriptional effector of OC regulation of testosterone biosynthesis by

favoring the expression of key enzymes involved in testosterone biosynthesis (55).

In a clinical study ucOC and ucOC/total OC ratio were positively associated
with serum free testosterone levels in men with Type 2 diabetes and ucOC/total
OC ratio was negatively associated with LH. This phenomenon might be explained
by a feedback loop of the gonads, where a reduction in ucOC leads further to re-

duced testosterone levels that in turn raised LH (56).
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3.5. Testicular cells

3.5.1. Leydig cells

Adult, mature Leydig cells (ALCs) of the testis are responsible for the production of
the male sex hormone testosterone, but they first need to develop from stem LCs
to progenitor LCs (PLCs) and further to immature LCs (ILCs) until they are finally
developed to ALCs (57). The differentiation of human Leydig cells from mesen-

chymal cells or fibroblast-like precursor cells is hormonally regulated (58).

We assume that the development of human Leydig cells is similar to that of
rodents, in which Leydig cell development can be characterized in the four stages
as displayed in Figure 3: Stem Leydig cells (SLC), progenitor Leydig cells (PLC),
immature Leydig cells (ILC) and adult Leydig cells (ALC) (59).

At postnatal day 7, the testicular interstitium includes spindle-shaped SLC
that do not express any of the Leydig cell-specific markers like HSD3B (hydroxys-
teroid dehydrogenase 3b) or LHR (luteinizing hormone receptor), assuming that

these cells did not enter the Leydig cell lineage (59).

Around postnatal day 14, as a direct result of proliferation of SLC in the tes-
ticular interstitium, PLC are generated which are HSD3B positive. PLC are small,
spindle-shaped cells and are members of the Leydig cell lineage due to their ex-
pression of Leydig cell markers including HSD3B, LHR and their production of an-

drogen, mainly androsterone (60).

PLCs develop, enlarge, become round and acquire numerous lipid inclusions
until postnatal day 28 when they transform into ILCs. The smooth endoplasmic
reticulum (sER) expands during the development from PLCs to ILCs concurrent
with the levels of HSD3B (61), CYP17A1 (steroid-17a-hydroxylase/17,20 lyase),
CYP11A1 (cholesterol side-chain cleavage enzyme) (60).
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From day 28 to day 56 the ILC population doubles only once and ILCs differ-
entiate into ALCs, leading to an increase in testosterone production. Compared to
ILCs the ALCs have fewer and smaller lipid inclusions and a greater abundance to

sER (62). Normally ALCs do not proliferate but they are able to regenerate (63).

Stem Leydig cell Progenitor Leydig cell Immature Leydig cell Adult Leydig cell Aged Leydig cell

Figure 3. Schematic overview of the different stages of Leydig cell development (Modified from
Chen et al (2010) (64).

3.5.2. Sertolicells

Sertoli cells are somatic cells within testes that are essential for spermatogenesis,
as they facilitate the progression of germ cells to spermatozoa by controlling the
environmental milieu within the seminiferous tubules. Besides the role of Sertoli
cells in testis formation, they provide factors important for functional spermatogen-
esis, like junction complexes and barriers as well as nutrients (65). The physical
and metabolic support of Sertoli cells is necessary for germ cell differentiation,

meiosis and transformation into spermatozoa (66).

Sertoli cells are very often called “nurse” cells, because of their function to

nourish sperm cells during their development and secrete lots of factors, like AMH
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(anti-Mullerian hormone), inhibin and activin, ABP (androgen binding protein), es-

tradiol or the GDNF (glial cell-line-derived neutrophic factor).

Spermatogenesis is mainly regulated by the action of testosterone and FSH
on Sertoli cells (65). Furthermore, the action of FSH is demonstrated biochemically
by an increase in CAMP levels, increased protein synthesis and increased estradi-

ol production (67).

After an initial formation of the embryonic testes, in which Sertoli cells se-
quester germ cells (gonocytes) inside of newly formed seminiferous tubules, Ser-
toli cells and germ cells undergo rapid proliferation. Mentionable at this point is the
fact that only immature Sertoli cells in the peripubertal period have the ability to

proliferate.

The final number of Sertoli cells is determined before adulthood (66). The num-
ber of Sertoli cells in the adult testes determines the size of the testis as well as

the daily sperm production (68).

3.5.3. Testicular germ cells and stem cells

Germ cells develop to spermatogonia, spermatocytes, spermatids and spermato-
zoons through the process of spermatogenesis. The process of spermatogenesis
starts with self-renewal and differentiation of spermatogonial stem cells (SSC)
(69). Sertoli cells in the seminiferous tubules regulate the self-renewal division of
SSC by secreting GDNF (70). Conrad et al. assumed that although cells of the
germline are restricted to generate gamets, they have the ability to give rise to

cells that are pluripotent (71).

The pluripotency of human stem cells is proved by the ability of cells to form

teratoma and by the confirmation of transcription factors and factors associated to
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pluripotency by microarray assays. Teratomas are tumors containing cells of all

three germ layers (72).

Pluripotency factors that are expressed in adult human testicular germ line
stem cells are STAT3, CD9, KLF4, OTEX, VASA, POU6F1, DAZL, OCT4,
NANOG, SOX2, e-cadherin and GDF3 (71).

The ability of mesenchymal cells from testes is of high interest concerning to
a possible restoration of spermatogenesis, e.g. in patients after oncotherapy, as
well as studies that focus on the establishment of other cell types from these plu-

ripotent cells (73).
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4. Hypothesis of the thesis

4.1. First hypothesis

We hypothesize that vitamin D might act in a direct way on male steroidogenesis
by binding to vitamin D receptors (VDR) present on testicular cells. The activated
VDR further might act as transcription factor that binds to VDRESs in the promotor
region of target genes, thereby inducing gene expression, e.g. genes involved in

androgen synthesis.

4.2. Second hypothesis

We assume that vitamin D might also be involved indirectly in male steroidogene-
sis via the skeleton. We suggest that osteocalcin might induce gene transcription
of several genes involved in androgen synthesis and testosterone production in

human testicular cells.
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5. Goal of the thesis

We want to identify genes and pathways of male steroidogenesis that are directly

and indirectly affected by 1,25(OH),D using a human testicular cell culture model.

As a second goal, we want to identify indirect effects of vitamin D via the
bone derived hormone osteocalcin on male steroidogenesis and on in vitro testos-

terone production in human testicular cells.

At the moment, no human testicular cell line is commercially available and
experiments are restricted to animal models. We think that the establishment of a
human testicular cell line, including testosterone-producing Leydig cells and
growth- and co-factor donating Sertoli cells, is of high interest for the scientific

community.
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6. Reagents and Materials

6.1. Cell culture reagents

1,25(0OH),D (Sigma-Aldrich, St. Louis, MO)

25(0OH)D (Sigma-Aldrich, St. Louis, MO)

Accutase® solution (Sigma-Aldrich, St. Louis, MO)

Amphotericin B solution (0,25mg/ml) (Sigma-Aldrich, St. Louis, MO)
Calciol (Sigma-Aldrich, St. Louis, MO)

Collagenase | (Sigma-Aldrich, St. Louis, MO)

Collagenase B (Roche Diagnostics GmbH, Vienna, Austria)
Dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO)

DME/F12 medium GlutaMax, 1:1 (Gibco®, life technologies, Carlsbad, CA)
DNase 1 (Sigma-Aldrich, St. Louis, MO)

EDTA (2mM) (Sigma-Aldrich, St. Louis, MO)

Ethanol (ROTH, Karlsruhe, Germany)

FBS (PAA, Pasching, Austria)

Gelatin powder (Sigma-Aldrich, St. Louis, MO)

Glycine (1M) (Sigma-Aldrich, St. Louis, MO)

HEPES (Gibco®, life technologies, Carlsbad, CA)

IGF-1 (Sigma-Aldrich, St. Louis, MO)

Insulin solution (Sigma-Aldrich, St. Louis, MO)

32



Luteinizing hormone from human pituitary (Sigma-Aldrich, St. Louis, MO)
Non-essential amino acids (100X) (Gibco®, life technologies, Carlsbad, CA)
Osteocalcin fragment 1-49 (S