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Abstract

Ageing is accompanied by many physiological changes. This is particularly evident in the
intestine, where changes in gene expression, gut barrier, and microbiome pre-empt disease and
eventual mortality. A wide range of research has been carried out into intestinal homeostasis
and loss of homeostasis with age, and the model organism Drosophila melanogaster provides

an excellent method for ageing research.

Intestinal stem cells (ISCs) have proliferative capacity and can replenish cells that are lost in
the intestine because of hazards found in the lumen of the gut. Due to an increased turnover
rate compared to some other tissues, the replacement of cells must be controlled tightly to
prevent insufficient or excessive cell production, both of which can be fatal to the organism.
Many different factors and signalling pathways contribute to the regulation of ISC
proliferation, but with age, the balance between different components is lost. Therefore,
understanding how intestinal homeostasis is maintained in young flies will help elucidate how

this can become disrupted with age.

Stem cell division is controlled by the ISC niche, which consists of a tightly regulated
microenvironment of proliferation-inducing and -restricting signals deriving from surrounding
tissues such as the muscle and from other epithelial cells. More recent research has revealed

that intestinal stem cells also play an active part in contributing to their own niche.

This thesis describes the effects of two proteins, Transferrin 2 and Laminin B2, that are
expressed by ISCs and the non-proliferative intestinal progenitor cells called enteroblasts.
Changing their expression levels in stem and progenitor cells disrupts intestinal homeostasis,

but their relationship to ageing remains unclear.



Table of Contents

ADSEEACE ccccuueererrereesuennesnesnessnesnessesssessnsssessssssnsssesssessasssessasssssssssssessassssssaessssssssssessasssassassssssns ii
Table Of CONLENLS ....coveieeieeiueneniensneneenensaesssnsesssesssessessaessssssnsssessassssssasssssssssssessassssssassssssns iii
LSt Of FIGUIES..ucicueiiiinriiirnrininiinsntinsnncsssicssssicssssnsssssesssssesssssesssssesssssossssssssssssssssssssssssssssssssns ix
LISt Of TADIES..c.cuueneeniiienienietinientictenteseennesneseesnesnesssssesssessnsssessssssssssssssessasssessasssassssssseses xi
LiSt 0f ADDIEVIAtIONS....ccuuiiueerriiienensnensensenssensnesenssessnsssnsssessacssnsssessasssssssessasssssssessassssessessasss xii
DECIATALION. . ccueeeeeenerrenieteniententenaesesnisaessessaesnessnessesssessesssessasssssssessasssassaessasssssssessassaess xiv
Statement of COPYIIZht c.uueeouirnvenieniininnienieentenninnnensieennessessssessseesssessssssssesssasssssssseses Xiv
FUNAING c.ovviriiiiiiiiiiiiiciiticinieniincnsniensstesssscssssssssssssssssssssssssssssessssssssssnsssssssssssssssssssssssssss Xiv
ACKNOWICZEIMEINLS.....uueeiinnricssnricisnricssanesssnncsssecssssncssssecssssesssssssssssesssssssssssessssssssssssssssssssssssses XV
Chapter 1: INtrodUCHION ......covueeireeerenisnensennsnecsnnssnesseesssecsessssesssessssessssssssssssnssssessassssassssssssns 1
1.1 Drosophila as a model organism for studying intestinal homeostasis..........c..ccccceenenne. 1
1.1.1 The life cycle of Drosophila melanogaster ...............ccccueeevoeecienceessieiieeeeeene 1
1.1.2 GENELIC tOOS ...ttt ettt ettt ettt e b e eneas 3

1.1.3 The Drosophila TNEESTINE.........ccueeiuiiiiieiieie ettt ettt 4
1.1.4 ISCs are tightly regulated by their surroundings ...........ccoceveeveriieneeneniieneeneneene 7
1.1.4.1 Notch S1NAllING .....eeivieeiieiiieiieiieeie et 7

1.1.4.2 BMP SIZNAIIING ..cvviiiiiiiiieiieeie ettt e 8

1.1.4.3 INK SIGNALIING ..ooovvieiiiiiiieiiecie ettt ettt e e e etaeenaeeseeennes 9

1.1.4.4 W SINAIIING ....ooviiiiiiieiiie ettt e et aae e sbee e e e nnbee e 10

1.1.4.5 JAK/STAT SigNalliNg ......cccvveeiiiiieiiieeiiesieeie ettt sve et eae e ene 11

1.1.4.6 EGFR S1ZNalling........cccuiiiiiiiiiiieiiieeee ettt 11

1.1.4.7 Hedgehog Si@nalling ..........c.cocoieieiiiiiiiieciieeeiee ettt 12

1.1.4.8 HIpPO SINALIING......ooiiiiiiiiieeiiie ettt e e e 13

1.1.5 ISCs contribute to their OWn NIiChe............ooiuiiiiiiiiiiicee e 13
1.1.5.1 Feedback from stem cell-derived progeny..........cocceeveeevieenieniienienieeeeeeene 13

1.1.5.2 Stem cells can signal to other cell types and contribute to the microenvironment



L2 ALEINE ..ttt ettt ettt et e ettt e et e bt e eat e e bt e e nt e e beeeate e bt e enaeeneens 15
1.2.1 Intestinal changes With @ge .........ccccuiiiuiiiiiiiiiiiiiee e 16

1.3 Secreted factors are expressed by ISCs/EBs in Drosophila and contribute to midgut

NOTNEOSEASIS ...ttt ettt ettt ettt et e e s e e bt et e eaeebe et e e neenteas 20
1.4 TRESIS @IIMIS.c..eeiiieiiieiieeiee ettt ettt ettt ettt et sae e e be e sat e et e sbteebeesabeenbeesaaeebeens 22
Chapter 2: Materials and Methods .........ccoeieenveiccssnncisnrcssnncsssnisssansssssssssssssssssssssssssssssssssnns 23
2.1 F1y RUSDANALY.....uiiiiiiiiecieeieee ettt e s sbeesteessbeesseassbeenseens 23
2.1.1 FOOA PrePATationN ....cccuueieeeiieeiiieeeiiieeiiteetteeiee et e e etaeestte e et eesnseeesnseeesnseesnnseeenneas 23
2.1.1.1 Cornmeal fOOd ........ooiuiiiiiiiiee e 23
2.1.1.2 Mifepristone food for GeneSwitch experiments............ccccceeevcvieeecieeeecieeenneenns 23
2.1.1.3 Blue food for Smurt @SSays......c.ceeruieeriieiiiieeiiee et e e esreeeeveeesaeeens 24
2.1.2 Stock and CroSS MAINEENANCE ........eeeeuvreeierieeriieeeireeeirieeereeeeereeesreeesreeessseeessseeensnens 24
2.2 INAUCHION SYSEEIMIS.....cutieiieeiieiieettesite et estte et estteeteestteesbeesseeeabeesseasnbeenseesaseenseesnseenseens 25
2.2.1 GALA/UAS SYSEEIM ..cuviiiiiieieeiteeieeteeite sttt sttt et ettt sttt sbeesaesasesbeene s 25
2.2.2 GENESWILCR SYSTEIM ......eiuiiiiiiiiiiiriieieeiertt ettt sttt 26
2.3 FLY STOCKS ..ttt ettt ettt ettt ettt e ettt e et e et e e nbeebeeenbeenbeeenbeenneenn 27
2.4 LAT@SPANS ..ottt ettt ettt e et e st e bt et e e bt e ateesbe e st e enbe e taeenbe e beeenbeeseeenbeenbeeenbeenneenn 29
2.4.1 LifESPan SEE-UP ..ccuuieiiieeiieiieeieeiie et ette et et e eteebtesteebeesaaeesbeessseeseesnseesseessseeseens 29
2.4.2 Potential effects of RU486 on Lifespan ..........ccceevueeeiieniiiniienieeieereecee e 30
I 111083 ;1T £ TR 33
2.6 IMMUNOTTUOTESCEIICE . ......eeueeiieiieiie ettt ettt ettt ettt sttt et ae et eaeesseenneas 34
2.6.1 StainIng PrOLOCOL....ccciiieiiieieiieeeiee ettt et ee e e rte e et e e sbeeesareeessseeeenseeenneas 34
2.6.2 Microscopy and iMage analySiS........cceeeueeerieeerieeeiieeeiieeeiieeesreeesreeessseesesveeennneas 37
2.7 Gene eXPreSSION ANALYSIS ..uuvieeiieeriieeriieeetieesieeesiteeetreeetreeeareesseeesseeessseeessseeessseeennns 38
2.7.1 Sample collection and Preparation..........c.ceeccveeeeveeerieeeiieeeieeesieeesreeesveeesveeeneneas 38
272 RT-QPCR ..ottt sttt ettt et esseebeesaessaeseessenneensens 38
2.8 HUMAN tiSSUE CUILUTC.......cccviieiiiieiiie ettt et e ebe e e eive e e sabeeenaeeenens 40
2.8.1 Patient Material .........ccceeoouiiiiiiiiciie et e e 40



2.8.2 Spheroid fOrmation ..........coceeveiiirieniiiiineee ettt 40

2.8.3 Spheroid RT-qPCR sample collection.............ccceeeveriiniininiiniiieeieneeenecsieees 41
2.8.4 IMmMUNOhIStOChEMISIIY ..ecvviiiiiiiieciieiiecie ettt 41

2.9 StatiStical ANALYSIS.....ccieriieiieiie ettt st enbeeaee s 43
2.9.1 CIl COUNES ..ttt ettt sb ettt b e et sbe e e eatesbeene s 43
2.9.2 Lifespans and SMUIT @SSAYS .....cceevcvierieriiiiieeiieriieeieeieeeveesieesreesaeessaeereeseneeseens 44
2.9.3 RT-QPCRS ..ttt ettt ettt ettt sae e b eetesneeaeas 44
Chapter 3: Changes in expression of intestinal stem cell-secreted protein-encoding genes
WILH QG ccnnrrriiiiiiniiicniinniinninnniicnsssnniecsssnssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssne 46
3.1 INEEOAUCTION ...ttt ettt et e bt et esbeeeae e 46
3.1.T ChaPter @M ...ueiciiieeiiieeieeeiee ettt e eite et e et e e saeeetteeetaeeessaeessseeessseeessseeessseesnsseenns 46

3.2 RESUILS ..ttt ettt ettt et ht e e b et e e 46
3.3 DASCUSSION ...ttt et ettt et e et e bt e et e e bt e et e e bt e et e e beeeabeeeabeenbeassbeenbeesseeenbeesnseanseans 49
Chapter 4: The role of Transferrin 2 in midgut homeostasis and ageing ........c.cceeueeeunne 52
4.1 INEEOAUCTION ...ttt ettt ettt et e et e e bt e s et e e nbeesateebeesabeenaeen 52
4.1.1 Melanotransferrin in mammalian SYSteMS .........cccueeriieriieriieniienieeriee e see e 52
4.1.1.1 DiSCOVErY and StIUCTUIE .......eeruiiiiieiiieiiesiie ettt ettt et ee et e e eeean 52
4.1.1.2 EXPIeSSION PAtLEIN...c.uieiuiieiieriieeiieiieeitesite et esite et e st e ebeeseeeebeesaaeenbeesneeenens 53

4.1.1.3 Disputed role in Alzheimer’s diSEase..........cecverveeriienireriienieeiee e eee e 53
4.1.1.4 D1S€ASE tEAMENLS ...evveuvieureriietieieeiiente et ette e eite st et et sbtebeestesbeebesaeesaeenneas 54

4.1.1.5 The effect of mMMTTt vs SMTf on tUMOTIZENESIS. ......eevuvreieerieeiieeieeiieeieeiens 54
4.1.1.6 Potential mechanisms of @CtION .......cccevuieiiiriiniieiieiieeees e 55

4.1.2 Tsf2 in Drosophila melanogaster................cccueeeueeeeiieeeeieeeiieeeiieesieesieeesvee e 56
4.1.2.1 TST2 @XPIESSION ..eeeieieeeiiieeeiiieeiiieeiieeeiteeesiteeeireeetaeesaeeessseeesaseeesnseeensseesnnseeens 56
4.1.2.2 The function of septate junctions in the INteSting ...........cceevveereerieenreenveennns 59

4.1.2.3 Signalling pathways and non-occluding functions affected by SJ components



4.2 RESULILS ...ttt ettt ettt et ettt et b et et ene e 63
4.2.1 Tsf2 expression in the MidGUL.........ccoceiiiiiiiiiiiieiieeeee e 63

4.2.2 Tsf2 knockdown and overexpression in stem and progenitor cells show opposing

effects on Midgut hOMEOSLASIS ....c.vvieeiiiiiiiieciie e e 65
4.2.3 The effect of changing Tsf2 expression on other septate junction proteins............ 70
4.2.4 Tsf2 expression change does not affect lifespan or gut barrier function................. 71
4.2.5 The effect of changing Tsf2 expression on signalling pathways ............ccccccveneen. 75
4.2.5.1 NOtCh PAtRWAY ....cociiiiiiiieciie ettt e e e e aaeeens 75
4.2.5.2 Other signalling pathways........c.ccccvueeiriieiiiie e 78
4.3 DISCUSSION ...ttt ettt ettt ettt ettt et sae et e st e bt esbe et e eaeesbeesbeeatesbeennesanenreennenn 80
4.3.1 Tsf2 expression and localisation throughout lifespan in the midgut...................... 81
4.3.2 Tsf2 knockdown and overexpression phenotypes. ........cceevveerueereeenieenieenienieeieans 82
4.3.3 The effect of changing Tsf2 expression on ageing..........cccceevueereeereerieesueeneeennenns 83
4.3.4 Tsf2 involvement in signalling pathways in the midgut ...........cccevveriiienienirennn. 84
4.3.5 Comparing Tsf2 in Drosophila with MTf in mammals ...........ccccceevieriienienieennnn. 86
4.3.6 FULUTE dITECLIONS ..ottt 87

.................................................................................................................................................. 88
5.1 INEEOAUCTION . ...ciiiitieiee ettt et et e bt e sbeeeae e 88
5.1.1 Laminin SEUCEUTE .....cooueiiiiiriieiiieite ittt sttt 89
5.1.2 Laminin integration into the ECM............cccooviiiiiiniiiiiiiececeeeeeee e 89
5.1.3 Laminins are required for mOrphOgenesis ........c..cevveeeriieeiieeriieeeiieeeieeeevee e 89
5.1.4 Laminin expression is required to maintain certain stem cell populations............. 90
5.1.5 ChAPLET QIIMS ..eeeuevieeiiieeiieeeiteeeieeeetee e et e e saeeesaeeesaeeesaeeesaeesssaeessseeessseeessseeennseesns 91

5.2 RESUILS ..ottt ettt e et e et e e et e e e taeeestaeeebaeeebeeeeareeeenbeeeenreeenreas 92

5.2.1 Knocking down LanB2 in stem and progenitor cells affects midgut homeostasis .92
5.2.2 LanB2 knockdown validation ...........c..cceeeveriiniiniiniiniiiccecneccceeesece e 94

5.2.3 Laminin expression in the midgut.............cccoeviiiiiierieiiiieniecie e 95

Vi



5.2.3. 1 LamiNIN B2 ..ot e e e e e e e e e e aaa e 95

5.2.3. 2 LaMININ A ..ooiiiiiieiiee ettt ettt ettt e et e e et e e e ta e e e bae e e nbaeeeabaeennreeennreeennns 96
5233 Laminin Bl oo e 98
5.2.4 The effect of changing LanB2 levels on other laminins ...........ccccoecveveeieniencnnene. 98
5.2.5 The effect of LanB2 knockdown on lifespan and gut barrier function................... 99
5.2.6 The effect of LanB2 knockdown on signalling pathway components.................. 102
5.3 DASCUSSION ...ttt ettt ettt et ettt e eb ettt esat e et e sateeabeesabeeabeesbbesabeesabeenbeenaees 102
5.3.1 Variable phenotypic effect of LanB2 knockdown on midgut homeostasis........... 103
5.3.2 Laminin expression pattern in the posterior midgut ............ccccoevverveerienieenneennee. 104
5.3.3 The effect of LanB2 knockdown On age..........ccceeeevieeciiieeiieeeieecieecee e 106
5.3.4 Signalling pathways downstream of 1aminins ..........ccccceevvveeveieencieencieeeiee e, 107
5.3.5 FULUIE AITECLIONS ..euviiiiiiiieeiiieiie ettt ettt ettt e st e e e 108
Chapter 6: Conservation of Tsf2 and LanB2 expression in mammalian epithelia ........ 109
6.1 INETOAUCTION. ...ttt ettt ettt e b ettt e st eebeesaeas 109
6.1.1 The roles of Tsf2 and LanB2 in mammalian Systems............cccccceevveeiienieenneennee. 109
6.1.1.1 MelanotranSterTin.......c..eeeiuiiieiiiieciie ettt et e e ree e eereeesaneeens 109
6.1.1.2 Laminin C1 ..coooiiiiiiieiiece ettt sttt et eeee s 110
6.1.2 The structure of the Prostate ............ccceeeieriieiieiiieee e 112
6.1.3 Prostatic diSCASES .....cc.eeruiriirtieiieiierieeie sttt ettt sttt s 114
6.1.4 Methods to study prostate diSEaSse.........ccuervreriierieeriienieeiieeieeieeeveeiee e eeee e 114
6.1.5 Chapter QIS ...ccuvieeiiieeiiee et e eiee et e et e e et eeaaeeeteeessaaeesaseeesaseeesnseesnnsens 115
0.2 RESUILS ...ttt ettt ettt et ettt et b et eneeaes 115
6.2.1 Definitive endoderm generation using 3D spheroid culture...........c.cccveevvenennnee. 115
6.2.2 Gene expression in definitive endoderm...........cccoeecveeerieeeiieeniieeniieeeee e 117
6.2.3 Immunohistochemistry staining of prostate tiSSUE..........cccceveererirercrieeniieeerieeennen. 117
6.2.3.1 Melanotrans errin........oc.eeiieiiieiie et 120
6.2.3.2 Laminin Cl ..ooouiiiiiiiieieeeee ettt st 125

Vii



0.3 DIISCUSSION «. e ettt e e e e e e e et e e e e e e e e e e e e e e aeeeeeeeeaae e aaaeeeeeeaenanaaaaeeeeeenenaes 130

6.3.1 Spheroid differentiation into definitive endoderm..........c..cccceeveveineniincnncnnene. 130
6.3.2 MTf and LAMCI expression in prostate tiSSUE..........cccveerveerieerieenveenieesveeneennnes 130
6.3.2.1 MelanotransSferrin. ... ...coeevieiiirieniiieieeeeee e 131

6.3.2.2 Laminin Cl c..oooiiiiiiiiiiiieieeeeeeeee e 131

6.3.3 Conclusion and future dir€Ctions ..........c.cueveeruerierierierieseeie e 132
Chapter 7: Thesis diSCUSSION ......ueierrueicrrnicssanicssansssssnsssssssssssssssasssssassssssssssssssssssssssssssssssssses 133
7.1 Age-related changes in midgut ene eXPresSSiON.......ovviereeeiiereerieerieenreereeereereenenes 134
7.2 Laminin expression in the Mid@UL...........cocuveriiiiiiiiiiiiciecic e 134
7.3 Transferrin 2 expression in the MIdZUL .........ccoeccieiriiriieiieeiieeecee e 135
7.4 Limitations of this WOTK........cocoiiiiiiii e 137
7.5 FULUTE PEISPECLIVES .oeouevieeiiieeiiieeiieeeieeeeieeesiteeeseteeessaeeesseeessseesssaeessseeessseeessseesnsseesnnns 138
BibDlio@rapRy c.ccccccueiiiiiinniiciisnniicsssnnicssssnnrecssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 139

viii



List of Figures

Figure 1: The life cycle of Drosophila melanogaster. ............ccecveeeiienieeiiienieeieeieeieeie e 3
Figure 2: The DroSophila @UL. .......ccceeiuiiiiieiieiieeieesee ettt st ssbe s e e enne 5
Figure 3: The importance of homeostasis in the Drosophila midgut..............cccceeciiiriirennennne. 6
Figure 4: The NotCh pathway..........ccoouiiiiiiiiee e 8
Figure 5: The BMP pathway. .......cccooiiiiiiiiiieieeieee ettt ettt 9
Figure 6: The JNK Pathiway. ........ccoiiiiiiiiiiiieieecieeeest ettt et aae b snnes 10
Figure 7: The EGFR and Ras/MAPK pathway. ........cccccveeeiiiiiiiieiiecieeeee e 12
Figure 8: Changes in Drosophila midgut homeostasis upon knockdown of secreted proteins in
stem and Progenitor CELIS. ..ot 21
Figure 9: Quantification of the effect of 7 days of RU50 treatment on the 59615 line.......... 27
Figure 10: Control lifespans to test the effect of RU486. ........c..oovcvvviviiiieiiiiieeceeee e 32
Figure 11: Smurf phenotype. .....cc.ooeiiiiiiiii e 33
Figure 12: Schematic of the Drosophila gut to show the region that was analysed. ............... 37
Figure 13: Changes in mRNA expression levels in the Drosophila midgut with age.............. 48
Figure 14: Occluding junction StIUCEUTE. ........cc.eeeeieeeiiieeiieeeieeeieeeeieeeereeesveeesaeeeseaeeeseveeens 58
Figure 15: Expression of Tsf2 in young and old posterior midguts............cccccevueevvenieeniennnee. 64

Figure 16: The effect of 7 days of Tsf2 knockdown on cell number and the proportion of
stem/progenitor cells and EE CelIS. .......ccooiiiiiiiiiiiiieicciceeece et 66
Figure 17: Quantification of the effect of 7 days of Tsf2 knockdown on cell number and the
proportion of stem/progenitor cells and EE cells...........ccooiiiiiiiiiiiiiiieee, 67
Figure 18: The effect of 7 days of Tsf2 overexpression on cell number and the proportion of
stem/progenitor cells and EE CelIS. .......ccioiiiiiiiiiiiiieiccieciece et 68
Figure 19: Quantification of the effect of 7 days of Tsf2 overexpression on cell number and the
proportion of stem/progenitor cells and EE cells...........cccooiiiiiiiiiiiiiiieeeee, 68

Figure 20: Quantification of the effect of 7 days of Tsf2 knockdown and overexpression using

the GeneSwitch system on cell number and the proportion of EE cells. ...........ccoccveevrennennnen. 69
Figure 21: Changing Tsf2 expression does not affect other septate junction components. .....70
Figure 22: Variable Coracle staining upon TSf2 overexpression. ........coceeeeveeeereenerveneenens 71

Figure 23: The effect of Tsf2 knockdown and overexpression on lifespan and gut barrier
FUNCTION. Lttt et bt et e s bt et e s bt e et e e sabeeabeesbeeeneens 74

Figure 24: The effect of Tsf2 knockdown on mitosis in the midgut. .............ccceeveiiiiiirnnnennn. 75



Figure 25: The effect of Tsf2 overexpression on Notch signalling.............ccccoeveieiiiniiienennnne. 77
Figure 26: The effect of Tsf2 knockdown and overexpression on Notch signalling targets....78
Figure 27: The effect of Tsf2 knockdown and overexpression on signalling pathways. ......... 79
Figure 28: The effect of Tsf2 knockdown and overexpression on signalling pathway component
EXPTESSION. ..uteeniteeutierueeeteeseteeteesuteenteesateeateesaseeaseassseenseesateenseessseenseessseenseeenbeenseenaseenbeesnneenseens 80
Figure 29: The laminin heterotrimer. ..........cc.oeviiiiieiiieiieeiieeeeeee et 88

Figure 30: The effect of 7 days of LanB2 knockdown on cell number and the proportion of

stem/progenitor cells and EE CelIS. .......ooooiiiiiiiiiiiciece e 93
Figure 31: Quantification of the effect of 7 days of LanB2 knockdown on cell number and the
proportion of stem/progenitor cells and EE cells...........cccooovieiiiniiiiiiniiiiiceccceeeeee e, 94
Figure 32: Validation of [anB2-RINAT lINES. ......ccocvieiiiiriiiiiiiiieiieceeeeee e 95
Figure 33: LanA and LanB1GFP expression in the gut and surrounding tissues. ................... 97
Figure 34: LanA expression pattern in the adult midgut............ccccoooiiiiiiiiiiiiniiiee, 97
Figure 35: LanB1 expression pattern in the adult midgut............ccoceeviviiniiiiniininiiienees 98
Figure 36: Expression of laminin subunits after ISC/EB-specific LanB2 knockdown. .......... 99
Figure 37: The effect of LanB2 knockdown on lifespan and gut barrier function. ............... 101
Figure 38: The effect of LanB2 knockdown on signalling pathway component expression. 102
Figure 39: The structure of the human prostate. .............coccveeiieiiiiiniiniieieeeee e 112
Figure 40: iPSC spheroid growth over the course of 5 days.........ccccevevieiiiiiiieniiniieie, 116
Figure 41: Quantification of iPSC spheroid growth over the course of 5 days. .................... 116
Figure 42: Negative control IHC staining of prostate tissue samples..........ccccceeerveeeeveeennnen. 118
Figure 43: No-primary negative control IHC Staining..........c..cccceevveveevieniicneniencneenicneee. 119
Figure 44: Melanotransferrin [HC staining of prostate tissue samples..........ccccceeeeveervennnenne. 121
Figure 45: Melanotransferrin expression in BPH tissue, patient 1..........cccoovvieiniiiinieennen. 122
Figure 46: Melanotransferrin expression in primary PCa tissue, patient 2...........c.cccccveenneee. 123
Figure 47: Melanotransferrin expression in more advanced PCa tissue, patient 3................ 124
Figure 48: Laminin C1 IHC staining of prostate tissue samples. ...........cccceeveeeriencieeneennnnnne 126
Figure 49: Laminin C1 expression in BPH tissue, patient 1.........c.cccooceiviiniinninicnnennnenn 127
Figure 50: Laminin C1 expression in primary PCa tissue, patient 2. ..........ccccceeeecvveerveeennnen. 128
Figure 51: Laminin C1 expression in primary PCa tissue, patient 3. .........ccccecevvineenuennenne. 129



Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:

List of Tables

Recipe for 1000 mL of cornmeal f00d..........ccceoieriiiiiiiiiieiieiiieeee e 23
Fly stocks used in this theSiS.......ccccciiriiiiieiiieiiecie et 27
Immunofluorescence StainiNg rEAZENLS........eeeruvieerreeeeriieeeireeeirieeereeeereeesreeeeereeenseeas 36
RT-qPCR TEAZENLS ...ttt e 39
Primers sequences used in this thesis.........ccccieiieriieiieniieieceeeeee e 39
Mammalian eXperiments TEAZENLS .......cc.eeerurrerireeriireeriieerreeerreeeereeesrreesseeessreeennseas 42
Changes in mRNA levels in the Drosophila midgut with age. ...........cccccecvvrenennnneen. 49
Non-exhaustive list of septate junction COMPONENLS .........cceereieriieriieeriierieerieeneeene 60

Xi



List of Abbreviations

BM Basement membrane

BMP Bone Morphogenic Protein
BPH Benign prostate hyperplasia
CAF Carcinoma-associated fibroblast
Dpp Decapentaplegic

EB Enteroblast

EC Enterocyte

ECM Extracellular matrix

EE Enteroendocrine cell

EGF Epithelial growth factor

EGFR EGF receptor

EMT Epithelial-to-mesenchymal transition
ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase
Esg Escargot

FOV Field of view

FSC Follicle stem cell

GS GeneSwitch

Hh Hedgehog

Hpo Hippo

[HC Immunohistochemistry

iPSC Induced pluripotent stem cell
ISC Intestinal stem cell

JAK/STAT  Janus kinase signal transducer and activator of transcription

INK Jun N-terminal kinase

LAMCI Laminin y1

LanA Laminin A

LanB1 Laminin B1

LanB2 Laminin B2

LanW Laminin W

MAPK Mitogen-activated protein kinase-type

Xii



MET
mMTTf
MTf
Npc2a
Nrg
PCa
PERK
Plod
Pros
Pvf2
Pvr
RNAIi
ROS
SC
scRNA-seq
SJ
sMTf
SPARC
Ssk

TF
Tsf2
UAS
Upd
UPR
VM
Wb
Wg/Wnt
Yki

Mesenchymal-to-epithelial transition
Membrane-bound melanotransferrin
Melanotransferrin

Niemann-Pick type C-2a
Neuroglian

Prostate cancer

PKR-like ER kinase

Procollagen lysyl hydroxylase
Prospero

PDGF- and VEGF-related factor 2
PDGF- and VEGF-receptor related
RNA interference

Reactive oxygen species

Stem cell

Single cell RNA sequencing

Septate junction

Soluble Melanotransferrin

Secreted Protein Acidic and Rich in Cysteine

Snakeskin

Transcription factor
Transferrin 2

Upstream activating sequence
Unpaired

Unfolded protein response
Visceral muscle

Wing blister

Wingless/Wingless-related integration site

Yorkie

Xiii



Declaration

The work described herein was carried out in the Department of Biosciences, Durham
University, between October 2019 and March 2024. All the work is my own, except where
specifically stated otherwise. No part has previously been submitted for a degree at this or any

other university.

Statement of Copyright

The copyright of this thesis rests with the author. No quotation from it should be published
without the author’s prior written consent and information derived from it should be

acknowledged.

Funding

This project was funded by the BBSRC, UKRI.

Xiv



Acknowlegements

First of all I would like to thank my supervisor David for taking a chance on me as your first
PhD student. Thank you for helping me develop my research skills and for guiding me through
the last five and a half years. Here we are, one pandemic and a shattered knee later, but we

made it to the finish line.

To the other Doupé lab members, both past and present, particularly my fellow PhD students
Fanila and Paula, it has been wonderful to work with you all in such a friendly and helpful
atmosphere. Thanks also to the other people of lab 20: Rebecca, Vincent, Abbi, Sophie, and
James, it has been a pleasure to work in the same lab as you and I have enjoyed the many laughs
we have shared. Thank you also to Helen for your invaluable help. And to Emma, for putting

up with all of my many questions and for being so kind and supportive.

Thank you to Dr Adriana Buskin, Prof. Rakesh Heer, and Prof. Craig Robson for supervising

my work at Newcastle University.

To Giulia, I am so glad we met during that fire safety demonstration in the first week, and even
though, despite your best efforts, DIMO was not meant to be, we provided each other with
enough biology gossip and knitting chat to make up for it.

To El and Jess, thank you for bringing fun and just the right amount of chaos to my life to keep

me on my toes.

To Franek, thank you for being there for me through all the ups and downs, lockdowns and late

lab nights. Now it’s your turn! I can’t wait to see what the future will bring.

And finally to my family, Mama, Dad, and Mairi. I love you all, thank you so much for your
support, both physical and emotional. Thanks for reminding me that as long as I know my
Kommaregeln, everything will be fine. Mairi, I will miss our trips to Embleton, but I am sure

we will find a new tradition!

XV



Chapter 1: Introduction

Once an organism finishes developing and reaches adulthood, it maintains this state for an
extended period of time until a steady decline sets in with old age. In order to do so, organs
must maintain their shape and structure for continued function and this process is called
homeostasis. This is particularly important for epithelial tissues that interact with the outside
world, for example intestinal tissues, the skin, and the lungs, as these experience damage from
interactions with their surroundings. Stem cells are proliferative cells that can replace cells that
are lost due to damage in order to maintain tissues. Balancing the rate of cell loss and
replacement is of particular importance and has therefore been studied extensively. As research
on humans is often not possible, a range of model systems have been developed including cell

culture and the use of model organisms.

1.1 Drosophila _as a model organism for studying intestinal

homeostasis

The fruit fly Drosophila melanogaster (hereafter referred to as Drosophila for simplicity) was
first bred for research by Charles Woodworth at the start of the 20" century and has since
become an indispensable model organism. Drosophila research has made key contributions to
a vast range of scientific fields including the study of heredity, X-ray-induced mutations,
developmental genetics, the olfactory system, innate immunity, and circadian rhythms

(https://www.nobelprize.org/).

This introduction will initially consider the use of Drosophila and the advantages of this model
organism, and subsequently give an overview of the intestine, intestinal stem cells and their

regulation, and changes that disrupt the intestine with age.

1.1.1 The life cycle of Drosophila melanogaster

The Drosophila life cycle has four major distinct stages: embryo, larva, pupa, and the adult fly.
After mating, adult females lay eggs on a food source and the embryos within develop for

approximately one day at 25°C until they turn into larvae. Larvae moult twice, which divides


https://www.nobelprize.org/

this part of the cycle into three different stages (instars). About 4-5 days after the eggs are laid,
the larvae crawl out of the food and pupate on the side of the containment vials. During this
stage their bodies undergo complete metamorphosis and develop many tissues not present at
the previous stages. They eclose and turn into adult flies about 10 days after the start of the
cycle and can live for 60 - 80 days. At 18°C the developmental cycle takes approximately 3
weeks (Figure 1; reviewed by Jennings, 2011).

The Drosophila genome consists of four chromosomes, the X, 2nd 31 and 4™ chromosome,
coding for around 17,700 genes (Kaufman, 2017). Although the size and complexity of
Drosophila and human body plans vary significantly, there are nonetheless striking similarities
on a smaller scale such as organs like the nervous system and the gut, and as many as 60 - 75%
of genes altered in human diseases are conserved in Drosophila (Fortini et al., 2000; Reiter et

al., 2001).

Drosophila provide an easy, cost-efficient alternative to mammalian models because females
can lay several hundreds of eggs which provides a high replicate number for experiments, the
life cycle is relatively short, they are fed with a cheap cornmeal-based diet, and they do not

take up very much space.
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Figure 1: The life cycle of Drosophila melanogaster.
Drosophila flies go through several stages of development. Mated adult female flies lay eggs which hatch into larvae. The

larvae go through three stages (instars) and then pupate on the side of the vial. At 25°C the pupae eclose approximately 10
days after the eggs were laid, at 18°C this takes about 3 weeks. This figure was made with Biorender.

1.1.2 Genetic tools

Drosophila melanogaster is a sexually dimorphic species, and as newly eclosed, unmated
(virgin) flies can easily be identified, this allows flies with different transgenes to be bred with
each other. A vast array of genetic tools has been developed in order to manipulate Drosophila
gene expression in a temporally and spatially controlled manner. This can be used to label and
track proteins or cells, and to increase or decrease the expression of genes of interest. A much
smaller number of redundancies between genes simplifies this research. Several different
systems can be used for this, including the GAL4/UAS system (Brand & Perrimon, 1993;
Fischer et al., 1988), the GeneSwitch system (Osterwalder et al., 2001; Roman et al., 2001) and
the AGES system (McClure et al., 2022). The CRISPR/Cas system (Port et al., 2020) can be
used for knockout and overexpression among other things, and the Flp-FRT system (Golic &

Lindquist, 1989) can be used for lineage tracing of cells.



Both the GAL4/UAS system and the GeneSwitch system have been used extensively in this

thesis and are described in more detail below.

1.1.3 The Drosophila intestine

The Drosophila gut is split into several sections, each with its own distinct gene expression
pattern and function. The overall structure can be divided into the foregut, the midgut, and the
hindgut (Figure 2A). The foregut and hindgut are derived from the developmental ectoderm,
while the midgut comes from the endoderm. The foregut is involved in food storage and
controls the passage of food into the midgut, which is responsible for digestion and nutrient
absorption. The midgut has an anterior part that has a neutral pH, the middle midgut is acidic
due to the presence of acid-secreting copper cells, while the posterior midgut has an alkaline
pH and is the most similar to the mammalian small intestine. The midgut can be further
subdivided into as many as 14 subregions. The hindgut’s main function is water reabsorption
and waste excretion. Malpighian tubules, which are equated to the mammalian kidney, are

connected to the gut at the midgut-hindgut junction (reviewed by Buchon & Osman, 2015).

The posterior midgut consists of four main cell types. Enterocytes (ECs) are polyploid cells
that make up the majority of differentiated cells in the gut. They secrete enzymes and absorb
nutrients from the lumen, while enteroendocrine cells (EEs), the other group of differentiated
cells, are much smaller and are responsible for hormone secretion. Intestinal stem cells (ISCs)
are capable of dividing and replenishing lost cells, while enteroblasts (EBs) are non-dividing
progenitor cells (Micchelli & Perrimon, 2006; Ohlstein & Spradling, 2006). It was initially
thought that EBs differentiate either into EEs or ECs depending on the level of Notch signalling
they receive from the ISCs, but more recent studies have shown that there are separate EE
progenitor cells that are determined prior to EB formation and EBs differentiate only into ECs

(Figure 2B; Biteau & Jasper, 2014; Zeng & Hou, 2015).
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Figure 2: The Drosophila gut.
The structure of the gut consisting of foregut, midgut, and hindgut. The posterior midgut consists of ISCs (green), EBs (blue),

EEs (purple), and ECs (beige) (4). ISCs divide, giving rise to more ISCs as well as progenitor cells that differentiate into ECs
or EEs (B). This figure was made with Biorender.

The midgut tissue is a pseudostratified epithelium, with ISCs located more basally, close to the
basement membrane (BM). The BM is a specialised extracellular matrix (ECM) surrounding
the epithelium that contributes to its structure and polarity. It has several core components,
including Laminin, Collagen IV, Nidogen, and Perlecan, among others (Topfer, 2023). Not only
does the basal location of ISCs protect them from luminal contents, but it also provides a
specialised environment for the ISCs to control their rates of division, with many signals
provided from the surrounding cells and tissues including the BM, the visceral muscle (VM),
the trachea, and even haemocytes (Ayyaz et al., 2015; Perochon et al., 2021; N. Xu et al., 2011).

This environment is called the stem cell niche (Morrison & Spradling, 2008).

As the lumen of the gut, which can be considered as “outside” the body, contains things such
as food, bacteria, and digestive enzymes, the intestinal epithelium forms a barrier with
junctions between the differentiated cells that prevent the leakage of gut contents into the tissue.
Due to digestion, the cells experience mechanical and chemical damage at a higher rate than
other tissues, which means the gut also has a higher cell turnover rate. Cell loss is compensated

by the production of new cells, and this is tightly regulated. The production of too many cells



can lead to dysplasia and cancer, whereas a depletion of cells will eventually cause loss of
tissue integrity, and both outcomes prevent proper gut function and negatively impact the health
of the fly (Figure 3; Lucchetta & Ohlstein, 2012). ISCs can divide both symmetrically and
asymmetrically, depending on cues from their surroundings and on competition between cells

(de Navascués et al., 2012).

‘ &

Figure 3: The importance of homeostasis in the Drosophila midgut.

Both overproliferation (A) and underproliferation (B) are detrimental to gut health. This figure was made with Biorender.

The mammalian small intestine consists of similar cell types but has an undulating structure
composed of millions of villi that protrude into the lumen, while the ISCs are found at the
bottom of the crypts. This architecture results in a clearly defined anatomical niche for
mammalian ISCs. As the ISCs divide, the cells move up the crypt and differentiate. The
mammalian intestine has progenitor cells called transit-amplifying cells that have a limited
proliferative capacity, allowing them to divide a few times before differentiating. This permits
the ISCs to remain more quiescent. Due to the similarities between the two systems, the
Drosophila midgut is a good, simplified model to study the mammalian small intestine (Barker

et al., 2007; reviewed by Casali & Batlle, 2009).



1.1.4 ISCs are tightly regulated by their surroundings

Several signalling pathways have been found to regulate proliferation and differentiation in the
gut. Most of these are conserved between Drosophila and humans, allowing research to be
carried out in Drosophila that can then be applied in mammalian research. Their methods of
action can vary between development, homeostatic regulation, and infection or damage, and
they are often misregulated with age which leads to a loss of homeostasis. Below are listed
several pathways commonly found activated during loss of homeostasis in Drosophila

intestines, but this list is non-exhaustive.

1.1.4.1 Notch signalling

When Drosophila ISCs divide asymmetrically they do this in such a way that the daughter cell
that remains a stem cell stays close to the BM while future EBs segregate upwards and move
to fill the free space. The cells that stay ISCs express the Notch ligand Delta, while the cells
that become EBs express the receptor Notch (Figure 4; Ohlstein & Spradling, 2007). Daughter
cell fate is initially stochastic but then reinforced by lateral inhibition (Guisoni et al., 2017),
which can be affected by a range of factors, for example space constraints affecting contact
areas, the number of other cells in contact, or differentially inherited signalling components
(Goulas et al., 2012; Montagne & Gonzalez-Gaitan, 2014). Homeostasis is maintained on a
population level, with both symmetric and asymmetric divisions of individual ISCs (de

Navascués et al., 2012).
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Figure 4: The Notch pathway.
The ligand Delta is expressed by ISCs. It binds its receptor Notch on the neighbouring EB. This induces cleavage and

translocation of the intracellular domain to the nucleus, where it binds Su(H) and displaces repressors to activate downstream
gene expression. H = Hairless,; Su(H) = Suppressor of hairless; TF = transcription factor. This figure was made with Biorender.

1.1.4.2 BMP signalling

Notch signalling between ISCs and EBs is in part controlled by bone morphogenic protein
(BMP) ligands Decapentaplegic (Dpp) and Glass bottom boat (Gbb, Figure 5), which form a
gradient with high basal and low apical levels relative to ISCs. Higher BMP signalling via a
Dpp/Gbb heterodimer inhibits Notch signalling, which allows the basal cell during ISC division
to express more Delta than Notch and remain an ISC. The BMP ligands are expressed by ECs
and trapped at the basal side by collagen in the BM (Tian & Jiang, 2014). Upon injury, BMP
ligand production is increased by ECs, promoting symmetric ISC-ISC divisions for faster tissue
regeneration, and this is regulated by a negative feedback system to regain homeostatic division
levels after regeneration (Tian et al., 2017; J. Zhou et al., 2015). Further studies have found
additional sources of BMP ligands, with Dpp expression also seen coming from the trachea (Z.
Lietal.,, 2013) or the VM (Z. Guo et al., 2013; J. Zhou et al., 2015), and potentially conflicting
roles in both cell-autonomous or non-autonomous effects on ISC proliferation and EC

differentiation, also via the activation of other pathways (Tian & Jiang, 2017).
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Figure 5: The BMP pathway.

The ligand dimer (consisting of a combination of Dpp, Gbb, and Scw) binds its receptors, which allows the receptors to induce
phosphorylation of Mad. A trimer of phosphorylated Mad and Medea forms, which translocates to the nucleus and induces
gene expression with a cofactor. Expression of Dad (inhibitory Smad) is induced and forms a negative feedback loop. Dad =

Daughters against dpp, Dpp = Decapentaplegic;, Gbb = Glass bottom boat; Mad = Mothers against dpp,; Scw = Screw. This
figure was made with Biorender.

1.1.4.3 JNK signalling

The Jun N-terminal kinase (JNK) pathway consists of a mitogen-activated protein kinase-type
(MAPK) cascade (Figure 6) which is often triggered in response to stress such as infections or
damage. It has both stress-protective and proliferation-inducing functions. With age, chronic
JNK signalling causes hyperproliferation and the build-up of misdifferentiated daughter cells
(Biteau et al., 2008). Bacterial dysbiosis with age also acts as an inducer of the JNK pathway
and contributes to loss of homeostasis (Buchon, Broderick, Chakrabarti, et al., 2009). It can
induce proliferation both in ISCs and non-autonomously via ECs by activating other pathways,
e.g. by Unpaired (Upd) expression. INK activation has cell-type specific effects as it can trigger
apoptosis in ECs, which in turn stimulates cell turnover (Biteau et al., 2008; H. Jiang et al.,

2009; Mundorf et al., 2019).
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Figure 6: The JNK pathway.

The JNK pathway consists of a series of phosphorylation events carried out by kinases, resulting in the phosphorylation of
transcription factors Jra and Kay, which dimerise and induce downstream gene expression. This includes Puc, which forms a
negative feedback loop. Bsk = Basket; dTakl = Drosophila TGF-f activated kinase 1; Hep = Hempiterous, Jra = Jun-related
antigen, Kay = Kayak;, Mkk4 = MAP kinase kinase 4, Msn = Misshapen; Puc = Puckered. This figure was made with
Biorender:

1.1.4.4 Wg signalling

The Wingless (Wg)/Wnt pathway is also key to maintaining ISC fate. An initial study found
that Wg secreted by the VM is required and sufficient for ISC proliferation during homeostasis
(Lin et al., 2008). A later study found however that during regeneration, Wg from EBs, but not
from the VM, is required for ISC proliferation and tissue renewal, while during homeostasis,
knockdown of Wg in progenitors or the VM does not affect proliferation (Cordero, Stefanatos,
Scopelliti, et al., 2012). The tumour-suppressive Adenomatous Polyposis Coli (APC) functions
in ISCs by negatively regulating Wnt signalling in both flies and mammals and is often mutated
in cancer (Cordero et al., 2009; Korinek et al., 1997; W.-C. Lee et al., 2009). Additionally, Wg
pathway activation in ECs leads to a downregulation of Upd expression by ECs during

homeostasis to prevent JAK/STAT-induced ISC overproliferation (Tian et al., 2016).

10



1.1.4.5 JAK/STAT signalling

The Janus kinase signal transducer and activator of transcription (JAK/STAT) pathway is
crucial for controlling gut homeostasis and is often activated downstream of other signalling
pathways, as mentioned above. It is mediated by cytokines called Unpaired (Upd) 1, 2, and 3.
Apoptotic or damaged ECs secrete Upds (mainly Upd3) to stimulate non-autonomous
proliferation of ISCs as well as inducing EB differentiation (H. Jiang et al., 2009; Lin et al.,
2010). Infection induces a spike in JAK/STAT signalling, while commensal bacteria maintain
a low level of pathway activation which contributes to normal gut renewal (Broderick et al.,
2014; Buchon, Broderick, Chakrabarti, et al., 2009; Buchon, Broderick, Poidevin, et al., 2009).
JAK/STAT pathway activation in response to infection also induces the expression of EGFR
ligands Vein and Spitz from the VM and EBs, respectively, which in turn induces ISC
proliferation (H. Jiang et al., 2011; F. Zhou et al., 2013). While some groups have found that
JAK/STAT activation is not required for homeostatic proliferation or ISC maintenance in the
midgut (Beebe et al., 2010; H. Jiang et al., 2009), others have found that loss of Upds causes a
loss of proliferation and/or ISCs (Lin et al., 2010; W. Liu et al., 2010; N. Xu et al., 2011). When
looking at the different Upd cytokines, Osman et al showed that while Upd2 and 3 have a larger
role in old flies, Updl is required for homeostatic ISC proliferation and this occurs in an

autocrine manner, as ISCs and EBs express Updl (Osman et al., 2012).

1.1.4.6 EGFR signalling

As mentioned above, the epidermal growth factor receptor (EGFR) pathway is another key
signalling pathway in the Drosophila midgut, both for homeostatic turnover and during
regeneration (Figure 7). Ligands, which can act in a redundant manner, include Vein, secreted
from the VM, and Spitz and Keren secreted by EBs and ECs (Biteau & Jasper, 2011; Buchon
etal., 2010; H. Jiang et al., 2011; N. Xu et al., 2011). EGF ligand secretion is controlled further
by the protease Rhomboid, which cleaves EGF precursors to allow their secretion. Before
cleavage they are bound to the cell membrane in a precursor form that is released to surrounding

cells upon apoptosis, linking cell death to the production of new cells (Liang et al., 2017).

11
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Figure 7: The EGFR and Ras/MAPK pathway.

The EGF ligands (including Keren, Spitz, and Vein) bind their tyrosine kinase receptor EGFR, which induces receptor
dimerization and trans-phosphorylation. This recruits Drk and Sos, which converts Ras85D-bound GDP to GTP. Ras85D-
GTP induces a phosphorylation cascade, leading to the final MAPK/ERK Rolled translocating to the nucleus, where it
phosphorylates the transcription factor Pnt, which in turn induces downstream gene expression. Drk = Downstream of receptor
kinase; Dsorl = Downstream of rafl; EGF = Epidermal growth factor; GDP/GTP = Guanosine di-/triphosphate; Phl = Pole
hole; Pnt = Pointed,; Ras85D = Ras oncogene at 85D, Sos = Sons of sevenless. This figure was made with Biorender:

1.1.4.7 Hedgehog signalling

When uninduced, the Hedgehog (Hh) pathway is repressed by the promotion of
phosphorylation and cleavage of the transcription factor Ci. Upon Hh binding to its receptor
Patched, this activates a signalling cascade leading to translocation of Ci to the nucleus to
activate Hh target gene transcription including proliferative genes. Hh signalling is not required
for homeostatic renewal, but it is necessary for regeneration after damage (Tian et al., 2015).
The Hh ligand is expressed by EBs following JNK pathway activation. Hh acts in EBs by
inducing Upd2 production which induces ISC proliferation non-cell-autonomously (Tian et al.,
2015). Hh expression has also been found to stem from the VM, and Hh was found to be

increased in older and in stressed flies (Z. Li et al., 2014).

12



1.1.4.8 Hippo signalling

The Hippo (Hpo) pathway negatively controls the transcriptional coactivator Yorkie (Yki).
During homeostatic turnover, the pathway is active and therefore Yki is inactive; constitutively
active Yki expression however is able to induce proliferation. During regeneration, Yki is de-
repressed, which allows it to induce the transcription of proliferation-inducing genes, and this
is required for regeneration. Yki signalling can induce proliferation both non-autonomously by
ECs as well as in an autocrine manner when it is activated in ISCs/EBs. The Hpo pathway
ligand Dachsous is expressed by ECs and it activates the Hippo pathway in a juxtacrine manner.
When the gut is damaged, juxtacrine signalling may decrease, allowing Yki derepression. Yki
activity is induced by the JNK pathway and itself induces Upds and EGFR ligand expression
(Karpowicz et al., 2010; Ren et al., 2010; Shaw et al., 2010; Staley & Irvine, 2010).

The signalling pathways mentioned above are often interdependent and induce each other in a
cell type-specific and context-dependent manner and can sometimes partially compensate for
one another. These relationships can vary between developmental, adult homeostatic, and
regenerative conditions (Cordero, Stefanatos, Myant, et al., 2012; H. Jiang et al., 2011; N. Xu
et al., 2011).

1.1.5 ISCs contribute to their own niche

Historically it has been thought that stem cells are controlled only by receiving signals
originating from surrounding cells and their niche, whereas in recent years the focus has shifted
in both Drosophila and in mammalian systems to include the study of how stem cells

themselves contribute to their niche (Ferraces-Riegas et al., 2022).

1.1.5.1 Feedback from stem cell-derived progeny

While some SCs are surrounded by cells whose function is specifically to act as a niche cell,
the progeny of SCs also feed back to regulate proliferation and differentiation, both in a
mechanical and a chemical manner. Several pathways involved in feedback from progeny to
Drosophila 1SCs, including from the progenitor EBs, have been listed above. To add to this
list, EEs have also been shown to feed back to ISCs. They secrete the ligand Slit which binds
to the receptor Robo2 on ISCs to prevent further EE differentiation (Biteau & Jasper, 2014).

EEs also secrete Tachykinin in a food-dependent manner to the VM, which in turn signals to

13



ISCs to induce proliferation (Amcheslavsky et al., 2014). Additionally, EEs secrete the
hormone Bursicon to the VM to inhibit EGF ligand Vein secretion and this limits ISC
proliferation. This regulation can be disrupted and lead to increased proliferation, for example

during old age (Scopelliti et al., 2014).

It has also been shown that the number of cells packed into the epithelium affects cell extrusion
and division. This is mediated by the Ca?* ion channel Piezol in mammals (Gudipaty et al.,
2017) and Piezo in Drosophila. Here, Piezo is expressed in EE precursors and when the stretch-
sensitive Piezo is activated (e.g., due to a decrease in cell density) or overexpressed, this
induces ISC division and EE production by an increase in cytosolic Ca®" which increases
extracellular signal-regulated kinase (ERK) signalling and inhibits Notch signalling (He et al.,
2018). This allows the gut to respond immediately to changes that could affect the barrier
function, for example if a reduction in cell number could affect tissue integrity. Additionally,
while insulin signalling plays a major role in young midgut proliferation after feeding (O’Brien

et al., 2011), stretching due to food intake may also play a part in this.

Another way a quick response can be achieved is by the formation of progenitor EBs that stay
in a paused, undifferentiated state. ISCs and EBs express escargot (esg), which encodes a
transcription factor that maintains stemness by repressing differentiation genes, such as the EC
marker pdml (Korzelius et al., 2014; Loza-Coll et al., 2014). Esg expression allows EBs to
enter a semi-mesenchymal state until local cues signal that they are required, after which esg
is downregulated and they undergo mesenchymal-to-epithelial transition (MET) and

differentiate (Antonello et al., 2015).

1.1.5.2 Stem cells can signal to other cell types and contribute to the
microenvironment

Progenitor cells and SCs can themselves also directly signal and thereby actively contribute to
the niche and their surroundings. In the murine lung epithelium, basal stem/progenitor cells
actively and continuously signal to their progeny, the secretory cells, in order to maintain their

state and prevent them from differentiating into ciliated cells (Pardo-Saganta et al., 2015).

Stem cells have also been shown to express ECM components, such as Collagen or Laminin,
and ECM regulators, for example in the hair follicle in mice (Morris et al., 2004; Watt &
Fujiwara, 2011) and in the Drosophila midgut (Hung et al., 2020; Lin et al., 2013). SCs also

14



express integrins, which mediate cell-ECM interactions, both in mammals (Jones et al., 1995;
Jones & Watt, 1993) and in Drosophila (Lin et al., 2013; O’Reilly et al., 2008; Rincon-Ortega
et al., 2023).

1.1.5.3 Stem cells can signal in an autocrine manner

Mesenchymal cells in the mammalian airway limit proliferation by expressing BMP ligands
that signal to the basal stem cells to keep proliferation at a low rate. When the trachea is
damaged, this induces a temporary spike of BMP pathway antagonist expression by both the
mesenchyme and the stem cells themselves, allowing them to increase proliferation, partly in

an autocrine manner, to regenerate the damaged tissue (Tadokoro et al., 2016).

In the murine interfollicular epidermis, SCs control their own fate by expressing Wnt which
signals in an autocrine fashion to maintain stemness and induce proliferation, while also
expressing longer-range paracrine Wnt inhibitory signals to restrict the pro-proliferative signal

(Lim et al., 2013).

Drosophila ISCs express both the ligand Pvf2 and the receptor Pvr of the PDGF- and VEGF-
receptor related (Pvr) pathway. This allows them to signal in an autocrine manner during
homeostasis to promote proliferation. The pathway is required and sufficient for proliferation
and is also responsible for correct differentiation, but lack of Pvr signalling can be overridden
during stress situations such as an infection (Bond & Foley, 2012). In mammals,
haematopoietic stem cells and blood cancer cells also promote cell proliferation via autocrine

VEGEF signalling (Gerber & Ferrara, 2003).

The contribution of SC-derived signals to the niche is particularly important in cancer, as cancer
stem cells or tumour-initiating cells must colonise a new niche after metastasis. Understanding
how they contribute to their niches to make them hospitable for cancer cells while excluding
healthy stem cells is therefore important in order to learn how to combat this disease (Lopez

de Andrés et al., 2020).

1.2 Ageing

All animals undergo changes as they grow older. Although organisms try to maintain their

health and function, this is eventually lost with age and their health decreases until death. While
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improvements through scientific discoveries and investment in things such as healthcare and
sanitation have increased the average human lifespan, which is defined as the number of years
a human will live, the healthspan, which is defined as the number of years that the human will
live a healthy life, has not been able to keep up. This has led to an increasing proportion of the

population that requires medical care (reviewed by Garmany et al., 2021).

Although this is true for the general population, there is a lot of variability within populations
that cannot solely be attributed to differences in diet or exercise. Studying ageing in a model
organism such as Drosophila can be used to understand these differences and discover
treatments to improve or maintain health in old age. Many aspects of Drosophila physiology
can be manipulated, and they can be bred in large numbers at a time, which enables researchers
to carry out lifespan assays to investigate the contribution of different changes that occur

throughout life.

Several changes occur with age that have been linked to ill health. These include mental
decline, frailty, and loss of bodily functions, as well as chronic diseases such as infections,
cancer, or diabetes. Changes to the intestine are well documented, both in humans and in

Drosophila.

1.2.1 Intestinal changes with age

Because the interplay between the different signalling pathways highlighted previously is very
dynamic and requires a fine balance, it comes as no surprise that with age, these pathways can

become misregulated, leading to a loss of homeostasis and to disease.

Below is a list of several of the phenotypes and pathways involved in ageing, although there
are many more that are not listed here. The phenotypes include dysbiosis, which leads to
chronic inflammation and immune pathway activation, loss of proteostasis, chronic JNK
pathway activation leading to ISC overproliferation and misdifferentiation of daughter cells,
and loss of barrier function. They are all interconnected, which makes dissecting the influence

of individual components difficult.

The GI tract is not only the source of nutrient uptake, it also forms a barrier to protect the
organism from its contents, and the function of this barrier decreases with age across many

species, such as Drosophila spp., C. elegans, zebrafish, rats, and primates (Dambroise et al.,
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2016; Hollander & Tarnawski, 1985; Salazar et al., 2018, 2023; Tran & Greenwood-Van
Meerveld, 2013). This is coupled with changes in the gut microbiome, called dysbiosis, with
both an overall increase in bacterial load as well as a shift in the proportion of different bacterial
species (Buchon, Broderick, Chakrabarti, et al., 2009; Claesson et al., 2012). Dysbiosis is
harmful to flies and occurs shortly before barrier dysfunction, and preventing this can extend
lifespan (Clark et al., 2015). In Drosophila, gut barrier dysfunction can be tested non-invasively
by the addition of non-absorbable blue dye to fly food. When the barrier is leaky, the dye
permeates throughout the fly and turns it blue, leading to the name “Smurf” fly. It is a precursor
to death and therefore a good predictor for a fly’s biological age (Rera et al., 2011). Indeed,
increasing gut barrier function by overexpressing junction components can extend lifespan and

delay dysbiosis significantly (Salazar et al., 2018).

Activation of the immune system is crucial for organismal survival to fight off infections in
many species, for example Drosophila, humans, and other mammals to name but a few, but it
can take a toll on the body and this is especially evident with age, when chronic activation can
occur (Chung et al., 2009; Rera et al., 2012; Zerofsky et al., 2005). Immune responses prolong
the fly’s life by destroying harmful bacteria, but they can also damage the intestine. One of the
immune pathways in Drosophila is the dual oxidase pathway, which consists of the production
of reactive oxygen species (ROS). While these are harmful to bacteria, they can also damage
the epithelium and cause EC death (S.-H. Kim & Lee, 2014), which in turn induces ISC
proliferation to replace the lost cells. Extended immune activation will eventually lead to ISC
overproliferation coupled with misdifferentiation of progeny, which in turn gives rise to

dysplasia or cancer (Ullman et al., 2009).

Another factor that contributes to changes with age in the gut is loss of protein homeostasis
(proteostasis) in intestinal cells, which is characterised by a build-up of mis- or unfolded
proteins in the endoplasmic reticulum that activates the unfolded protein response. In
Drosophila this is mediated by CncC, the master negative regulator of oxidative stress response
(L. Wang et al., 2014). During homeostasis, CncC initiates a checkpoint to stop ISC
proliferation when proteostasis is lost, but this capacity is lost with age (Rodriguez-Fernandez
et al., 2019). CncC is repressed upon ROS challenge specifically in ISCs but not in other cell
types to allow ISC proliferation as a response to intestinal damage. With age, overall CncC
expression levels decrease, causing an increase in proliferation that can be rescued with CncC

overexpression (Hochmuth et al., 2011). PKR-like ER kinase (PERK) is another factor that is
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activated by ER stress. It is required for ISC proliferation during regeneration, but chronic
activation in old flies leads to ISC overproliferation and eventual death, which can be prevented

by knocking down PERK (L. Wang et al., 2015).

As has been mentioned previously, many different signalling pathways contribute to
maintaining homeostasis in the stem cell niche of young, healthy fly guts and they become
misregulated with age. JNK is one such example. This is a major contributor to loss of
homeostasis in old flies and has been researched extensively in this context. Biteau et al found
that ISC proliferation and progeny misdifferentiation were increased in old flies, leading to a
lack of cell integration into the epithelium. This is caused by excessive JNK and Notch pathway
activation (Biteau et al., 2008). JNK signalling in ECs induces JAK/STAT signalling to promote
proliferation (H. Jiang et al., 2009). Increased intestinal JAK/STAT signalling occurs with age
and reduces lifespan both in flies and in mammals (H. Li et al., 2016; Moskalev et al., 2019;
M. Xu et al., 2016). It has also been shown that chronic JNK signalling in old flies causes
changes to spindle orientation during cell division, promoting symmetric ISC division to create
more [SCs (D. J.-K. Hu & Jasper, 2019). Reducing JNK signalling in old flies is able to prevent
dysplasia and extend lifespan (Biteau et al., 2010).

JNK signalling also induces Wg signalling in old flies, which further adds to the
overproliferation phenotype and can be ameliorated with Wg knockdown (J. B. Cordero,
Stefanatos, Scopelliti, et al., 2012). A similar Wnt-dependent stem cell hyperproliferation has

been seen in murine hair follicles (Castilho et al., 2009).

The autocrine Pvr pathway, which is required for homeostatic ISC proliferation in flies (Bond
& Foley, 2012) has been shown to become increasingly activated with age due to higher Pv{2
expression, leading to ISC overproliferation. This can also be induced by oxidative stress, and
reduction of pathway activation in old flies is able to prevent ageing phenotypes, whereas

prolonged activation has the opposite effect (Choi et al., 2008).

The barrier function of the gut has been shown to be particularly important, as leakage of
luminal contents through the epithelium can cause damage and inflammation.
Overproliferation and improper differentiation prevents the formation of the barrier, as the
differentiated cells do not organize into a monolayered epithelium. As septate junctions, which

make up this barrier in Drosophila, are formed while the progenitor cells are differentiating,
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loss of this process prevents barrier formation (Resnik-Docampo et al., 2017; Salazar et al.,

2018).

With age, Drosophila also experience genetic changes. ISCs accumulate DNA damage and
mutations, which has been shown to lead to dysplasia and cancer (Siudeja et al., 2015). They
also experience changes in chromatin accessibility, leading to a different gene transcription

profile in old versus young flies (Tauc et al., 2021).

These are just some of the examples of how homeostatic signalling is lost with age. Discovering
novel homeostatic regulators may therefore provide candidates that can contribute to loss of

homeostasis with age, which then can lead to age-related decline in intestinal function.
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1.3 Secreted factors are expressed by ISCs/EBs in Drosophila and

contribute to midgut homeostasis

Arecent study looked at gene expression in ISCs and EBs in the adult Drosophila midgut using
targeted DamID. This couples RNA polymerase II with a DNA adenine methyltransferase
(Dam) to give a readout of which genes are transcribed in ISCs and EBs by expressing it under
the ISC/EB-specific esg promoter (Doupé et al., 2018; Southall et al., 2013). Given the
importance of the local microenvironment for stem cell regulation, this approach has the
advantage of not requiring cell isolation or tissue breakdown. This was compared to the
expression profile of ECs to exclude genes in common as these would most likely be
housekeeping genes. The study found the expression of components of several major signalling
pathways in intestinal stem and progenitor cells, including Insulin-like peptide Ilp6 and the
JNK pathway ligand Eiger, and that manipulating their expression affected proliferation and/or
differentiation in the midgut (Doupé et al., 2018). The role of stem/progenitor-derived Eiger in
proliferation has been confirmed by subsequent studies (Tamamouna et al., 2020). This is

further evidence that Drosophila ISCs and EBs play a big part in creating their own niche.

A list of 49 ISC/EB-specific, secreted proteins was curated by intersecting the data from this
study with an annotated list of Drosophila secreted proteins (Doupé et al., 2018; Y. Hu et al.,
2015). The proteins that have high confidence mammalian orthologs, determined using the
Drosophila RNA1 Screening Center Ortholog Prediction Tool (DIOPT) (Y. Hu et al., 2011),
were selected and Galbraith et al knocked down 24 of these individually in adult ISCs/EBs for
7 days using the ISC/EB-specific driver esg*GFP (see 2.2.1) to test for effects on midgut
homeostasis. This uncovered several hits that showed changes in the proportion of stem and
progenitor cells in the posterior midgut (Figure 8A), which can be classified as a loss of
homeostasis. This was often accompanied by a change in the total cell number per field of view
(Figure 8B), although this is a less rigorous criterion as gut width and therefore cell density

were not taken into account (Galbraith and Doupé, unpublished).
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Figure 8: Changes in Drosophila midgut homeostasis upon knockdown of secreted proteins in stem and progenitor cells.

Secreted proteins were knocked down individually in adult ISCs/EBs using esg“GFP for 7 days. The proportion of
stem/progenitor cells in the posterior midgut (4) and the total number of cells per field of view (B) were counted and compared
to control knockdown of luciferase RNAi (grey). The boxplots show the median and interquartile ranges, with the whiskers
indicating minimum and maximum data points; outliers are also shown. The dotted line represents an average of the medians
of all three controls (grey). n>15 guts combined from three separate replicates/condition.
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1.4 Thesis aims

This thesis aims to explore further the roles of stem cell-secreted proteins in the Drosophila
midgut. It will focus on two key hits from the knockdown screen mentioned above for further

analysis.

Laminin B2 (LanB2) had both the highest proportion of stem and progenitor cells and the
highest number of cells per field of view upon knockdown and was therefore selected as a

target.

Transferrin 2 (Tsf2) has not been well-characterised in Drosophila, with only one paper
published that focused on this protein. As it also showed a large increase in both criteria in the
knockdown screen, this was picked as the second target. This thesis aims to characterise both
LanB2 and Tsf2 and their roles specifically in the adult Drosophila posterior midgut in relation

to homeostasis in young flies and to intestinal ageing.

For each gene the thesis aims to:
e Characterise the expression pattern in the posterior midgut
o Determine the function in normal midgut homeostasis
e Characterise any changes in expression with age, both at a transcriptional and at the
protein level
e Assess the effect of changing expression levels on lifespan and healthspan
e Determine potential mechanisms of action

e Assess conservation of expression in mammalian systems
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Chapter 2: Materials and Methods

2.1 Fly husbandry

2.1.1 Food preparation
2.1.1.1 Cornmeal food

To prepare fly food, the dry ingredients and water were mixed and microwaved at short
intervals until fully dissolved and boiling. This was then placed in the fume hood and allowed
to cool for a short while, after which the Nipagin and acid mix were added and mixed in
thoroughly. If required, further reagents were added at this stage, e.g., RU486 or blue dye. The
food was then dispensed into vials containing either 4 mL (for short term use, e.g., in regularly
flipped lifespans) or 8 mL of food (for stock vials and crosses), or into bottles of 75 ml food.
The food was left at room temperature overnight to cool and to allow condensation to disperse.
It was then stored at 4°C for up to one week. The day before flipping flies into the vials/bottles
they were put back at room temperature to allow the food to warm up. Vials, bottles, and

stoppers were sourced from Genesee Scientific via SLS.

Table 1: Recipe for 1000 mL of cornmeal food

Reagent Amount Source

Agar 10g SLS FLY1020

Yeast 30g Genesee Scientific 62-106
Sucrose 19¢ Duchefa Biochemie S0809
Dextrose 38g Melford G32040
Cornmeal 91g SLS FLY1110

Water (dH»0) 900 mL n/a

10% Nipagin 15 mL SLS FLY1136

Acid Mix 11 mL

(4.15% phosphoric acid + VWR 20624.262

41.8% propionic acid) Sigma P5561

2.1.1.2 Mifepristone food for GeneSwitch experiments

Mifepristone (Cayman Chemical, 10006317; Merck, M8046), also known as RU486, was
added to cornmeal food after Nipagin and acid mix addition. A stock solution of 20 mg/mL was
added at a ratio of 250 pL/100 mL food. This dilution is referred to as RU50 as it has a final
concentration of 50 pg/mL. As RU486 is dissolved in ethanol, control vials were made with

the addition of 250 pL ethanol/100 mL food and this is referred to as RUO.
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2.1.1.3 Blue food for Smurf assays
2.5% FD&C blue food dye #1 (Fast Colours, 08BLU00201) was added to the food after

Nipagin and acid mix addition and mixed in thoroughly.

2.1.2 Stock and cross maintenance

Fly stocks in active use were kept at room temperature (approximately 23°C) and were flipped
every 2 - 3 weeks. Other stocks were kept at 18°C and flipped once a month. Experimental
flies were maintained in incubators at 25°C and 60% humidity with a 12-hour light/dark cycle
and flipped 3 times per week into 4 mL food vials unless stated otherwise. Temperature shift
experiments were set up and maintained in incubators at 18°C, upon induction they were moved
to 29°C. They were kept in 8 mL vials and flipped twice per week. Crosses were set up in 8

mL vials, and bottles of stocks, where applicable, contained 75 mL food.

Crosses were set up with virgins that were up to 7 days old and kept at 18°C prior to mating to
slow down ageing. After crossing them with males at a ratio of between 59:1 and 29:13 and
allowing them to mate for 3 days, the parents were cleared and vials kept hydrated. For progeny
collections, female progeny were mated and age-matched to within 72 hours. The day of
collection was counted as day 1. The vial density across different conditions was kept
consistent within each experiment. For experiments requiring changes in gene expression, the
females were aged for 7 days (+ 1 day) after collection before being treated for 7 days. Stoppers

were changed once a week to prevent bacterial overgrowth.
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2.2 Induction systems

A vast array of genetic tools exists to change gene expression in Drosophila. Two of the

induction systems have been used for this thesis and are described below.

2.2.1 GAL4/UAS system

The GAL4/UAS system consists of a yeast transcriptional activator (GAL4) which can bind to

an upstream activating sequence (UAS) that contains GAL4 binding sites. This system can be
used to induce specific genes in a tissue or cell type of choice by changing the promoter that
drives GAL4 expression. The line esgGAL4 was frequently used in this thesis. It has GAL4
expression under the intestinal stem and progenitor cell-specific esg promoter. The sequence

downstream of UAS determines what gene is expressed.

Each parent fly has either the GAL4 or the UAS component. Upon mating, their progeny will
have both components and the target gene can be induced (Brand & Perrimon, 1993; Fischer
et al., 1988). This system can be controlled further by the addition of GAL80, which inhibits
GALA4 by binding to it and preventing it binding to the UAS. GALS8O0 can also be expressed in
a subset of cells to restrict target gene expression (T. Lee & Luo, 1999). A temperature-sensitive
variant of GALSO0, called GAL80", can be used for temporal regulation of target gene
expression. It functions normally at the lower temperature of 18°C to prevent target gene
expression, but changes conformation once the flies are moved to 29°C and no longer inhibits
GALA4, which allows GAL4 to bind to the UAS and induce the change in gene expression
(McGuire et al., 2003). This can be used to study the effects of genes in specific situations, for
example by allowing normal expression during development and then knocking down or
overexpressing a gene during adult homeostasis. In this thesis esgGAL4 combined with
tubGALS80" used. TubGALS80" suppresses GAL4 ubiquitously at 18°C as tubulin is expressed
in all cells. The line is referred to as esg“GFP as it also contains UAS-GFP to label all esg”®

cells.

Knockdown of a target gene can be induced by RNA interference (RNA1), which occurs when
the target gene induced by GAL4 is a double-stranded RNA specific for the gene of interest.
This targets the mRNA of the gene of interest for degradation. In this thesis, UAS-RNAi lines
and overexpression lines were used to explore the functions of genes of interest; a list of the

lines used can be found in Table 2 below.
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2.2.2 GeneSwitch system
The GeneSwitch system is a drug-inducible version of GAL4/UAS. This has a GAL4 variant

that is fused to a progesterone receptor. This GAL4 activates target gene transcription upon
addition of RU486, also known as mifepristone (Osterwalder et al., 2001; Roman et al., 2001).
RU486 is given to the flies by mixing it into their food. GeneSwitch is used as a method to
control for differences in genetic background, as the progeny of one cross can be split into two

genetically identical groups, one of which is fed RU486 while the other is not.

The GeneSwitch system was initially characterised for use during development, but more
recent studies that included analysis of the effects in adult flies have found some problems with
the system. Because it relies on consistent feeding levels and on endogenous enhancers for
gene expression and these may change with age, this can affect the level of transgene
expression. Furthermore, the system has been shown to be leaky, with aberrant transgene
expression without RU486 induction. This is especially prevalent when looking at RNAi
expression, more so than for protein coding transgenes (Poirier et al., 2008; Scialo et al., 2016).
The drug RU486 also has effects on lifespan, which are described in more detail below in (2.4
Lifespans).

In order to look for potential effects induced by RU486 on cell number/proliferation and cell
fate during differentiation, the number of cells per field of view and the proportion of EE cells
were analysed upon expression of the control RNAi line BL31603 driven by the ISC/EB-
specific driver line 5961°5. While there was no statistically significant difference in the number
of cells per field of view between RUO and RU50 guts, RU50 did induce a significant increase
in the proportion of EE cells, from 4.8% = 0.4 (mean + SEM to 1dp) to 7.2% + 0.4 (Figure 9).

This must be taken into consideration when analysing data using this driver line.
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Figure 9: Quantification of the effect of 7 days of RU50 treatment on the 5961°5 line.

Changes in cell number per field of view (4) and the proportion of EE cells (B) after 7 days of RU50 treatment on 596195
crossed to the control RNAi line BL31603 (luc-RNAi). The plotted lines represent the median and quartiles. The unpaired t test
was used for normally distributed data, the Mann-Whitney test was used for non-normally distributed data. n>21 guts over 3
replicates. No * = ns, ***p<(.001.

2.3 Fly stocks

Many stocks were sourced from Bloomington Drosophila Stock Center (BDSC) or the Vienna
Drosophila Research Center (VDRC).

Table 2: Fly stocks used in this thesis

Designation Source/ Source Function Genotype
Reference identifier
esg"GFP Perrimon lab temperature-inducible ISC/EB- esgGAL4,UAS-
specific driver with ISCs/EBs GFP,tubGALS80*
labelled by GFP
tubG4* Perrimon lab temperature-inducible ubiquitous | tubGAL0";
driver tubGAL4/TM6B
596195, UAS-GFP | Walker lab ISC/EB-specific GS driver with
ISCs/EBs labelled by GFP upon
induction
596168 O’Brien lab ISC/EB-specific GS driver
esg-lacZ Perrimon lab ISC/EB reporter y[1] w[67c23];
P{w[+mC]=lacW }es
g[k00606]/CyO
Su(H)GBE-lacZ |(Furriols & Notch signalling reporter
Bray, 2001)
UAS-EGFP BDSC RRID:BDSC _ | inducible EGFP w[*];
6874 P{w[+mC]=UAS-
2xEGFP}AH2
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UAS-GFPnls BDSC RRID:BDSC _ | inducible nuclear GFP w[1118];
4775 P{w[+mC]=UAS-
GFPnls} 14
UAS-mCherrynls | BDSC RRID:BDSC _ | inducible nuclear mCherry w[*];
38425 P{w[+mC]=UAS-
mCherry.NLS}2;
MKRS/Tm6B, Tb[1]
esgsfGFP David Doupé, CRISPR sfGFP enhancer trap in esgsfGFP/CyO
Perrimon lab esg locus
CantonS Clark lab wild-type stock
w8 Clark lab white mutant control stock
BL31603 BDSC RRID:BDSC _ | Luciferase RNAi y[1] v[1]; P{y[+t7.7]
31603 v[+t1.8]=TriP.JF0135
StattP2
Tsf2 RNAi 1 BDSC RRID:BDSC_ | Tsf2 RNAi y[1] sc[*] v[1] sev[2
65903 17;
P{TriPHMCO06165}a
ttP40
Tsf2 RNAi 2 VDRC v330006 Tsf2 shRNAi P{VSH330006}attP4
0
Tsf2 RNAi 3 VDRC v5236 Tsf2 RNAi w[1118];
P{GD2442}v5236
UAS-Tsf2-GFP | (Tiklova et al., inducible GFP-tagged Tsf2 w:UAS-GFP-
2010) overexpression MT{/CyOftzlacZ
LanB2 RNAi 1 |BDSC RRID:BDSC_ |LanB2 RNAi y[1] sc[*] v[1] sev[2
55388 17;
P{TriP.HMC04076}a
ttP40
LanB2 RNAi 2 |BDSC RRID:BDSC_ |LanB2 RNAi y[1] v[1];
62002 P{TriP.HMJ23628}at
tP40
LanB2 RNAi 3 |VDRC v42559 LanB2 RNAi w[1118];
P{GD2394}v42559
LanAGFP VDRC v318155 LanAGFP FlyFos Pbac {fTRG00574.sf
GFP-
TVPTBF}VK00033
LanB1GFP VDRC v318180 LanB1GFP FlyFos Pbac {fTRG00681.sf
GFP-
TVPTBF}VK00033
LanB2 CRIMIC |BDSC RRID:BDSC_ |LanB2 CRIMIC GAL4 y[1] w[*];
GAL4 91283 TI{CRIMIC.TG4.0}
LanB2[CRO1721-
TG4.0]
UAS-mCas9 VDRC v340002 inducible mCas9 P{ry[+t7.2]=hsFLP}
12, y[1] w[*];
P{y[+t7.7]
w[+mC]=UAS-
uMCas9}attP40
w!l8:1f/SM6a; Clark lab Double balancer (11 and I11) w!l18:1f/SM6a;
TM2/TM6¢,Sb’ TM2/TM6¢,Sb’
If/SM6a; TIGS Clark lab TIGS GS driver line on the third If/SM6a; TIGS/TM2

chromosome with balancers

Su(H)GBE- de Navascués nuclear Notch reporter on the Su(H)GBE-GFPnls/
GFPnls (II) lab/O’Brien lab second chromosome CyO; MKRS/TM6B
Su(H)GBE- de Navascués nuclear Notch reporter on the third | If/Cyo; Su(H)GBE-
GFPnls (IIT) lab/O’Brien lab chromosome GFPnls/TM6B
UAS-EGFP; This study (see LanB2 CRIMIC GAL4 with UAS-EGFP/SM6a;
LanB2-GAL4 notes below) inducible EGFP LanB2-

GAL4/TM6¢,Sb’
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596195 UAS- This study (see ISC/EB-specific GS driver with

GFP, Su(H)GBE- |notes below) labelled EBs and inducible GFP

lacZ expression in ISCs/EBs

596195 UAS- This study (see ISC/EB-specific driver with GFP

GFP, UAS- notes below) and Cas9 expression upon

mCas9 induction

596165, This study (see ISC/EB-specific driver with Notch |596195; Su(H)GBE-

Su(H)GBE- notes below) reporter GFPnls GFPnls/TM6¢,Sb’

GFPnls

Su(H)GBE- This study (see ISC/EB/EC-specific driver with Su(H)GBE-GFPnls/

GFPnls; TIGS notes below) Notch reporter GFPnls CyO;TIGS/TM2
(David Doupé)

UAS-EGFP,;LanB2-GAL4 was made by balancing LanB2 CRIMIC GAL4 and UAS-EGFP and
crossing the balanced stocks to each other.

596195, UAS-GFP.Su(H)GBE-lacZ was generated by recombination of 596195, UAS-GFP and
Su(H)GBE-lacZ.

596195, UAS-GFP,UAS-mCas9 was generated by recombination of 596195, UAS-GFP and UAS-
mCas9.

596195;Su(H)GBE-GFPnls was made by balancing 59619 and crossing the balanced stock to
Su(H)GBE-GFPnls (II).

Su(H)GBE-GFPnls;TIGS was made by crossing Su(H)GBE-GFPnls (III) and If/SM6a;
TIGS/TM2.

2.4 Lifespans

2.4.1 Lifespan set-up

Crosses were set up with 15 596195 virgins and 3 - 5 males. They were allowed to lay for 3
days, after which the vials were cleared and kept hydrated. Once the first vial started eclosing,
all progeny were collected after approximately 72 hours to make sure the flies were age-
matched. They were then allowed to mate for 2 days, after which they were randomly sorted
into vials of 30 females each. They were flipped onto fresh food every 2 - 3 days and deaths
were counted. Overexpression or knockdown of target genes was induced on day 7 (£ 1 day).
Flies were counted as censored if they escaped, were squashed by the vial stopper, or if they
were stuck to the food but still alive, preventing them from being transferred to the new vial.

10 vials of 30 females each were used per condition.
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2.4.2 Potential effects of RU486 on lifespan

Mating induces an increase ISC proliferation and midgut size to support the nutrient demands
of egg production (Reiff et al., 2015; Tower et al., 2017). One study showed that RU486 does
not affect the lifespan of males or virgin females, but can cause a dose-dependent, significant
increase for mated females of some genotypes. It does this by counteracting the negative effect
on lifespan that mating and egg production has, as RU486 reduces progeny number and midgut
size of mated females. Another study by the same lab also found a lifespan increase in virgin
females upon feeding RU486 (Landis et al., 2015, 2021). This was not tested specifically with
596195, the ISC/EB-specific driver used in this thesis. The concentration used in the studies

mentioned above was 160 - 200 pg/mL, compared to 50 ug/mL used in this thesis.

To test for effects on lifespan that were not caused by changing the expression levels of genes
of interest, several different controls were set up. 59619 was crossed to BL6874 (UAS-EGFEP).
Two independent lifespans were set up as described above, although the virgin females used to
set up the crosses were collected from the same set of bottles. Both showed a significant
reduction in lifespan in response to RU treatment. The first replicate had a median survival of
70 days for the control and 68 days for the treated cohort (Figure 10A). The second replicate
had a median survival of 68 and 63 days, respectively (Figure 10B).

The control luciferase-RNAi BL31603, which was used in several experiments in this thesis as
a control for RNA1 experiments using the temperature-inducible GAL4/UAS system, was also
crossed to 596195, The crosses for the first two replicates were set up at the same time with
separate virgin females collected from the same bottles, while the third replicate was set up at
a different time with virgins collected from a different set of bottles. The first replicate had a
significant reduction in lifespan, with median survival at 73 days for the control and 62 days
for the treated flies (Figure 10E). The second replicate also had a significant reduction, with
median survival at 73 and 69 days, respectively (Figure 10F). The third replicate had a non-
significant reduction in lifespan, with median survival at 65 and 61 days, respectively (Figure

10G).

The fly line with a mutation causing white eyes, called w!//$

, 1s often used as a control fly line.
It has been shown recently however that white mutant flies have an increased lifespan as the
loss of White in ISC prevents age-induced ISC overproliferation by affecting folate
metabolism. The study found that feeding RU486 to 5961¢5 flies with wild-type White

expression reduced lifespan at a non-significant level, whereas driving white-RNAi with 59615
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showed a significant increase in lifespan (Sasaki et al., 2021). When 596195 was crossed to the
white mutant w!!!® line as part of this thesis, both replicates showed a non-significant increase
in lifespan with RU486, with median survivals of 54 and 56 days for the control and treated
cohorts respectively (Figure 10C,D).

A final control was carried out using just CantonS flies without crossing them to 59675, The
survival curves for control and treated flies matched each other very closely, with the same

median survival of 56 days (Figure 10H).

Overall this suggests that at the concentration used in this thesis, RU486 does not seem to affect
lifespan by itself. However, when it is used to induce changes in gene expression via the
GeneSwitch system, this may have a negative impact. This should be taken into account when
interpreting lifespan data, as it could suggest that any significant increases in lifespan in treated
samples may be even more robust than the analysis suggests, while results showing no changes
or significant decreases in lifespan as a result of transgene induction by the GeneSwitch system

may have been impacted as well.
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Figure 10: Control lifespans to test the effect of RU486.
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2.5 Smurf assays

In order to test the barrier integrity of the gut, flies were flipped onto food containing 2.5%
FD&C blue food dye #1. The flies were put onto blue food for 24 hours, after which the number
of Smurf flies were counted and the flies were flipped back onto non-blue food. When the
barrier function of the flies is intact, the blue dye is contained the intestinal tract, whereas if
the barrier is leaky, the dye permeates into the haemolymph and surrounding tissue and the fly
turns blue (Figure 11; Rera et al., 2011). The Smurf assay was carried out every 10 days until

less than half the flies were alive.

There may be a batch-dependent, toxic effect of the food dye on fly health. Some lifespans had
noticeable drops in survival a few days after each Smurf assay (data not shown). To prevent
this from interfering with lifespan analysis, separate lifespans were set up to test Smurf

proportions.

Figure 11: Smurf phenotype.

Photograph of two females displaying the barrier dysfunction Smurf phenotype (bottom) and two non-Smurf females with
intact gut barriers (top).
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2.6 Immunofluorescence

2.6.1 Staining protocol

A protocol previously used by this lab was followed (Doupé et al., 2018).

Dissection

Dissections were done between 10am and 2pm. Keeping a consistent time limits the impact of
circadian rhythm on proliferation rates and other signalling pathways (Karpowicz et al., 2013).
They were carried out in increments of up to 90 minutes and guts were kept on ice until fixed

to prevent degradation of the tissue.

Before beginning the dissection, phosphate-buffered saline (PBS) and two dissection plates
were cooled on ice. After drying the plates, one was left on ice and the wells were each filled
with 150 pL ice-cold PBS. Each gut was placed into this plate directly after dissecting. The

second plate was used to carry out the dissections, also in ice-cold PBS.

Fixation

After dissecting, 50 pL of freshly thawed 16% paraformaldehyde (PFA) was added to each well
in the fume hood to make up a final concentration of 4% PFA. The plate was covered with
parafilm and foil to prevent evaporation and light exposure and was placed on a rocker for 30
minutes. After removing the PFA in the fume hood, the guts were washed 3 times with PBS. If
further dissections needed to be carried out, the dissection plate was covered in parafilm and

foil and kept in the fridge.

Blocking

Blocking buffer (PBS + 0.5% Triton X-100 + 0.5% BSA) was made and stored in the fridge
for up to 2 weeks. Once the PFA was removed, an aliquot of blocking buffer with 5% normal
goat serum (NGS) was made fresh before use. After removing PBS from the wells, 150 uL of
the aliquot was added to each well, the plate was covered in parafilm and foil and placed back

onto the rocker for 30 minutes.
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Primary antibody

During this incubation, the primary antibody mix was prepared in PBS + 0.5% Triton X-100
(PBT) (see Table 3 for dilutions). After removal of the blocking buffer mix, 150 pL of the
antibody mix was added. The plate was then covered in parafilm and foil, labelled, and placed

on a rocker at 4°C overnight.

Secondary antibody and DAPI

The following morning, the primary antibody mixture was removed and three 10-minute PBS
washes were performed on a rocker. During the third wash, the secondary antibody mixture
was prepared in PBT. The antibodies and concentrations used are shown in Table 3 below. The
secondary antibodies are light sensitive and must therefore be covered in foil. After the third
PBS wash, the PBS was removed and 150 pL of the secondary antibody mixture was added to
each well. The plate was covered in parafilm and foil and incubated on a rocker at room

temperature for 2 hours.

Towards the end of the incubation, DAPI was defrosted and an aliquot of 1:2000 was prepared
in PBT. After the 2-hour incubation, the secondary antibody mixture was removed and 150 puL
of the diluted DAPI was added to each well. The plate was covered in foil and incubated on the
rocker for 10 minutes. Finally, the guts were washed three times for 10 minutes each in PBS.
Once finished, the plate was either covered in parafilm and foil and left in the fridge to be

mounted later in the day, or the samples were mounted directly.

Mounting

Microscope slides were labelled with the dissection date, genotype, replicate/sample number,
primary antibodies and concentrations used, fly age, treatment, etc. To mount, a drop of
VectaShield was placed in the middle of the slide and spread out to the dimensions of a
coverslip using forceps. The guts were placed individually in the mounting medium and spread
out carefully with as little handling as possible to prevent damage. They were covered carefully
with a coverslip and sealed using nail polish. Once the nail polish was dry, the slides were

placed in a slide box and stored in the fridge.
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Dissecting for endogenous GFP
When guts were dissected for looking at endogenous GFP levels, they were kept in the dark at

all times during the protocol from the moment of dissection.

Staining for phosphorylated signalling pathway components

In order to prevent dephosphorylation, guts were kept in phosphatase inhibitor (PhosSTOP,
Roche) until removal of the primary antibody. Tablets were dissolved at a 10X concentration
and appropriate amounts were diluted for each staining step. This was done according to the

recommended protocol on the antibody suppliers’ websites.

Table 3: Immunofluorescence staining reagents

Reagent Dilution Company and Cat number Storage

Primary antibodies

Rabbit anti-pH3 1/1000 Merck 06-570 Fridge
Chicken anti-GFP 1/2000 Abcam AB13970 Fridge
Rabbit anti-f-galactosidase 1/500 Invitrogen A11132 Fridge
Guinea Pig anti-MTf 1/500 (Tiklova et al., 2010) Fridge
Mouse anti-prospero 1/100 DSHB MRIA Fridge
Mouse anti-Coracle 1/250 DSHB C566.9 Fridge
Mouse anti-Delta 1/10 - 1/50 DSHB C594.9B Fridge
Mouse anti-NICD 1/100 DSHB C17.9C6 Fridge
Mouse anti-NECD Dilution series [DSHB C458.2H Fridge
Rabbit anti-collagen IV 1/500 Abcam AB6586 Fridge
Rabbit anti-phospho-p44/42 MAPK 1/100 Cell Signal 4370S -20°C
Rabbit anti-phospho-SAPK/INK 1/100 Cell Signal 4668S -20°C
Rabbit anti-phospho-Smad3 1/250 Abcam AB52903 Fridge
Secondary antibodies
Goat anti-chicken Alexa488 1/500 Invitrogen A-11039 Fridge
Goat anti-mouse Alexa488 1/500 Invitrogen A1101 Fridge
Goat anti-guinea pig AlexaS55 1/500 Invitrogen A21435 Fridge
Goat anti-mouse Alexa546 1/500 Invitrogen A11030 Fridge
Goat anti-rabbit Alexa555 1/500 Invitrogen A21428 Fridge
Goat anti-mouse CF568 1/500 Biotium 20100 -20°C
Other
PhosSTOP phosphatase inhibitor 1X Merck Roche 4906845001 Fridge
DAPI 1/2000 Fisher D1306 -20°C
PBS n/a Fisher BP2944 Bench top
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16% PFA aliquots n/a Fisher 11490570 -20°C
BSA n/a Fisher BP1600 Fridge
INGS n/a Fisher 31872 -20°C
Triton X-100 n/a Fisher 10102913 Bench top
'VectaShield antifade mounting medium [n/a Vectorlabs H-1000-10 Fridge

2.6.2 Microscopy and image analysis

Images of the posterior midgut were taken right next to the midgut-hindgut junction (Figure
12) using a Leica LSM SP5 confocal microscope. The imaged area was kept consistent due to
differences in tissue structure, stem cell number, and gene expression found along the gut
(Marianes & Spradling, 2013). Bidirectional z stacks of the epithelial layer of the gut were
taken (0.88 um apart) at 200 Hz, 1024x1024 pixels and with a line average of 3, using the 63x
objective with a Zoom of 1.2x. The image files were stored as .tif files. Laser settings, gain,

and offset were kept the same within each experiment.

Images used for cell counting were converted into composite maximum intensity z projections
and then quantified using Fiji ImageJ (Schindelin et al., 2012). The cell numbers were counted
using unedited images (with original fluorescence intensity). After analysis, example images
with the most representative cell numbers were chosen as representative images and, where
necessary, the brightness and contrast were enhanced using the Auto function in Fiji ImageJ to

make staining easier to view.

Mean fluorescence intensity was calculated as an initial analysis by drawing as large a rectangle
as possible within each gut and using the Fiji measure function for mean grey value. This does

not however take into account the cell density or fluorescence intensity per cell.

Figure 12: Schematic of the Drosophila gut to show the region that was analysed.

Unless stated otherwise, all images were taken of the posterior midgut epithelium, directly next to the midgut-hindgut junction
(imaged area shown in red). This figure was made with Biorender.
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2.7 Gene expression analysis

2.7.1 Sample collection and preparation

RNA extraction

Samples for RNA extraction were dissected within the same time window as those for staining.
10 guts were dissected per sample. Experiments for knockdown validation (driven by
ubiquitous ubGAL4*) contained whole guts (crop, cardia, whole gut excluding ampula,
Malpighian tubules), while all other samples contained only the midgut (excluding crop, cardia,

tubules, and hindgut). Samples were either processed immediately or stored at -80°C.

A kit was used to extract the RNA (NEB Monarch Total RNA Miniprep Kit, T2010S). Guts
were dissected and homogenised in 300 uL 1X DNA/RNA protection reagent in low retention
microcentrifuge tubes. All kit instructions were followed, including any optional steps.
Samples were eluted in 50 pL nuclease-free H2O. They were measured using a Nanodrop

(Fisher, ND1000) to detect the concentration of RNA contained in each sample.

cDNA synthesis

The Ultrascript 2.0 cDNA synthesis kit (PCR Biosystems, PB30.31-10 and PB30.32-10) was
used for cDNA synthesis. The maximum RNA volume possible was used for the sample with
the lowest concentration of RNA, while the other samples within the same experiment (i.e.,
any samples that would be compared to each other) were added at a ratio of RNA and nuclease-
free H20 in order to give the same concentration of RNA. The samples were incubated at 55°C
for 30 minutes and then at 95°C for 10 minutes. An aliquot of 1/5 diluted cDNA was made and
all cDNA samples were stored at -20°C.

2.7.2 RT-gPCR

RT-qPCRs were performed using Power SYBR™ Green PCR Master Mix (Fisher, 10658255)
on a CFX Connect Real Time System (Bio-Rad, CFX Connect) and a CFX Duet Real Time
PCR System (Bio-Rad, CFX96) machine. Each well contained 10 pL. made up of 1 pL 1/5
cDNA sample and 9 pL master mix (5 pL SYBR Green, 0.5 pL L + R primer mix, and 3.5 pL

nuclease-free H20). Plates were pipetted on ice, pipette-mixed, and centrifuged in a plate

spinner.
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The PCR machine was set as follows: 95°C for 10 minutes, followed by 40 cycles of [95°C for
15 seconds and 60°C for 60 seconds]. This was followed by melt curve calculation to test for

correct primer function.

All samples were compared to a housekeeping gene (GAPDH, Actin5C, or rp49) and a standard
curve of sequential 1/5 dilutions starting with undiluted samples was used to check primer
function. CantonS flies of mixed ages were used for the wild-type expression analysis
standards, while guts from the driver lines were prepared for each type of
knockdown/overexpression experiment. All samples fell within the standard curve, and
housekeeping gene expression levels were compared between control and treated samples to

detect large fluctuations.

All primers were ordered from Integrated DNA Technologies. Primer sequences were selected
from the FlyPrimerBank (Y. Hu et al., 2013). Whenever possible, exon-spanning primers were

used. All primer sequences are listed in Table 5.

Table 4: RT-qPCR reagents

Reagent Company and Cat number Storage
Ethanol, molecular grade Fisher BP2818-500 Cabinet
Nuclease-free water Fisher 10336503 Bench top
Monarch total RNA miniprep kit INEB T2010S Bench top
Ultrascript 2.0 cDNA synthesis kit separate oligos [PCR Biosystems PB30.32-10 -20°C
Ultrascript 2.0 cDNA synthesis kit PCR Biosystems PB30.31-10 -20°C
Power SYBR™ Green PCR Master Mix Fisher 10658255 -20°C

Table 5: Primers sequences used in this thesis

Gene name Forward primer Reverse primer
Actin5C 5’—TTG TCT GGG CAA GAG GATCAG-3" |5 -ACCACT CGCACTTGCACTTTC -3’
Adgf-A2 5’— AGC CGT CAT GCT TTG TGT AAT -3’ 5’—CCT CGG ACG TAA GAT TGGACA-3’
Dad 5’—GAG TGT GCAAAG TGATGC -3’ 5’—CTC ATG CTC AGA AGT TCA GCC CTA -
3
E(sp)mB-HLH |5°-AGCATC GCT GAGAGTTTC CG -3’ 5’-CCGAGATCCACACTCACTCC-3’

E(spl)m3-HLH |5 - GTT GAC CGT GGA TCA CAT GAG -3’ 5’-CGGTACTGG TTGAGGTGG G-3

E(spl)m5-HLH |5 -TGG TTT CTT CGA CTG GCT TG -3’ 5’—CCA GACTTC TGT TAC AAC CTC CA—
3

E(sp)m8-HLH |5’ GCT GTG AGATCC GGAGGAG -3’ 5’— AAT TCC ACG AAG CACAGT CC-3’

GAPDH 5’-CCAATGTCT CCGTTGTGGA-3 5’-TCG GTG TAG CCC AGG ATT -3¢

LanA 5’- GGG CTCTGC TAG TAATCC TGG -3’ 5’-CACACGTAG CTG TGG CATAAAT -3

LanBl1 5’—-CTC GCC GGA GAGATTCTGC-3’ 5’—=TTG TAC GGATCATGC TTG GTC -3’

39



LanB2 5’-GGC CACAGAAAT GTCTGCCA-3 5’-CTG CTCACCACA GGTATTAGT TG -3’

Mesh 5’— AGC CCG ATC AAT ACT CAG GA-3’ 5’— CCATAT ACC AGG CCAGAG GA-3’

Miplel 5= ATC CGT GGA CTGAGT GTGACA-3 5’-TTC TGA ATG GTT CGC GTTTGG -3’

Miple2 5"— ATA CTG GCTTTAACCACG GCT -3’ 5— ACG TAT GCC ATC AGAAAG GCT -3’

Npc2a 5’—GGC GGA GTG CAT CCTCAAG-% 5’-CGT GGACGACTGTCTTCACC -3’

Plod 5"— AAAATC AAA GTG TTCACT GTG GC - |5 - AGG GTG GTTACCTCAATATCGT-3’
3

Pnt 5’— CTA CGA GAA GCT GAGTCG CG -3’ 5’—TAT CGT TTG CCT GCC GTCTT -3’

Puc 5"~ GCCACATCA GAACAT CAAGC -3 5’-=CCGTTT TCC GTG CAT CTT -3’

rp49 5= ATC GGT TAC GGATCGAACAA-3’ 5"~ GACAAT CTCCTTGCG CTTCT -3’

Socs36E 5’— ATG GGT CAT CAC CTTAGCAAGT-3" |5 —-TCCAGG CTG ATC GTC TCTACT -3’

SPARC 5"~ CCA GGC CTCTAG GGAGTTTT-3 5’— CAT CGATGT CGG ACAGGTCG -3’

Ssk 5’-CACTGGATG CCACACCATT-3 5’-TGG TGT CGC ACA GCT CTC -3’

Timp 5"~ GAGTCCTTC GCAAAT CGGATAC -3’ |5 —GCT TCG GAT GTAGCCTTGTAG G -3’

Tsf2 5’—AGC CTC GTTTTT GTG GCT CTA -3’ 5’—TGT GCT CAT CGT AGT GAT GTTG -3’

2.8 Human tissue culture

This work was done in collaboration with the laboratories of Professor Rakesh Heer (Newcastle

University, Imperial College London) and Professor Craig Robson (Newcastle University).

2.8.1 Patient material

All surgical specimens were collected according to local ethical and regulatory guidelines and
included written, informed patient consent (Newcastle REC 2003/11 and Human Tissue

Authority License 12 534, Freeman Hospital, Newcastle upon Tyne, United Kingdom).

2.8.2 Spheroid formation

Induced human pluripotent stem cells (iPSCs), derived from the prostates of patients with
benign prostatic hyperplasia (Hepburn et al., 2020), were washed with PBS, then incubated in
1 mL of dissociation reagent (Accutase Reagent) for 5 minutes at 37°C. The cells were then
detached and suspended by addition of 1 mL of stem cell medium (mTeSR medium) and gentle
pipetting, after which they were transferred into a 15 mL conical tube and centrifuged for 5
minutes at 300g. The supernatant was removed and the cells were resuspended in 1 mL of
mTeSR medium. An apoptosis inhibitor (ROCK inhibitor Y-27632) was added at 30 ug/mL. A
cell count was performed in a haemocytometer using Trypan Blue. The concentration was

adjusted to a density of 1000 cells/well in 100 uL. of mTeSR1 medium with ROCK inhibitor.
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The cells were plated on a round bottom, ultra-low attachment plate and the outer wells were
excluded to avoid any edge-effect. The plate was then centrifuged at 300g at 20°C for 10
minutes, after which it was incubated at 37°C with 5% CO: and 95% humidity.

The medium was changed every day. The day after the plate was set up was counted as day 0
as this is when the treatment started. Half of the wells were kept on the same mTeSR medium
as a control, while the other half were treated with 100 ng/mL Activin A and 1X B27 in RPMI
1640 medium (with 1% Penicillin-Streptomycin and 1% GlutaMAX supplement) to induce

endoderm differentiation.

The same three spheroids per condition were imaged on day 0, 1, 3 and 5 using a VisiCam

microscope camera.

2.8.3 Spheroid RT-gPCR sample collection
Ten spheroids per sample were combined. The GenElute Mammalian Total RNA Miniprep Kit
(Merck, RTN350-1KT) was used for RNA extraction and all optional steps were followed. The

samples were eluted in 20 pL. cDNA synthesis was carried out separately by a technician.

2.8.4 Immunohistochemistry

Day 1
Formalin-fixed, paraffin-embedded slides with endodermal spheroids and with human prostate

tissue were prepared by a technician.

The slides were de-paraffinated by being placed in xylene for 5 minutes, followed by 15 dips
in a second pot of xylene. Then the slides were hydrated by 15 dips each in 100% ethanol,
100% ethanol, 100% ethanol, 95% ethanol, 70% ethanol and 50% ethanol, after which they
were placed in running tap water. Antigen retrieval was carried out in a decloaking chamber at
121°C, after which the slides were once again placed in running tap water. They were then
placed in a 3% H202 solution for 10 minutes to remove endogenous peroxidase activity, after
which the slides were placed in running tap water for 5 minutes and then in Tris-Buffered Saline

(TBS) while the next step was prepared.
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The tissue on the slides was outlined with a hydrophobic marker to contain the reagents on the
slides, after which the outlined area was covered with horse serum for blocking for 20 minutes
and the slides were placed on a tray containing dampened tissues to prevent them from drying
out. After blocking, the slides were washed with running tap water for 5 minutes and then
placed in TBS while the primary antibody mix was prepared. The antibody dilutions (Table 6)
were made up in TBS and pipetted onto the slides. The slides were placed on the slide tray with
the dampened tissues at 4°C overnight. No-primary-control slides had blocking serum pipetted

onto them instead of antibody mix.

Day 2
The slides were washed with TBS for two sets of 5 minutes on a shaker. The anti-rabbit
detection kit was applied and the slides were left on the slide tray for 30 minutes, after which

they were rinsed with running tap water for 10 minutes and then places in TBS.

The tissue was then stained with 3,3’-Diaminobenzidine (DAB, 1 drop of chromogen in 1 mL
diluent) in the fume hood for 5 minutes, after which the excess was poured into sodium

hypochlorite solution and the slides were placed in running tap water for 5 minutes.

The slides were then counterstained. They were placed in Gills II Haematoxylin for 15 seconds
and then rinsed in tap water until the water ran clear. They were then placed in Scott’s tap water

for 30 seconds and then back into running tap water.

The slides were then dehydrated with 15 dips each in 50% ethanol, 70% ethanol, 95% ethanol,
100% ethanol, 100% ethanol, 100% ethanol, xylene, xylene, xylene, and then left in xylene

until mounted in DPX.

The slides were then imaged by a technician, and images were captured using the Aperio

Imagescope software Version 12.4.6.

Table 6: Mammalian experiments reagents

Reagent Dilution Company and Cat number Storage
Spheroid work
Accutase Reagent gibco A1110501 -20°C
mTeSR medium STEMCELL Technologies 85857 Fridge
ROCK inhibitor Y-27632 STEMCELL Technologies 72304 -20°C
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Activin A STEMCELL Technologies 78132.1 |-20°C

B27 gibco 17504044 -20°C
RPMI 1640 medium gibco 61870036 Fridge
GenElute Mammalian Total RNA Miniprep Merck RTN350-1KT Bench top
Kit

Immunohistochemistry work
Rabbit anti-MFi2/MTf 1/50 Abcam AB303514 -20°C
Rabbit anti-Laminin y1 1/200 Abcam AB233389 -20°C
ImmPRESS HRP horse anti-rabbit IgG n/a VectorLabs MP-7401-50ML Fridge
polymer detection kit, peroxidase
DAB substrate kit n/a Abcam AB64238 Fridge

2.9 Statistical analysis

All statistical analysis was done using Graphpad Prism Version 9 and 10. P values of less than
0.05 were considered as significant, while values slightly above 0.05 were highlighted as non-

significant trends where appropriate.

2.9.1 Cell counts

The distribution of the three different replicates, with each replicate containing at least 5 guts,

was looked at to ensure that inter-replicate variation did not affect the significance. All

replicates were grouped together for statistical analysis.

Outliers were identified using the ROUT method (robust regression and outlier removal) with
Q=1% which can identify multiple outliers at once (to prevent masking). If a data point was
identified as an outlier, the other values from that gut were also excluded (i.e., cell counts per
FOV, %GFP* cells, and %pros™ cells). Once outliers were removed, cell counts were tested

for Gaussian distribution using the D’ Agostino & Pearson test.

When comparing two groups, the unpaired t test was used for normally distributed data and the
Mann Whitney test was used for non-normally distributed data. For three or more data sets, the
ordinary one-way ANOVA (with Holm-Sidak’s multiple comparisons test) and the Kruskal-
Wallis test (with Dunn’s multiple comparisons test) were used as parametric and nonparametric

tests, respectively.
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The results were graphed as violin plots that show the range from the minimum to maximum
points, with the median and quartiles marked by lines. Cell count results in-text were given as

the mean + standard error of the mean (SEM).

2.9.2 Lifespans and Smurf assays

Lifespans were set up with a minimum of 300 flies per condition. The flies were marked as
censored if they escaped or died due to reasons unrelated to the treatment, e.g. being trapped

between the stopper and vial, or getting stuck to the food while still alive.

The survival curves were compared using the log-rank (Mantel-Cox) test as this treats deaths
at each timepoint as equally important, unlike the Gehan-Breslow-Wilcoxon test, which gives
more weight to deaths that occur earlier in the lifespan. As it is not known if the genes act
differently throughout the flies’ lifespan, using the Gehan-Breslow-Wilcoxon test would place
more importance on early effects and might mask effects later in life. The graphs show the %

survival, with censored data indicated on the graphs.

The proportions of Smurf flies were compared between control and treated flies for each
timepoint using the chi-square test. The graphs display the proportion of Smurf flies out of the

total population alive at the time.

2.9.3 RT-gPCRs

All RT-qPCRs were run with 5 or 6 separate biological replicates. Each sample was run

multiple times as a technical duplicate or triplicate on the same plate. Technical replicates of
the same sample were compared to identify intra-sample outliers if the spread within a sample
was too wide. Outliers across replicates were identified using the ROUT method. If any
samples were outliers, their corresponding control/treated samples from the same replicate
were also excluded. Housekeeping gene expression between the control and treated samples
were compared to ascertain that they were less than one cycle in difference. The results were
also tested for Gaussian distribution using the D’ Agostino & Pearson test (n>5) or the Shapiro-

Wilk test (n<5).

For each replicate and condition/timepoint, the average gene of interest (GOI) SQ value was

divided by the average housekeeping gene (HKG) SQ to give a GOI/HKG value for each
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replicate. SQ values were calculated by comparison and normalisation to the standard curve.
Statistical significance was calculated by comparing GOI/HKG values for each
timepoint/condition, using the unpaired t test or the ordinary one-way ANOVA (with Holm-
Sidak’s multiple comparisons test) as parametric tests, and the Mann Whitney test or the

Kruskal-Wallis test (with Dunn’s multiple comparisons test) as the nonparametric equivalent.

SQ value analysis was plotted for samples comparing young and old expression. When
comparing knockdown or overexpression experiments, the AACt method was used to calculate
the relative fold change in expression and this value was used for graphs and in-text

descriptions, while SQ analysis was used to calculate the statistical significance of the result.
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Chapter 3: Changes in expression of intestinal stem cell-

secreted protein-encoding genes with age

3.1 Introduction

Intestinal ageing is accompanied by an extensive set of changes, both on the cellular and the
tissue level, as well as in the microbiota. As has been described above in Chapter 1, both in
mammalian and in Drosophila intestinal epithelia there are changes in gene expression,
dysregulation of protein synthesis and DNA damage repair, dysbiosis, and stem cell
hyperproliferation (Lopez-Otin et al., 2013). Drosophila 1SCs also become misregulated with
age (reviewed by Jasper, 2020; Rodriguez-Fernandez et al., 2020), but the role of ISC-derived
signals has not been fully explored. Genes that might be involved in ISC misregulation with
age and in midgut homeostasis are of particular interest. The results described below were an
initial experiment to characterise which genes change with age by looking at midgut gene
expression. The targets that were chosen are part of a list of genes expressed by stem and
progenitor cells (Doupé et al., 2018) and were also looked at in the preliminary RNAi screen,
some of which showed significant changes in midgut homeostasis upon knockdown (Figure

8).

3.1.1 Chapter aim

The aim of this chapter is to identify which of the stem/progenitor-secreted factors change
expression with age in order to prioritise candidate regulators that may impact both normal

homeostasis and ageing.

3.2 Results

Six different replicates of CantonS flies were set up from separate bottles. The midguts of age-
matched, mated CantonS females without gut barrier dysfunction (tested using the Smurf assay
for 24h before dissection) were collected for RNA extraction and cDNA synthesis. Each sample
contained 10 midguts. Flies were dissected on day 10, day 30 (+ 1 day), and day 51 (+ 1 day).

Table 7 and Figure 13 show the results of SQ analysis comparing each timepoint.
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Several genes showed a significant change in expression between the three timepoints:

Laminin A (lanA) showed a significant increase in mRNA expression levels at day 51, with a
70.0% increase in expression between day 10 and day 51, and a 54.8% increase from day 30
to 51 (Figure 13B). Similarly, LanB1 increased by 46.9% from day 10 to day 51, and by 56.1%
from day 30 to day 51 (Figure 13C).

Niemann-Pick type C-2a (npc2a) showed a significant increase of 52.4% between day 10 and
day 51, with smaller, non-significant increases from one timepoint to the following (Figure

13G).

Procollagen lysyl hydroxylase (plod) (Figure 13H) showed a significant decrease from day 10
to day 30 (-24.8%), followed by a significant increase from day 30 to day 51 by 56.1%.

Transferrin 2 (tsf2) showed significantly increased expression at day 51, with a 61.3% increase

from day 10 and a 70.0% increase from day 30 (Figure 13K).

An additional set of genes showed trends in gene expression change that were not significant:

Adenosine deaminase-related growth factor A2 (adgf-A2) showed an increase of over 40%

increase from day 10 to both of the following two timepoints (Figure 13A).

Midkine and pleiotrophin 1 (miplel) showed a non-significant increase of 34.3% between day

10 and day 51 (Figure 13E).

Miple2 had lower expression at day 30 than at day 10 or day 51, but the changes were not
significant (Figure 13F).

The rest of the genes tested showed no clear trend or significant difference between the

timepoints.
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Figure 13: Changes in mRNA expression levels in the Drosophila midgut with age.

Normalised expression levels of Adgf-A2, LanA, LanBl, LanB2, miplel, miple2, Npc2a, Plod, SPARC, Timp and T5f2 in
CantonS midguts on day 10, day 30 (£1) and day 51 (1) compared to housekeeping gene expression, Actin5C (B-H,K),
GAPDH (1J), and rp49 (A). The bars show mean SQ values of gene of interest/housekeeping gene. Statistical analysis was
carried out using the ordinary one-way ANOVA test with Holm-Siddik’s multiple comparisons for normally distributed data
(Adgf-A2, LanA, LanBl, Miplel, Miple2, Npc2a, Plod, Timp, T5f2), while the Kruskal-Wallis test with Dunn’s multiple
comparisons was used for non-normally distributed data (LanB2, SPARC). n=10 midguts/sample, 3-6 replicates. No* = ns,
*<0.05, **p<0.01, ***p<0.001.
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Table 7: Changes in mRNA levels in the Drosophila midgut with age.

Normalised expression levels of the genes listed above, comparing day 10, day 30 (x1), and day 51 (£1) mRNA levels. The p-
values are listed, all significant changes are in bold. The ordinary one-way ANOVA test with Holm-Sidak’s multiple
comparisons was used for normally distributed data (Adgf-A2, LanA, LanB1, Miplel, Miple2, Npc2a, Plod, Timp, Tsf2), while
the Kruskal-Wallis test with Dunn’s multiple comparisons was used for non-normally distributed data (LanB2, SPARC). n>3.

Gene Day 10 to 30 Day 10 to 51 Day 30 to 51
Adgf-A2 +48.1% +40.2% -5.3%
p=0.1305 p=0.1690 p=0.7251
LanA +9.8% +70.0% +54.8%
p=0.4430 p=0.0002 p=0.0005
LanB1 -5.9% +46.9% +56.1%
p=0.6198 p=0.0021 p=0.0012
LanB2 +1.7% +31.4% +29.2%
p>0.9999 p>0.9999 p=0.7737
Miplel +6.8% +34.3% +25.7%
p=0.6337 p=0.0792 p=0.1325
Miple2 -16.7% +11.4% +33.8%
p=0.4122 0.4122 p=0.1693
Npc2a +23.3% +52.4% +23.5%
p=0.0781 p=0.0021 p=0.0645
Plod -24.8% +17.5% +56.1%
p=0.0436 p=0.0936 p=0.0017
SPARC -13.2% -11.6% +1.9%
p=0.5293 p=0.8385 p>0.9999
Timp +12.2% +20.6% +7.5%
p=0.5240 p=0.2621 p=0.5240
Tsf2 -5.1% +61.3% +70.0%
p=0.6117 p=0.0014 p=0.0013

3.3 Discussion

The results show that there are changes in expression with age of some of the genes tested
above. As several genes showed increased expression, while plod decreased in expression at
day 30, these results do not seem to be generic changes, as they were not seen with all genes.
This suggests there are real changes happening at the transcriptional level of the midgut that

are worth studying further.

The genes were part of a set identified by targeted DamID as expressed in ISCs/EBs but not in
ECs (Doupé et al., 2018), however the RT-qPCR results described above are not cell type-

specific. As the samples consisted of dissected midguts, this may include VM or trachea

49



wrapped around the gut which cannot be fully removed during dissection. This could result in
a dilution of any stem/progenitor-specific changes if the genes are expressed in other cell types,
for example a significant downregulation of a gene in stem cells could be masked by high levels
of expression in the VM. The results therefore need to be followed up with more in-depth study,
including at single cell resolution, as has also been done by (Tauc et al., 2021) and others.
Immunofluorescence staining pattern changes with age can also show protein localisation to
specific cell types, as can be seen with Tsf2 in Figure 15. This would be especially interesting
as the results above are looking at changes at the mRNA level, which might not correlate to the

same changes at the protein level (Becker et al., 2018).

It would also be interesting to have a geriatric data set (e.g., day 70) to see if there are further
changes. Not only would this allow comparison with data sets of other expression analysis
papers to show reproducibility, but it may also give a more consistent result for old age, as the
data for day 51 is more variable than at day 10 and day 30, which may reflect differences in

biological age (health) rather than chronological age (age in days).

Another caveat that must be taken into account when interpreting these data is that the flies
were placed on food containing blue dye for 24 hours before dissection. This was required to
exclude any flies displaying the Smurf phenotype, because they are known to have altered gene
expression compared to age-matched, non-Smurf flies (Rera et al., 2012). As mentioned
previously, there may be an effect on lifespan when feeding flies blue food dye, so this must

be taken into account.

Several genes had significant changes in expression with age and their functions and potential

relationship with ageing are described below.

Npc2a is one of a family of eight NPC2-like proteins in the Drosophila genome. It has the
highest similarity to the single human NPC2 protein (X. Huang et al., 2007), mutations of
which cause the Niemann-Pick type C2 disease which presents as an inability to secrete
cholesterol from lysosomes (Naureckiene et al., 2000). Npc2a has a partially redundant role
with Npc2b in controlling intracellular sterol distribution in Drosophila (X. Huang et al., 2007).
Npc2a has also been shown to bind microbial components such as lipopolysaccharide,
peptidoglycan and lipoteichoic acid in vitro, which has also been seen in vertebrates, and has

been implicated in activating the immune deficiency pathway (Shi et al., 2012). Drosophila
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Npc2c is important for ISC maintenance and division in the adult intestine, as well as for
regeneration after Pseudomonas aeruginosa (P.a.) infection (Neophytou et al., 2023). The
study also found that Npc2a knockdown in ISCs and EBs decreases Pa. infection-induced
mitosis, as well as finding decreased Npc2a expression with Npc2c knockdown (Neophytou et
al., 2023). Both Npc2b and Npc2c knockdown show a decrease in EE cell number. This was
described to be due to lower cholesterol availability causing increased Notch signalling, leading
to a shift towards EC differentiation (Obniski et al., 2018). Niemann-Pick type C2 patients
suffer from premature death due to increasingly severe neurological symptoms (Naureckiene
et al., 2000). Similarly, while npc2a mutant flies are viable and fertile, they have a reduced

lifespan (X. Huang et al., 2007).

Plod is the ortholog of human Lysyl hydroxase 3, mutations of which cause a connective tissue
disorder. Plod is expressed in cells that secrete Collagen type IV in Drosophila embryos and
larvae, such as haemocytes and the fat body, and is required for Collagen secretion (Bunt et al.,
2011; H. Ke et al., 2018). As some tissues show increased Collagen expression with age (Blice-

Baum et al., 2019), an increase in Plod expression may be required to facilitate this.

Tsf2 and laminins also showed significant increases in midgut expression between the
timepoints. Additionally, their knockdowns resulted in significant changes to midgut
homeostasis in the RNAi screen (Figure 8), suggesting that they may play important functions
in contributing to midgut homeostasis and loss of homeostasis with age. They were therefore

selected for further study and are the focus of the following three chapters of this thesis.
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Chapter 4: The role of Transferrin 2 in midgut

homeostasis and ageing

4.1 Introduction

One of the genes found to be expressed in Drosophila stem and progenitor cells with targeted
DamlD profiling was Transferrin 2 (Doupé et al., 2018) and it was one of the most significant
hits of the ISC/EB-specific RNAi screen carried out previously in adult midguts (Figure 8). In
addition, RT-qPCR data from the previous chapter suggests that its expression in the gut may
change with age (Figure 13). While its mammalian ortholog Melanotransferrin has been
studied extensively in relation to cancer prognosis, only one study has focused on Transferrin
2 in Drosophila and its requirement in development. Its mechanisms of action, both in

mammals and in the adult fly, have not yet been clearly defined.

4.1.1 Melanotransferrin in mammalian systems

4.1.1.1 Discovery and structure

Human Melanotransferrin (also known as MTf, MELTF, p97, gp95, MFI2, and CD228) was
first discovered as a cell-surface antigen on SK-Mel-28 melanoma cells (Brown et al., 1980;
Dippold et al., 1980; Woodbury et al., 1980). It is a monomeric iron-binding glycoprotein
(Brown, Nishiyama, et al., 1981) with a similar structure to Transferrin and Lactoferrin (Brown
et al., 1982; Rose et al., 1986). It has also been suggested that the structure of MTf may allow
it to bind Zinc (Garratt & Jhoti, 1992), although this has not been shown experimentally
(Richardson, 2000).

Initially thought to have a transmembrane domain, it was shown that MTf is instead anchored
to the cell surface by a glycosyl phosphatidylinositol (GPI) anchor which can be cleaved to
release it (Alemany et al., 1993; Food et al., 1994).

A second, shorter transcript of M7f with only 6 of the total 16 exons has also been found. This
does not contain the GPI anchor sequence and is secreted. It is referred to as soluble MTf

(sMTHY) to distinguish it from membrane-bound MTf (mMTTf or just MTY) (Food et al., 1994).
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4.1.1.2 Expression pattern

At first MTf was thought only to be expressed by melanoma cells, but later studies with more
sensitive assays were able to detect its expression both by other cancers, e.g., breast (Woodbury
etal., 1980), kidney (Brown, Woodbury, et al., 1981; Puzanov, 2022), colon (Dus-Szachniewicz
et al., 2015), gastric (Sawaki et al., 2019), pancreatic (Real et al., 1988), and lung cancer (Lei
et al., 2020), as well as in foetal tissue, such as colon, lung and umbilical cord (Woodbury et
al., 1981) and the small intestine (Alemany et al., 1993; Natali et al., 1987). Some healthy adult
tissue expression has been found, e.g., in the liver (Richardson & Morgan, 2004; Sciot et al.,
1989; Yamada et al., 1999), in sweat glands in the skin (Natali et al., 1987), in the brain
(Rothenberger et al., 1996), in the endometrium (Mao et al., 2023) and chondrocytes and
cartilage (Kawamoto et al., 1998), but this is usually at very low levels and heterogeneous
(Brown, Woodbury, et al., 1981), with different labs disagreeing about expression in the same

tissues.

MTfT orthologs have also been detected in a wide range of other animals, such as chimpanzees,

rhesus monkeys, dogs, rabbits, mice, chicken, and zebrafish (Suryo Rahmanto et al., 2007b).

The similar structure to Transferrin and iron-binding capability of MTf led to the suggestion
that it may have a role in iron homeostasis. While MTf can bind iron and donate it to cells
(Kennard et al., 1995), it is not required for iron homeostasis, as changing iron levels does not
affect MTf levels, and vice versa (Food et al., 2002; Rahmanto & Richardson, 2009;
Richardson, 2000; Sekyere et al., 2006). Several studies have shown that MTf is able to
transport iron across the blood-brain barrier in vitro and in mice (Food et al., 1994; Jefferies et
al., 1996; Karkan et al., 2008; Moroo et al., 2003; Rolland et al., 2009; Rothenberger et al.,
1996; Singh et al., 2021), possibly via the low-density lipoprotein receptor-related protein
which also transports Lactoferrin (Demeule et al., 2002, 2003), although others have disputed
the relevance of this due to low uptake in the brain relative to other tissues (Karkan et al., 2008;

Richardson & Morgan, 2004).

4.1.1.3 Disputed role in Alzheimer’s disease

The research into the relationship between MTf and the brain showed a potential diagnostic
role for MTf in Alzheimer’s disease (AD) patients. It was found that sMTf levels were elevated
in the serum and cerebrospinal fluid of AD patients (Kennard et al., 1996; D. K. Kim et al.,
2001), as were post-mortem MTT antibody staining levels of AD patients compared to normal

post-mortem tissue, with expression also localised to the B-amyloid plaques found in AD in the
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brain (Jefferies et al., 1996; Yamada et al., 1999). In direct contrast, another lab found that
sMTTf was not upregulated in the serum of AD patients and disagreed with previous data

analysis methods (Desrosiers et al., 2003).

4.1.1.4 Disease treatments

Using a vaccine or antibody treatment against human MTf was successfully able to induce an
immune response against MTf in mice and monkeys and was able to reduce tumour growth of
syngeneic melanoma cell transplants and their lung and brain metastases in mice (Estin et al.,
1988, 1989; S. L. Hu et al., 1988; Rolland et al., 2009). MTf has also been found to stimulate
an immune response in cells taken from melanoma patients (R6hn et al., 2005). This suggests
that a treatment or detection method based on MTf may be able to be developed for melanomas.
Creating an MTf-drug conjugate was shown to increase drug delivery to the brain tenfold to
treat glioma growth in the mouse brain (Karkan et al., 2008), while another conjugate showed
a 10-15-fold increase in drug delivery and a 68% reduction in breast cancer metastases and
reduced tumour growth (Gabathuler et al., 2013; Nounou et al., 2016), but this has so far not

been tested on melanomas.

Thom et al determined a peptide chain (called MTfp), taken from the full-length MTT, that is
easier to conjugate to other proteins and was still able to traverse the murine blood brain barrier.
The MTfp-drug conjugate was shown to induce pain relief in a mouse model of neuropathic
pain (Singh et al., 2021; Thom et al., 2018). In addition to making drug conjugates, MTfp has
been used to transport siRNA to mouse brains to relieve the symptoms of ischemic strokes
(Eyford et al., 2021). An antibody against MTT has also been used for trafficking drugs to MTf-

expressing murine tumours (Mazahreh et al., 2023).

4.1.1.5 The effect of mMTTf vs SsMTf on tumorigenesis

MT( was initially discovered as a melanoma marker, with high expression predicting a poor
outcome for patients of multiple cancer types, such as clear cell renal carcinoma and oral
squamous cell carcinoma (Puzanov, 2022; Yen et al., 2023). Once studies looked at the
difference between mMTf and sMTT it was discovered that they likely have opposing effects
on tumour growth. Increasing mMTT expression promotes melanoma and endothelial cell
migration and invasion and was found to cause an increase in plasmin production, which plays
a key role in cell migration and tumour metastasis; treating these cells with antibodies or RNAi
against MTT reduces their migratory capacity as well as plasmin production both in vitro and

in vivo when injected into mice (Bertrand et al., 2007; Demeule et al., 2003). Increased sSMTf
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has the opposite effect, reducing cell migration and plasminogen activation (Demeule et al.,
2003; Michaud-Levesque et al., 2005). mMTf and sMTf also affect the production of new
blood vessels by endothelial cells (angiogenesis), which is important for tumour growth of
melanoma and other cancers. mMTf promotes angiogenesis, while most studies have found
that sSMTT reduces it (Michaud-Levesque et al., 2006; Rolland et al., 2007, 2009), although
some studies contradict this (Lei et al., 2020; Sala et al., 2002).

While almost all studies found that increased MTT expression by mammalian tumours caused
a worse outcome, one study showed the opposite, with higher MTTf expression resulting in
failed tumour growth when melanomas were injected intravenously into mice (Estin et al.,
1989). This implies that the effect of differing MTf expression levels on proliferation can be
context-dependent. However, as it is not always defined which version of MTT is being
described, or sometimes recombinant truncated proteins of an intermediate size are used, this

can possibly result in contradictory outcomes.

4.1.1.6 Potential mechanisms of action

Both MTf knockout and overexpression mice have been generated. No phenotypic changes
were observed in relation to size, behaviour, reproduction, or iron homeostasis, except for a
small decrease in red blood cell number in the overexpression mouse (Dunn et al., 2006;
Rahmanto & Richardson, 2009; Sekyere et al., 2006). Changes in gene expression from the
knockout mouse and from cell line models with altered MTf expression were compared. In the
mouse, MTf knockout resulted in a down- and upregulation of several genes including
transcription factor 4 (Tcf4) (Dunn et al., 2006), and MTf knockdown and overexpression in

melanoma cells showed similar results (Dunn et al., 2006; Suryo Rahmanto et al., 2007a).

Tcf4 mediates Wnt signalling, and another study using SK-Mel-28 melanoma cells found a link
between MTf and N-myc downstream regulated gene 1 (NDRG1), which acts as an epithelial-
to-mesenchymal transition (EMT) and metastasis repressor and is also involved in Wnt
signalling. High MTf expression downregulates NDRG1 expression, which leads to increased
nuclear B-catenin localization and Wnt pathway activation, and vice versa (Paluncic et al.,

2023).

Increased mMTf has also been shown to upregulate the EMT marker N-cadherin in lung cancer
cells. It does this by reducing Kriippel-like factor 4 (K1f4) expression (Lei et al., 2020) as the

transcription factor K1f4 inhibits N-cadherin expression and other prometastatic genes (Tiwari
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et al., 2013). The same MTT study found meanwhile that sMTT also increases several EMT-
related genes in lung cancer cells, e.g., Twist, Snail, N-cadherin, and Vimentin, which are
involved in TGF-B, Wnt, and Notch signalling, and promoted lung cancer cell migration. It did
however have an inhibitory effect on migration and angiogenesis of endothelial cells by
reducing Matrix Metalloproteinase 9 expression, which in turn resulted in decreased
Multimerin-2 (MMRN?2) degradation (Lei et al., 2020). The ECM-protein MMRN?2 has known
angiogenesis-inhibitory functions (Lorenzon et al., 2012). This shows that the ratio of mMTf

to sSMTf is important and they can have opposing, context-dependent functions.

MT{ may have different mechanisms of action in different tissues, as it has also been shown to
affect EGFR signalling. In oral squamous cell carcinoma, MTf and EGF expression have a
positive correlation and MTTf is thought to act via the focal adhesion pathway, as in vitro MTf
knockdown reduces focal adhesion kinase (FAK) phosphorylation, while MTf-induced
proliferation is inhibited by pFAK inhibitor (Yen et al., 2023). FAK is involved in cell migration

and invasion and in cancer metastasis (Mitra et al., 2005).

MTf has been implicated in taking part in differentiation in some tissues (McNagny et al., 1996;
Suardita et al., 2002). A role in the immune system has even been suggested for MTf in the sea

cucumber, where it was found to be induced upon challenge by lipopolysaccharide (Ramirez-

Gomez et al., 2008).

4.1.2 Tsf2 in Drosophila melanogaster

Mammalian MTTf has been associated with a range of cancers, and initial studies looking at
potential mechanisms of action have been published, but its role in homeostasis has not been
defined. In vivo models are required to dissect further how MTTf functions and in what way

changes in expression could lead to the development of cancer.

4.1.2.1 Tsf2 expression

In Drosophila, Transferrin 2 (Tsf2) is the closest ortholog to mammalian MTT. Its role during
development was investigated in the hindgut and the trachea. It was shown that Tsf2 is required
for development, as loss of function mutants are lethal due to elongated, leaky airways. This
can be rescued in 60% of mutant flies by mouse MT7f cDNA expression, which shows
conservation of structure and function between Drosophila Tsf2 and mammalian mMTf

(Tiklova et al., 2010). No soluble form of Tsf2 has been described so far. The phenotypes of

56



changes in expression of MTf in mammals compared to changing Tsf2 in Drosophila are quite

different, however.

During early development (embryonic stage 13) Tsf2 is found at the basolateral sides of
ectodermal epithelia, such as the hindgut and the trachea, where it binds iron. This leads to
endocytosis and transportation to the apicolateral membrane. It interacts with other septate
junction components prior to endocytosis, and together they form septate junctions between
cells, with Tsf2 bound to the cell membrane by a GPI anchor. The junctions have fully formed
by stage 16 in embryos. This does not occur if the iron-binding domains are removed or if the
GPI-anchor is replaced by a transmembrane domain, but an iron-binding, soluble, non-GPI-
anchored form is sufficient and can be taken up by cells that do not normally express Tsf2.
Other septate junction components require Tsf2 expression for correct localisation, and vice

versa (Tiklova et al., 2010).
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Figure 14: Occluding junction structure.

(4) A basic schematic comparing the location of occluding junctions in mammals (green, tight junctions, left), to apical
endoderm-derived smooth septate junctions (SJ) in the Drosophila midgut (red, middle) and more basal pleated septate
Jjunctions in other Drosophila epithelia (vight). This figure was made with Biorender. (B) Coracle staining (red) is shown
surrounding differentiated cells in the Drosophila midgut, while ISCs/EBs are labelled in green. Nuclei are labelled with DAPI
in blue. The brightness and contrast have been enhanced for clarity. Scale bar = 30 um.
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4.1.2.2 The function of septate junctions in the intestine

Septate junctions (SJs) act as occluding junctions in Drosophila and are the equivalent of
mammalian tight junctions. They form a barrier between the lumen and the tissue to prevent
luminal contents including the microbiome from moving in an unregulated manner into the
epithelium. SJs exist either as pleated SJs (pSJs) in ectoderm-derived epithelia (e.g., foregut,
hindgut, trachea), or as smooth SJs (sSJs) in the endoderm-derived midgut as well as in
Malpighian tubules. They differ in their shape (wavy versus straight rows, as implied by their
names) and in their location on the cell membrane. sSJs, like vertebrate tight junctions, are
found apicolaterally close to the apical membrane, whereas pSJs are found more basally in
relation to adherens junctions (Figure 14A; reviewed by Izumi & Furuse, 2014). SJs can exist
either between two adjacent cells as bicellular junctions, or at the meeting point between three

cells as tricellular junctions (Noirot-Timothée & Noirot, 1980).

Multiple SJ components have been identified, including but not limited to those listed in Table
8. There is some overlap in which components are found in pSJs or in sSJs, while some
components are found exclusively in one type of SJ. Furthermore, some SJ members are
required specifically in tricellular junctions. Tricellular junctions contribute to stabilizing
bicellular junctions during development (Esmangart de Bournonville & Le Borgne, 2020), and
loss of the tricellular junction-specific Gli is sufficient to induce barrier dysfunction in the adult

intestine of young flies (Resnik-Docampo et al., 2017).

SJs form in adult midguts as the enteroblast progenitor cells are actively differentiating and
integrating into the epithelium (J. Chen et al., 2018; J. Chen & St Johnston, 2022; C. Xu et al.,
2019). With age, the expression levels of SJ components reduce, leading to a loss of barrier
function which precedes death (Clark et al., 2015; Rera et al., 2012). Manipulating different SJ
protein levels to simulate ageing causes a range of phenotypes including barrier dysfunction,
dysbiosis, shortened lifespan, failed EC differentiation and integration, hyperproliferation, and
hypertrophy via both cell-autonomous and non-cell-autonomous effects. Proliferation and
signalling are seen before loss of barrier function occurs in SJ knockdowns, as is seen in old
age. In reverse, overexpressing SJ components can extend lifespan (Izumi et al., 2019; Resnik-

Docampo et al., 2017; Salazar et al., 2018).

In conclusion, a fully functioning gut barrier is integral to maintaining homeostatic

proliferation and differentiation rates. If changing Tsf2 expression levels is affecting SJ
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assembly in the midgut, this could therefore indirectly affect ISCs/EBs by inducing signalling
pathways and could explain the phenotypes seen in the initial RNAi screen (Figure 8).

Table 8: Non-exhaustive list of septate junction components

Name Gene Reference

Anakonda/Bark beetle | Aka/Bark | (Byri et al., 2015; Hildebrandt et al., 2015)
Ankyrin Ank (Baumann, 2001)

Big Bang Bbg (Bonnay et al., 2013)

Boudin Bou (Hijazi et al., 2009)

Coiled Cold (Nilton et al., 2010)

Contactin Cont (Faivre-Sarrailh et al., 2004)

Coracle Cora (Fehon et al., 1994)

Crimpled Crim (Nilton et al., 2010)

Crooked Crok (Nilton et al., 2010)

Discs large Dig (Woods & Bryant, 1991)

Fasciclin III Faslll (Snow et al., 1989)

Gliotactin Gli (Auld et al., 1995; Genova & Fehon, 2003; Schulte et al., 2003)
Hoka Hoka (Izumi et al., 2020)

Kune-kune Kune (Nelson et al., 2010)

Lachesin Lac (Llimargas et al., 2004)

Lethal giant larvae Lgl (Strand et al., 1994)

M6 M6 (Zappia et al., 2011)

Macroglobulin Mecr (Bitz et al., 2014)

complement-related
Megatrachea/Pickel Mega/Pck | (Behr et al., 2003)

Mesh Mesh (Izumi et al., 2012)

Na+/K+-ATPase o ATPa (Genova & Fehon, 2003; Paul et al., 2003)
Nervana 2 Nrv2 (Genova & Fehon, 2003; Paul et al., 2003)
Neurexin IV NrxlV (Baumgartner et al., 1996)

Neuroglian Nrg (Genova & Fehon, 2003)

Pasiflora 1 Pasil (Deligiannaki et al., 2015)

Pasiflora 2 Pasi2 (Deligiannaki et al., 2015)

Sinuous Sinu (Wu et al., 2004)

Snakeskin Ssk (Yanagihashi et al., 2012)

Scribble Scrib (Bilder et al., 2000)

a-spectrin o-spec (Baumann, 2001)

[B-spectrin S-spec (Baumann, 2001)

Tetraspanin 2A Tsp2A4 (Izumi et al., 2016)

Transferrin 2/ Tsf2/MTf | (Tiklova et al., 2010)

Melanotransferrin

Undicht Udt (Petri et al., 2019)

Varicose Vari (Wu et al., 2007)

Wunen Wun (Ile et al., 2012)

Wiirmchen 1 Wrml (Konigsmann et al., 2020)

Yurt Yrt (Laprise et al., 2006)

4.1.2.3 Signalling pathways and non-occluding functions affected by SJ
components

Along with their function of maintaining the gut barrier, several SJ proteins have been
implicated in affecting specific signalling pathways involved in stem cell regulation in a variety

of ways. As SJs exist between differentiated cells, component expression is very low in EBs,
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increasing as they go through the process of differentiation. RNAi1 against SJ components
Tsp2A, Mesh, Ssk, or Cora driven by the ISC/EB-specific driver esg”GFP however results in
an increase in proliferation as well as accumulation of pre-ECs that cannot fully differentiate
(C. Xu et al., 2019). Furthermore, it was shown that as well as contributing to SJs, Tsp2A is
actively endocytosed and in the process interacts with either aPKC or its cofactor Rack1, which
are involved in the Hippo pathway, and then the complex is degraded. Upon tsp2A4-RNAi
expression in either EBs or ECs, this leads to build-up of aPKC in the cells, allowing it to
inhibit Hippo signalling. This causes build-up of Yki, which in turn induces the proliferative
JAK/STAT pathway in ISCs/EBs. This phenotype is enhanced during regeneration. Tsp2A

overexpression however slightly reduces damage-induced proliferation (C. Xu et al., 2019).

Similarly, knockdown of Hoka in adult midgut ECs increases aPKC expression, which leads to
increased Ras/MAPK and JAK/STAT signalling and overproliferation. As Hoka, Tsp2A, Mesh,
and Ssk form a complex and require each other’s correct expression for proper SJ formation,
knockdown of one of the components affects the localization of other (Izumi et al., 2021).
Indeed, knockdown of Tsp2A, Ssk, or Mesh in EBs or ECs has also been shown to increase
overproliferation of the midgut via the Hippo, Rass/MAPK, and JAK/STAT pathways (H.-J.
Chen et al., 2020; Izumi et al., 2019; Salazar et al., 2018).

Knockdown of Gli induces many ISC proliferation-regulating pathways, such as INK, EGFR,
Hippo, JAK/STAT, and Wg signalling, as well as causing misdifferentiation (Resnik-Docampo
et al., 2017). Ssk- or mesh-RNAi for up to three days does not seem to induce JNK signalling
(H.-J. Chen et al., 2020). This may either be due to different roles for different SJ components,

or because Gli knockdown was over a longer period (9 days).

Several SJ proteins have also been implicated in maintaining apical-basal cell polarity in
epithelia. In ectoderm-derived tissues, where pSJs lie below Als, lateral localization of Scrib,
Dlg, and Lgl are required for cell polarity, as well as the apical Crumbs, Stardust, and the PAR
complex including aPKC (Assémat et al., 2008). Loss of Scrib, DIg, or Lgl allows the spread

of apical markers into the basolateral region, causing a loss of polarity (Bilder et al., 2003).

The role of these polarity factors has been disputed in the endoderm-derived midgut epithelium.
While one study found that the PAR proteins are required in ISCs for asymmetric cell division
(Goulas et al., 2012), others have instead suggested that they are dispensable, with polarity

relying on integrin adhesion and tricellular junctions (J. Chen et al., 2018; Izumi et al., 2019;
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Yanagihashi et al., 2012), although another study seems to dispute this (Izumi et al., 2016). Due
to loss of tissue integrity as cells cannot form the barrier without SJs, it is difficult to pick apart
effects on polarity compared to loss of homeostasis and pseudo-stratification with

overproliferation.

The response to SJ knockdown is context-dependent and varies in different types of cells. Cora
and Neurexin IV are required in blood progenitor cells to induce Hippo signalling, as they are
thought to help recruit Merlin, a component of the Hippo pathway, to the cell membrane in the
larval lymph gland. Loss of Cora causes Yki-activated expression of Serrate, a ligand for the
Notch receptor, and this induces increased differentiation of the blood progenitor cells rather
than increasing proliferation as was seen upon loss of SJ components in other cells (Khadilkar

& Tanentzapf, 2019).

Neuroglian (Nrg) acts as a SJ protein in pSJs in the adult hindgut, but shows a different
expression pattern in the midgut, where it is localized around esg”™ ISCs/EBs but not around
ECs (Baumann, 2001; Resnik-Docampo et al., 2021). This has also been confirmed by single
cell RNA sequencing (scRNA-seq) of midgut cell types (Hung et al., 2020). Analysis of
homeostasis and age-related increases in proliferation show that although Nrg is not required
for ISC maintenance, its expression in EBs is required and sufficient to induce non-cell-
autonomous ISC proliferation via the EGFR pathway, either directly or indirectly, and reducing

expression in older flies reduces overproliferation (Resnik-Docampo et al., 2021).

4.1.3 Chapter aims

This chapter aims to characterise the expression pattern of Tsf2 and establish whether it has the
same function in the adult midgut as has been observed in the developing hindgut. This includes
looking at the expression of other SJ components in response to changes in Tsf2 expression, as
well as determining whether Tsf2 expression changes affect lifespan and gut barrier function.
Further, the role of several signalling pathways in Tsf2-dependent loss of homeostasis will be

investigated.
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4.2 Results

4.2.1 Tsf2 expression in the midgut

An antibody raised against Drosophila Tsf2 (Tiklova et al., 2010) was used to identify its
localisation in the posterior midgut. CantonS flies were crossed to esgsfGFP, and half of the
progeny were dissected on day 7 to act as young homeostatic samples. The midguts were
stained for GFP and Tsf2 and z stack images were taken of the posterior midgut. The rest of the

progeny were aged at 25°C and dissected at 28 days old, representing an ageing population.

The day 7 samples showed Tsf2 localising around the stem and progenitor cells, as well as
around a few other small cells which may be EE cells (Figure 15). This distinct localisation of
Tsf2 is lost in the older samples, with only background levels visible, comparable to areas of
the young midgut that didn’t contain ISCs/EBs (Figure 15). Three independent replicates were

set up and all showed the same results.

The Abcam antibody for human MTf (ab303514) was also tested on Drosophila midguts but

no staining was visible (data not shown).
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Figure 15: Expression of Tsf2 in young and old posterior midguts.

Representative maximum intensity-projected confocal z stack images with brightness and contrast enhanced for clarity. The
images show the posterior midgut of 7-day old and 28-day old CantonS x esgsfGFP flies. Grey-scale images show nuclei
(DAPI), ISCs/EBs (esgsfGFP), and Tsf2. Merged images show nuclei (blue), ISCs/EBs (green), and Tsf2 (red). Representative
of n=19 across 3 replicates (young), n=12 across 2 replicates (old). Scale bars = 30 pm.
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4.2.2 Tsf2 knockdown and overexpression in stem and progenitor cells show

opposing effects on midgut homeostasis

The initial RNAi screen only used one RNAI line against Tsf2 (Figure 8), leaving open the
possibility of off-target effects. In order to rule this out, ISC/EB-specific esg” GFP crosses were
set up with three different #sf2-RNAi lines to confirm the phenotype: BL65903 (named
T5f2 RNAi 1), v330006 (75f2 _RNAi 2) and v5236 (I5f2_RNAi_3). These were compared to
the control luciferase-RNAi BL31603 (Figure 16). 752 RNAi [ was set up in a separate set of
crosses from 75f2 RNAi 2 and T3f2 RNAi 3, indicated by the line separating the knockdown
lines in the figures below. Tsf2 knockdown was induced for 7 days at 29°C after ageing the
progeny for a week at 18°C. The cell number per field of view (FOV) (Figure 17A), the
proportion of stem/progenitor cells in the same FOV (Figure 17B), as well as the proportion
of EE cells (Figure 17C) were counted.

Tsf2 RNAi 1 showed a non-statistically significant change in the number of cells per FOV
from 343 + 13 cells (mean + SEM) to 367 + 14, whereas 7sf2 RNAi 2 had a significant increase
from 306 + 14 cells to 375 + 17 cells, and 75f2 RNAi 3 had a significant decrease to 213 + 11
(Figure 17A). The proportion of ISCs/EBs significantly increased for 73f2 RNAi I from
34.5% + 1.4 to 39.3% + 1.3. 752 RNAi 2 showed no significant difference in % ISCs/EBs
with a change from 30.6% + 0.9 to 32.4% + 1.2, while 752 RNAi 3 showed a significant
decrease to 23.4% =+ 1.9 (Figure 17B). The proportion of EE cells increased significantly with
152 RNAi 1 from 9.5% + 0.5 to 12.6% = 0.5, whereas the other two lines showed no
significant difference, with 75f2 RNAi 2 having 7.5% + 0.5 and 752 _RNAi 3 having 6.1% +
0.5 compared to a control of 5.9% + 0.4 (Figure 17C).
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Figure 16: The effect of 7 days of Tsf2 knockdown on cell number and the proportion of stem/progenitor cells and EE cells.

Representative maximum intensity-projected confocal z stack images with brightness and contrast enhanced for clarity of
control BL31603 (A,C) and Tsf2 knockdown (B,D,E) lines. C-E were run in a separate set of experiments from A and B. Grey-
scale images show cells per field of view (DAPI), ISCs/EBs (esg>GFP), and EE cells (pros™). Merged images show nuclei
(blue), ISCs/EBs (green), and EE cells (red). Quantified in the figure below, representative of n>17. Scale bars = 30 um.

66



A Changes in cell number B

Fdok
Changes in % ISCs/EBs
sedkk
600 =~ 60 %* %*
- o
i ‘ L 50 | | | g
2 g
O 400+ @ 40 %
S ] 83 \
3 200+ & 20
8 200 . X ‘,-'3
: @10
] N
0 T T T T T =0 T T T T T
Control RNAI_1 Control RNAi_2 RNAi_3 Control RNAi_1 Control RNAi_2 RNAi_3
Tsf2 RNAi lines Tsf2 RNAi lines
C Changes in % EE cells
20 ook

I_I

v,

19660

T T
Control RNAi_1 Control RNAl 2 RNAl
Tsf2 RNAi lines

15

% pros+ cells per FOV
>

Figure 17: Quantification of the effect of 7 days of Tsf2 knockdown on cell number and the proportion of stem/progenitor
cells and EE cells.

T3f2 was knocked down for 7 days in adult ISCs/EBs using esg®GFP. Changes in cell number per field of view (4), the
proportion of stem/progenitor cells (B), and the proportion of EE cells (C) have been quantified. Tsf2 RNAi 2 and 3 were run
separately with their own control, denoted by the vertical line separating them. The plotted lines represent the median and
quartiles. Panel A was calculated using an unpaired t test (Tsf2_RNAi_1) and an ordinary one-way ANOVA with Holm-Stddk’s
multiple comparisons (15f2_RNAi_2 and 3). Panel B was calculated using a Mann-Whitney test and a Kruskal-Wallis test with

Dunn’s multiple comparisons test. Panel C was calculated using an unpaired t test and a Kruskal-Wallis test with Dunn’s
multiple comparisons test. n>17 guts from 3 separate replicates. No* = ns, *p<0.05, **p,0.01, ****p<0.0001.

To complement the knockdown approach, Tsf2-GFP (Tiklova et al., 2010) was also
overexpressed and compared to a control of UAS-lacZ expression (Figure 18). The number of
cells per FOV did not change significantly (296.6 cells + 24.7 to 293.1 + 23.6) (Figure 19A),
whereas the %ISCs/EBs significantly decreased from 39.3% + 1.8 to 31.7% =+ 0.9 (Figure
19B). The control %EE was 8.3% + 1.0 which changed non-significantly to 7.3% + 0.6 (Figure
19C).
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Figure 18: The effect of 7 days of Tsf2 overexpression on cell number and the proportion of stem/progenitor cells and EE
cells.

Representative maximum intensity-projected confocal z stack images with brightness and contrast enhanced for clarity of
control UAS-lacZ (A) and Tsf2-GFP overexpression (B) lines. Grey-scale images show cells per field of view (DAPI), ISCs/EBs
(esg>GFP), and EE cells (pros*). Merged images show nuclei (blue), ISCs/EBs (green), and EE cells (red). Quantified in the
figure below, representative of n>16. Scale bars = 30 pm.
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Figure 19: Quantification of the effect of 7 days of Tsf2 overexpression on cell number and the proportion of
stem/progenitor cells and EE cells.

UAS-T15f2-GFP was overexpressed for 7 days in adult ISCs/EBs using esg*GFP. Changes in cell number per field of view (4),
the proportion of stem/progenitor cells (B), and the proportion of EE cells (C) have been quantified. The plotted lines represent
the median and quartiles. An unpaired t test was used for all statistical analysis. n>16 guts from 3 separate replicates. No* =
ns, * ¥**p<0.001.

Using the temperature-inducible GAL4/UAS system requires the use of a control that may be
genetically dissimilar to the knockdown or overexpression line. To overcome this problem,
knockdown and overexpression experiments were also carried out using 752 RNAi I and
UAS-T5f2-GFP driven by the stem/progenitor-specific GeneSwitch driver 5967195, As described

previously, the GeneSwitch system allows the use of genetically matched flies for control and
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treated samples to overcome the problem of different genetic backgrounds. The progeny were
aged for 7 days at 25°C and then treated with RUO or RU50 for 7 days. Changes in cell number
per FOV showed the same trends as with esg”GFP: The knockdown control had 388 + 30 cells
(mean = SEM) and the treated knockdown had 393 + 23 cells. The overexpression had 311 +
16 cells while its control had 356 + 21 cells. The %EE cells in the knockdown flies increased
significantly from 3.5% =+ 0.5 to 9.2% = 0.8, while the overexpression decreased significantly
from 4.8% = 0.6 to 2.8% = 0.4 (Figure 20).

Due to the lack of a functioning Tsf2 primer or a sufficient amount of Tsf2 antibody to test
knockdown efficiencies of the three RNAi lines, 752 RNAi I was used for subsequent

experiments as it showed results that went in the opposite direction to the overexpression line.
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Figure 20: Quantification of the effect of 7 days of Tsf2 knockdown and overexpression using the GeneSwitch system on
cell number and the proportion of EE cells.

T5f2 was knocked down or overexpressed using the 596195 driver. Changes in cell number per field of view (4,C) and the
proportion of EE cells (B,D) after Tsf2 knockdown (A,B) and overexpression (C,D) have been quantified. Tsf2 RNAi 1 was
used as the knockdown line. The plotted lines represent the median and quartiles. The unpaired t test was used as all data were
normally distributed. n>19 guts from 3 replicates. No* = ns, **p<0.01, ****p<0.0001.
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4.2.3 The effect of changing Tsf2 expression on other septate junction proteins

In order to assess potential effects of changes in Tsf2 expression by stem/progenitor cells, the
59615 driver was used to knock down and overexpress Tsf2. After ageing the progeny for 7
days and then treating them with RUO vs RU50 for a further 7 days, midguts were dissected
for RNA extraction and cDNA synthesis. The expression levels of other septate junction
proteins were tested using RT-qPCR, however no statistically significant difference was seen
in Snakeskin or Mesh expression, neither with Tsf2 knockdown (Figure 21A) nor with
overexpression (Figure 21B). AACt analysis was used to show fold change in expression

relative to the housekeeping gene GAPDH, with 1.0 showing no change.

5961¢S > Tsf2_ RNAi_1 5961¢S > UAS Tsf2-GFP

N
o
|
N
o
|

-
(3]
1
-
(3]
1

.
.

ot
(]
1

Relative expression
o -
o =}
]
.
Relative expression
=9
=)
-

e
o
e
)

I I 1 1
Snakeskin Mesh Snakeskin Mesh

Figure 21: Changing Tsf2 expression does not affect other septate junction components.
T312 knockdown (4) or overexpression (B) in stem/progenitor cells using 59615 for 7 days does not affect the expression levels
of other essential SJ components Snakeskin and Mesh in the midgut. Tsf2 RNAi 1 was used for knockdown. The bars show

mean AACt values relative to GAPDH, the dotted lines represent 1 (no change in expression). Differences in SQ values were
tested using the unpaired t test and the Mann-Whitney test. n=10 midguts/sample, 6 (A) and 5 (B) replicates. N* = ns.

Antibody staining was used to see if there was any difference in the localisation of the SJ
component Coracle when Tsf2 expression levels were changed. The staining was not consistent
enough throughout the images for statistical analysis, even when using varying Triton X-100
concentrations and incubation times of staining protocols. Examples of the range of staining
are given below (Figure 22). While no quantitative analysis was carried out, there was no
obvious difference seen in the images. An example of consistent Cora staining (with colour

contrast and brightness enhanced for clarity) is shown in Figure 14B.
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Figure 22: Variable Coracle staining upon Tsf2 overexpression.

A figure to show that Coracle staining is very variable between different images and within the same gut, making quantification
difficult. The brightness and contrast have not been altered in these images.

4.2 .4 Tsf2 expression change does not affect lifespan or gut barrier function

Knocking down SJ components such as Mesh or Ssk in the midgut causes a strong decrease in
lifespan due to a loss of barrier function (Izumi et al., 2019). As Tsf2 expression changes with
age (Figure 13, Figure 15), lifespan and barrier function experiments were therefore carried
out with Tsf2. Age-matched, mated 5961°5>Tsf2 RNAi 1 or UAS-T5f2-GFP females were
raised on normal cornmeal food for a week and were randomly split into vials of 30 flies each,

with 10 vials per condition. From day 7 (+ 1 day) onwards, the flies were switched to treated



food (RUO vs RU50). The deaths in each vial were recorded with every flip onto fresh food (2
- 3 days).

Four replicates of Tsf2 knockdown were carried out, set up independently at different times
from different bottles. The log-rank (Mantel-Cox) test was used to analyse differences in
survival. The first lifespan showed a significant increase with Tsf2 knockdown, with median
survival days of 67 for the control and 71 for the knockdown (Figure 23A). However, three

subsequent replicates showed no significant difference (Figure 23B-D).

Despite the lack of impact on Coracle, Ssk, and Mesh expression upon Tsf2 knockdown in
adult midguts described in this thesis, a strong dependency on Tsf2 is known to exist for
junction formation in development (Tiklové et al., 2010). The effect of Tsf2 on barrier function
was therefore assessed throughout adult life. Two separate lifespans were set up to test the
barrier function of the gut with the Smurf assay. The flies were fed blue food once every 10
days for 24 hours. There was no significant difference in the proportion of Smurf flies at any
time point for either replicate (n=300/condition/replicate, chi-square test). The Smurf lifespan

set up concurrently with lifespan replicate 3 is shown as an example below (Figure 23G).

Two replicates of overexpression lifespans were set up in the same way. The first replicate had
median survivals of 62 days (control) and 65 days (overexpression), with no difference in
lifespan (Figure 23E), while the second lifespan was also non-significant with median survival
of 69 days for both conditions (Figure 23F). Separate lifespans for Smurf assays were also set
up with both lifespans, showing no significant differences apart from a decrease in the
proportion of Smurf flies in the RU50 cohort on day 20 of replicate 2, with 3.15% in the treated
cohort vs 7.97% in the controls (chi-square test). Replicate 1 is shown as an example (Figure

23H).

Along with the lifespans and Smurf lifespans, separate sample vials were collected from the
same knockdown crosses to look for changes in the number of proliferating cells with age.
Flies were dissected and stained for phospho-histone H3 (pH3), and the total number of mitotic
cells was counted along the gut at day 10, day 39, and day 64. While the flies showed the
expected hyperproliferation that has been described in old flies upon loss of homeostasis
(Figure 24C; Choi et al., 2008), no difference was seen between the control and the knockdown

flies at matching timepoints (Figure 24D).
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A 7-day Tsf2 knockdown after ageing mated females for 7 days was also carried out using
152 RNAi 2 and T3f2 RNAi 3 in order to look at proliferation rates. While 73/2 RNAi 3
showed no significant change (Figure 24B), 75/2 RNAi 2 showed a small but statistically

significant increase in pH3 number in the gut (Figure 24A).

Overall, there were no reproducible changes in lifespan, gut barrier dysfunction, or cell

proliferation when Tsf2 expression is either increased or decreased.
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Figure 23: The effect of Tsf2 knockdown and overexpression on lifespan and gut barrier function.

Lifespan graphs of Tsf2 knockdown with Tsf2 RNAi 1 (A-D) and overexpression (E,F) using the driver 596195. Smurf
proportions of a representative Tsf2_RNAi_1 lifespan (G) and overexpression lifespan (H) taken at 10-day intervals, comparing
control (KD-) and knockdown (KD+) flies. BD denotes barrier dysfunction. All Smurf proportions were not significant (chi-
square test). Lifespans were tested with log-rank (Mantel-Cox) test, p values are indicated on each plot. n=300 flies/condition.
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Figure 24: The effect of Tsf2 knockdown on mitosis in the midgut.

The effect of Tsf2 RNAi 2 (A) and Tsf2_RNAi 3 (B) on midgut mitotic cell numbers after 7 days of knockdown. (C) Mitotic
cell numbers increase with age in control flies. (D) Tsf2 knockdown throughout adult lifespan does not affect mitosis. Panels
A and B were calculated with a Mann-Whitney test, panels C and D were calculated with a Kruskal-Wallis test with Dunn’s
multiple comparisons. n>52 from 3 replicates (A), n>19 from 2 replicates (B), n>42 from 3 replicates (C), n>38 from 3
replicates (D). No* = ns, *p<0.05, ***p<0.001, ****p<0.0001.

4.2.5 The effect of changing Tsf2 expression on signalling pathways

In order to understand how the changes in Tsf2 expression described above affect gut
homeostasis, some of the main signalling pathways that are involved in proliferation and
differentiation were looked at in the context of Tsf2 knockdown and overexpression to look for

downstream activation.

4.2.5.1 Notch pathway
The above results show that upon Tsf2 knockdown with 75f2 RNAi 1, there is an increase in

the proportion of ISCs/EBs (Figure 17B) and an increase in %EE cells (Figure 17C, Figure
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20B), while Tsf2 overexpression results in a decrease in ISCs/EBs (Figure 19B) and a decrease
in EEs (Figure 20D). Tsf2 expression changes in Drosophila mimic the Drosophila notch
phenotype: Notch knockdown results in an increase in progenitor cells and EE cell fate
specification, whereas overexpression results in precocious EC differentiation and loss of
proliferation (Micchelli & Perrimon, 2006; Ohlstein & Spradling, 2006). Furthermore, as with
Tsf2/MTHT, the notch phenotype is inverse in the mammalian intestine: mammalian ISCs require
Notch expression to maintain their stemness and to proliferate (Sancho et al., 2015), while MTf
is a potential oncogene in mammals (Brown et al., 1980; Dippold et al., 1980; Woodbury et al.,
1980).

Using antibodies against the Notch intracellular domain (NICD), the extracellular domain
(NECD), and the ligand Delta in 596195>T5f2 RNAi I or UAS-Tsf2-GFP midguts was not

successful (data not shown).

The Notch reporter Su(H)GBE-GFPnls was combined with two different GeneSwitch drivers
(5961%5 and TIGS) to allow manipulation of Tsf2 with a Notch signalling readout. The progeny
were aged for 7 days, then split in half and treated with RUO or RU50 for 7 days. During
dissection and staining the guts were kept in the dark in order to protect the endogenous GFP
levels, with no antibody staining used. The guts were not imageable due to excessive damage
across all three replicates set up with each fly line (data not shown). This was possibly due to
external factors, such as bacterial contamination in the experimental vials affecting gut
homeostasis in a manner unrelated to Tsf2 expression changes. A repeat of the experiments was

not possible in the time frame.

A further new transgenic fly line was made by recombining 596195, UAS-GFP with Su(H)GBE-
lacZ. The guts were stained for P-galactosidase. Quantification of these images was not
included due to time constraints not allowing a proper analysis and further examination of what

any changes in lacZ levels may imply. Images showing the wide range of staining observed for

Su(H)GBE-lacZ in 59615>UAS-Tsf2-GFP samples are below (Figure 25).
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Control UAS Tsf2-GFP

Figure 25: The effect of Tsf2 overexpression on Notch signalling.
The effect of Tsf2 overexpression in stem/progenitor cells using 596195 for 7 days on Su(H)GBE-lacZ expression in the

posterior midgut. Only nuclei (DAPI, blue) and Su(H)GBE-lacZ (red) are shown. The example images are representative of a
range of expression observed. N>39 from 3 replicates. Scale bars = 30 um.
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RT-qPCR was used to look at the expression of several Enhancer of split (E(spl)) genes, which
are directly downstream of Notch signalling (reviewed by Delidakis et al., 2014). Changes in
E(spl) gene expression may indicate that Notch signalling could be affected by Tsf2. When
Tst2 was overexpressed, there was no significant change in E(sp/)mp-HLH or E(spl)m3-HLH
(Figure 26B). Tsf2 knockdown showed no effect on E(sp/)mp-HLH expression but a small,
significant decrease in E(sp/)m3-HLH expression by 11.5% (Figure 26A). Two further E(spl)
gene primers (E(spl)m5-HLH and E(spl)m8-HLH) were tested, but they had to be excluded due

to primer dimer formation (data not shown).
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Figure 26: The effect of Tsf2 knockdown and overexpression on Notch signalling targets.
The effect of Tsf2 knockdown (A) and overexpression (B) in stem/progenitor cells using 59615 for 7 days on E(spl)m3-HLH
and E(spl)mp-HLH in the midgut. Tsf2 RNAi 1 was used for knockdown. The bars show mean AACt values relative to Actin5C

or GAPDH, the dotted lines represent 1 (no change in expression). Differences in SQ values were tested using the unpaired t
test and the Mann-Whitney test. n=10 midguts/sample, 6 (A) and 5 (B) replicates. No* = ns, *p<0.05.

4.2.5.2 Other signalling pathways

In order to broaden the assessment of possible downstream effects of Tsf2 on stem/progenitor
signalling, other signalling pathway components were also looked at. 59615>Tsf2 RNAi 1
knockdown guts were dissected and IF was used to stain for antibodies against phospho-Smad3
(pSmad3) and diphospho-ERK (dpERK). 59615>UAS-Tsf2-GFP overexpression guts were
stained for dpERK and phospho-JNK (pJNK). Smad3 is the mammalian ortholog of
Drosophila Mothers against Dpp (Mad), which is involved in the BMP pathway (Figure 5).
The antibody detects Smads as well as Mad (H. Li et al., 2013). dpERK is a kinase in the
Ras/MAPK pathway (Figure 7; Y. Guo et al., 2020). JNK is a kinase in the stress-activated
JNK pathway (Figure 6; Biteau et al., 2011).
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As these pathway components are activated by phosphorylation, the guts were kept in 1X
PhosSTOP phosphatase inhibitor after being dissected and throughout the staining process up
until the removal of the overnight primary antibody, as phosphorylation and dephosphorylation
can occur within a very short time span. This was done according to the recommended protocol

on the antibody suppliers’ websites.

The staining in these images was inconclusive as only a small number of guts of one replicate
for each antibody was imaged, so no concrete conclusions can be drawn from these results.
dpERK staining in Tsf2 overexpression guts did not show any stain at all, this may be due to
failed staining (data not shown). pSmad3 and dpERK staining on 75f2 RNAi 1 guts showed
no significant differences between control and knockdown samples (Figure 27A,B), while Tsf2
overexpression showed a small, significant decrease in JNK phosphorylation of 32% (Figure

270).
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Figure 27: The effect of Tsf2 knockdown and overexpression on signalling pathways.

The effect of Tsf2_RNAi_I knockdown (4,B) and overexpression (C) in stem/progenitor cells using 596195 for 7 days on
signalling pathway components in the midgut. Mean fluorescence intensity analysis was calculated with the unpaired t test,
n>3 from 1 replicate. No* = ns, *p<0.05.

RT-qPCR analysis was used to look at expression changes of signalling pathway components.
Socs36E is a negative regulator of the JAK/STAT pathway in Drosophila (Stec et al., 2013).

Puckered (Puc) is a negative feedback regulator of the JNK pathway (Figure 6; Martin-Blanco
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et al., 1998). Daughters against Dpp (Dad) is an inhibitory member of the BMP pathway that
creates a negative feedback loop (Figure 5; Inoue et al., 1998). Pointed (Pnt) is a transcriptional
activator downstream of the Ras/MAPK pathway (Figure 7; Klambt, 1993). No significant
changes were seen upon Tsf2 overexpression for either dad or pnt (Figure 28B). Tsf2
knockdown showed no significant effect on socs36E. It showed a slight statistically significant
decrease of 13% in puc expression, but it is not clear if this is also biologically significant

(Figure 28A).
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Figure 28: The effect of Tsf2 knockdown and overexpression on signalling pathway component expression.

The effect of Tsf2 knockdown (A) and overexpression (B) in stem/progenitor cells using 59615 for 7 days on signalling pathway
components in the midgut, relative to rp49 (A) and GAPDH (B). Tsf2_RNAi 1 was used for knockdown. The bars show mean
AACt values, the dotted lines represent 1 (no change in expression). Differences in SQ values were tested using the unpaired t
test and the Mann-Whitney test. n=10 midguts/sample, 6 (A) and 5 (B) replicates. No* = ns, *p<0.05.

4.3 Discussion

This chapter has investigated the expression pattern of Tsf2 in the Drosophila midgut and what
effect knocking down or overexpressing Tsf2 has on homeostasis. It was found that knockdown
and overexpression have opposing, significant effects on the proportion of stem and progenitor
cells in the posterior midgut, but there was no reproducible effect on lifespan or gut barrier
function. This suggests that, unlike in the hindgut, Tsf2 does not act as an essential septate
junction protein in the midgut. The signalling pathways involved in inducing loss of

homeostasis upon manipulating Tsf2 expression levels have not yet been identified.
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4.3.1 Tsf2 expression and localisation throughout lifespan in the midgut

Septate junctions are formed as Drosophila intestinal progenitor cells are differentiating into
ECs and EEs, they connect differentiated cells to one another to form the paracellular gut
barrier. This has been shown when looking at other SJ components, which are found at the
junctions between differentiated cells (Figure 14; J. Chen & St Johnston, 2022). While Tsf2
acts as a SJ protein in pSJs (Tiklova et al., 2010), it has not been found in sSJs so far and indeed
is not localised in the same honeycomb pattern surrounding ECs and EE cells (Figure 15). It
is found instead surrounding the stem and progenitor cells, which is consistent with the original
targeted DamlID data that led to this study (Doupé et al., 2018) and RNA-seq data showing zsf2
expression in ISCs (Tauc et al., 2021). This suggests it may have a function in the midgut that
is unrelated to SJs. In a similar manner, Nrg is also part of pSJs but is found surrounding

ISCs/EBs in the midgut, where it carries out non-occluding functions (Resnik-Docampo et al.,

2021).

Tsf2 knockdown or overexpression also did not affect the expression levels of ssk or mesh
(Figure 21). While this has not been looked at when changing the expression of other sSJ
components, one might hypothesise that it could potentially affect them as a feedback
mechanism by inducing a compensatory increase in expression. This can also be seen in old
flies, where mRNA levels increase with age, possibly to compensate for reduced protein levels

(Resnik-Docampo et al., 2017).

In middle-aged flies (day 28), there is a loss of the ISC/EB-specific Tsf2 protein localisation
seen in young flies (Figure 15). When looking at #5/2 mRNA expression in midguts however,
there is no change at day 30 compared to day 10, while an increase of over 60% was seen at
day 51 compared to the previous timepoints (Figure 13). A paper looking at tricellular junction
components found that even though mRNA expression of several SJ members is increased in
45-day old vs 5-day old flies, their protein levels decrease with age (Resnik-Docampo et al.,
2017), which shows that mRNA levels do not always correlate with protein levels. As stated in
Chapter 3, because ISCs and EBs make up such a small number of cells found in the midgut
samples used for mRNA expression analysis, it only provides a very crude first look at

expression changes and ISC/EB-specific changes may be masked.
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Due to having only a very small amount of antibody, it was not possible to carry out further IF
experiments. As the antibody against mammalian MTf does not recognise Drosophila Tsf2, the
production of more Tsf2 antibody would facilitate further analysis of Tsf2 function. It could be
used to validate Tsf2 knockdown and overexpression, as well as look for changes in localisation
or expression levels when potential upstream mechanisms that determine Tsf2 expression are
modified. Creating a reporter, such as an enhancer or protein trap, could be used as an
alternative or in addition to antibody usage to look at the sources or localisation of Tsf2. This

could be done for example using the CRISPaint approach (Bosch et al., 2020).

4.3.2 Tsf2 knockdown and overexpression phenotypes

Three different knockdown lines were used to look at changes in the posterior midgut. They
showed quite different phenotypes, including one increasing the proportion of ISCs/EBs while
the other decreased it (Figure 17). It is worth noting that while 752 RNAi I and the control
luciferase-RNAi line BL31603 came from the same stock centre (BDSC), 75f2 RNAi 2 and
152 RNAi 3 were acquired from VRDC, which may lead to variations in genetic background
that could affect homeostatic cell proportions. The possibility of potential off-target effects

cannot be excluded, which may also contribute to different phenotypes.

Making a driver line containing 5967°5 with esgsfGFP could be used to overcome genetic
differences potentially affecting the proportions of cell types when looking at phenotypes of
knockdown or overexpression experiments, as the control flies in GeneSwitch experiments are
taken from the same cross rather than crossing the driver line to a separate control

RNAi/overexpression line.

Knockout rather than knockdown experiments are more robust and can have stronger
phenotypes if the knockdown is not particularly strong. A recombinant line was created
(596195, UAS-GFP,UAS-mCas9) to test this, but due to a lack of time the line was not fully

validated or used for experiments.

The use of mosaic analysis with a repressible cell marker (MARCM) clones would also allow
quantification of cell fate changes in zsf2 mutants (T. Lee & Luo, 2001). However, soluble MTf
(lacking the GPI anchor) can be taken up by neighbouring cells that do not normally express
MTTf in mammals. As Drosophila Tsf2 is tethered to the cell membrane by a GPI-anchor, this

means there is a possibility that the GPI-anchor could be cleaved and Tsf2 could be secreted

82



and act non-cell-autonomously, as has been seen with pSJ proteins Boudin and Undicht. These
are both GPI-anchored pSJ proteins that are secreted and can rescue SJ formation non-cell-
autonomously as they can be endocytosed by nearby cells lacking their expression, for example
when using MARCM clones (Petri et al., 2019; Tempesta et al., 2017). Creating MARCM
clones lacking Tsf2 within a tissue with normal expression may reveal similar non-autonomous
functions that can rescue homeostasis via secretion of Tsf2 into regions that are mutant, which

would complicate the interpretation of this data.

Tsf2 overexpression resulted in a decrease in the proportion of ISCs/EBs using the esg“GFP
driver, and a decrease in the proportion of EE cells which was significant when using the

59615 driver but not significant with esg®GFP.

Due to a lack of a functional Tsf2 primer at the start of the project, the efficacy of knockdown
by the three different RNAI lines was not tested. This is a big caveat that must be taken into
consideration when interpreting the results. Future work should include Tsf2 knockdown with
all three RNAI lines and with the overexpression line, driven by the ubiquitous tubGAL4*
driver, to validate changes in expression levels. It was not possible to do this due to limited

time available after acquiring a functioning Tsf2 primer.

Despite this, 75f2 RNAi 1 was chosen for follow-up experiments as it showed the opposite
phenotype to the overexpression line, which has previously been used (Tiklova et al., 2010).
These opposing results suggest that 7sf2 RNAi 1 is indeed knocking down Tsf2 to a sufficient

level to show its phenotype.

4.3.3 The effect of changing Tsf2 expression on ageing

In stark contrast to knocking down or overexpressing other SJ components (Salazar et al.,
2018), no reproducible effects on lifespan were observed when doing so with Tsf2 in ISCs/EBs,
further suggesting that it is not involved in SJs in the midgut (Figure 23A-F). It did not affect
the barrier function of the gut when tested with the Smurf assay. This is another strong
phenotype with loss of SJ components, but not when Tsf2 expression is changed in ISCs/EBs
(Figure 23G,H). Furthermore, there were no differences in mitosis between the control and
treated flies at day 10, day 39 or day 64 with 73f2 RNAi I (Figure 24D) or after 7 days of
knockdown with 73/2 RNAi 3 (Figure 24B). Although 75/2 RNAi 2 did show a significant
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increase, this may not be biologically significant as the number of mitotic cells increased from

an average of 2.6 mitotic cells per gut to 4.4 (Figure 24A).

As there was a significant effect on posterior midgut homeostasis but no effect on lifespan,
Tsf2 expression changes may have a short-term effect that can be compensated for. Tsf2 protein
expression appears to be lost with age (Figure 15), so inducing expression specifically in old
ISCs/EBs may show an ageing phenotype. Additionally, changing Tsf2 expression under
different conditions, for example when the gut is damaged or challenged by bacterial infection,
as well as looking for changes in Tsf2 expression levels in wild-type flies under stressed
conditions, might give more insight into further phenotypes or a possible function that Tfs2

could be having in the midgut.

Studies have shown that the GeneSwitch system can become leaky with age and in particular
for RNAI expression (Poirier et al., 2008; Scialo et al., 2016), which could have an impact on
any effects seen with Tsf2 expression changes in older flies, for example in lifespan
experiments. This could be overcome by using the auxin-inducible gene expression system
(AGES), which has not shown aberrant induction in older flies (McClure et al., 2022). It could
be particularly relevant due to the changes in zsf2 mRNA expression and protein levels that
have been seen in middle-aged and old flies. Further, it could also be used to see if induction
of Tsf2 knockdown or overexpression at a later stage might affect midgut homeostasis.

Lifespans using 59615

crossed to control knockdown/overexpression lines (BL31603 or UAS-
GFP, respectively), as well as crossed to w///®, and a CantonS x CantonS lifespan were carried
out. They show that using the induction system may have an effect on lifespan by itself, without

taking into account what gene expression changes are being induced.

4.3 4 Tsf2 involvement in signalling pathways in the midgut

Because Tsf2 expression changes mirrored Notch expression changes in the Drosophila midgut
regarding effects on ISC/EB numbers and EE differentiation (Micchelli & Perrimon, 2006;
Ohlstein & Spradling, 2006), and both have the opposite phenotype in the mammalian intestine
(Brown et al., 1980; Dippold et al., 1980; Sancho et al., 2015; Woodbury et al., 1980),
involvement of the Notch pathway was investigated. SJ component Mesh has been shown to

increase cell-cell adhesion in vitro (Izumi et al., 2012). If Tsf2 affects cell-cell adhesion it could
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potentially allow for an increase in Delta-Notch binding (Guisoni et al., 2017), or direct

interaction with the Notch receptor on the cell surface.

The guts from both 596195, Su(H)GBE-GFPnls and Su(H)GBE-GFPnls;TIGS progeny were
not imageable. This does not seem to be due to excessive damage caused by a Tsf2 phenotype,
but rather due to a problem with the fly lines. Other experiments set up at around the same time
with the individual component lines used to make the new transgenic lines showed similar
problems (data not shown). This may be due to other factors such as vial bacterial
contamination or something else. Due to lack of time, these experiments could not be set up

again.

Analysis of the Notch reporter Su(H)GBE-lacZ does not come without its challenges. While it
can be used to quantify the proportion of EBs in a sample, as this is a binary result (positive or
negative for expression of lacZ), quantifying the levels of Notch signalling activity in a tissue
is more nuanced. When proliferation and/or differentiation are affected, for example by
changing Tsf2 expression, their effects on Notch reporter expression needs to be factored in as
both proliferation and differentiation rates affect Notch signalling and are affected by it
themselves. As there was no immediately obvious difference in lacZ staining when using the
596195, UAS-GFP.Su(H)GBE-lacZ reporter line to knock down or overexpress Tsf2, this made
analysis of the data difficult. Furthermore, using antibody staining for 3-galactosidase may not
give representative endogenous expression levels due to the nature of signal amplification with
the use of primary and secondary antibodies. The use of endogenous GFP expression with the
GFPnls reporters mentioned previously may be better for such quantification. This would also
allow live imaging to capture more subtle effects on Notch activation and differentiation (J. L.

Martin et al., 2018).

The E(spl) complex of genes are direct downstream expression targets of the Notch pathway
(Bailey & Posakony, 1995). Changing Notch signalling affects E(spl) gene expression levels
(Bardin et al., 2010), but only E(sp/)m3-HLH showed a small change in expression upon Tsf2
knockdown with 752 RNAi I, with knockdown samples having an 11.5% decrease in
E(spl)m3-HLH expression compared to control samples, while Tsf2 overexpression showed no
significant change (Figure 26). It is therefore difficult to determine if this change in E(spl)m3-
HLH is biologically relevant.
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These results seem to suggest that Tsf2 does not function by affecting the Notch pathway, but

further work is required for conclusive proof.

Additional pathway components were tested with IF staining and RT-qPCR. pSmad3, dpERK,
and pJNK staining on knockdown and overexpression guts only gave preliminary results as
there was not enough time to image more than one replicate. Staining levels varied a lot within
each condition, and the method used for measuring changes in staining levels is a crude way to
measure changes in phosphorylation as it does not take into account how many cells are in the
area measured or how widely they are spaced apart. While pSmad3 and dpERK did not show
any significant changes in staining between control and Tsf2 knockdown samples, Tsf2
overexpression did show a small, statistically significant decrease in JNK phosphorylation.
Repeats of these dissections and possibly testing out alterations to the staining protocol could
give clearer results. Primers for socs36E, puc, dad, and pnt were tested with 7-day Tsf2
knockdown and overexpression samples. While the decrease in puc expression was statistically
significant, further experiments would need to be carried out to see if the change is biologically
relevant. It is worth noting that both significant results were changes involved in JNK
signalling, so this may be involved in mediating the phenotypes (changes in the proportion of
ISC/EBs and of EE cells) seen upon changes in Tsf2 expression. Future experiments could

include staining for a Puc reporter, e.g., puc-lacZ, with Tsf2 knockdown or overexpression.

4.3.5 Comparing Tsf2 in Drosophila with MTf in mammals

Tiklova et al noted the difference in phenotypes between changing mammalian MTf and
Drosophila Tsf2 and suggested that this may be due to compensatory mechanisms of other
transferrin-like proteins in mammals (Tiklové et al., 2010). To date however, MTf has not been
associated with TJs in mammals. It can cross the blood-brain barrier, which is formed by TJs,
but it has been suggested that MTf is taken up by a cell-surface receptor (Demeule et al., 2003)
rather than any interaction with TJs being observed. As TJs are more similar to Drosophila sSJs
rather than pSJs, and as MTT expression levels in normal mammalian tissues is generally low,

this suggests that MTf may not have a role in TJs in mammals.
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4.3.6 Future directions

While Tsf2 knockdown and overexpression in ISCs/EBs appear to be showing reciprocal
results, which could suggest that these are true phenotypes of changing Tsf2 expression in
ISCs/EBs in the Drosophila midgut, validation of the lines is required. Short-term future work
could include loss of function mutants, as these would further aid in clarifying the contradictory
phenotypes seen when using the different RNAi lines. Repeating experiments that failed due
to technical difficulties, such as the Su(H)GBE reporter experiments looking at GFP levels, is

another initial follow-up step.

Carrying out repeats of lifespan experiments using a non-leaky system may yield more insight
into the relationship between Tsf2-induced ISC/EB cell fate changes and their effect on
lifespan. And finally, the creation of new genetic tools, such as Tsf2 reporters, would not only
provide an alternative to look at Tsf2 expression patterns, but it would also greatly advance the

exploration of downstream effects.
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Chapter 5: The role of Laminin B2 in regulating

homeostasis of the Drosophila midgut

5.1 Introduction

Another hit in the RNAI screen that acts as the preliminary work to this thesis is Laminin B2.
It showed the largest increase in the proportion of stem and progenitor cells upon ISC/EB-

specific knockdown in the adult midgut (Figure 8).

Laminins are glycoproteins that form one of the core components of the extracellular matrix.
They have integral roles in both tissue structure and mediating signalling pathways. They are

found in many species and tissues, showing their importance in both development and adult

organismes.
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Figure 29: The laminin heterotrimer.

Drosophila has two a chains (LanA, Wb), one [ chain (LanB1) and one y chain (LanB2). This figure was made with Biorender.
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5.1.1 Laminin structure

The Drosophila genome contains four Laminin subunits: two o chains encoded by Laminin A
(LanA) and Wing blister (Wb), which most resemble human Laminin a3 and 5 and al and 2
respectively, one  chain Laminin B1 (LanB1), and the y chain Laminin B2 (LanB2) (Figure
29). They can form two heterotrimers, LamininA with the LanA o chain, and LamininW with
the Wb a chain (Fessler et al., 1987; Henchcliffe et al., 1993; D. Martin et al., 1999; Montell
& Goodman, 1988; Urbano et al., 2009).

5.1.2 Laminin integration into the ECM

It has been shown that affy heterotrimers form in the endoplasmic reticulum (ER) before being
secreted, shown with murine, human, and Drosophila Laminin. This can only occur if the
and y chain form a disulphide bond preceding a chain interaction (Hunter et al., 1990; Kumagai
et al., 1997; Yurchenco et al., 1985, 1997). Once deposited in the ECM, N-terminal Laminin
ends form a polymeric meshwork with other ECM proteins, while C-terminal ends mediate cell
receptor binding and signalling (Colognato et al., 1999; Deutzmann et al., 1990; Rousselle et
al., 1995; Schittny & Yurchenco, 1990). While individual a chain secretion was not seen in the
developing Drosophila larva (Urbano et al., 2009), both intact and truncated a chain can be
secreted from human embryonic kidney 293 cells (Yurchenco et al., 1997), and murine
embryoid bodies can also secrete a truncated o chain in the absence of y chain expression

(Smyth et al., 1999). It is not clear whether this occurs in adult Drosophila or in humans.

5.1.3 Laminins are required for morphogenesis

Studying LanB2 during Drosophila embryogenesis revealed several roles during the
development of the midgut and its surrounding VM (Wolfstetter & Holz, 2012). Loss of either
o subunit shows that the two Laminin trimers have slightly different functions in different
tissues, both in mammalian systems (Colognato et al., 1999) and in Drosophila, seen by the
varying phenotypes of /andA vs wb mutants (Pitsidianaki et al., 2021; Urbano et al., 2009;
Wolfstetter & Holz, 2012). One heterotrimer can partially compensate for the loss of the other,
as wb;lanA double mutants have a more severe phenotype than single mutants. Loss of either
the LanB1 or LanB2 subunit prevents any Laminin trimer secretion, which comes with an
increase in the severity of the phenotypes (Urbano et al., 2009; Wolfstetter et al., 2019;
Wolfstetter & Holz, 2012).
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Laminins interact both directly and indirectly with a host of other ECM proteins. Their presence
is required for initial BM assembly during Drosophila development (Henchcliffe et al., 1993)
and they are expressed before other ECM components (Matsubayashi et al., 2017). This
Laminin requirement during development is highly conserved, seen also in mice and in C.
elegans (Colognato et al., 1999; C. Huang et al., 2003; S. Li et al., 2002; Smyth et al., 1999)
and is also important during adult BM remodelling (Colognato et al., 1999; Gialeli et al., 2011).
Localisation of other BM components is reduced and disrupted in /anB2 mutants (Wolfstetter
& Holz, 2012), such as Nidogen/Entactin, which interacts directly with LanB2 (Mayer et al.,
1993), SPARC/BM-40, and Collagen IV (Wolfstetter & Holz, 2012). Dystroglycan expression
does not rely on Laminins (Schneider et al., 2006; Wolfstetter & Holz, 2012).

Loss of a fully formed ECM disrupts cell migration, which is required for fusion of the anterior
and posterior Drosophila midgut primordia, causing gaps in the midgut (Pitsidianaki et al.,
2021; Wolfstetter & Holz, 2012). The close association with the VM is lost. LanB2 mutant
phenotypes are enhanced by mutations in other proteins such as Thrombospondin and Kon-
tiki, proteins thought to act during tendon and muscle target site recognition. This makes an
interaction between Laminin trimers and these proteins likely during muscle development,
possibly indirectly via integrins (Urbano et al., 2009; Wolfstetter & Holz, 2012). Eventually
these disruptions lead to lethality at the end of embryogenesis (Henchcliffe et al., 1993; Smyth
et al., 1999).

Unlike other epithelia which rely only on polarity factors, the Drosophila midgut is comparable
to vertebrates as both also require Laminin-integrin interactions for cell polarity. Loss of the
integrin adhesion complex prevents Cadherin localisation and apical junction formation, which
is necessary for polarity and for MET during gut development (J. Chen et al., 2018; Klein et
al., 1988; Wolfstetter & Holz, 2012; Yarnitzky & Volk, 1995; Yu et al., 2005). This process is
initiated by the mesoderm-derived LamininW trimer and reinforced by the midgut-derived

LamininA trimer (Pitsidianaki et al., 2021).

5.1.4 Laminin expression is required to maintain certain stem cell populations

Not only is Laminin-integrin signalling between epithelial cells and the BM required for
migration and polarity, it has also been shown to be necessary for proliferation and maintenance
of ISC fate in the adult Drosophila midgut. Mutations of integrin subunits aPS1, aPS3 and

BPS, as well as the main integrin ligand LanA, cause a reduction in ISC number (Lin et al.,
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2013), and while the reduction in ISCs/EBs in the RNA1i screen upon LanA knockdown was
not significant, there was a significant decrease in total cell number (Figure 8). The ISCs of
lanA or integrin mutant guts are not lost by apoptosis, but rather through differentiation into
ECs and EEs, with cell type proportions equivalent to wild-type midgut differentiation. This
cannot be rescued by activation of individual proliferation pathways, showing a key role for
integrin signalling in the intestine (Lin et al., 2013). The study, which was looking specifically
at the requirement for integrin signalling to maintain ISCs, used /lan4 MARCM ISC clones in
the posterior midgut to show that LanA levels are reduced but not fully depleted surrounding
these ISCs, with the remaining expression likely coming from the surrounding VM (Lin et al.,

2013).

Similar results were seen in the Drosophila ovary: Follicle stem cells require aPS1BPS and
aPS2BPS integrins as well as the aPS1BPS ligand LanA to be maintained in the germarium,
with mutant clones being lost over time by differentiation and lack of proliferation (Gotwals et

al., 1994; O’Reilly et al., 2008).

In direct contrast to the loss of ISC maintenance and proliferation seen by Lin et al., Goulas et
al. found that knockdown of integrins in midgut ISCs using several RNAI1 lines increased their
proliferation (Goulas et al., 2012). Lin et al. hypothesised that the opposing results may be due
to varying genetic background, off-target effects of the RNAI, or residual low-level expression

during knockdown being sufficient for ISC maintenance (Lin et al., 2013).

The lanA phenotype seen in the preliminary work to this thesis is consistent with published
literature (Lin et al., 2013), but is the opposite of that seen when LanB1 or LanB2 are knocked
down (Figure 8). While LamininA knockdown does not prevent LamininW formation, LanB1
or LanB2 knockdown prevents the secretion of both trimers, which may be causing the

difference in phenotype.

5.1.5 Chapter aims

Many previous studies looked at Laminin changes as a whole rather than from specific cell
types. This chapter aims to investigate the involvement of ISC/EB-derived LanB2 in intestinal

homeostasis and how changes in its expression are linked to age-related intestinal dysplasia.
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5.2 Results

5.2.1 Knocking down LanB2 in stem and progenitor cells affects midgut

homeostasis

As LanB2 knockdown in ISCs/EBs resulted in the largest increase in the proportion of
ISCs/EBs in the initial knockdown screen (Figure 8), it was chosen for follow-up experiments.
Because the screen only used one RNAI line, a repeat of the 7-day ISC/EB-specific knockdown
driven by esg®GFP was carried out with three separate RNAi lines targeting different
sequences to minimise the risk of phenotypes occurring from off-target effects. In addition to
the original line used (BL55388, named LanB2 RNAi I, Figure 30B), two other lanB2-RNAi
lines were tested and compared to the control /uc-RNAi BLL31603 (Figure 30A,D): BL62002
(named LanB2 RNAi 2, Figure 30C) and v42559 (named LanB2 RNAi 3, Figure 30E).
LanB2 RNAi 3 was run in a separate set of experiments with its own control BL31603, which
is indicated by the line separating them in the figures below. While LanB2 RNAi 1 and
LanB2 RNAi 2 showed similar results, including trends in the same direction when the results

were not statistically significant, LanB2 RNAi 3 had opposing results (Figure 31).

LanB2 RNAi I and LanB2 RNAi 2 showed no significant changes in cell number per field of
view (FOV), whereas LanB2 RNAi 3 showed a significant decrease from 306 + 14 cells to
221 £ 12 cells (mean = SEM) (Figure 31A). For both the proportion of stem and progenitor
cells (esg>GFP) and of EE cells (pros™), the Bloomington lines also followed the same trend,
while the VDRC line showed the opposite. The proportion of stem/progenitor cells increased
for LanB2 RNAi 1 (27.2% + 1.2 t032.1% =+ 1.4) and LanB2 RNAi 2 (27.2% + 1.2 to 32.7%
+ 1.1), but decreased for LanB2 RNAi 3 (30.6% + 0.9 to 21.4% =+ 2.1, Figure 31B). The
proportion of EE cells increased with LanB2 RNAi 1 (5.2% + 0.6 to 7.7% =+ 0.7) and did not
change significantly for LanB2 RNAi 2 or LanB2 RNAi 3 (Figure 31C).
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LanB2_RNAi_1

LanB2_RNAi_2

Control

LanB2_RNAi 3

Figure 30: The effect of 7 days of LanB2 knockdown on cell number and the proportion of stem/progenitor cells and EE
cells.

Representative projected confocal z stack images with brightness and contrast enhanced for clarity of control (4,D), and
LanB2 knockdown (B,C,E) lines. D and E were run in a separate set of experiments from A-C. Grey-scale images show cells
per field of view (DAPI), ISCs/EBs (esg>GFP), and EE cells (pros™). Merged images show nuclei (blue), ISCs/EBs (green),
and EE cells (red). Quantified in the figure below, representative of n>15. Scale bars = 30 ym.
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Figure 31: Quantification of the effect of 7 days of LanB2 knockdown on cell number and the proportion of stem/progenitor
cells and EE cells.

Changes in cell number per field of view (A), the proportion of stem/progenitor cells (B), and the proportion of EE cells (C)
have been quantified. LanB2 RNAi 3 was run separately with its own control, denoted by the vertical line separating them.
The plotted lines represent the median and quartiles. The ordinary one-way ANOVA with Holm-Siddk’s multiple comparisons
was used for normally distributed data, and the Kruskal-Wallis test with Dunn’s multiple comparisons was used for non-
normally distributed data. n>15 guts over 3 replicates. No * = ns, *p<0.05, **p,0.01, ***p<0.001.

5.2.2 LanB2 knockdown validation

As cells other than ISCs and EBs express Laminins, the ubiquitous driver tubGAL4" was used
to knock down LanB2 in all cells in adult flies to test the efficacy of the RNAi lines compared
to the control BL31603. This showed the LanB2 RNAi 2 line to have the strongest whole gut
knockdown (including crop, cardia, and Malpighian tubules), with an 83.8% reduction (mean
AACt to 1dp). Interestingly, even though LanB2 RNAi 3 had the opposite phenotypic results
to the other two lines, it also showed a strong reduction in /lanB2 RNA levels (62.6%).
LanB2 RNAi I had the lowest knockdown with 19.0% (Figure 32).
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Figure 32: Validation of lanB2-RNAi lines.

Changes in LanB2 expression levels in whole gut samples using the ubiquitous driver tubGAL4,; GALS0" with specified RNAi
lines compared to control BL31603 (denoted by line at 1), relative to GAPDH. The bars show mean AACt values. Calculated
using an ordinary one-way ANOVA test with Holm-Sidak multiple comparisons. n=10 guts/sample, >5 replicates. *p<0.05,
skeskoskosk

p<0.0001.

5.2.3 Laminin expression in the midgut

5.2.3.1 Laminin B2

Looking at protein expression with an antibody or a reporter provides the ability to confirm its
expression pattern as well as look at changes with age or upon genetic manipulation. As there
is no longer an anti-LanB2 antibody commercially available, the CRIMIC GAL4 line BL91283
was used to drive UAS-EGFP (BL6874), UAS-GFPnls (BL4775), and UAS-mCherrynls
(BL38425). Although the CRIMIC stock line was ordered on two separate occasions, neither
version of the line showed any distinctive staining pattern with any reporter line (images not
shown). As there was also no staining visible for the surrounding VM or the trachea, which are
known to express Laminins (KluBmann-Fricke et al., 2022; D. Martin et al., 1999; Pitsidianaki
et al., 2021; Sarov et al., 2016) and would have served as a positive control for this line, it was

not possible to determine exact LanB2 expression or localisation.

There are however fosmid lines available for both of the other Laminin subunits, LanB1 and
LanA (Sarov et al., 2016), which may be used to infer further information about LanB2 as they

contain constructs for the expression of GFP-tagged lan4 and lanB1 transgenes.
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5.2.3.2 Laminin A

The fosmid line v318155 (LanAGFP) was used to look at LanA localisation compared to
ISCs/EBs (esg-lacZ reporter) and just EBs (Su(H)GBE-lacZ reporter). Anti-GFP
immunofluorescent antibody staining on esg-lacZ flies not crossed to the fosmid line was used

as a negative control (images not shown).

Due to strong laminin expression from the surrounding the VM and trachea (see example z
stack projection, Figure 33), individual image slices rather than a z stack were used to look at
subunit expression within the epithelium. Although the 3D shape of the gut provided some
difficulties in getting clear images, representative figures are shown below. A more
concentrated ring of GFP was seen surrounding ISCs and EBs, shown with the reporter line
esg-lacZ, than the background level of LanAGFP in the epithelium (Figure 34A). This was the
case across almost all images taken from several replicates. Furthermore, occasionally a few
other lacZ cells also had a brighter GFP ring surrounding them. These were exclusively small

nuclei, which may be either EEs or cells from the tissues surrounding the gut.

Comparing LanAGFP to the Su(H)GBE-lacZ reporter also showed increased GFP levels around
lacZ” cells, as well as other lacZ cells (Figure 34B) which may be ISCs not labelled by the

Su(H)GBE-lacZ reporter. This was again seen in several images across different replicates.
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Figure 33: LanA and LanB1GFP expression in the gut and surrounding tissues.

Z stack projections of LanAGFP crossed to Su(H)GBE-lacZ (4), and LanB1GFP crossed to esg-lacZ (B), showing extensive
expression from non-epithelial tissues. The brightness and contrast are enhanced for clarity. Representative of n>15 guts per
condition. Scale bar = 30 um.

o)

Su(H)GBE-lacZ

Figure 34: LanA expression pattern in the adult midgut.

Representative images showing LanAGFP expression pattern in the midgut, with brightness and contrast enhanced for clarity.
Single slice confocal images of the midgut showing LanAGFP staining in relation to esg-lacZ (4) and Su(H)GBE-lacZ (B)
antibody staining. Grey-scale images show nuclei (DAPI), ISCs/EBs (lacZ), and LanA (GFP). Merged images show nuclei
(blue), ISCs/EBs (red), and LanAGFP (green). Representative of n=26 across 3 replicates (esg-lacZ), n=23 across 3 replicates
(Su(H)GBE-lacZ). Scale bars = 30 um.
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5.2.3.3 Laminin B1

The fosmid line v318180 (LanBI1GFP) was used to look at LanB1 localisation. When crossed
to the esg-lacZ (ISC/EB) and Su(H)GBE-lacZ (EB) reporter lines, the epithelial localisation
pattern followed that of LanA as described above, with increased localisation surrounding the
stem and progenitor cells (Figure 35). This can be expected as Laminins are secreted as a

heterotrimer.

Merged

Su(H)GBE-lacZ

Figure 35: LanB1 expression pattern in the adult midgut.

Representative images showing LanB1GFP expression pattern in the midgut, with brightness and contrast enhanced for
clarity. Single slice confocal images of the midgut showing LanB1GFP staining in relation to esg-lacZ (4) and Su(H)GBE-
lacZ (B) antibody staining. Grey-scale images show nuclei (DAPI), ISCs/EBs (lacZ), and LanB1 (GFP). Merged images show
nuclei (blue), ISCs/EBs (red), and LanB1GFP (green). Representative of n=18 across 3 replicates (esg-lacZ), n=15 across 2
replicates (Su(H)GBE-lacZ). Scale bars = 30 um

5.2.4 The effect of changing LanB?2 levels on other laminins

In order to assess potential effects of changes in LanB2 expression by stem/progenitor cells,
the ISC/EB-specific GeneSwitch driver 59619 was used to knock down LanB2 using the
strongest RNAI line (LanB2 RNAi 2, Figure 32). After 7 days on RU50 treatment, no change
in lanB2 RNA levels was seen in midguts (Figure 36). This may be due to strong expression
levels by the surrounding tissues masking changes in ISCs/EBs, which make up only a small

percentage of the cells in the midgut.
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596195>LanB2 RNAi 2 did not change the levels of lanA or lanBI mRNA expression after 7
days of knockdown to a statistically significant level (Figure 36).

59615 > LanB2_RNAi_2
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Figure 36: Expression of laminin subunits after ISC/EB-specific LanB2 knockdown.
Changes in expression levels of LanA, LanB1 and LanB2 with 7 days of LanB2 knockdown in stem/progenitor cells using

596195>LanB2_RNAi 2, relative to GAPDH. The bars show mean AACt values. Calculated using unpaired t test to compare
RUO and RU50 as all data sets were normal. n=10 midguts/sample, 5 replicates. No* = ns.

5.2.5 The effect of LanB2 knockdown on lifespan and gut barrier function

As shown in Chapter 3, both lanB1 and lan4 showed increased RNA expression in 51-day old
flies, with a 46.9% and a 70.0% increase of the mean from day 10 to day 51 respectively
(Figure 13B,C), and lanB2 shows a slight, non-significant trend towards an increase at day 51
(Figure 13D). This raised the question whether changing LanB2 throughout adult life would
change the lifespan. Age-matched 596195>IlanB2-RNAi flies were mated for 2 days on normal
cornmeal food, after which the females were randomly split in half into control and knockdown
vials (10 vials of 30 flies each per condition), aged to day 7 (+ 1 day), and then put onto RUO
or RU50 cornmeal food. Deaths were recorded every 2 - 3 days when the flies were transferred

onto fresh food.

The knockdown was initially carried out using the LanB2 RNAi 3 line (Figure 37C-E). Three
lifespans were carried out, each set up independently at different times. While the first showed
a significant increase in lifespan with knockdown when comparing the lifespan curves with the
log-rank (Mantel-Cox) test, with the graphs converging for the median survival at day 43
(Figure 37C), the lifespan curves of the second replicate were not significantly different

(medians were day 34 (control) and day 38 (knockdown), (Figure 37D)), and the third replicate
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had a significant decrease, with medians at day 53 for the control and at day 46 for the

knockdown (Figure 37E).

The same experiments were carried out with LanB2 RNAi 2 (Figure 37A,B). The first
replicate was not statistically significant, with median survival at day 62 for the control and
day 55 for the knockdown, while for the second replicate the knockdown lifespan survived
significantly longer, with medians at day 66 for the control and 71 for the knockdown. Overall,

this shows that there is no reproducible, significant effect on lifespan using this method.

Separate lifespans to measure gut barrier function using the Smurf assay were set up from the
same crosses concurrently with the lifespans. The flies were tested every 10 days and the
proportion of Smurf flies were counted and analysed using the chi-square test. The Smurf
lifespans were set up with LanB2 RNAi 3 lifespans replicate 1 and 3. The second Smurf set
had a significant increase in Smurf proportions in the RU50 cohort on day 39 (5.91% vs
11.17%) and a significant decrease on day 60 (8.11% vs 1.90%), but given that these results
were only seen in one of the replicates and only at two time points, this was not taken as a
meaningful result (Figure 37F). This suggests that LanB2 does not have an effect on the

Drosophila gut barrier function.
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Figure 37: The effect of LanB2 knockdown on lifespan and gut barrier function.

Lifespan graphs of LanB2 knockdown with LanB2 RNAi 2 (A,B) and LanB2 RNAi 3 (C,D,E). Smurf proportions of a
representative LanB2 RNAi 3 lifespan (F) taken at 10-day intervals, comparing control (KD-) and knockdown (KD+) flies.
BD denotes barrier dysfunction. All Smurf proportions were not significant (chi-square test). Lifespans were tested with log-
rank (Mantel-Cox) test, p values are indicated on each plot. n=300 flies/condition.
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5.2.6 The effect of LanB2 knockdown on signalling pathway components

In order to test which signalling pathways may be mediating the changes seen upon LanB2
knockdown, RT-qPCRs were run using the previously mentioned 596195>LanB2 RNAi 2

samples. None of the three genes tested showed any significant changes (Figure 38).
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Figure 38: The effect of LanB2 knockdown on signalling pathway component expression.
Changes in expression levels of E(spl)mp-HLH, E(spl)m3-HLH, and pnt with 7 days of LanB2 knockdown in stem/progenitor

cells using 5961°>LanB2 _RNAi_2, relative to GAPDH. The bars show mean AACt values. Calculated using unpaired t test
to compare RUO and RU50 as all data sets were normal. n=10 midguts/sample, 5 replicates. No* = ns.

As Laminin expression is required for Collagen arrangement during embryogenesis, an
antibody against human Collagen IV was used to look for changes after 7 days of LanB2
knockdown using esg®GFP with all three RNAI lines. This did not show Collagen staining in
any of the samples, including the control (data not shown), suggesting that this antibody is

unsuitable for Drosophila intestinal staining.

5.3 Discussion

This chapter has looked at the involvement of Laminin B2 in midgut homeostasis and age.
LanB2 knockdown in stem and progenitor cells was found to disrupt homeostasis by affecting
the proportions of different cell types in the posterior midgut, but showed no significant effects
on lifespan using the GeneSwitch system, and it has not yet been identified which signalling

pathways mediate the phenotypes seen.
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5.3.1 Variable phenotypic effect of LanB2 knockdown on midgut homeostasis

Of the three RNAI lines used to knock down LanB2 expression, two (LanB2 RNAi I and
LanB2 RNAi 2) showed similar effects on changes in the proportion of stem/progenitor cells
and EE cells, while the third (LanB2 RNAi 3) showed very different results (Figure 31). This
does not seem to be due to varying knockdown levels, as LanB2 RNAi 3 knockdown levels
(62.2%) were in between LanB2 RNAi 1 (19.0%) and LanB2 RNAi 2 (83.8%). It is important
to note that cell counting experiments with LanB2 RNAi 3 were run separately from
LanB2 RNAi I and LanB2 RNAi 2, although as the results are combining three replicates set
up at different times that all showed the same trends, this suggests it was not due to an artefact.
Furthermore, as LanB2 RNAi 3 was ordered from a different stock centre than LanB2 RNAi 1
and LanB2 RNAi 2 and the control, it is likely to have a different genetic background that may
not have the same homeostatic turnover rate as the other two RNAI lines. Such differences
could be overcome by using a drug-inducible system with an ISC/EB reporter, e.g., esgsfGFP,
as the control flies will have the exact same genetic background as treated flies. This could also
be used to determine whether the GeneSwitch system is inducing knockdown to a sufficient
level to give the same phenotype that is seen when using esg”“GFP. Alternatively, differences

between the three RNAI lines could be due to off-target effects unrelated to LanB2 knockdown.

A further way of addressing this problem would be to create lanB2 mutants, as this might give
more conclusive results. A new transgenic line (596195, UAS-GFP,UAS-mCas9) was created
during the course of this thesis. While no guide RNA currently exists for /anB2, there are lines
available for CRISPR-mediated /anB1 overexpression (Ewen-Campen et al., 2017; Jia et al.,
2018) and knockout (Zirin et al., 2020) and the generation of new sgRNAs is now relatively
straightforward, so this could be a logical next step. Another method of inducing ISC mutants

can be done by creating MARCM clones (T. Lee & Luo, 2001).

The initial RNA1i screen that was run in 2018/19 before this PhD also tested LanB2 RNAi 1
and showed very similar results, with a significant increase in cells per FOV and %ISCs/EBs
(Figure 8). RNAI lines against LanB1 (BL42616) and LanA (BL28071) were also tested in the
screen. While lanBI-RNAi showed a non-significant increase in %ISCs/EBs, lanA-RNAi
showed the opposite result to LanB2 RNAi [ and lanBI1-RNAi, with a significant decrease in
the number of cells per FOV and a non-significant decrease in %ISCs/EBs. A similar lan4

phenotype was also seen by Lin et al when looking at integrin signalling. They found that
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LanA-integrin signalling is required for ISC maintenance and proliferation, with a mild
decrease in ISC number after seven days that became more pronounced two weeks after lanA
mutant clone induction (Lin et al., 2013). As Laminin turnover is slower than other ECM
proteins, the phenotypes of /anB2 driven by esg®GFP knockdown may become more

pronounced if the knockdown were to be carried out for longer than 7 days.

5.3.2 Laminin expression pattern in the posterior midgut

As the results described above occurred when LanB2 was knocked down only in ISCs and EBs,
this shows that along with other tissues such as the surrounding VM and trachea, there is also
an epithelial Laminin source that has not been described previously. Although it was not
possible to visualise LanB2 expression, looking at the other Laminin subunits can provide a
good insight into where LanB2 is likely to be localised. LanAGFP and LanB1GFP staining
patterns were in alignment with each other, with almost all guts showing the same brighter
rings of GFP around stem and progenitor cells. These fosmid lines have previously been used
to show Laminin surrounding the VM encircling the midgut but did not look specifically at the
midgut epithelium itself (Sarov et al., 2016). An earlier study showed that lan4 mutant ISC
clones have reduced LanA protein levels surrounding those ISCs in adult midguts, which
suggests that this reduced localisation around stem cells is likely due to loss of expression by
these cells themselves (Lin et al., 2013). Drosophila follicle stem cells, unlike other ovarian
stem cells, have also been shown to require their own LanA secretion in order to maintain
stemness and proliferation via cell-autonomous LanA-integrin signalling (O’Reilly et al.,
2008). In addition to the targeted DamID transcriptomics that formed the basis for the original
screen (Doupé et al., 2018), a recent scRNA-seq study looking at expression patterns in
different cell types in the gut found that /anA, wb, lanB1, and lanB2 are all expressed by
ISCs/EBs (Hung et al., 2020).

A few individual smaller cells that were not labelled ISCs and EBs also had brighter GFP
staining surrounding them. These may be EE cells, which are the only other posterior midgut
cell type to have small nuclei, or they could also be cells from the tissues encircling the gut,
such as the VM and trachea, as it was not always possible to get images of the gut showing

exclusively epithelial cells due to the 3D shape of the gut.

In order to determine the functions and sources of Laminins, it would be useful to create

additional reporters, both to determine which cell types express LanB2 as well as where those
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proteins localise in the tissue. This can be done using CRISPR-based approaches to make
enhancer traps or tagged proteins (Bosch et al., 2020). It would provide the possibility to
distinguish what part ISC/EB-derived Laminins play in homeostasis and how this changes in
old flies, as well as measuring changes in protein levels with age, as this does not always
correlate with changes in mRNA levels (Becker et al., 2018). Using an overexpression line
would provide a good complement to the experiments carried out so far in order to elucidate
further by which mechanisms ISC/EB-derived LanB2 acts. As increased LAMCI, the human
ortholog of LanB2, has been associated with more aggressive metastatic cancer (Y. Fang et al.,
2022), looking at LanB2 expression in Drosophila tumour models or knocking

down/overexpressing LanB2 in this context could also be investigated.

While individual a chain secretion has not been detected in Drosophila embryos (Urbano et
al., 2009), it has been seen in human embryonic kidney cell culture and in mouse embryoid
bodies (Smyth et al., 1999; Yurchenco et al., 1997). It has not been shown whether this happens
in the adult fly. This may however be a reason why knocking down an a chain gives different
results to the B or y chain. If individual a chains are secreted, they may have other functions
than the Laminin trimers. Furthermore, as there are two a chains that can partially compensate
for one another in various tissues (Wolfstetter & Holz, 2012), knocking down one of them may
not prevent total laminin secretion. Only one  and one y chain exist in the Drosophila genome
and as a result, knocking down one of them has been shown to cause build-up of the other
subunit in the cell, which has been seen in human embryonic kidney (Yurchenco et al., 1997)
and bovine adrenocortical cell culture (Pellerin et al., 1997) as well as in C. elegans embryos
(C. Huang et al., 2003; Kao et al., 2006) and in Drosophila larval glial cells (Petley-Ragan et
al., 2016). This was studied in more detail in Drosophila larval glia, which showed that § or y
chain knockdown causes accumulation of the other subunit in the ER, leading to ER stress and
the unfolded protein response (UPR); lowering the level of the accumulating subunit decreases
the phenotype. When Laminin trimer secretion is reduced by knockdown of a transmembrane
ER protein Tangol, which is thought to help secrete Laminins in glia, this phenotype is much
milder, suggesting that the build-up of individual unbound Laminin subunits is the cause
(Petley-Ragan et al., 2016). Future work could explore the possibility of ER stress in adult
midgut progenitor cells upon LanB2 knockdown. This can be done by looking at changes in
expression of PERK, ATF6, and IRE1, which activate the UPR, as well as downstream TF
Xbp1 and phosphorylation of elF2a. It has been shown that changing Xbp1 expression levels
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in ISCs, EBs or ECs to simulate or repress the UPR affects ISC proliferation (L. Wang et al.,
2014).

5.3.3 The eftfect of LanB2 knockdown on age
Figure 13 showed an increase in RNA levels in 51-day old CS flies for both /an4 and lanB1,

although it is not clear if this translates to increased protein levels, as no commercially available
antibodies exist. This would be something that could possibly be measured using GFP levels
of the fosmid lines, or by making new antibodies or additional protein traps, including for
LanB2. The increase in RNA levels may be resulting in increased protein levels, or it may be
trying to compensate for age-related decline in ECM function (reviewed by Statzer et al., 2023).
Increased mRNA levels of some Laminin chains (Denisenko et al., 2018) and Laminin B1
protein levels (Abrass et al., 1995) have been seen in old compared to young rat kidneys. An
increase in Laminin o2 has also been detected during heart failure in old humans (E. H. Kim et
al., 2016). LanA-RNAi in Drosophila heart has been shown to preserve heart contractility and
increase lifespan by reducing aberrant ECM build-up (Sessions et al., 2017). These studies

show that there is still much to be learned about the role that Laminins play in ageing.

Lifespan analyses of LanB2 knockdown in intestinal stem and progenitor cells did not yield
consistent effects on lifespan. LanB2 RNAi 2 had one replicate with a significant increase and
one with no significant difference, while LanB2 RNAi 3 had one replicate with a significant
increase, one with a significant decrease, and one with no change (Figure 37). It was not
possible to test the level of LanB2 knockdown in these experiments, as the high level of
Laminin expression from other tissues masks any changes in ISC/EB expression levels, as was
shown by the 7-day knockdown samples (Figure 36). It cannot be known therefore if the
knockdown using 59619 was strong enough to induce the equivalent phenotypic changes seen
when using esg“GFP (Figure 30). Additionally, it has been shown that the GeneSwitch system
can be unreliable and “leaky” when driving RNA1 expression and with age, and expression can
be induced without RU486 present (Poirier et al., 2008; Scialo et al., 2016). Possible aberrant
expression in control flies could be overcome using a different system, for example the AGES
system, which induces expression by degradation of GALS80, as this has been shown not to be

leaky in old flies (McClure et al., 2022).

Additionally, there may be compensatory mechanisms at play with age. While overall midgut

mRNA levels of /anA and lanB1 seem to be increasing at day 51 (Figure 13), a study looking
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at age-related changes in ISCs specifically found that in geriatric flies (>70 days), the chromatin
regions for /anBl and lanB2 were less accessible, and lanB2 RNA levels in ISCs were
decreased at that age (Tauc et al., 2021). As the contribution of Laminins from ISCs/EBs is
likely to be much smaller than from other sources, these other tissues may adapt their own
Laminin secretion to compensate for a decreased expression from ISCs/EBs, which could lead

to a different BM composition.

The ECM is a dynamic system, containing more stable Collagen IV and Laminin meshworks
while other ECM proteins move about more freely within this scaffold, shown in C. elegans
and mice (Keeley et al., 2020; Trier et al., 1990). Modifications to BM Laminins have been
implicated in various effects on cell migration. While a Laminin meshwork is required for cell
migration during tissue formation in development, cleaving Laminin to promote cell
detachment is also a method used to enhance some types of metastases (Gialeli et al., 2011).
Meanwhile, cleaving Laminin subunits can also increase cell attachment (H. Lee et al., 2023).
This shows that there are many different functions for Laminins in different situations and
tissues, and further study is needed to determine the role of Laminins within the adult midgut

and how protein levels and localisation change with age.

5.3.4 Signalling pathways downstream of laminins

In adult Drosophila ISCs, several integrin subunits are required for ISC maintenance and
proliferation, as are the proteins Talin/Rhea and Integrin-linked kinase, which convey integrin
signals to the cytoskeleton. Downstream pathways have not been identified, as individually
activating the Wg, JAK/STAT, or EGFR pathways in ISCs does not rescue the loss of integrin-
mediated ISC maintenance and it was therefore hypothesised that integrin-mediated adhesion
to the BM may facilitate short-range signalling from the VM to maintain the ISC niche (Lin et
al., 2013). Targets of the Notch and EGFR signalling pathways were tested for changes in
expression levels upon ISC/EB-specific LanB2 knockdown for 7 days using RT-qPCR, but this

did not show any significant results.

An initial foray into looking at the effect of LanB2 knockdown on other BM components did
not yield any results, with the antibody against Collagen I'V not showing any staining on control
or knockdown samples. The antibody was designed against human Collagen IV and may

therefore not detect Drosophila Collagen well. Additionally, as this knockdown was only
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induced for seven days, it may not have had any substantial effect on Collagen deposition, as

both Collagen and Laminin turnover in the ECM are much slower than other components.

Short-term future work should include testing further signalling pathway components using
RT-qPCR with the samples that already exist, as this was unfortunately not possible within the
time given, as well as creating samples with longer LanB2 knockdown which might show

stronger results.

5.3.5 Future directions

While the results described above give an initial insight into epithelium-derived Laminin, there
are still many questions that need to be answered. As a way of addressing the problem that the
three different RNAIi lines did not all show the same results, /anB2 knockout rather than

knockdown could be used to clarify these contradicting results.

Due to a lack of LanB2-specific antibody commercially available, enhancer or protein traps

would be useful tools for further study of LanB2 expression.

Changing LanB2 expression in different contexts, such as inducing knockdown/overexpression
at different timepoints or after injury when the ECM has been disrupted, could provide more
insight into the role that ISC/EB-derived LanB2 can play and which signalling pathways it may
be involved in. Making a driver line with lanA or lanB1 reporters could also be used to look at
the effect of LanB2 knockdown/overexpression on the other Laminin subunits, e.g., to see if
LanB1 accumulates in the ER and leads to a UPR, as was seen in other tissues (Petley-Ragan

et al., 2016).

As described above, the AGES system could provide a better alternative when looking at

changes in expression in later life to prevent knockdown in control samples.
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Chapter 6: Conservation of Tsf2 and LanB2 expression in

mammalian epithelia

6.1 Introduction

The results described in the chapters above were carried out using Drosophila melanogaster as
a simple in vivo model system. In order to see if any phenotypes seen in Drosophila may be
found in mammalian systems, both human prostate tissue samples and iPSC-derived
endodermal spheroids were analysed as no human intestinal tissue was available. As both the
prostate and the Drosophila midgut are made of an endoderm-derived epithelium that contains

stem cells, these similarities allow for a comparison between the two systems.

6.1.1 The roles of Tsf2 and LanB2 in mammalian systems

DIOPT Version 9.0 (Y. Hu et al., 2011; http://www.flyrnai.org/diopt) was used to identify the

closest human orthologs for Drosophila LanB2 and Tsf2. Laminin subunit gamma 1 (LAMCI,
58% protein similarity) and Melanotransferrin (MTf, 46% protein similarity) were identified
as having the best score and reverse score for LanB2 and Tsf2, respectively. Due to time

constraints, only one of the Laminin y subunits was investigated.

6.1.1.1 Melanotransferrin

As described above in Chapter 4, MTf was discovered as a melanoma marker and has been
found to be expressed in several types of cancer. It plays a role in tumour growth and metastasis,
with a high expression correlating with poor patient outcome. While one study using
immunohistochemistry (IHC) did not find MTf expression in the normal adult prostate and
only one out of five prostate cancer samples showed positive staining (Natali et al., 1987), a
later study using the dot blot method did see MTf expression in the adult prostate, albeit at low
levels (Richardson, 2000).

The Human Protein Atlas reports low MTT expression in normal prostate tissue, with a mix of
both low and moderate expression in prostate cancer (Uhlen et al., 2015, 2017;

https://www.proteinatlas.org/).
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6.1.1.2 Laminin C1

As in Drosophila, mammalian Laminins consist of a heterotrimer made up of a, 3, and y chains.
The human genome contains five a chains, three B chains, and three y chains, creating a much
more complex interplay between the different subunit combinations compared to the two
Laminin trimer combinations possible in Drosophila. Different tissues express different

Laminin trimers, and developmental expression also differs from adult tissues (reviewed by

Aumailley, 2013).

Like with Drosophila LanB2, complete loss of LAMCI during development is lethal in mice
due to the requirement of basement membrane formation during embryogenesis (Smyth et al.,
1999). LAMCI is the most commonly expressed y chain (Siler et al., 2000). A study looking at
adult mouse LAMCI expression found that loss of the protein in adult mice is lethal, and that
the small intestine may be the tissue with the highest Laminin turnover in mice as it experienced
a large reduction in Laminin protein upon LAMCI1 knockout, whereas other tissues (heart,
lung, liver, kidney, and spleen) showed minimal protein level changes after three weeks.
LAMCI deletion causes intestinal proliferation and loss of gut barrier function, potentially by
affecting Indian hedgehog signalling (Fields et al., 2019). The mesenchyme of the small
intestine is thought to be the main source of LAMCI (Fields et al., 2019).

Increased LAMCI expression has been associated with several cancers, including gliomas (J.
Liuetal., 2019), malignant meningiomas (H.-L. Ke et al., 2013), later stage endometrial cancer
(Kunitomi et al., 2020), uterine carcinoma (Kashima et al., 2015), ovarian cancer (Diao &
Yang, 2021; Kuhn et al., 2012), triple negative breast cancer (Piovan et al., 2012),
hepatocellular carcinoma (Liétard et al., 1997; Zhang et al., 2017), oesophageal squamous cell
carcinoma (L. Fang et al., 2021), colorectal cancer (Lou et al., 2016; Peters et al., 2013), and
prostate cancer (Nishikawa et al., 2014), and higher expression levels generally correlate with

a worse patient outcome and faster recurrence.

Several of these studies have shown that reducing LAMCI1 expression in cancers reduces cell
migration and invasion and in some cases proliferation as well. Migration and invasion are also
reduced upon LAMCI1 knockdown in prostate cancer (PCa) (Nishikawa et al., 2014). Post-
translational cleaving of the a chain of a5f1y1 laminin and of the B chain in a333y2 Laminin
have been associated with increased PCa cell migration by reducing adhesion of cancer cells

to the extracellular matrix (Bair et al., 2005; Udayakumar et al., 2003). The Laminin receptor
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integrin a6PB1, which binds Laminin a5B1y1 in PCa, is expressed by the tumour cells and is

important for PCa metastasis (Pawar et al., 2007).

In hepatocellular cancer, several potential mechanisms of action have been identified to
promote tumorigenesis. The transcription factor Spl has been shown to function upstream of
LAMCI, and it modulates expression of other genes involved in proliferation and growth as
well (Liétard et al., 1997). LAMC1 mRNA is bound by micro-RNA-124 (mi-RNA-124) in
hepatocellular cancer. Increased LAMC1 mRNA expression reduces mi-RNA-124 levels and
prevents mi-RNA-124 from binding to and downregulating CD151 mRNA, an oncogene

involved in proliferation and invasion (Yang et al., 2017).

The Human Protein Atlas reports low glandular expression of LAMCI1 in normal prostate
tissue, with a mix of both low and moderate expression in PCa (Uhlen et al., 2015, 2017;

https://www.proteinatlas.org/).

Other diseases in addition to cancer have been linked to misregulation of Laminin expression,
such as the autoimmune disease anti-Laminin yl pemphigoid, a skin-blistering disease
(Akasaka et al., 2015), ulcerative colitis (Schmehl et al., 2000), and Crohn’s disease (Spenlé et
al., 2012). This wide range of diseases shows that it is important to understand how LAMCI

functions and what affects its expression.

In order to study these genes in the context of a mammalian epithelium, the prostate was
selected as a model system as expression of both genes has been observed in PCa and
collaboration with researchers at Newcastle University was able to provide access to prostate
tissue samples and generation of endodermal spheroids, with the hopes that this system can be

used for further work in the future.
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6.1.2 The structure of the prostate
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Figure 39: The structure of the human prostate.
(A) A simplified schematic of a transverse section of the prostate, showing the four regions of the organ. This figure was made

with Biorender. (B) Glandular prostate tissue of the peripheral zone stained with H&E, showing the lumen surrounded by
columnar epithelial cells (pink) and basal cells (blue). Stromal tissue surrounds the glands (vellow).
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The prostate is an endoderm-derived, walnut-shaped gland located at the base of the bladder,
consisting of four main anatomical regions: the anterior fibromuscular zone, the central zone,
the transition zone, and the peripheral zone (Figure 39A). The peripheral zone is the area that
gives rise to most prostatic cancers, while the transition zone is where benign prostate

hyperplasia occurs (McNeal, 1969, 1981).

The prostate consists of ducts that branch out into secretory acini, similar to alveoli in the lungs.
They are made up of a fluid-filled lumen surrounded by epithelial cells, which are encased by
stroma. The epithelial cells are comprised of luminal/glandular, basal, and neuroendocrine
cells. The apical side of luminal cells face the lumen as columnar cells (Figure 39B, pink),
with a thin row of basal cells surrounding them (Figure 39B, blue), while occasional
neuroendocrine cells are interspersed. The stromal tissue (Figure 39B, yellow) consists of
smooth muscle cells, fibroblasts, nerve cells, and blood vessels (Foster & Ke, 1997; Fullwood

et al., 2019; Henry et al., 2018; Isaacs, 1994; Shen & Abate-Shen, 2010).

Several stem cell populations have been identified in the murine prostate. There are two
unipotent progenitor populations that are responsible for replacing luminal cells and basal cells,
while an additional multipotent stem cell population exists in the basal layer that can
differentiate into all epithelial cell types (Choi et al., 2012; Ousset et al., 2012). Prostate cancers
derived from the different stem cells give rise to slightly different tumour phenotypes (Z. A.
Wang et al., 2013).

In humans, prostate stem cells are less well defined. A lineage tracing-like experiment looking
at inherited mutations in mitochondrial DNA suggests that there are also stem cells that can
form all three epithelial cell types (Blackwood et al., 2011). Further research found bipotent
basal progenitor cells that can differentiate into both basal and luminal cells, as well as a
unipotent luminal progenitor. Both of these progenitor cells are thought to come from basal
stem cells found in niches near the urethra, from which cells move outwards along the glands

(Moad et al., 2017).

Delta expression has been identified in prostate basal stem cells (Moad et al., 2017) and Notch
signalling is required to for differentiation and to limit hyperproliferation (X.-D. Wang et al.,
2006).
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6.1.3 Prostatic diseases

With age, there is an increased risk of prostate problems, mainly prostatitis (inflammation),
benign prostatic hyperplasia (BPH), and PCa. BPH has been described as a “reawakening” of
the proliferation-induction potential of the stroma, with new ducts forming in the transition
zone (McNeal, 1978). By the age of 50 - 60 years old, half of people with prostates will have
developed symptomatic BPH, although the process is likely to start at an age as early as 30
years old (Berry et al., 1984). While the disease does not develop into cancer, the tissue
enlargement does cause a decrease in quality of life, e.g., lower urinary tract symptoms due to
the prostate’s proximity to the bladder. The cause for BPH development is not known, although
it has been linked to several factors including obesity, metabolic anomalies, and hormonal

changes (Aaron et al., 2016).

After lung cancer, PCa is the second leading cause of cancer-related deaths in men, with the
five-year survival rate dropping to 30% for metastatic PCa (Buskin et al., 2023). Initial PCa
treatment consists of surgical options and radiotherapy, followed by androgen depletion
therapy, as androgens are required for the development and maintenance of the prostate tissue,
and depletion has an inhibitory effect on tumour growth (Cunha et al., 1987; Huggins &
Hodges, 1941). The cancer can return as metastatic castration-resistant prostate cancer, which

is lethal (Saad & Hotte, 2010).

6.1.4 Methods to study prostate disease

As there are several big differences in prostrate structure and development between humans
and mice (Ittmann, 2018) and access to tissue samples is not always readily available, there has
been a big drive towards both 3D cell culture as well as other preclinical models to further
investigate normal development and changes that occur in PCa (reviewed by Buskin et al.,

2023).

Organoids are in vitro 3D models, established from stem cells (embryonic, adult, or induced
pluripotent stem cells), that self-organise, are self-sustaining, and recapitulate the in vivo
structure of the tissue they are forming. They provide an advantage over 2D models as it is
possible to incorporate multiple cell types and a better representation of the environment
including the surrounding extracellular matrix. They can be established using cells from

patients, both from healthy and from diseased tissues. Spheroids are also 3D in vitro models,
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although less complex than organoids as they do not have the same level of organisation

(reviewed by Biatkowska et al., 2020; Buskin et al., 2023; X. Jiang et al., 2023).

6.1.5 Chapter aims

This chapter aims to look for conserved expression of the orthologs of Drosophila LanB2 and
Tsf2 in mammalian epithelia, which may suggest that the orthologs share a conserved role.
Additionally, spheroid formation is explored to see whether it can be used in the future as a cell

culture system to study the expression and functions of target genes identified in Drosophila.

6.2 Results

6.2.1 Definitive endoderm generation using 3D spheroid culture

3D cell culture was used to grow spheroids. 30 wells were set up with 1000 iPSCs each in a
96-well plate. While half were treated with standard stem cell growth medium as a control, the
rest were treated additionally with 100ng/mL of Activin A in order to induce endoderm
development. Three spheroids for each condition were selected and imaged on day 0, 1, 3, and
5 of differential treatment (Figure 40). While not statistically significant, there is a trend
towards a difference in area between the control and treated spheroids on day 5, with control
spheroid area measuring 3773 + 480 pm (mean + SEM) and treated spheroid area measuring

2265 + 414 pm (Figure 41).
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Figure 40: iPSC spheroid growth over the course of 5 days.

Images of spheroids taken at 10X zoom on day 0, 1, 3, and 5 after culture set-up. Control = growth medium only, Treated =
growth medium + 100ng/mL Activin A for definitive endoderm differentiation. n = 3. Scale bar = 30 um.
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Figure 41: Quantification of iPSC spheroid growth over the course of 5 days.
(4) Change in spheroid area of control and treated spheroids over time. (B) Change in spheroid perimeter of control and

treated spheroids over time. Control = growth medium only. Treated = growth medium + 100ng/mL Activin A for definitive
endoderm differentiation. Data is shown as mean + SEM, n = 3 per condition. Calculated using an unpaired t test.
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6.2.2 Gene expression in definitive endoderm

Two sets of five spheroids per condition were taken and sectioned for [HC staining. This was
not successful, as neither the antibody stain nor the Haematoxylin & Eosin (H&E) stain were

visible on the slides (data not shown).

10 spheroids each were combined to create samples for control and treated spheroid RNA
extraction and cDNA synthesis on day 5. Due to delayed arrival of primers the RT-qPCR

analysis could not be carried out.

6.2.3 Immunohistochemistry staining of prostate tissue

BPH as well as primary PCa patient tissue samples were stained for MTf and LAMCI1
expression using immunohistochemistry. Patient 1 (sample 11972) was taken from a prostate
displaying BPH. Patients 2 (sample 12910) and 3 (sample 12782) had primary PCa, with less

and more severe stages of the disease, respectively.

The negative controls without primary antibody show the structure of the prostate tissue.
Figure 42A shows BPH, with frequent glands visible throughout the tissue. Figure 42B and C
show PCa, with a loss of the clear gland structure due to tumour growth and uncontrolled
proliferation. Some non-specific binding can be seen in the negative controls, mainly at the

edge of the tissues and very occasionally in the stroma (Figure 43).
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Figure 42: Negative control IHC staining of prostate tissue samples.
No-primary negative control staining shows tissue structure in benign prostate hyperplasia from patient 1 (4), and primary

prostate cancer, with both less (B, patient 2) and more advanced (C, patient 3) stages. Scale bars shown in the bottom left
corner on the images (A = 3mm, B+C = 2mm).
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Figure 43: No-primary negative control IHC staining.

Some non-specific binding is visible in the negative controls at the edge of the samples (4) and in the stroma (B), shown with
arrows. Scale bar = 200 pm.
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6.2.3.1 Melanotransferrin

Figure 44 shows an overview of the staining of all three samples for MTT. The following three
figures show higher magnification of MTf staining. In BPH tissue, there is occasional stromal
staining visible, although this is very sparse (Figure 45). In PCa tissue, the staining is again of
varying intensity, with some areas in the sample from patient 2 showing light stromal
expression (Figure 46A), while others also show luminal cell cytoplasmic staining (Figure
46C). In the sample from patient 3, which is the more advanced PCa sample, less staining was
visible, with the staining looking very similar to the non-specific binding that was seen in the

negative control samples (Figure 47).
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Figure 44: Melanotransferrin IHC staining of prostate tissue samples.
MTY expression in benign prostate hyperplasia of patient 1 (4), and primary prostate cancer, with both less (B) and more

advanced (C) stages in patients 2 and 3, respectively. Scale bars shown in the bottom left corner on the images (A = 3mm,
B+C = 2mm).
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Figure 45: Melanotransferrin expression in BPH tissue, patient 1.

Variable staining levels of MTf are seen in prostate BPH, with examples of positive stains annotated with arrows. Scale bar =
200 pm.
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Figure 46: Melanotransferrin expression in primary PCa tissue, patient 2.

Variable MTf staining levels are seen in prostate cancer, with both positive stain (arrow) and absence of staining (arrowhead)
in similar areas annotated. Scale bar = 200 um.
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Figure 47: Melanotransferrin expression in more advanced PCa tissue, patient 3.

Variable MTf staining levels are seen in prostate cancer. Scale bars shown on image (A = 300 um, B = 200 um).
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6.2.3.2 Laminin C1

LAMCI staining was also variable, with different areas on the slides showing different levels
of staining (Figure 48). In BPH tissue, most stromal tissue showed LAMCI to be present.
Several glands also showed LAMCI located around the basal cells (Figure 49B,C), and
occasionally positive stain was also visible in luminal cells (Figure 49A). In PCa tissue, some
areas of the samples had very high expression, e.g., Figure 50A and Figure 51A,B, while other
areas had less. The areas with increased staining had expression both in the stroma as well as

basal and luminal cells.

Due to the image format it was not possible to split the image channels into H&E and antibody

staining in order to quantify antibody staining intensity.
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Figure 48: Laminin C1 IHC staining of prostate tissue samples.

LAMC] expression in benign prostate hyperplasia of patient 1 (A), and primary prostate cancer, with both less

(B) and more advanced (C) stages in patients 2 and 3, respectively. Scale bars shown in the bottom left corner on
the images (A = 3mm, B+C = 2mm).
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Figure 49: Laminin CI expression in BPH tissue, patient 1.

Variable LAMCI staining levels are seen in prostate BPH. Scale bar = 200 um.
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Figure 50: Laminin CI expression in primary PCa tissue, patient 2.

Variable LAMCI staining levels are seen in prostate cancer. Scale bar = 200 ym.
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Figure 51: Laminin CI expression in primary PCa tissue, patient 3.

Variable LAMCI staining levels are seen in prostate cancer. Scale bar = 200 pm.
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6.3 Discussion

In this chapter, expression of the human orthologs of LanB2 and Tsf2 were looked at in the
context of prostate tissue. While staining results were variable, they do seem to indicate that
both proteins are expressed in the prostate at a range of levels. Furthermore, iPSC-derived

spheroids were grown for 5 days and showed signs of endoderm development.

6.3.1 Spheroid differentiation into definitive endoderm

The trend towards a difference in area between the control and treated spheroid areas, as well
as the budding seen in the spheroid images, may indicate that the treated spheroids were indeed
differentiating into definitive endoderm, as they were not purely proliferating and increasing
in size as was seen in the control spheroids. This suggests they could be used as pre-clinical

models for endoderm development.

6.3.2 MTf and LAMCI1 expression in prostate tissue

On all slides that had visible staining, the stain intensity was very variable, with some tissue
sections having regions with both strong and with almost no staining. This may be due to some
difficulties that occurred during the staining process, meaning some areas of slides may not
have been adequately exposed to the reagents. This makes it hard to draw conclusions from the

IHC staining.

Another thing that may have contributed to varied staining is the grade of cellular heterogeneity
that is found in cancer, with a potential six different types of cancer-associated fibroblasts
(CAFs) suggested in human PCa (Sugimoto et al., 2006; Vickman et al., 2020). Different
fibroblast types have also been discovered in BPH (Joseph et al., 2021). These can express
different genes and at different levels and can have a tumour-promoting or -suppressing effect
in a context-dependent manner (Kalluri, 2016). Not only do CAFs themselves express different
genes, but they also respond differently to signalling pathways (Kiskowski et al., 2011).
Signalling niches can be created on as small a scale as individual glands (Joseph et al., 2021).
CAFs, unlike fibroblasts taken from healthy tissue, have the ability to induce tumorigenesis in
BPH cells, even though BPH is not normally a precursor to cancer (Ao et al., 2007; Franco et

al., 2011).
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6.3.2.1 Melanotransferrin

Although some areas of the tissue samples seemed to show real staining, e.g., Figure 46C, the
overall level was extremely low. While the antibody used for this experiment was labelled as
unsuitable for IHC, which may have led to an insensitivity to any MTf present, this does line
up with results found in other studies that showed only low MTT{ expression in the prostate
(Natali et al., 1987; Richardson, 2000). Due to the scarcity of expression visible it is difficult
to determine the localisation of MTf in the prostate, however Figure 46C showed luminal cell
cytoplasmic staining, while some other images also show stromal localisation. The fact that
there was only staining visible in the earlier PCa sample (patient 2) but not the more advanced
stage sample (patient 3) suggests that these staining results may not be representative of real
MTf expression, as MTf expression correlates positively with a worse outcome in cancers (Yen
et al., 2023). Alternatively, this may be due to differences in tumours between patients showing

heterogeneous expression.

Without further research it is difficult to determine whether prostatic stem or progenitor cells
express MTT, but if this is the case, luminal progenitor cells may be a source as some MTf

expression was seen in luminal cells.

6.3.2.2 Laminin C1

The staining of LAMC1 was also very variable. Strong staining in some samples suggests that
LAMCI is indeed expressed in the prostate, and the PCa samples had several regions with
stronger staining than was seen in BPH tissue, which may indicate that LAMCI expression

was upregulated in those samples.

Prostate-derived fibroblasts have been shown to produce Laminins, including LAMCI, in 3D
spheroid culture, although the study did not find an upregulation of expression of LAMCI
when the fibroblasts were co-cultured with PCa cells (Ojalill et al., 2020). Ojalill et al also
showed that one of the two PCa cancer cell lines tested in the study was able to produce a3,
B3, and y2 Laminin subunits when cultured on its own (Ojalill et al., 2020). Laminin a3337y2 is
upregulated in co-culture of fibroblasts and PCa cells and has also been found to be expressed

by cancer cells in other cancer tissues, for example in cutaneous squamous cell carcinoma

(Siljamaéki et al., 2020).

The time given only allowed for one attempt at IHC staining, so a repeat may be able to clarify

further the expression levels and pattern. As fibroblasts produce a lot of ECM components in
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the prostate (Ojalill et al., 2018), it is not surprising that there is LAMCI1 staining in the stromal
tissue. Similarly in the small intestine, the mesenchyme has higher LAMCI1 expression than
epithelial cells (Fields et al., 2019). Staining was also visible in the region of the basal cells,
which is where multipotent progenitor cells are thought to be located. Further experiments such
as additional staining and cell type-specific gene expression analysis would need to be carried
out to determine whether these progenitor cells express LAMCI1. Other y chain Laminins could
also be investigated to give a wider picture of Drosophila LanB2 orthologs, but this was not

possible within the scope of this project.

6.3.3 Conclusion and future directions

The results shown above were an initial, mainly qualitative foray into the mammalian
significance of the research carried out in Drosophila. Following this up with
immunofluorescent staining could be used to complement the IHC analysis in a more
quantitative way. Furthermore, it may offer more sensitivity to detect low level expression, as
it is difficult to determine if the MTT staining is real or non-specific as seen in some of the
negative controls. It would also allow for easier co-staining with cell type-specific antibodies
to better determine exact localisation of the genes of interest. It was not possible to do this

within the timescale of this project.

Additional MTf IHC staining could be carried out using an alternative antibody to compare
whether the lack of visualisation was due to a lack of expression or due to antibody

unsuitability.

It would also be interesting to compare the staining patterns to healthy tissue. In this thesis
BPH was used to compare to cancer expression, however BPH, while less dangerous, is also

diseased, non-homeostatic tissue. Unfortunately, no healthy tissue was available for this thesis.

As the work in the previous chapters carried out in Drosophila focuses on the posterior midgut,
comparing this to human small intestinal tissue samples or to intestinal models may provide a
better comparison of any conclusions that may be drawn between the two. Intestinal organoids
have been successfully generated (Sato et al., 2009, 2011) and may allow an easier and quicker

alternative to tissue samples.
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Chapter 7: Thesis discussion

It has long been known that it is of vital importance that stem cell populations adapt their
proliferation rates and the cell fate of their progeny to local demand, and that this is
continuously signalled to stem cells from progeny and specific niche cells. However, the stem
cells” own contribution to this control has not yet been studied in great detail. It is becoming
more evident with a growing list of examples that stem cells are indeed active participants in

niche signalling, both to themselves as well as to their progeny.

The Drosophila midgut has been used extensively as a model system for looking at stem cells.
It is a simplified version of the mammalian small intestine with high enough degree of cell type
similarity and genetic conservation to allow conclusions drawn from research in Drosophila to
give insight into how this organ functions in humans. This thesis has aimed to expand on
previous research which has identified Drosophila intestinal stem and progenitor cell-specific
gene expression (Doupé et al., 2018); in particular, a list of secreted proteins thought to be
expressed in ISCs and EBs was studied. Preliminary work to this thesis looked at whether
knocking down these genes specifically in adult ISCs and EBs affected midgut homeostasis by
looking for potential changes to cell proportions in the midgut. The screen was able to identify
several genes that may be involved in normal homeostasis of the adult midgut, as changing
their expression led to a change in the proportion of ISCs/EBs, which could indicate a change
in proliferation or differentiation. While this is not able to identify genes involved only in non-
homeostatic control of stem cells, for example during regeneration, it is a good first indicator

as to whether the genes may be important for stem cell regulation.

With age, stem cell populations undergo a range of changes that lead to a loss of homeostasis.
This eventually leads to a decrease in health, which is of particular importance as the average
lifespan of the human population is increasing due to advancements in science and technology.
It is difficult to study ageing in humans as active manipulation of gene expression or tracking
cells or proteins is not ethically possible, therefore the use of model organisms such as

Drosophila is essential to understand how organisms age.
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7.1 Age-related changes in midgut gene expression

RT-gPCR analysis of several of the genes thought to encode stem/progenitor cell-secreted
proteins was able to give further insight into their expression by comparing midgut expression
of three different timepoints in wild-type flies. Day 10 represented young, healthy guts, day 30
represented intestines that are likely to have lost homeostasis and could be in the
hyperproliferative stage which occurs prior to the exhaustion of functional stem cells, which
was represented by day 51 samples according to previous research carried out in the lab.
Unfortunately, this method is a crude approach and not cell type-specific as guts were dissected
and the whole midgut was included in the sample, meaning that any expression by tissue
surrounding the gut that may have been included in the sample was included in the results. This
may mask stem or progenitor cell-specific changes as they make up only a small number of the
cells in the gut. Several of the genes tested did however have significant differences in
expression between the timepoints and this provides a list of candidates for future work into

age-related changes in the intestine.

7.2 Laminin expression in the midgut

The rest of the work in this thesis focused on two of the genes that were found to increase the
proportion of stem and progenitor cells in the gut in the preliminary RNAi screen. Knockdown
of LanB2, which codes for the only y chain Laminin subunit in the Drosophila genome, resulted
in the largest increase in the proportion of stem and progenitor cells. Previous research into
Laminins in Drosophila has mostly focused on Laminins as a whole and has not looked at
individual sources of Laminin in detail. The results in this thesis suggest however that there is
an epithelial source of Laminins in addition to the surrounding tissues, which is backed up by
single cell sequencing data (Hung et al., 2020) in addition to the targeted DamID results (Doupé
et al., 2018). Interestingly, other single cell RNA sequencing research has shown that all
Drosophila Laminin subunits decrease in expression in ISCs with age, although only the lanB2
decrease is statistically significant (Tauc et al., 2021). RT-qPCR results described in this thesis
however suggest that /an4 and lanB1 but not lanB2 RNA expression increases in midguts with
age. This is an interesting contradiction that would benefit from further study, not only on the
RNA level but also how this relates to protein expression and variations in expression from

different Laminin sources adjacent to the gut such as the muscle and trachea.
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As the ECM is essential for supporting the gut, and Laminin meshworks make up one of the
main components of the ECM, it was surprising that knocking down the only y chain, and
thereby essentially preventing Laminin secretion from ISCs/EBs, did not show any changes in
lifespan, especially as ISC-specific LanA has been shown to be required to maintain normal
ISC function via integrin signalling (Lin et al., 2013). It may be possible that ISC/EB-secreted
Laminin has a specific role that can be compensated long-term by other sources. Testing the
level of LanB2 knockdown in samples with long-term ISC/EB-specific knockdown, as well as
carrying out knockout experiments, would be a helpful step to validate the lifespan data in
order to integrate it into the existing literature. This is particularly important as the three RNAi

lines used did not give consistent phenotypes for how they affect midgut homeostasis.

When looking at conservation of expression and function between Drosophila LanB2 and
mammalian Laminin, the comparison is complicated somewhat by the fact that there are several
y chains in mammals that have differing expression patterns. LAMCI is the most similar to
LanB2 in terms of protein similarity. Its expression was investigated in relation to prostate
cancer through work with collaborators, but no clear conclusions could be drawn from the data

available.

7.3 Transferrin 2 expression in the midgut

Not much research has been published on Tsf2 in the fly gut. The main body of work consists
of its involvement in hindgut and tracheal septate junction formation during development
(Tiklova et al., 2010). The results of this thesis did not show the phenotypes that are typical of
loss of SJ components upon Tsf2 knockdown, such as mislocalisation of other SJ components,
significantly decreased lifespan, or a Smurf phenotype. Similarly, another SJ protein
Neuroglian also acts as a SJ component in other epithelia but not in the midgut. There it is
expressed by stem and progenitor cells and regulates proliferation via an independent

mechanism (Resnik-Docampo et al., 2021).

As with LanB2, knocking down or overexpressing Tsf2 did not show any significant effect on
lifespan. As nothing is known about its function in the midgut, it is hard to say whether any
effect on lifespan can be expected as there may be compensatory mechanisms that kick in after

an initial loss of homeostasis. It is noteworthy though that while RT-qPCR showed an increase
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in tsf2 mRNA expression in the whole midgut, protein levels decreased in ISCs/EBs, shown

with antibody staining.

A very tentative connection was shown between changing Tsf2 expression levels and the JNK
pathway. Increased Tsf2 expression showed a decrease in JNK phosphorylation, while Tsf2
knockdown led to significant, albeit very minor, reduced expression of the negative feedback
regulator Puc. A decrease in JNK phosphorylation lines up with the phenotypes seen in the
midgut, as JNK pathway activation leads to increased ISC proliferation. These results are

preliminary and require follow-up experiments for consolidation.

As Tsf2 knockdown/overexpression phenotypes mirrored those of Notch, this was investigated
as a possible mechanism by which Tsf2 may be affecting midgut homeostasis. Using a reporter
such as Su(H)GBE-GFPnls would be likely to give the most representative result of changes
in Notch signalling, but these experiments unfortunately did not work and there was not enough
time to repeat them. Other avenues of investigating this pathway did not give a concise
outcome, with only E(spl)m3-HLH showing a small reduction in expression upon Tsf2
knockdown, while Tsf2 knockdown did not affect E(spl)mp-HLH and Tsf2 overexpression
showed no significant changes in the expression of either gene. This seems to suggest that
Notch signalling could be ruled out as a target for mediating the effects of Tsf2 expression

changes on homeostasis, but further validation is necessary.

The three different zsf2-RNAi lines also showed varying phenotypes on homeostasis. Like for
LanB2 these differences need to be examined further to give a reliable result, although the fact
that Tsf2 overexpression showed the opposite results when looking at changes in progenitor
cell number to the RNAI line used for the majority of this thesis suggests that this RNAi line
displays the real phenotype of Tsf2 knockdown in contrast with the other two £sf2-RNAi lines.

So far there is no research to suggest that MTf, the mammalian ortholog of Tsf2, has any
involvement in cell junctions. MTf expression has been found at low levels in various tissues,
but its expression is much higher in cancers and higher MTTf expression correlates with a worse
outcome for the patients as it results in increased tumour growth and cell migration. This seems
to be the opposite to what is seen in the Drosophila midgut, where increased expression leads
to a decrease in proliferative cells. This is an interesting avenue for future research. Various

signalling pathway components can have opposing effects in different tissues, acting in an
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oncogenic manner in some and having a tumour-suppressive function in others. This should

also be considered when comparing results from different tissues and organisms.

7.4 Limitations of this work

There are several limitations to take into consideration when interpreting the results shown in

this thesis.

As mentioned previously, the results comparing gene expression at different ages were not cell
type-specific and therefore it cannot be concluded that any statistically significant changes in
expression levels occur specifically in ISCs and EBs. The expression of targets selected from

this data can be compared to other published resources on age-related changes.

A major point to consider is the differences in phenotypes seen when using RNAI lines from
BDSC compared to VDRC, and this could be cleared up by carrying out knockout experiments
and/or looking at changes in protein levels after changing gene expression. This could also give
stronger phenotypes, as it is not clear if a low level of remaining expression might be sufficient

to mask some effects that could be seen with total protein loss.

It is also not clear how strong the knockdown of the genes of interest was with the GeneSwitch
system, which was used for the majority of experiments. As a functioning Tsf2 primer was only
identified towards the end of this project, there was not enough time to carry out experiments
to measure knockdown or overexpression levels. The presence of GFP was initially used as
evidence that the overexpression line UAS-T5f2-GFP was being induced in RU50 treated
samples, but it was later discovered that the 59615 line had its own inducible UAS-GFP that
had not been annotated by the lab that supplied it. When looking at LanB2 knockdown, using
a ubiquitous driver did show that the gene was being knocked down, but no significant changes
were seen when using the ISC/EB-specific GeneSwitch driver. This could be due to either low
knockdown induction using GeneSwitch or, more likely, expression from other cells masking
changes in ISCs/EBs. While the GeneSwitch system has been shown to be leaky, with transgene
expression in the absence of RU, this has not been seen with the newly developed, auxin-

inducible AGES system and so this could be used as an alternative to confirm the results shown.
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7.5 Future perspectives

The production of reporters and antibodies for both LanB2 and Tsf2, as well as for any other
genes of interest from the RNA1 screen that might be studied in the future, will provide a lot of
additional information. This can be used to help answer several questions, including exact
localisation in the midgut, how protein levels change with age, which different cell types
express these proteins, and whether there is any compensation from other sources upon

knockdown in stem and progenitor cells.

The loss of homeostasis seen after a 7-day knockdown of both LanB2 and Tsf2 compared to a
seeming lack of effect on lifespan is an intriguing relationship that will be interesting to
decipher in the future, in particular when comparing Drosophila and mammalian orthologs, as
complete loss of LAMCI1 in mice, both during development and inducible loss during

adulthood, is sufficient for lethality.

Overall, these results provide an initial look at two stem- and progenitor-specific secreted
proteins and how their expression relates to midgut homeostasis and loss of homeostasis with
age. There is still much to learn about how stem cells regulate their environment and change

with age, and how this knowledge can be applied to maintain health in old age.
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