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4-(PHENYLTHIO)BUTANOIC ACID, A NOVEL HISTONE DEACETYLASE
INHIBITOR, STIMULATES RENAL PROGENITOR CELL PROLIFERATION

Eric David de Groh, MS

University of Pittsburgh, 2010

A chemical screen of approximately 2000 small molecules in zebrafish embryos identified a
compound that generated pericardial edema, suggesting aberrant renal development. Treatment
with this compound, 4-(phenylthio)butanoic acid (PTBA), increased the size of the pronephric
kidney in zebrafish. Earlier in development, PTBA expanded the expression of renal progenitor
cell markers, including /hxla, pax2a, and pax8. Blocking DNA synthesis with hydroxyurea and
aphidicolin before PTBA treatment decreased its efficacy, suggesting that PTBA-mediated renal
progenitor expansion is proliferation dependent. Structure-activity analysis revealed that PTBA
was an analog of the known histone deacetylase inhibitors (HDACis) 4-phenylbutanoic acid
(PBA) and trichostatin A (TSA). Like PTBA, PBA and TSA both demonstrated the ability to
expand /hxla expression in treated embryos. PTBA was subsequently confirmed to function as
an HDAC:i both in vitro and in vivo. HDACis are hypothesized to stimulate retinoic acid (RA)
signaling by decreasing the concentration of RA necessary to activate RA receptors (RARs) on
target genes. Indeed, treatment with PTBA affected the expression of the RA-responsive genes,
cyp26al and cmlc2, in a manner consistent with increased RA signaling. Furthermore, blocking
the RA pathway with a dominant-negative RARo construct decreased PTBA efficiency.
Therefore, PTBA appears to stimulate renal progenitor cell proliferation by activating the RA-
signaling pathway. HDACis have been shown to improve renal recovery following acute kidney

injury. Since PTBA increases renal progenitor cell proliferation, it may exert similar effects on

v



the multipotent cells involved in regeneration. In an effort to improve PTBA efficacy for
pharmacological applications, analogs were generated by modifying the key structural elements
of the general HDACi pharmacophore. These were tested along with a panel of known HDACis
for their ability to increase /hxla expression in treated embryos. Several compounds were
characterized that function at nanomolar concentrations and do not cause toxicity in kidney cell
culture. These second generation PTBA analogs are excellent candidates for development as

potential renal therapeutics.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...cuuiiniiniiiinnnicsnisnissicsssssesssecssssssssssssssssesssessssssssssssssessasssassassssssss XIIT
1.0 INTRODUCTION...uuiiiirurisnecsnisncssncsesssesssessssssnssssssasssesssssssssssssssssssssasssssssssssssssssassssss 1
1.1 PHYSIOLOGICAL ROLES OF THE KIDNEY ......ccouievinvensecseicsecsuecsaccsessane 1

1.2 THE NEPHRON .....uucoiiniiniinnsnnssecsnnseissnsssssesssessssssessssssssssssssssssssssssssssssssssssess 2

1.3 STAGES OF VERTEBRATE KIDNEY DEVELOPMENT .......cccccceeueeeueenne 2

1.3.1  The Pronephros......ececeeecsseecnssencsssnncssnncsssnscssssesssssessssssssssssssssssssssssssssssssses 3

1.3.2  The MeSONEPRTOS c.cccuerierreriiisurisssnressricssnricsssnicssssesssssessassssssssssssssssssssssssssssssses 4

1.3.3 The MetanePRhIos .......ccevverierveriissnicsssnicssnicssanicsssnesssssesssnssssssssssssssssssssssssssssses 5

1.4 ORIGIN OF THE PRONEPHROS .....couiiiiviirnicrnnssensaecsnnsncssessssssesssesssssesssees 6

1.5 MOLECULAR CONTROL OF PRONEPHRIC DEVELOPMENT.............. 7
1.5.1  Pax PAthWAY ...ccccvceiiiiveicsinncnssnncsssnncssnicssnsicsssssssssssssssssssssssssssssssssssssssssssssssssses 7

1.5.2  LhX PAtRWAY.uuuiiiriiiiirnrinnsnninsnninsnncssnicssssicssssssssssesssssssssssosssssossssssssssssssssssssns 10

1.5.3 Retinoic acid pathway ......ccceiievveicnsniicnsnicssnicssncssssnessssnesssnesssssessssssssssssnns 12

1.6 APPLICATIONS OF THE ZEBRAFISH MODEL.......ccccceerurrrensuecserceecnees 14
1.6.1 Modeling Kidney development...........ccocceeessurecssnrccssnncsssnessnnncssssscssssscsassessnns 16

1.6.2  DIrug diSCOVEIY ccuuriersrricssnrcsssnncsssncssasncssssssssssessssesssssesssssosssssssssssssssssssssssssans 18

2.0 IDENTIFICATION AND CHARACTERIZATION OF PTBA .....ccoveeversuecnnens 20
2.1 HYPOTHESIS ..ccuiiiitiiticiininsnicenssicssicsesssnsssissssssesssssssssssssssssssssessassssssssssssass 20

Vi



2.2 RESULTS uuoiitinticiinensnicsnisaecssissssssnsssesssssssssssssssssesssssssssssssssssssssassasssssssssssesss 21
2.2.1 PTBA causes edema in zebrafish larvae..........cccecevverivvercsiercssnercssnnccsnnnes 21
2.2.2 PTBA expands the kidney field ........ccccccevvurievvuricsvnrinssnncnssercsinnrcssnnncssnnccsnnnes 22
2.2.3 PTBA is effective during specification.........c.ccceevceeccscerccsercssnrcssnnncssnnccsannes 25
2.2.4 PTBA increases Pronephric SiZe.......ccccceevrrcssericssnrcsssnrcssnrcssnsrcssssncssssesssnnes 28
2.2.5 PTBA does not transform neighboring tissues to a kidney fate................ 31
2.2.6 PTBA requires proliferation for efficacy .......cccoeceerercruenseesseecsercseccseecnnes 33

2.3 METHODS ...cucotiitiiiiniinicsensncssiesssssesssissssssssssissssssesssssssssssssssssssssessasssssssssssssss 35
2.3.1 Zebrafish husbandry ........eeiciniicniiinnsnicssnicssnnissssnsssssnessssncssssscssssessssses 35
2.3.2 Small molecule SCreeNING ......cccceeevsercrsrrcssaricsssressssresssrsssssnessssssssssssssssssssses 35
2.3.3 Compound sources and treatments.......ccccceeercerecsssrccsssresssressssncsssssssssessssses 36
2.3.4 Synthesis of PTBA .....iiiiviiiiviinssnicnsnicssnicsssnessssssssssnssssssesssssssssssssssssssssses 36
2.3.5 Concentration-reSponse StUAieS........cccceervrrcssericssrrcssssresssressssrcssssscsssessssses 37
2.3.6 In situ hybridization and immunocytochemistry........cccocceeecuercssnercscanccsnnnes 38
2.3.7  Relative qPCR ... uueiiceriiiiiinnnicnsnicssnnicsssnicssssesssssssssssssssssesssssssssssssssssssssses 38

2.3.7.1 CDINA SYNERESIS ccccuurierruricrsnncssnicssnnicssnncssssnessssnessssnesssssossssscsssssssssssssnns 38

2.3.7.2  PrIMET SELS uuccveeeruenseecsuecssnecsaensnncssesssncsssesssnssssesssassssesssnssssesssassssessanses 39

2.3.7.3  QPCR CONAItIONS...ucieeiuriiisuricssricssanessssressssressssosssssesssssosssssssssessssssssans 40

2.3.7.4 Reference gene determination..........ccceevvereessercssnrcssercsssencssssecsssessnns 40

P2 T/ TIN ) F:17: 511 1 ) ) R 41

2.3.8  Cell COUNLING ...cuuvrrerrnricssericssnncsssnncsssncssanecssssscssssessssesssssssssssosssssssssssssssssssssses 41

3.0 MECHANISM OF PTBA EFFICACY ..uiivirecsnissnnssecsscssesssecsssssssssesssssssssssssssans 42
3.1 HYPOTHESIS ..ccuiiiitiiticiininsnicenssicssicsesssnsssissssssesssssssssssssssssssssessassssssssssssass 42

vii



4.0

3.2

3.3

4.1

4.2

RESULTS uieiiiiienienntensnnnsnecssesssssssessssssssessssssssessssssssssssassssessssssssesssasssssssaases 43
3.2.1 PTBA structure-activity studies reveal critical motifs.......c..cccecereveeuenenee 43
3.2.2 HDACIs mimic the effects of PTBA .......cooueeverirensenisnensennsnecsnnsssecssecssnes 45
3.2.3 PBA and TSA exhibit greater toxicity than PTBA.............cccceevuervuenuecnnee 47
3.2.4 PTBA functions as an HDACI i1t VItro ........ucuueeeneennevneensuecceensuensnensencsnnes 49
3.2.5 PTBA functions as an HDACI i1t ViVO ......ueeeneeeneennnersnensnennseecsensssecssecsnnes 53
3.2.6 PTBA affects retinoic acid Signaling.........cccceveeeervericscnrcssnrcssnnrcssnnrcssnnccsnnnes 53

METHODS ...cucotiitiiiiniinicsensncssiesssssesssissssssssssissssssesssssssssssssssssssssessasssssssssssssss 56
3.3.1 Zebrafish husbandry ........iieiniicnisiinnnnicsseicsnnissssisssssnesssncssssscsssssssssses 56
3.3.2 Compound sources and treatments.......cccceeercerecsssrccsssressssressssscsssssssssessssses 56
R T I /0727 1374 03 T V215 T0) 1 [ 56
3.3.4 Histone hyperacetylation assays......cccccceecrecssnrccssnncssssrcsssnessssncssssscsssessssnes 56
3.3.5 Fluorescence HDAC aSSaysS....cueicervercssnicssaricssssessssscsssnsssssnsssssssssssssssssssssses 57
3.3.6 mRNA synthesis and MicCroinjections ........cccecceeesverecscrrcssnrcssnrcsssencssssecssnnes 57
DEVELOPMENT OF PTBA ANALOGS ......uouuiivuinensrecsnissenssecssnsesssecssssssssssssssans 58

HYPOTHESIS ..ccuuiiitiiiicinnncsnicsinssicssecssssnssssssssssesssssssssssssssssasssessasssssssssssssss 58

RESULTS uuiiiiiienienntensnnninecssessnscssessssssssessssesssesssassssssssassssessssssssasssassssessssses 59
4.2.1 Phenotypic screening of PTBA analogs ........cceeeveerernsnensuecssnecsenssaccseecsnnes 59
4.2.2 PTBA analog efficacy in renal progenitor cells at 3 pM.........cccccerervureccnne 64
4.2.3 PTBA analog efficacy in renal progenitor cells at 1.5 uM..........ccccuueeeuueee. 68
4.2.4 PTBA analog efficacy on renal progenitor cells at 800 nM....................... 70
4.2.5 PTBA analog efficacy on renal progenitor cells at 400 nM or below ....... 72
4.2.0 TOXICILY ASSAYS.currersrrcssarecssarcssssnesssncssssasssssssssssesssssssssssssssssssssssssssssssssssssssnes 74

viii



4.3 METHODS ....uoniitiiieninnennennessesnessnsssessssssssssssssessassssssasssssssssssssssssasssassassssesss 77

4.3.1 Zebrafish husbandry ........ceiiiniicnniicnsnicssninssninsssncssssnesssncsssssssssssssssses 77

4.3.2 Compound sources and treatments.......cccceeerverecsssrccsssnesssnessssrcssssscsssessssses 77

v IO S /072 7 1374 003 T V210 T1) 1 [ 78

4.3.4 Phenotypic SCreeniNg ......cccovreerserersrrcssrrcssaricssssesssssesssnsssssnessssssssssssssssssssses 78

4.3.5 Podocyte CYtOtOXICItY ASSAYS cccvererrrrcssaricssarecsssressssnssssnessssnssssssssssasssssesssses 78

5.0 DISCUSSION .uuiiiiinicninseissecssnssesssecssissssssessssssssssessssssssssessssssssssssssssssssssssssssssssssssssss 80
51 LESSONS FROM SMALL MOLECULE SCREENING........ccccceceeserruecsarens 80

5.2 MODELING HOW PTBA ENGAGES THE RA PATHWAY .......cccceuceeuueee 82

5.3 THERAPEUTIC POTENTIAL OF PTBA ........coiiiniireinensensnecsncsnssaecsenns 84
5.3.1 Proliferation: the intersection of development and regeneration ............. 84

5.3.2 Analog efficacy in a mouse model of acute kidney injury......ccccceeecueeennnees 85

5.3.3 Factors governing the toxicity of PTBA analogs .........c..ccceevuvrcrvnricrcnnccsnnnes 86

5.3.4 HDAC:s are clinically relevant...........ceiinsvrcnssencssnicssnncsssnncssssssssssecssnnes 92

5.4 IMPORTANT CONSIDERATIONS AND OPEN QUESTIONS......cccceeueee 92

5.5 NEXT GENERATION PTBA ANALOGS .....cuiniiruicrensenseessenssecsacsessaecsssens 95
APPENDIX A cuuoiiiiiiiinnninsnissnisecssissssssessssssssssessssssssssesssssssssssssssssssssssssssssssssssssssassssssssssssssssssssns 929
APPENDIX B ..uucuuiiiiiiininsnicseisiissicssissesssessssssssssessssssssssesssssssssssssssssssssesssssssssssssssssssssssssssssssses 100
APPENDIX Cuuoneeiniciinensnicsnisnissecssissesssessssssssssessssssssssesssssssssssssssssssssesssssssssssssssssssssasssssssssses 101
BIBLIOGRAPHY ...cuiiiiiiciininsnicsniniissccssissesssisssissssseesssssssssssssssssssssssssssssssessassssssssssssssasssess 103

X



LIST OF TABLES

Table 1. Structural analogs Of PTBA. ......cooiiiiiieeeee et 60
Table 2. Phenotypes observed in larvae treated with PTBA analogs. .......c.ccccceevivieninienienennee. 63
Table 3. Lhx1a expansion caused by analog treatment. . ..........cccueevveeriieriienieenienieeieeseeesiee e 65
Table 4. Predicted octanol-water partition coefficients (XLogPs) of the PTBA analogs............. 99
Table 5. Raw data for Table 3.........cooiiiiiiiiiiie e 100
Table 6. Toxicity of PTBA analogs in cultured podocytes (first replicate)..........ccoecvverueenenennne. 101
Table 7. Toxicity of PTBA analogs in cultured podocytes (second replicate). ...........cceeeueenee. 102
Table 8. Toxicity of PTBA analogs in cultured podocytes (third replicate)...........cccceevueeennenneen. 102



LIST OF FIGURES

Figure 1. Stages of vertebrate kidney development. .............coceeviiiiniiiiniiinienenieeeecceee 3
Figure 2. Summary of developmental and molecular events forming the active pronephros. ....... 8
Figure 3. Four compounds causing pericardial edema in the initial phenotypic screen................ 21
Figure 4. PTBA elicits concentration-dependent effects on larval edema and survival............... 23
Figure 5. PTBA treatment increases the expression of renal progenitor markers. ...........cc..c....... 24
Figure 6. PTBA treatment increases the number of renal progenitor cells............ccceecvveiiennnnnen. 26
Figure 7. PTBA is effective during renal progenitor cell specification. .........ccccceeveerveenueeneeennen. 27
Figure 8. PTBA treatment expands cd/l7 @XPreSSION. ......c.ceuuierierieereenieeniienieenieesreesseesneesees 29
Figure 9. PTBA treatment expands NaK-ATPase eXpression. ........ccceveerueeieneenienieneenieneeneenne 30
Figure 10. PTBA treatment expands several pronephric regions. .........cccceevveerveenieenveenieenveennnn. 31
Figure 11. PTBA treatment does not transform nearby tissues to a renal fate. ............ccccceeenee 32
Figure 12. PTBA requires proliferation for efficacy. .......c.ccoceviiviniiiniiiniinieecee 34
Figure 13. Synthesis scheme for PTBA ......cccoiiiiiiiiiieeee e 36

Figure 14. Structure-activity relationship studies reveal essential moieties for PTBA efficacy. . 44

Figure 15. PTBA exhibits structural similarity to HDACIS......c..cccceriiniininiiniiiciienceeeeee 45
Figure 16. Treatment with the HDACi PBA expands the kidney field. ............ccocveviiieninnnnnnen. 46
Figure 17. Treatment with the HDACi TSA expands the kidney field. .........ccccoevieriiinnnnen. 46
Figure 18. Treatment with PBA or TSA affects nearby tiSSUESs. ........cceeevueeienienienienienieeienene 48

xi



Figure 19. PBA elicits concentration-dependent effects on larval edema and survival. .............. 50
Figure 20. TSA elicits concentration-dependent effects on larval edema and survival................ 51
Figure 21. PTBA functions as an HDACI i1 VItFo. ........cceevieiiniiiiiiinieiieeneeeeeseee e 52
Figure 22. PTBA functions as an HDACI i72 ViVO......c...ccceeviriiniiiiiiinieiieeneeeeeseee e 53
Figure 23. PTBA affects the expression of RA-1esponsive genes. ........coecveevveerveenieeeieenieenveennn. 54
Figure 24. RA signaling mediates PTBA efficacy........ccoceviriiniiiiniiniiieeeee 55
Figure 25. Functional analogs of PTBAL ....cccooiiiiiiiiieecee e 62
Figure 26. PTBA analogs exhibiting partial efficacy at 3 tUM.......ccccoevieiiieiieiiieieee e, 66
Figure 27. PTBA analogs exhibiting efficacy at 1.5 WM. .....ccccoviiiiiiiieiieee e, 69
Figure 28. PTBA analogs exhibiting efficacy at 800 M. ........ccceeviriiniininiinieeesceeee e 71
Figure 29. PTBA analogs exhibiting efficacy at or below 400 nM.. ......ccccooviviiiiniinininienne 73
Figure 30. Structural PTBA analogs exhibit low toxicity in cultured podocytes. ............ccue...... 76
Figure 31. HDACis enhance RA si@naling...........c.cccieiiiiiiiiiiieiieiie et 83
Figure 32. Treatment with MPTB increases the rate of renal recovery in mice following acute
KIAN@Y INJULY. 1..tiiiiiiiieiie ettt ettt et et e et e e bt e enbe e saeeabeenseeesbeeseeenseenseasnseenseas 87
Figure 33. Binding of TSA to human HDAC?7 as determined by X-ray crystallography. ........... 88
Figure 34. HDAC classes inhibited by carboxylic and hydroxamic acid HDAC:s....................... 90
Figure 35. Evolutionary relationship between HDACI orthologs in selected vertebrates.. ......... 94

xii



ACKNOWLEDGEMENTS

I thank...

My mentor, Neil Hukriede, for his guidance during my graduate career

All past and present lab members, particularly Rachel Jackson, Lisa Antoszewski, and Chiara

Cianciolo Cosentino, who contributed directly to this work

All those that have helped me along the way, including: Bruce Blumberg, Jeft Brodsky, Takuto
Chiba, Weixiang Dai, Lance Davidson, Billy Day, Mark de Caestecker, Lori Emert-Sedlak,
Agnes Fogo, Ray Harris, Vasiliy Korotchenko, Emily Noél, Elke Ober, Beth Roman, Tom

Smithgall, Michael Tsang, and Andreas Vogt

Mom, Dad, Mark, and Brooke for always believing in me, and my wife, Erin, for her continued

love, support, and understanding

xiil



1.0 INTRODUCTION

1.1 PHYSIOLOGICAL ROLES OF THE KIDNEY

In his classic work From Fish to Philosopher, esteemed renal physiologist Homer W. Smith

argues that our kidneys provide the means for our physiological freedom:

Our bones, muscles, glands, even our brains, are called upon to do only one
kind of physiological work, but our kidneys are called upon to perform an
innumerable variety of operations. Bones can break, muscles can atrophy,
glands can loaf, even the brain can go to sleep, and endanger our survival;
but should the kidneys fail in their task neither bone, muscle, gland nor brain

could carry on.” (p. 4)

This statement underscores the importance of our kidneys in permitting the complex
biochemical processes that govern our daily lives. Indeed, renal failure not only compromises
musculoskeletal, endocrine, and neurologic function, as mentioned by Dr. Smith, but also affects
most other organ systems.” The widespread pathology that arises reflects the critical
physiological responsibilities of our kidneys. These include excreting metabolic wastes,
maintaining water and electrolyte balance, performing gluconeogenesis, and secreting hormones

regulating blood pressure, calcium uptake, and erythrocyte production.’



1.2 THE NEPHRON

The nephron serves as the functional unit of the kidney.* In adult vertebrates, each nephron
consists of a renal tubule and an encapsulated capillary tuft, known as a glomerulus.” Blood
filtration begins at the fenestrated glomerular basement membrane, which excludes
macromolecules from entering the capsular space based on their size and charge.® The filtrate
then enters the renal tubule which reabsorbs virtually all of the water and electrolytes,
concentrating wastes for excretion in the urine.” A healthy adult human kidney typically contains
between 800,000 and 1,200,000 nephrons, with variation arising from age, sex, ethnicity, and
birth Weigh‘[.S’8 However, other vertebrates, including mice, amphibians, and fish, manage to
maintain normal renal function with a fraction of the nephrons that humans require.””
Furthermore, simple kidneys containing only a few nephrons sustain all vertebrates during the

early phases of development.

1.3 STAGES OF VERTEBRATE KIDNEY DEVELOPMENT

The vertebrate kidney passes through up to three developmental stages of increasing complexity:

the pronephros, mesonephros, and metanephros (Figure 1)."



Pronephros Mesonephros Metanephros

Inactive Active

Capillary
Tuft

Tubule

Duct

Figure 1. Stages of vertebrate kidney development.

1.3.1 The pronephros

The composition of the first kidney, the pronephros, varies between active and rudimentary
forms depending on the requirements of the developing organism. Vertebrates living in
freshwater must constantly excrete the excess water entering their bodies and consequently must
also reabsorb electrolytes to prevent ion depletion.!’ Therefore, during the development of fish,
amphibians, and certain reptiles, the pronephros must serve as a functional embryonic kidney.’
Active pronephroi typically contain a pair of bilateral nephrons.” Each consists of an anterior
capillary tuft emptying into a tubule which connects to the urinary opening via a pronephric
(nephric) duct.’ Importantly, the functioning pronephroi of fish and amphibians contain cell

types typical of more complex kidneys, making them excellent model systems.'*"



Other vertebrates, including mammals and birds, enjoy protection from the osmotic
demands of the external environment because they develop within an egg or uterus.'* Combined
with the assistance of an allantois or placenta to remove wastes, these conditions preclude the
need for renal function during early development.'* Therefore, their pronephroi primarily consist
of vestigial structures, including short regions of tubule and duct, which almost certainly lack

excretory capability.lo’15

However, proper formation of the pronephros, whether active or
inactive, is necessary to induce the development of more complex kidneys.'"” Mauch and

coworkers demonstrated this concept by observing that excision of chick pronephroi prevents the

formation of the subsequent kidney form, the mesonephros.'®

1.3.2 The mesonephros

The mesonephros functions as the adult kidney in fish and amphibians, and the embryonic
kidney in other vertebrates.” Mesonephric development begins with the formation of condensates
known as renal vesicles from the mesenchymal tissue surrounding the nephric duct or tubule.'
Renal vesicles then proceed through two morphological stages, the comma- and S-shaped body,
before becoming mesonephric nephrons.” In mammals and birds, extension of the nephric duct
toward the urinary opening induces nephron formation in an anterior to posterior pattern.'*"’
Mesonephric nephrons in fish and amphibians arise in a similar manner, even though their
nephric ducts already connect to the urinary opening.”'®

In fish and amphibians, where the mesonephros represents the terminal adult kidney,
hundreds or thousands of well-formed nephrons typically develop.”® Conversely, in other
vertebrates, where the mesonephros serves only as a transitory organ, nephron numbers rarely

exceed 60.° Furthermore, many of the posterior nephrons exhibit primitive morphology and fail

4



to connect to the nephric duct.'* For example, of the approximately 18 nephrons of the mouse
mesonephros, only 4 to 6 anterior nephrons actually fuse with the nephric duct.’ In almost all
vertebrates, formation of the mesonephros triggers the degeneration of the now-obsolete
pronephros.” However, in some fish, the pronephros becomes repurposed as a lymphoid organ,
known as the head kidney, and persists into adulthood.” Similarly, the mesonephros will
eventually adopt several new roles after ceding its renal responsibilities to its successor, the

metanephros.

1.3.3 The metanephros

The terminal and most complex kidney, the metanephros, provides renal function to adult
mammals, birds, and reptiles.”” Metanephric development begins with the establishment of a
blastema of cells, known as the metanephric mesenchyme (MM), expressing the transcription
factors Wtl and Pax2.?' Subsequently, the MM secretes glial-cell-line derived neurotrophic
factor to induce outgrowth of the ureteric bud (UB) from the posterior nephric duct.”* As the UB
invades the MM, signals from the MM trigger repeated branching morphogenesis events,
creating the collecting ducts of the metanephros.* At the same time, the UB branches reciprocate
by inducing condensation of the MM into renal vesicles.* These will develop into metanephric
nephrons by proceeding through the comma- and S-shaped body stages in a similar manner to
mesonephric nephrogenesis. Reciprocal induction between the MM and UB continues until
terminated by an unknown factor, thought to originate from differentiating MM.*

As the metanephros becomes active, the mesonephros begins to degenerate and ceases its
renal function.” However, some portions of the mesonephros will become incorporated into the
developing reproductive tract. In females, the nephric duct completely degenerates, but in males,

5



testosterone induces the duct to become the epididymis, vas deferens, and seminal vesicles.** In
both sexes, some mesonephric cells migrate to the adjacent primordium and contribute to the
formation of the adrenal glands and gonads.*

Fully-formed metanephroi contain anywhere from thousands of nephrons (mice) to about
a million nephrons (human), depending on organism size and renal requirements.” Importantly,
the completion of the metanephros represents the end of new nephron development, also known
as neonephrogenesis.” Therefore, as the metanephros grows in a maturing organism, the

existing nephrons respond by increasing in cell density and length, but not number. *°

1.4 ORIGIN OF THE PRONEPHROS

Although the pronephros forms the foundation for subsequent kidney development, this
foundation depends on inductive events occurring long before the first nephron appears. The
pronephros arises from the intermediate mesoderm (IM), located within the embryonic trunk
between the paraxial and lateral-plate mesoderm.'® As embryos emerge from gastrulation, the
presumptive IM undergoes specification to a kidney fate, creating a population of renal
progenitor cells.”’” The process of specification signifies that renal progenitor cells will
differentiate into kidney in the absence of further inductive events.”® However, as the definition
suggests, specified renal progenitor cells retain some developmental plasticity. As James and
Schultheiss demonstrated in chick, transplanting specified IM to the lateral plate (LP) transforms
many grafted cells to an LP fate.”’

Following specification, signals from nearby tissues define the boundaries of the

emerging IM and trigger expression of the first IM-specific markers: Pax2, Lhx1, and Osrl 16.29-



3! Later in development, during early somitogenesis, renal progenitor cells become irreversibly
committed (or determined) to a kidney fate.””**** At this point, IM transplanted to another
embryonic environment continues to express IM-specific markers and fails to integrate into the

27,32

host tissue. However, committed renal progenitor cells will continue to respond to a variety

of molecular signals that will prepare the nascent kidney field for pronephric morphogenesis.

1.5 MOLECULAR CONTROL OF PRONEPHRIC DEVELOPMENT

Formation of the pronephros requires input from multiple signaling pathways acting in concert
(Figure 2).">**2* A comprehensive review of all molecular mediators involved in this process
sits beyond the scope of my work. Instead, I will discuss only the elements directly related to
understanding of the experimental data. These include the Pax and Lhx proteins, transcription

factors serving as early markers of renal progenitor cells, and the retinoic acid pathway.

1.5.1 Pax pathway

The paired-box (Pax) family of transcription factors directs the organogenesis of many tissues,
including the central nervous system, pancreas, thyroid, and kidney.”” Each of the nine Pax genes
encodes their namesake DNA-binding domain, along with a homeodomain and/or an
uncharacterized octapeptide motif.’® The unique combinations of these domains further
categorize the family into four well-defined groups.*® Of these, only two members of group II,
Pax2 and Pax8, exhibit any expression in the developing kidney.zo’37 The other group II member,

Pax5, coexpresses with Pax2 and Pax8 in the central nervous system, but not elsewhere.*®
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Figure 2. Summary of developmental and molecular events forming the active pronephros.



Knockout studies revealed that mice carrying homozygous-null alleles of Pax2 fail to
generate either mesonephric tubules or metanephroi.®® Although they still form nephric ducts,
these extend only partway toward the urinary opening before beginning to degenerate.”
Therefore, the lack of inductive signals resulting from a failure of duct extension explains the
phenotype. Although not explicitly investigated by the authors, this also suggests that the loss of
Pax?2 interferes with pronephric development. In stark contrast, the kidneys of Pax§8-deficient
mice appear completely normal.*’ The lack of phenotype probably reflects the ability of Pax2 to
compensate for the loss of Pax8.*' Pax2 expression spans much of the developing mouse kidney
and includes the more-restricted pattern of Pax8.* Furthermore, evidence suggests functional
redundancy between Pax2 and Pax5, providing additional support for a compensatory response
among group II members.** Importantly, mice homozygous-null for both Pax2 and Pax8 fail to

29,39
" The more severe

form even the rudimentary nephric ducts observed in Pax2-deficient mice.
phenotype exhibited by the double knockouts suggests that Pax$8, like Pax2, also contributes to
the development of the pronephros.

Experiments utilizing zebrafish, Xenopus, and chick offer additional insights into the
function of these genes. In particular, the zebrafish pax2a mutant, no isthmus, provides a
convenient platform for examining the regulatory relationships maintained by Pax2 during
pronephric development.*> Homozygous expression of hypomorphic or null alleles of no isthmus

43-45 .-
This occurs

prevents the formation of pronephric tubules and ducts, but spares the glomeruli.
because pax2a specifies renal progenitor cells to the tubule and duct lineages, while w¢/a drives
cells to a glomerular fate.*

Overexpression of Pax2 in chick embryos causes the formation of ectopic pronephric

tubules and ducts.”’ Similarly, pax8 overexpression in Xenopus embryos generates ectopic



tubules and, in addition, increases tubule size.*' These results again emphasize the important
individual contributions of both Pax2 and Pax8 to proper pronephric development. However, the
relationship between the two genes appears to vary among vertebrates. In mice, Pax2 and Pax§
work together to initiate pronephric development by inducing renal progenitor cells to undergo a
mesenchymal to epithelial transition.”” Moreover, this process occurs independently of any
cross-regulation.”” In contrast, expression of pax8 during development of the zebrafish

pronephros requires the presence of functional pax2a protein.”’

The differing regulatory
strategies of mice and zebrafish may reflect the evolutionary differences between rudimentary

and active pronephroi.

1.5.2 Lhx pathway

The LIM homeobox protein (Lhx) family of nuclear transcription factors consists of over a dozen
members that regulate the development of many tissue types.48 They are characterized by two
unique zinc fingers, the LIM domains, located N-terminally to a DNA-binding homeodomain.*
These LIM domains direct interactions with protein cofactors, resulting in the formation of active
transcriptional complexes on target genes as specified by the homeodomain.”® The initial
characterization of Lhx/ revealed that it was expressed in the developing kidneys of both

%032 When Shawlot and Behringer later generated homozygous-null Lhx/

Xenopus and mice.
mice, they observed that the rare stillborn neonates (4 out of about 1000) all lacked heads,
gonads, and kidneys.”® A subsequent study using the same L/x/-null line examined the effects of
the mutation on formation of the pronephros.’’ Loss of LhxI expression caused IM
disorganization and restricted the expression of Pax2 in the emerging nephric duct to a short

anterior region.31 However, the establishment of the IM remained unaffected, suggesting Lhx/
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plays a role in IM differentiation, but not specification.”’ Experiments in Xenopus kidney
explants support this hypothesis. Treatment of Xenopus animal cap explants with both activin
and retinoic acid (ARA) induces pronephric specification and subsequent tubulogenesis.”* Chan
and coworkers demonstrated that overexpressing /ix/ in explants treated with either activin or
retinoic acid was not sufficient to induce pronephric differentiation.”® However, expression of a
dominant-negative form of Ihx1 in ARA-treated explants prevented tubule formation.®> These
results suggest that /Ax/ is essential for pronephric tubulogenesis, but may not be primarily
involved in kidney field specification.>

Overexpression of /hx] in Xenopus embryos causes the formation of both enlarged, as
well as ectopic pronephric tubules.*' Moreover, lhx] synergizes with either pax2 or pax8 to
further increase pronephric size.*' Therefore, overexpression of these renal progenitor markers
increases the pool of cells that will eventually be committed to the kidney fate. However, mice
homozygous-null for Pax2 and Pax8 demonstrate no expression of Lix/ in the developing
nephric duct.”’ This suggests that Lhx/ may act primarily as a competence factor that maintains
the renal progenitor population following specification.”

Dkk1, a Wnt signaling inhibitor, has emerged as a potential downstream effector of Lhx1.
Conditional knockouts of LhAx/ in the kidneys of transgenic mice greatly reduced Dkkl
expression.”® Furthermore, the phenotypes of LhxI- and DkkI-null mice appear very similar,
although kidney phenotypes were not reported for the Dkkl mutants.”*~**" Significantly, the
conserved non-coding elements in the Dkk/ locus contain conserved LhxI-binding sites.’
However, the observation that Dkkl overexpression in transgenic zebrafish embryos inhibits

differentiation of the pronephric tubule complicates this relationship.”® Perhaps, Lhx1 regulates
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Dkkl transcript levels in order to delimit the size of the pronephros as it undergoes
differentiation.

Little is known regarding the molecular factors that control the expression of LhxI.
Indeed, this represents part of the impetus for performing this dissertation work. However,
several groups have hypothesized that Lhx/ regulation, as well as other aspects of pronephric

development, require input from the retinoic acid pathway.

1.5.3 Retinoic acid pathway

Retinoic acid (RA) signaling influences many aspects of vertebrate development, including cell
survival, proliferation, specification, differentiation, and organogenesis.”’ RA functions as a
morphogen, a locally-produced signaling molecule acting at a distance to pattern tissue fields in
a concentration-dependent manner.®’ The RA concentration gradient is refined by the local
expression of Raldh enzymes, which synthesize RA, and Cyp enzymes, which catalyze its
degradation.61 RA alters gene expression by binding retinoic acid receptor (RAR)/retinoic X
receptor (RXR) heterodimers located on the retinoic acid response elements (RAREs) of target
genes.’’ Receptor activation by RA alleviates transcriptional inhibition mediated by a
corepressor complex containing histone deacetylases (HDACs) and other factors.*

Experimental manipulation of RA levels in embryos reveals that the pathway performs
important functions during pronephric development. In Xenopus, stimulating signaling with
exogenous RA increases the expression of pax8 and /hxI in the pronephric field.* Furthermore,
RA-dependent kidney field expansions have also been reported for Lix/ in chick and wtla in

zebrafish.®*%

In fact, a retinoic acid response element shown to bind RAR/RXR dimers in vitro
was recently characterized in the zebrafish wt/a enhancer.’® Treating Xenopus embryos with RA
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also positively regulates the expression of the /rx genes, which likely function as competence
factors during pronephric development.®” Conversely, blocking the RA pathway decreases
expression of pax2, pax8, and lhxl in the Xenopus pronephric field and eliminates wtla
expression.®

The ability of RA to affect the expression of renal progenitor markers suggests that the
pathway may be involved in specification of the pronephric field. Indeed, treating Xenopus
animal pole explants with both activin, a mesodermal inducer, and RA functions synergistically
to induce Ihx] expression.’? Furthermore, treating mouse embryoid bodies, in vitro models of
early embryogenesis,” with RA stimulates the expression of Pax2 and WtI more than 20-fold.”
These data, taken together, support the idea that RA serves as an important factor in renal
progenitor cell specification.

Two hypotheses have emerged to explain the effects of RA signaling on formation of the
pronephric field. The first, supported by Cartry and coworkers, suggests that RA exerts a direct
effect on renal progenitor cells.®? They observed that cycloheximde treatment, which inhibits
protein synthesis, failed to prevent an RA-dependent increase in /hx/ expression during Xenopus
pronephric development.®® Therefore, they concluded that RA did not require protein mediators
to regulate /hx1.° However, no RAREs have been reported in the Xenopus lhxI promoter to date.
Alternatively, RA could exert an indirect effect. This hypothesis, proposed by Preger-Been Noon
and coworkers, is based on their observation that expression of the homeobox gene, Hoxb4,
increased following RA treatment in chick embryos.®* RA directly regulates Hoxb4 expression,
and overexpression of Hoxb4 expands the expression of both Pax8 and LhxI in the chick
pronephric field.* Work by Taira and coworkers supports this hypothesis.”' They observed that

RA treatment induces the expression of /hoxb4 in the Xenopus pronephric field prior to the
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appearance of /hx].”' In addition, the expression domains of hoxb4 and lhxI overlap, greatly
improving the likelihood of interactions.”' Regardless of the true mechanism, both hypotheses
emphasize the importance of RA in patterning the pronephric fields of several vertebrate models,

including zebrafish.

1.6 APPLICATIONS OF THE ZEBRAFISH MODEL

The zebrafish (Danio rerio), a small freshwater vertebrate native to India, first emerged as an
experimental model in the 1950's.”* The initial studies by Kenichi Hisaoka investigated the
effects of small molecules, including carcinogens and barbiturates, on zebrafish development.73'
"® Despite these efforts, zebrafish publications rarely appeared over the next several decades,
primarily due to a lack of genetic and molecular tools. In the 1980's, pioneering work by George
Streisinger provided several useful techniques, laying the foundation for the current popularity of
the zebrafish model.””’®

Zebrafish gained acceptance over the years as researchers came to appreciate the
advantages they offer over other vertebrate models. Depending on age, adult zebrafish typically
measure between 2 to 5 cm, their small size limiting housing requirements and husbandry

9,80
costs.””

Breeding pairs regularly produce hundreds of embryos per mating, providing the
necessary numbers for even high-throughput applications.®' Conveniently, fertilization occurs ex
utero, greatly simplifying embryo collection and manipulation.”” Embryos develop rapidly,

initiating organogenesis by 24 hours post-fertilization (hpf) and forming most organs by 48

hpf.*"*? The optical transparency of zebrafish embryos allows the observation of these processes
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without the need for dissection or sacrifice.®” In addition, at only a few millimeters in length,
embryos fit easily into microwell plates, facilitating screening and automation.”

Zebrafish also exhibit qualities common to all widely-used vertebrate model systems.
Their generation time of two to four months rivals that of mice and Xenopus tropicalis, making

them comparably useful for genetic analyses.****’

Furthermore, all vertebrate embryos develop
under the control of a highly-conserved program of patterning events.” Consequently, zebrafish
exhibit the same general body plan as mammals, consisting of many homologous organs and cell
types.*® Importantly, the molecular and genetic tools currently used in zebrafish mirror those
available in the mouse model. These include methods for transgenesis, mRNA overexpression,
morpholino knockdown, and nuclease-based gene targeting.’**%"*

However, the zebrafish model also presents a unique set of challenges that should be
considered when assessing its experimental utility. Unlike inbred mouse strains, it is likely that
independent laboratory stocks of the most commonly-used zebrafish strains are not isogenic.”
Indeed, even in so-called "inbred" zebrafish lines, polymorphisms have been reported in 7% to
11% of the tested loci.”’ This variation could greatly complicate zebrafish techniques relying on

90,91

genetic mapping, such as positional cloning. Furthermore, an ancient genomic event resulted

in the duplication of approximately 30% of zebrafish genes in comparison to their mammalian
p pp y g p

orthologs.”**

For some applications, particularly knockdown or mutational analysis, the
presence of extra gene loci may present a significant challenge. In addition, the availability of
immortalized zebrafish cells for in vitro experimentation remains limited, as few stable lines

have been established.”*”* Finall , since antibodies are rarely raised against zebrafish proteins,
y y g p

finding antibodies that exhibit reactivity in zebrafish extracts can be difficult.
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However, despite these limitations, the use of zebrafish in research has exploded over the
past two decades; performing a PubMed search using the keyword "zebrafish" returns 18 articles
from 1989, 531 articles from 1999, and 1686 articles from 2009.°° The applications of the
zebrafish model span a number of disciplines, each benefitting differently from its use. Studies of
infection and immunity take advantage of the well-developed immune system of the zebrafish,

7798 Toxicologists use the rapid embryonic

which functions much like its mammalian counterpart.
development of zebrafish to assess chemicals for lethality or teratogenicity in a matter of days,
rather than weeks.” In addition, the small volumes needed to treat the embryos minimize the
generation of hazardous waste, especially in high-throughput experiments.” Researchers
investigating human genetic disorders employ a number of relevant zebrafish models, generated

99-101

from a long history of random and targeted mutagenesis studies. Zebrafish also demonstrate

their value in the areas of kidney development and drug discovery, both of which constitute

important parts of this dissertation.

1.6.1 Modeling kidney development

The early inductive events involved in patterning all three forms of the adult kidney likely have

102

much in common. "~ Indeed, both pronephric and metanephric kidneys require input from factors

34,103

such as Pax2 and Lhx! to initiate development. Therefore, the program of morphogenesis

and epithelialization generating the two nephrons of the zebrafish pronephros probably reflects

192 In zebrafish, this process occurs in four general

aspects of nephrogenesis in all vertebrates.
steps.'>'™ Around 12 hpf, inductive signals affecting the IM specify some mesenchymal cells to
a nephric fate, forming the first renal progenitor cells.'>'* By 24 hpf, additional signals trigger

the renal progenitor cells to undergo a mesenchymal to epithelial transition, forming the nephric
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tubules and ducts.'>'® Subsequent patterning of the glomerular capsule and anterior tubules,
which takes place between 30 and 40 hpf, prepares the emerging nephron for operation.'*'**
Finally, invasion of the glomerular capsule by a capillary tuft completes the process of
nephrogenesis and allows renal filtration to begin by 48 hpf.'*'*

At this point, the zebrafish pronephros contains cells characteristic of metanephric
nephrons. In the glomerulus, a fenestrated endothelium lines one side of the basement
membrane, while extended podocyte foot processes protect the other.'? In the tubule and duct,
polarized epithelia have formed which exhibit apical brush borders, well-defined cell junctions,

104 Furthermore, recent studies have determined that zebrafish

and ion-transport proteins.
pronephric nephrons express segment-specific genes in a pattern consistent with that of
mammalian metanephric nephrons.'” Thus, in only two days of development, zebrafish provide
a relevant model of both mammalian nephrogenesis and renal function.

In addition, several techniques available in the zebrafish model emphasize its value for
studies of kidney development and function. Transgenic reporter lines for genes such as lhxla
and pax2a allow the real-time observation of renal progenitor cells in live embryos.'**!%” Kidney
function can be easily assessed by injecting a 10 kD fluorescent dextran into the zebrafish
circulatory system and monitoring its passage into the tubular lumen.'® Alternatively, injecting a
500 kD dextran, which should be retained in a healthy kidney, tests the integrity of the filtration

barrier for glomerular leakage.'®

Furthermore, researchers have developed many models of renal
dysfunction in zebrafish. Damaging the pronephric tubules or glomerulus with nephrotoxic
chemicals, for example, generates models of acute renal failure and minimal change disease,
respectively.''*!'? Genetic analysis has also contributed a wide selection of valuable mutants,

including models of polycystic kidney disease, ciliopathies, and proteinuria. /%™
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1.6.2 Drug discovery

Of all the vertebrates, zebrafish are probably the best suited for high-throughput drug discovery
using forward chemical genetics.* This approach involves screening small-molecule libraries to
identify compounds capable of generating a desired phenotype.113 Forward screens in zebrafish
offer several advantages over classical reverse chemical screens, which seek compounds binding
a specific target of interest in vitro.'"> Zebrafish cells appear in their normal context of cell-cell
and cell-matrix interactions, unlike those maintained in culture.''* Furthermore, performing
whole-organism screens allows the examination of complex processes, such as organogenesis,
that are not easily reproduced in vitro.'"> Screening in zebrafish also simultaneously provides

114

animal testing data. " Therefore, compounds generating phenotypes likely possess favorable

properties for future pharmacological developrnen‘[.114

Zebrafish embryos absorb small molecules directly from their culture environment,
removing the need for labor-intensive microinjections.''> However, since compounds must
penetrate cell membranes to enter the embryo, typically only hydrophobic compounds exhibit
biological activity.''® Zebrafish embryos also develop normally in up to 1% dimethyl sulfoxide
(DMSO), which frequently serves as a vehicle to improve compound solubility."'*!'” Therefore,
it is often possible to test several compound concentrations from a single DMSO stock.'"* The
ability to array zebrafish embryos in microwell plates permits screening in small volumes,
minimizing compound costs.”’ This also facilitates automation, which has been successfully

118,119

applied to observe the effects of small molecule libraries on zebrafish behavior. Moreover,

the emergence of sophisticated algorithms capable of detecting reporter fluorescence in

transgenic lines offers a powerful tool for future high-throughput chemical screens.'?*'#
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Zebrafish have been successfully used to identify interesting compounds in over a dozen
y y g p
published small molecule screens.””''* Compounds have been characterized that modulate

aspects of zebrafish development and physiology, including heart rate,'* hematopoiesis,'*

124,125 5 118,119

central nervous system morphogenesis, ear development,'” or even behavior.
Furthermore, zebrafish screens have revealed small molecules capable of influencing the bone
morphogenetic protein (BMP),'* fibroblast growth factor (FGF),'*” prostaglandin,'*® and RA
signaling pathways.116 Importantly, a study by Cao and coworkers demonstrated that screening
small molecule libraries in zebrafish is a viable approach in examining aberrant kidney

129 They observed that treatment with histone deacetylase inhibitors (HDAC:s)

development.
suppressed cyst formation and axis curvature in zebrafish models of polycystic kidney disease.'?’

Therefore, using zebrafish to screen for small molecules interfering with kidney development

may also promote the identification of compounds affecting renal progenitor cells.
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2.0 IDENTIFICATION AND CHARACTERIZATION OF PTBA

2.1 HYPOTHESIS

In 2004, the Hukriede lab performed an unbiased chemical library screen on zebrafish embryos,
seeking small molecules capable of generating edemic phenotypes. Since edema may reflect
renal dysfunction'*, they hoped to identify compounds capable of interfering with normal
pronephric development. Determining the mechanisms of such compounds would provide
insight into the molecular events guiding the specification of renal progenitor cells. Of the almost
2000 compounds tested, only four caused embryos to develop edema by the 72 hpf endpoint.
One of these, 4-(phenylthio)butanoic acid (PTBA), demonstrated the ability to increase the
expression of renal progenitor cell markers. After joining the lab in 2006, I began working to
further characterize the effects of PTBA on the kidney field. I hypothesized that PTBA increased

the number of renal progenitor cells, resulting in aberrant pronephric development.
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2.2 RESULTS

2.2.1 PTBA causes edema in zebrafish larvae

Rachel Jackson performed the initial chemical screen using a library of small molecules with
diverse structures. She observed that 61 compounds (3%) were lethal and identified four
compounds (NSC115787, NSC134664, NSC357777, and NSC35400) that generated pericardial

edema in treated zebrafish larvae at 72 hpf (Figure 3).

Figure 3. Four compounds causing pericardial edema in the initial phenotypic screen. (A
through D) Top panels: chemical structures of NSC115787 (A), NSC134664 (B),
NSC357777 (C), or NSC35400 (D). Bottom panels: edemic phenotypes in 72 hpf larvae

treated with the corresponding compounds at 10 uM. Data generated by Rachel Jackson.

In situ hybridization performed by Rachel and Guangzu Gao determined that treatment
with NSC134664, NSC357777, or NSC35400 (a disconnected structure) did not affect the size of

the kidney field (data not shown). However, Rachel observed that treatment with various
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concentrations of 4-(phenylthio)butanoic acid (PTBA, NSC115787) appeared to expand the
expression of some renal markers during pronephric development (data not shown). To ensure
experimental reproducibility, Dr. Weixiang Dai of the Department of Pharmaceutical Sciences

synthesized and purified PTBA for use in all subsequent studies.

2.2.2 PTBA expands the kidney field

To determine the concentration of PTBA that maximized efficacy, while minimizing toxicity, I
performed concentration-response experiments. Treatment with 3 uM PTBA caused 92% (n =
88) of the embryos to develop an edemic phenotype by 72 hpf without causing significant death
(Figure 4). Therefore, I chose 3 uM PTBA as my working concentration. All embryos treated
with 10 uM PTBA (n = 90), the concentration used in the initial screen, died before 72 hpf
(Figure 4). This discrepancy probably reflects the concentration variability common in small
molecule libraries."!

The edemic phenotypes elicited by PTBA treatment, coupled with Rachel's preliminary
observations, prompted me to examine whether the compound affects renal progenitor cells. To
address this, I determined the expression patterns and relative abundance of /hx/a, pax2a, and
pax$§ at the 10-somite stage (14 hpf). This developmental stage occurs just after specification of
the first renal progenitor cells.'® Lhx/a expression was expanded in 95% of embryos treated
with PTBA (n = 60) as compared with controls (n = 60) (Figure 5, A and B). This represented a
three-fold increase in relative transcript as determined by quantitative real-time PCR (qPCR;
Figure 5, A and B). Increased /hx/a expression appeared in the bilateral stripes of intermediate
mesoderm that give rise to the pronephros (Figure 5B, arrowheads), as well as in the axial

mesoderm (notochord; Figure 5B, asterisk).
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Figure 4. PTBA elicits concentration-dependent effects on larval edema and survival. (A
through D) Embryos were treated with 0 to 10 uM PTBA from 2 hpf, and larvae were scored
at 72 hpf using a phenotype-based classification system (see Methods). (A) Wild-type (WT).
(B) Edemic 1 (E1). (C) Edemic 2 (E2). (D) Edemic 3 (E3). (E) Graph of phenotypes after
treatment with 0 to 10 uM PTBA (n = 90 per concentration). Asterisk denotes lowest PTBA

concentration that exhibits a significant effect (p < 0.05) on survival.
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Figure 5. PTBA treatment increases the expression of renal progenitor markers. (A through
F) In situ hybridization for /hxla (A and B), pax2a (C and D), or pax8 (E and F), in 10-
somite embryos treated with 0.5% DMSO (A, C, and E) or 3 uM PTBA (B, D, and F).
Arrowheads indicate renal progenitor cells, asterisk indicates notochord. Relative qPCR in
the trunk region of 10-somite embryos (n = 4, 60 embryos per group) is displayed under the
corresponding in sifu image. Data are mean expression with 95% confidence interval,

determined as described in the Methods section.
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The expression domains of pax2a and pax8 were also expanded in 95% and 97% of
treated embryos, respectively, (n = 60, pax2a; n = 59, pax8) as compared with controls (n = 60,
pax2a; n =59, pax8) (Figure 5, C through F). This accounted for an almost two-fold increase in
pax2a expression and a 50% increase in pax8 expression as determined by qPCR (Figure 5, C
through F).

Although these studies demonstrated that PTBA treatment resulted in increased gene
expression, they did not indicate whether there are more renal progenitor cells or simply higher
expression levels per cell. To differentiate between these two possibilities, I treated the
Tg(lhxla:EGFP) 1303 reporter line'”” with PTBA and counted the number of renal progenitor
cells. As compared with control embryos, PTBA-treated embryos showed a 2.4-fold increase in

the number of renal progenitor cells (Figure 6, A through H).

2.2.3 PTBA is effective during specification

Previously, Rachel had performed a temporal assay to determine the timing of PTBA
efficacy. Initiation of PTBA treatments between 2 hpf and 14 hpf (10 somites) resulted in
expanded pax2a expression at 24 hpf (Figure 7, A through F). However, beginning treatment at
16.5 hpf (15 somites) resulted in no kidney field expansion (Figure 7G). I later determined that
initiating treatments at 15 somites or later did not affect the functional kidney as assayed by a
lack of edema in 72 hpf larvae (n = 90, data not shown). Thus, the effective temporal treatment
window exhibited by PTBA coincides with the period when renal progenitor cells are

146,104
specified.™
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Figure 6. PTBA treatment increases the number of renal progenitor cells. (A through H)
Confocal projections of 10-somite T'g(lhxla:EGFP)"” embryos treated with 0.5% DMSO
(n = 18 [A through D]) or 3 uM PTBA (n = 21 [E through H]). Boxed areas (A and E) were
counted for GFP- and DAPI-positive nuclei and are shown in B and F (GFP), C and G
(DAPI), and D and H (merge). Cell counts are mean number of positive cells plus 95%

confidence interval (A and E). Confocal microscopy performed by Lisa Antoszewski.
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Figure 7. PTBA is effective during renal progenitor cell specification. (A through G) In situ
hybridization for pax2a in 24 hpf embryos treated with 0.5% DMSO from 2 hpf (A, n = 132)
or 3 uM PTBA from: 2 hpf (B, n = 67), shield (C, 6 hpf, n = 100), 2 somites (D, 10.7 hpf, n =
71), 5 somites (E, 11.7 hpf, n = 87), 10 somites (F, 14 hpf, n = 89), or 15 somites (G, 16.5

hpf, n = 72). Insets are pax2a enlargements (lower field). Data generated by Rachel Jackson.
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2.2.4 PTBA increases pronephric size

To determine whether PTBA treatment resulted in a transient or persistent expansion of the
kidney field, I examined the kidney at 48 hpf using markers of glomerulus and tubule. *>'%-'%2
As compared with controls (n = 54), 89% of PTBA-treated embryos (n = 56) displayed an
expansion of the pan-tubule marker cdhi7 (Figure 8, A through D). Cross-sections from the

proximal region of the cdhl7 expression domain confirmed the expansion (Figure 8, E and F).

I also assessed pronephric expansion at the protein level by examining the expression of
NaK-ATPase, another pan-tubule marker (Figure 9, A and B). As compared with controls (n =
10), 100% of PTBA-treated embryos (n = 10) exhibit expansion of NaK-ATPase protein
expression. Cross-sections taken from the distal region of the NaK-ATPase expression domain
show an increase in tubular diameter consistent with that observed with cdhl7. (Figure 9, C and
D, compare with Figure 8, E and F).

To determine if PTBA exhibits any segment-specific effects on the size of the
pronephros, I examined markers of podocytes (wt/a), proximal tubule (s/c4a4), and distal tubule
(slci12al). As compared with controls (n = 57, 58, and 56, respectively), PTBA-treated embryos
exhibited 74% expansion of wtla (n = 50), 92% expansion of slc4a4 (n = 60), and 64%
expansion of slcl/2al (n = 59) (Figure 10). These results argue that PTBA treatment likely
causes expansion of the entire pronephros. Furthermore, while the wt/a expression domains in
control embryos have migrated to the midline by 48 hpf, the domains of PTBA-treated embryos
remain separated (Figure 10, A and B). Since wtla is essential for proper glomerular
morphogenesis,133 this misexpression may contribute to a loss of kidney function. This

observation could explain the edemic phenotypes associated with PTBA treatment.
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Figure 8. PTBA treatment expands cdhl7 expression. (A through D) In situ hybridization for
cdhl7 expression in 48 hpf embryos treated with 0.5% DMSO (A [magnified in B]) or 3 uM
PTBA (C [magnified in D]). (E and F) Proximal tubule cross-sections (5 pum) taken from
cdhl7 in situ hybridizations of 48 hpf embryos treated with 0.5% DMSO (E) or 3 uM PTBA
(F). Cross-sections were taken from the locations indicated in B and D by yellow lines.

Sectioning performed by Chiara Cianciolo Cosentino.
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Figure 9. PTBA treatment expands NaK-ATPase expression. (A and B) Whole-mount
antibody staining for NaK-ATPase in 48 hpf embryos treated with 0.5% DMSO (A) or 3 uM
PTBA (B). (C and D) Distal tubule cross-sections (5 um) taken from NaK-ATPase antibody-
stained 48 hpf embryos treated with 0.5% DMSO (C) or 3 uM PTBA (D). White arrowheads
indicate NaK-ATPase protein expression. Cross-sections were taken from the locations

indicated in A and B by yellow lines. Sectioning performed by Chiara Cianciolo Cosentino.
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48 hpf 48 hpf
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Figure 10. PTBA treatment expands several pronephric regions. (A through F) In situ
hybridization for the podocyte marker wt/a (A and B), the proximal tubule marker sic4a4 (C
and D) and the distal tubule marker slc/2al (E and F) in 48 hpf embryos treated with 0.5%
DMSO (A, C, and E) or 3 uM PTBA (B, D, and F). Brackets in A and B indicate the

expression domain of wt/a.

2.2.5 PTBA does not transform neighboring tissues to a kidney fate

The PTBA-mediated increase in kidney field size could result from the transformation of non-
renal cells to a renal progenitor fate. To assess this possibility, I examined the effects of PTBA
on markers of two mesodermal tissues juxtaposed to renal progenitor cells: myodl (somites) and
flila (vasculature). By in situ hybridization, 1 observed that myodl expression was slightly
decreased in 95% of PTBA-treated embryos (n = 60) at the 10-somite stage, as compared with
controls (n = 60) (Figure 11, A and B). However, subsequent qPCR analysis did not confirm the
significance of this observed decrease (Figure 11, A and B). Expression of fli/a remained
unchanged in 97% of PTBA-treated embryos (n = 60), as compared with controls (n = 59), and
as assayed by qPCR (Figure 11, C and D).

In addition to increased /hxla expression in renal progenitor cells, I had also observed
increased /hxla expression in the notochord (Figure 5B, asterisk). To determine whether this
expansion reflected an effect on notochord size or a general increase in /hxla expression, I

assayed the notochord-specific marker ntla. I observed that ntla was increased in 88% of PTBA-

31



A myod1 C flila E ntla

10s MSO 10s MSO 10s DMSO
| 1.0+02 || 10+02 || 1.0+02 |

B.;

myod1 D flila F ntla

10s I':"TBA 10s PTBA 10s PTBA
| 08+01 || 11+02 || 18+03 |

Figure 11. PTBA treatment does not transform nearby tissues to a renal fate. (A through F)
In situ hybridization for the mesodermal markers myod! (A and B), flila (C and D), and ntla
(E and F) in 10-somite embryos treated with 0.5% DMSO (A, C, and E) or 3 uM PTBA (B,
D, and F). Relative mRNA abundance in the trunk region of 10-somite embryos (n = 4, 60
embryos per group) is displayed under the corresponding in situ image. Data are mean

expression with 95% confidence interval, determined as described in the Methods section.
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treated embryos (n = 60), as compared with controls (n = 59) (Figure 11, E and F). This
represented an 80% increase in ntla expression by qPCR analysis (Figure 11, E and F). The
minimal effect on juxtaposed tissues coupled with an increase in the size of the notochord
suggests that these cell types are not being converted to renal progenitor cells. Therefore, PTBA

treatment cannot be definitively linked to a fate-transformation event.

2.2.6 PTBA requires proliferation for efficacy

To examine the alternative possibility that PTBA-mediated renal progenitor cell expansion
depends on cell proliferation, I tested the efficacy of PTBA in the presence of hydroxyurea and
aphidicolin (HUA). HUA treatment has been previously shown to block cell division without
affecting tissue specification.””* As expected, 97% of PTBA-treated embryos (n = 123) exhibited
an expansion of /hxla expression at 10 somites, as compared with controls (n = 136), (Figure
12, A and B). HUA treatment alone did not affect /ix/a expression (Figure 12C). However,
treatment with both HUA and PTBA resulted in /Ax/a expansion in only 13% of 10-somite
embryos (n = 104) (Figure 12D). Furthermore, although /Ax/a expression was decreased in the
intermediate mesoderm, expression in the axial mesoderm still appeared to be increased in
treated embryos (Figure 12D). This result suggests that the PTBA-mediated //x/a expansion in
the axial region is proliferation independent. Since /hx/a expression in the axial mesoderm is
gradually restricted to the tailbud during somitogenesis,'”’ the effect may reflect transcript

perdurance.
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Figure 12. PTBA requires proliferation for efficacy. (A through D) In situ hybridization for

10s MSO 10s TBA 10s

Ihx1a expression in 10-somite embryos treated at 5 hpf with 0.5% DMSO (A and B) or HUA
(C and D). At 8 hpf, treatment solutions were replaced with 0.5% DMSO (A), 3 uM PTBA

(B), HUA (C), or 3 uM PTBA and HUA (D).
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23 METHODS

2.3.1 Zebrafish husbandry

Zebrafish were maintained under standard conditions'* and staged as previously described.'*
Embryos were collected from group matings of wild-type AB adults. All animal husbandry

adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.3.2 Small molecule screening

The screen was performed in zebrafish embryos using the National Cancer Institute's
Developmental Therapeutics Program (NCI/DTP) Diversity Set 1."* This library contains 1990
compounds selected by pharmacophore modeling to represent the more than 140,000 small
molecules maintained in the NCI/DTP Open Repository. Compounds from the NCI/DTP
Diversity Set I were diluted to 10 uM in E3 embryo medium (5 mM NacCl, 0.33 mM CaCl,, 0.33
mM MgSOy4, and 0.17 mM KCI) in a final DMSO concentration of 0.5% and arrayed in 96-well
plates. Beginning at approximately 2 hpf, embryos were transferred to each well in groups of
five using a glass pipette. The plates were incubated at 28.5 °C for 70 hours. Individual wells
were then scored for a dominant phenotype, representative of at least four of the five embryos.
The primary objective was to identify compounds that caused edema in treated embryos at 72
hpf. Small molecules generating edema were retested once for verification, before obtaining

additional compound from the NCI/DTP Open Repository.
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2.3.3 Compound sources and treatments

PTBA was synthesized as described below. Hydroxyurea and aphidicolin were obtained from
Sigma-Aldrich. Groups of 20 to 30 chorionated 2 hpf embryos were arrayed in individual wells
of 12-well plates. E3 medium was removed with a glass pipette and replaced with 1.5 ml
treatment solutions containing 0.5% DMSO in E3 with or without compound at the reported
concentrations. Treatments for all studies were initiated at 2 hpf, except for the temporal studies
(Figure 7) and the HUA studies (Figure 12). HUA studies were performed as described
previously,'*® with the following modifications. HUA in 0.5% DMSO was added at early
gastrulation (5 hpf) and PTBA was subsequently added at late gastrulation (8 hpf) to allow for
penetration of the proliferation inhibitors. All embryos were incubated at 28.5 °C until the

required developmental stage.

2.3.4 Synthesis of PTBA
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Figure 13. Synthesis scheme for PTBA
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Methyl 4-(phenylthio)butanoate (1) was prepared from thiophenol, potassium carbonate, and
methyl 4-bromobutyrate in refluxing acetone as previously described.'*’ 4-(phenylthio)butanoic
acid (2) was prepared either in quantitative yield by saponification of 1 with aqueous KOH in
MeOH overnight at room temperature followed by acidification with aqueous HCI, or in 97%
yield from reaction of the sodium salt of thiophenol and y-butyrolactone in refluxing EtOH and
subsequent acidification with aqueous HCl as previously described.'*® All compounds gave 'H
and '>C NMR (400/100 MHz and/or 600/150 MHz), mass spectra (GC-EI-MS, LC-ESI-MS, and
high-resolution MALDI-TOF-MS), and melting points consistent with the literature and their

structures. All spectral and melting point data suggested >99% purity.'**"*!

2.3.5 Concentration-response studies

Following 70 hours of treatment (as described above), edemic phenotypes in 72 hpf larvae were
scored using a phenotype-based classification system. Wild type: no visible edema or
developmental delay. Edemic 1: pericardial edema evident, may exhibit slight developmental
delay, little or no axis curvature, axis length normal. Edemic 2: pericardial edema evident, slight
to moderate developmental delay, axis curvature, axis length normal or slightly reduced. Edemic
3: pericardial edema evident, moderate to severe developmental delay, gross axis curvature
frequently accompanied by tail kink, axis noticeably shortened. Significant effects (p < 0.05) on
survival were determined by two-tailed Fisher's exact test in comparison with the 0 uM PTBA

treatment group.
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2.3.6 In situ hybridization and immunocytochemistry

In situ hybridization was performed as previously described with some modifications.'*
Hybridization temperature was 65 °C. Embryos were blocked in 2% blocking reagent (Roche)
with 5% sheep serum in MAB (100 mM maleic acid and 150 mM NaCl [pH 7.5]). Whole-mount
immunocytochemistry with 1:25 mouse anti-a6F antibody (Developmental Studies Hybridoma
Bank) and 1:100 Cy3 secondary antibody (Jackson ImmunoResearch) was performed as
described previously.'” Embryos were embedded in JB-4 for sectioning per the manufacturer's
instructions (Polysciences), sectioned at 5 um, and mounted with Cytoseal 60 (Richard-Allan

Scientific).

2.3.7 Relative qPCR

2.3.7.1 cDNA synthesis

Several of the genes analyzed by qPCR, including /Ax/a and pax2a, show expression in anterior
regions of the embryo as well as the IM. To focus more specifically on effects in the IM, I
examined cDNA samples taken from the trunks of treated and control embryos. Samples for
trunk RNA extraction were prepared by cutting embryos just above the first somite with
microscissors and discarding the anterior portion. The trunk portions were homogenized with a
plastic microcentrifuge pestle in 500 pL of TRI reagent (Ambion), and RNA was isolated using
an RNeasy Micro Kit (QIAGEN) per the manufacturer's instructions. 1 png RNA was heated to
75 °C for 5 min and then placed on ice. The following reagents were then added to a final
volume of 29 ul: 1X Expand High-Fidelity PCR buffer without MgCl, (Roche), 3 mM MgCl,,

500 uM dNTPs, 3.3 uM random hexamers, and 30 U Protector RNase Inhibitor (Roche). The
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mixture was preincubated to 42 °C for 5 min. 1 pl of 200 U/ul SuperScript II Reverse
Transcriptase (RT) or RNase-free water was added for +RT or —RT reactions, respectively.
Reactions were incubated at 42 °C for 1 hr and then stopped by heating to 95 °C for 5 min.

Reaction products were stored at -20 °C.

2.3.7.2 Primer sets

Primer sets were designed using NetPrimer and Beacon Designer (ver. 7.51) primer analysis
software (PREMIER Biosoft). In each set, one primer was designed to span an exon boundary. In
addition, at least one primer was confirmed to exhibit no significant cross-homology when
compared against the NCBI zebrafish RefSeq mRNA library by BLAST search. Primer melting
temperatures were maintained between 60 and 64 °C as determined by NetPrimer. Each primer

set was observed to generate a single amplicon of expected length following qPCR.

The reference gene primer sets have been previously described'*’ with one modification.
The B-actin (F) sequence was changed to: CGTGCTGTCTTCCCATCCA. This corrects a one-
base discrepancy from the reported ENSDART accession number. The other primer sets
included: lhxla (F): TTCATACTATGGAGATTATCAAAGCG, lhxla (R):
GGTCCTGATGAGGGAACAAAAG, pax2a (F): GTCCCTGGAAGCGACTTTTC, pax2a (R):
TTGACTGGGCTGCGATGG, pax8 (F): GCTCCGCCGTCACTCCTC, pax8 (R):
TCTCCTGGTCACTGTCATCGTG, ntla (F): CGCAGCACTACCACCAATAACTAC, ntla
(R): GAGCCTGATGGGGTGAGAGTC, myodl (F): TTCTGGAACATTACAGTGGAGACTC,
myodl (R): GTGCGTCAGCATTTGGTGTG, flila (F): CGGAAAAGGCTCTCCAACAG, flila

(R): TGCTGGTGGGTCCTAATATCTG.
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2.3.7.3 qPCR conditions

Relative qPCR was performed as described previously'” with some modifications. 25 pl
reactions were prepared containing the following reagents: 12.5 ul 2X i1Q SYBR Green
Supermix (Bio-Rad), 5 ul I pM primer mix (1 uM each of forward and reverse primer), 5.5 ul
RNase-free water, and 2 ul 1:10-diluted template (+RT or —RT product) or 2 ul RNase-free
water (no template control). Each assay was performed in triplicate wells using an iQ5 Real-
Time PCR Detection System (Bio-Rad). Thermal cycling was performed for 40 cycles, each
consisting of 94 °C for 15 s, then 59 °C for 1 min. Following amplification, melt curve analysis
was performed to assess non-specific amplification. Each primer set yielded a single peak,
indicative of specific amplification. Reactions performed using —RT product or no template
controls were observed to exhibit little or no amplification in comparison with their +RT

counterparts.

2.3.7.4 Reference gene determination
Seven reference gene candidates [f-actin, [2 microglobulin, elongation factor 1 alpha,
hypoxanthine guanine phosphoribosyl transferase 1, RNA polymerase subunit D, ribosomal

43 were screened to

protein Li3a, and succinate dehydrogenase complex subunit A (SDHA)]
determine the gene(s) least affected by PTBA treatment. Relative qPCR experiments (n = 3, 180
embryos) were performed using trunk cDNA obtained from 10-somite embryos treated from 2
hpf with either 0.5% DMSO or 3 uM PTBA. The results were analyzed using NormFinder
software (ver. 0.953) to determine the most stable reference gene or combination of genes.'*

The combination of S-actin and SDHA was observed to exhibit the most stability, and was

therefore used for normalization of all qPCR data.
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2.3.7.5 Data analysis

Relative gene expression was calculated using 1Q5 software (ver. 2.0, Bio-Rad) to determine
normalized expression levels (AACt method). For comparison of fold-differences, the expression
levels obtained from DMSO-treated controls were set to a value of 1.0. The amplification
efficiency of each reaction was calculated using LinRegPCR software (ver. 11.4)."*> The mean
efficiencies of each tested primer set fell between 91% and 100%. Mean expression levels
(normalized to the control group) and the corrected expression SD were used to generate 95%

confidence intervals for each data set.

2.3.8 Cell counting

Tg(lhx1a:EGFP)"” embryos'”’ were treated with 3 uM PTBA and then fixed in 4%
paraformaldehyde in PBS for 8 hours at 4 °C. Embryos were washed in PBS containing 0.1%
TWEEN 20 (PBT) and incubated in 1 pg/ml DAPI in PBT for 30 minutes at room temperature.
Embryos were flat-mounted on glass slides with Cytoseal 60 and imaged with either a Leica
M205 FA epifluorescent microscope or an Olympus FluoView 1000 confocal microscope.
Confocal projections contained stacks of six 3 um images.

A predefined box was positioned at the most posterior region of the notochord and
included the most lateral GFP-positive cell in a kidney field. The cells that were positive for both
GFP and DAPI within this box were counted manually with the aid of ImagelJ. Variances of the
control and PTBA-treated groups were compared by F test and found to be unequal. Therefore, a

two-tailed ¢ test with unequal variance was used to determine significance (o = 0.05).

41



3.0 MECHANISM OF PTBA EFFICACY

3.1 HYPOTHESIS

Having established that PTBA stimulates renal progenitor cell proliferation (Chapter 2), I next
attempted to determine the mechanism responsible for this effect. Initial structure-activity
relationship experiments demonstrated that certain structural motifs within PTBA modify its
efficacy. While these results provided important leads for future analog development, they did
not reveal any clues to the underlying mechanism. The breakthrough came when subsequent
analysis revealed that PTBA is structurally similar to known histone deacetylase inhibitors
(HDAC:s), including 4-phenylbutanoic acid (PBA) and trichostatin A (TSA). HDACis are
thought to attenuate retinoic acid receptor-mediated inhibition of target genes, lowering the
threshold of retinoic acid (RA) required to activate ‘[ranscription.62 Since RA affects pronephric
development,®® T hypothesized that PTBA functions as an HDACi and its effects are mediated

through the RA pathway.
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3.2 RESULTS

3.2.1 PTBA structure-activity studies reveal critical motifs

I performed structure-activity analyses using a series of seven analogs (Figure 14). In situ
hybridization for /hx/a was performed on 10-somite embryos treated with each analog at 3 uM.
The results were compared with control (no expansion, n = 53) (Figure 14A) and PTBA-treated
embryos (100% expansion, n = 52) (Figure 14B). I observed that replacement of the phenylthio
ether with a phenylsulfonyl linkage stripped the compound of its effects on renal progenitor cells
(no expansion, n = 54) (Figure 14C). Therefore, the oxidation state of the sulfur atom is a
critical activity determinant. However, 4-(naphthalen-2-yl thio)butanoic acid, an analog carrying
a naphthalene ring in place of the phenyl moiety of PTBA, still expands /hx/a expression to
some extent (33% expansion, n = 39) (Figure 14D). Thus, modifications of the ring structure are
tolerated and suggest a site for future analog development.

Two analogs containing substitutions of the butanoic acid backbone, 2-amino-PTBA and
3-(phenylthio)benzoic acid had no effect on /Ax/a expression (no expansion, n = 64 and n = 53,
respectively) (Figure 14, E and F), suggesting a requirement for a flexible hydrocarbon
backbone for biological activity. I also examined 4-phenoxybutanoic acid and 5-phenylpentanoic
acid, which contain oxygen and carbon substitutions for the sulfur atom, respectively. 4-
Phenoxybutanoic acid exhibited reduced activity compared with the parent compound (13%
expansion, n = 56) (Figure 14G), while 5-phenylpentanoic acid was inactive (no expansion, n =
55) (Figure 14H). These results suggest that compound efficacy is improved when an atom with
a nonbonding electron pair(s) occupies this position. Finally, the esterified analog methyl-4-
(phenylthio)butanoate exhibited equal potency to PTBA (100% expansion, n =41) (Figure 141I).
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Figure 14. Structure-activity relationship studies reveal essential moieties for PTBA
efficacy. (A through I) In situ hybridization for /hx/a expression in 10-somite embryos
treated with 0.5% DMSO (A) or 3 uM of the following compounds: PTBA (B), 4-
(phenylsulfonyl)butanoic acid (PSOBA) (C), 4-(naphthalen-2-ylthio)butanoic acid (D), 2-
amino-PTBA (E), 3-(phenylthio)benzoic acid (F), 4-phenoxybutanoic acid (G), 5-

phenylpentanoic acid (H), and methyl-4-(phenylthio)butanoate (I).
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3.2.2 HDACis mimic the effects of PTBA

Subsequent structural analysis revealed that PTBA is a close analog of 4-phenylbutanoic acid
(PBA), a known HDAC: (Figure 15, A and B), and that both compounds exhibit some similarity
to the HDAC: trichostatin A (TSA) (Figure 15C). Indeed, all three structures contain the
elements of the HDACi pharmacophore, a general representation of the functional domains
within this class of compounds (Figure 15D). These include an aliphatic or aromatic cap,

connecting unit, hydrophobic linker, and zinc-binding group.
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Figure 15. PTBA exhibits structural similarity to HDACis. (A through D) Structures of
PTBA (A), PBA (B), TSA (C), and the general HDACi pharmacophore (D) containing a cap

(CAP), connecting unit (U), hydrophobic linker (LINKER), and zinc-binding group (ZBG).

Because PBA and TSA are structurally analogous to PTBA, I determined if they shared
the same ability to expand renal progenitor cells. Concentration-response experiments were
performed to determine the concentrations of PBA or TSA necessary to elicit /4x/a expansion, if

any (Figures 16 and 17).
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Figure 16. Treatment with the HDACi PBA expands the kidney field. (A through F) In situ
hybridization for /hx/a in 10-somite embryos treated from 2 hpf with: 0.5% DMSO (A, n =
59), 10 uM PBA (B, n = 58), 15 uM PBA (C, n = 60), 20 uM PBA (D, n = 59), 25 uM PBA

(E, n=58), or 30 uM PBA (F, n = 53).
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Figure 17. Treatment with the HDACi TSA expands the kidney field. (A through F) In situ

hybridization for /ix/a in 10-somite embryos treated from 2 hpf with: 0.5% DMSO (A, n =
60), 100 nM TSA (B, n=57), 150 nM TSA (C, n =57), 200 nM TSA (D, n = 52), 250 nM

TSA (E, n = 42), or 300 nM TSA (F, n = 40).



I determined that treatment with 25 uM PBA or 200 nM TSA produced an expansion of
lhx1a expression consistent with that elicited by 3 uM PTBA (Figures 16E and 17D compared

with Figure 5B). Therefore, at least two known HDACis mimic the effects of PTBA, supporting

the idea that PTBA likewise functions as an HDAC:.

3.2.3 PBA and TSA exhibit greater toxicity than PTBA

I next tested how trunk mesoderm juxtaposed to the kidney field is affected by PBA and TSA
treatments. [ previously determined that PTBA treatment does not significantly affect the
expression of somitic or vascular markers (Figure 11, A through D) Furthermore, although
PTBA increased ntla expression, the general structure of the notochord remained relatively
unchanged (Figure 11, E and F). However, TSA is a broad-spectrum HDACIi that causes
disruption of multiple tissues in zebrafish and demonstrates renal toxicity in cell culture.'***®
Therefore, I treated embryos with 25 uM PBA or 200 nM TSA and compared the expression of
myodl, flila, and ntla with that of control embryos. Expression of myodl was decreased in 57%
of PBA-treated embryos (n = 53) and 100% of TSA-treated embryos, as compared to controls (n
= 54) (Figure 18, A through C). Furthermore, TSA treatment caused an almost complete loss of
the somitic blocks (Figure 18C). As compared with controls (n = 54), flila expression decreased
in 78% of PBA-treated embryos (n = 54) and 95% of TSA-treated embryos (n = 55) (Figure 18,
D through F). PBA increased ntla expression in 87% of treated embryos (n = 52), as compared
to controls (n = 55) (Figure 18, G and H). This effect appears similar to the expanded ntla
expression I observed following PTBA treatment (Figure 11F). In contrast, TSA disrupted

normal ntla expression in 86% of treated embryos (n = 56), as compared with controls (Figure

18, G and I). This resulted in breaks in the nt/la expression pattern (Figure 18I, arrowheads).
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Figure 18. Treatment with PBA or TSA affects nearby tissues. (A through 1) In situ
hybridization for myodi (A through C), flila (D through F), or ntla (G through I) in 10-
somite embryos treated with 0.5% DMSO (A, D, and G), 25 uM PBA (B, E, and H), or 200

nM TSA (C, F, and I). Arrowheads indicate breaks in ntla expression.

48



To determine the toxicity of PBA and TSA relative to PTBA, I again performed
phenotypic concentration-response experiments. I assessed 72 hpf larvae for the development of
edemic phenotypes over the same concentration range used to test for expansion of the kidney
field. Pericardial edema was evident in 23% of larvae treated with 25 uM PBA (n = 83) and
100% of larvae treated with 200 nM TSA (n = 35) (Figures 19 and 20). In addition, 25 uM
PBA caused minimal, but significant death (8%, n = 90), while treatment with 200 nM TSA

resulted in high lethality (61%, n = 90) (Figures 19 and 20).

3.2.4 PTBA functions as an HDAC: in vitro

Because PBA and TSA mimic the ability of PTBA to expand renal progenitor cells, I determined
whether PTBA functions as an HDACI. To evaluate this in vitro, I measured the deacetylation of
a fluorescent peptide substrate in the presence of human HDACs. HDAC activity increased in
direct proportion to the amount of HeLa cell nuclear extract added to the assay (Figure 21, black
triangle). Addition of TSA completely blocked activity at all input levels of nuclear extract
(Figure 21, gray triangle). Previous work showed that 5 mM PBA decreased HDAC activity in
DSI9 mouse erythroleukemia cells to 19% of the control value.'* To determine whether PTBA
inhibited HDACsS to a similar extent as PBA, I evaluated both compounds at 5 mM. PTBA and
PBA showed similar potency, reducing the HDAC activity elicited by 10 pg HeLa extract to
30% of the control value (Figure 21, red diamond and blue circle, respectively). Previously, |
observed that the PTBA analog, 4-(phenylsulfonyl)butanoic acid (PSOBA), demonstrated no
ability to expand renal progenitor cells (Figure 14C). Therefore, I hypothesized that it would
function poorly in vitro as an HDACI. As expected, 5 mM PSOBA decreased the HDAC activity

elicited by 10 ug HeLa extract to only 70% of the control value (Figure 21, green square).
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Figure 19. PBA celicits concentration-dependent effects on larval edema and survival. (A
through D) Embryos were treated with 0 to 30 uM PBA from 2 hpf, and larvae were scored
at 72 hpf using a phenotype-based classification system (see Chapter 2 Methods). (A) Wild-
type (WT). (B) Edemic 1 (E1). (C) Edemic 2 (E2). (D) Graph of phenotypes after treatment
with 0 to 30 uM PBA (n = 90 per concentration). Asterisk denotes lowest PBA concentration

that exhibits a significant effect (p < 0.05) on survival.
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Figure 20. TSA elicits concentration-dependent effects on larval edema and survival. (A

through D) Embryos were treated with 0 to 300 nM TSA from 2 hpf, and larvae were scored

at 72 hpf using a phenotype-based classification system (see Chapter 2 Methods). (A) Wild-

type (WT). (B) Edemic 1 (El). (C) Edemic 2 (E2). (D) Edemic 3 (E3). (E) Graph of

phenotypes after treatment with 0 to 300 nM PBA (n = 90 per concentration). Asterisk

denotes lowest TSA concentration that exhibits a significant effect (p < 0.05) on survival.
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Figure 21. PTBA functions as an HDACI in vitro. Fluorescence histone deacetylation assay
performed in the presence of 5 mM PTBA, 5 mM PBA, 5 mM PSOBA, 1 uM TSA, or 5%
DMSO. At a given amount of nuclear extract, less fluorescence indicates less HDAC

activity. Error bars represent the 95% confidence intervals for each data point.
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3.2.5 PTBA functions as an HDAC: in vivo

I next sought to determine whether the HDACi function of PTBA was quantifiable in vivo. 1
treated 24 hpf embryos with 3 uM PTBA, 25 uM PBA, or 200 nM TSA for 6 hours. Protein
extracts were prepared and immunoblotted with an anti-hyperacetylated histone H4 antibody.
Histone H4 hyperacetylation was observed following treatment with all three compounds at their
tested concentrations, as compared with the control (Figure 22). Furthermore, increasing the
compound concentration caused a corresponding increase in hyperacetylation (Figure 22).

Therefore, both in vitro and in vivo results confirm that PTBA functions as an HDACI.

1X 5X 1X 5X 1X 5X
DMSO PTBA PTBA  PBA PBA TSA  TSA

Hyper-
acetylated
histone H4

—— —— — — — —— e ( tUbulin

Figure 22. PTBA functions as an HDACI in vivo. Western blot examining the acetylation
state of histone H4 isolated from embryos at 30 hpf that had been treated for 6 hours with
0.5% DMSO, 3 uM (1X) or 15 uM (5X) PTBA, 25 pM (1X) or 125 pM (5X) PBA, and 200

nM (1X) or 1 uM (5X) TSA. Western blot for a-tubulin demonstrates equal loading.

3.2.6 PTBA affects retinoic acid signaling

HDACis are believed to lower the threshold of RA necessary to activate transcription.®* If PTBA
treatment facilitates activation of the RA pathway, then expression of genes responsive to RA

signaling should change. Consequently, I focused on two genes: cyp26al, which is directly
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activated by RA signaling,"”” and the cardiac gene cmic2, whose expression in the heart field size

151

is reduced by RA treatments. ~ In the previous study, cmlc2 expression was assessed for RA-

151 therefore embryos were collected at the 18-somite

dependent effects in 18-somite embryos,
stage for continuity. As compared to controls (n = 58), expression of cyp26al was increased in
100% of PTBA-treated embryos (n = 57) (Figure 23, A and B). In agreement with this result,

cmlc2 expression was decreased in 100% of PTBA-treated embryos (n = 58), as compared to

controls (n = 57) (Figure 23, C and D).

cyp26at B cmlc2

18s DMSO 18s

Figure 23. PTBA affects the expression of RA-responsive genes. (A through D) In situ
hybridization for cyp26al (A and B) and cmlic2 (C and D) in 18-somite embryos treated with
0.5% DMSO (A and C) or 3 uM PTBA (B and D). Arrowheads highlight cyp26al

expression domains.

To provide a stronger link between PTBA treatment and RA signaling, mRNA encoding
a dominant-negative RARa construct (DN-RARa), which is known to block RA signaling,'*
was injected prior to PTBA treatment. I performed in situ hybridization to determine the
maximum amount of DN-RARa mRNA that could be injected at the one-cell stage without
affecting /hx1a expression. In the tested range of 0 to 400 ng, embryos injected with 200 ng DN-
RARo mRNA or less showed normal /hx/a expression, while higher doses caused aberrant or

decreased expression (data not shown). Therefore, I chose to inject 200 ng DN-RARa mRNA to
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assess the relationship between PTBA and the RA pathway. As compared with controls (rn = 80),
I observed an expansion of /hx/a expression in 90% of the mock-injected PTBA-treated embryos
at the 10-somite stage (n = 78) (Figure 24, A and B). Expression of /hx/a appeared normal in
92% of embryos injected with 200 pg DN-RARa mRNA (rn = 125) (Figure 24C). However,
only 19% of the embryos injected with 200 pg DN-RARa mRNA and subsequently treated with
PTBA showed expanded /hx/a expression (n = 125) (Figure 24D). Therefore, these data suggest
that PTBA-mediated expansion of renal progenitor cells is dependent on the retinoic acid

pathway.

Ihx1a D Ihx1a

A Ihx1a B Ihx1a C

10s
Mock

10s 10s 10s
DMSO Mock PTBA DN-RARa DMSO DN-RARa PTBA
Figure 24. RA signaling mediates PTBA efficacy. (A through D) In situ hybridization in 10-
somite embryos mock-injected with 1% fluorescein dextran (A and B) or injected with 200
pg of DN-RARa mRNA and 1% fluorescein dextran (C and D). At 5 hpf, embryos were

treated with 0.5% DMSO (A and C) or 3 uM PTBA (B and D).
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3.3 METHODS

3.3.1 Zebrafish husbandry

Zebrafish husbandry was performed as described in Chapter 2.

3.3.2 Compound sources and treatments

PTBA and methyl-4-(phenylthio)butanoate were synthesized as described in Chapter 2. 4-
(Naphthalen-2-ylthio)butanoic acid (NSC2733), 3-(phenylthio)benzoic acid (NSC113994), and
2-amino-PTBA (NSC140113) were obtained from the NCI/DTP Open Repository. PBA, TSA, 4-
phenoxybutanoic acid, and 5-phenylpentanoic acid were obtained from Sigma-Aldrich. PSOBA
was obtained from Matrix Scientific. Treatments were performed as described in Chapter 2,

except for the in vivo hyperacetylation assays and DN-RARa experiments (see below).

3.3.3 In situ hybridization

In situ hybridization was performed as described in Chapter 2.

3.3.4 Histone hyperacetylation assays

SDS-PAGE and Western blotting were performed as described previously with some

modifications.'*® Proteins were separated on 18% SDS-PAGE gels. Membranes were incubated
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at 4 °C overnight with 1:1000 anti-hyperacetylated histone H4 antibody (06-946, Millipore) or

1:1000 anti-o-tubulin antibody (Sigma-Aldrich) in PBT containing 5% nonfat milk.

3.3.5 Fluorescence HDAC assays

In vitro HDAC activity assays were performed using a fluorescence HDAC assay kit (Active
Motif) according to the manufacturer's instructions. For maintaining compound solubility at 5
mM, the final DMSO concentration in all assay wells was increased to 5%. Fluorescence was

detected using an M5 Plate Reader (Molecular Dynamics)

3.3.6 mRNA synthesis and microinjections

Synthetic mMRNA was generated from the XRARa1***/pCD61 construct'>* (Notl digested) using
a T7 mMessage mMachine kit (Ambion). Zebrafish embryos were injected at the one-cell stage
either with 200 pg of synthetic mRNA and 1% fluorescein dextran (Sigma-Aldrich) or with 1%
fluorescein dextran alone (mock) and allowed to develop in E3 culture medium at 28.5 °C. At the
256-cell stage, only fluorescein-dextran positive embryos were selected for PTBA treatment,

which occurred at 5 hpf.
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4.0 DEVELOPMENT OF PTBA ANALOGS

4.1 HYPOTHESIS

My previous work determined that treating zebrafish embryos with PTBA, a novel HDAC;],
increased the number of renal progenitor cells. Significantly, this led to a corresponding increase
in pronephric size, suggesting that these cells are capable of contributing to nephrogenesis. As
early as 1989, Bacallo and Fine proposed that kidney regeneration follows the same pattern of

differentiation events that lead to nephrogenesis.'>

Both processes begin with the proliferation
of renal progenitor cells to provide the raw material necessary for subsequent differentiation into
kidney tissue.'” Since PTBA stimulates renal progenitor cell proliferation during pronephric
development, it may function similarly during kidney regeneration. However, developing PTBA
into a potential therapeutic requires the consideration of both its efficacy and toxicity.
Furthermore, expanding the structure-activity relationship study to a wider selection of small
molecules may yield better candidates for future in vivo studies. Therefore, I chose to evaluate a
panel of structural and functional analogs of PTBA to identify compounds exhibiting nanomolar
efficacy and low toxicity in kidney cell culture. I hypothesized that modifying the key structural

elements that determine the HDAC:i activity of PTBA would improve its ability to expand renal

progenitor cells.
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4.2  RESULTS

4.2.1 Phenotypic screening of PTBA analogs

As I have previously shown, treating zebrafish embryos with 3 uM PTBA generates pericardial
edema by 72 hpf (Figure 4). This PTBA concentration also stimulates the proliferation of renal
progenitor cells during pronephric development (Figures 6 and 12). Furthermore, by 48 hpf,
embryos treated with 3 uM PTBA exhibit wider pronephric tubules and a failure of wt/a
convergence at the dorsal midline (Figures 8, 9, and 10) Therefore, it is reasonable to
hypothesize that the edemic phenotype reflects aberrant kidney morphogenesis resulting from an
overabundance of renal progenitor cells. Consequently, I performed a phenotypic screen on a
panel of PTBA analogs at 3 uM to identify potentially effective compounds.

Each of the compounds chosen for analysis represents either a structural or functional
analog of the lead compound, PTBA. The structural analogs contain functional group additions
or substitutions in one of four elements of the PTBA structure. These modify the key
determinants of HDACi activity as predicted by the general pharmacophore: the aliphatic cap,
connecting unit, hydrophobic linker, and zinc-binding group (Table 1). The structural analogs
selected for the panel each contain one or more of these modifications (Table 1). Several
functional group choices were based on previous structure-activity relationship studies of PTBA.
For example, methylating the zinc-binding group of PTBA generated a compound equally
capable of expanding /hx/a expression in treated embryos (Figure 141I). Therefore, the efficacy

of several alkylated analogs was assessed.
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Compound Name

Aliphatic Cap (W)

Connecting Unit (X)

Fatty Acid Linker (Y)

Zinc-Binding Group (2)

4-(phenylthio)butanoic acid (PTBA)

H

S

CH,

OH

4-(naphthalen-2-ylthio)butanoic acid CeHe S CH, OH
4-(phenylsulfonyl)butanoic acid H SO, CH, OH
4-phenoxybutanoic acid H (o} CH, OH
4-(phenylamino)butanoic acid H NH CH, OH
5-phenylpentanoic acid H CH, CH, OH
3-(phenylthio)benzoic acid H S CsHe OH
methyl 4-(phenylthio)butanoate H S CH, OCH,3
propyl 4-(phenylthio)butanoate H S CH, O(CH,),CH;
butan-2-yl 4-(phenylthio)butanoate H S CH, OCH(CH;)CH,CH,4
tert -butyl 4-(phenylthio)butanoate H S CH, OC(CH3);
N -hydroxy-4-(phenylthio)butanamide H S CH, NHOH
methyl 4-[(4-methylphenyl)thio]butanoate CH; S CH, OCH;
methyl 4-[(4-methoxyphenyl)thio]butanoate OCH; S CH, OCH;
methyl 4-[(4-fluorophenyl)thio]butanoate F S CH, OCH,3
methyl 4-[(4-chlorophenyl)thio]butanoate cl S CH, OCHj,
methyl 4-[(4-bromophenyl)thio]butanoate Br S CH, OCHj,

N -hydroxy-4-[(4-methylphenyl)thio]butanamide CHs S CH, NHOH

N -hydroxy-4-[(4-methoxyphenyl)thio]butanamide OCH;3 S CH, NHOH
4-[(4-fluorophenyl)thio]-N -hydroxybutanamide F S CH, NHOH
4-[(4-chlorophenyl)thio]-N -hydroxybutanamide cl S CH, NHOH
4-[(4-bromophenyl)thio]-N -hydroxybutanamide Br S CH, NHOH

Table 1. Structural analogs of PTBA. (Top left) General structure of the HDACi

pharmacophore containing an aliphatic or aromatic cap (CAP), connecting unit (U),

hydrophobic linker (LINKER), and zinc-binding group (ZBG). (Top right) General structure

of a PTBA analog containing functional group substitutions as described in the table below.
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In addition, I observed that the hydroxamic acid HDACI, trichostatin A (TSA), exhibited
high efficacy, increasing /hx/a expression at 200 nM. (Figure 17D). Hydroxamic acids, which
form two coordinate bonds with the active site zinc, are generally stronger than carboxylic acids,

including PTBA, which form only one."**

Thus, several of the analogs tested contained
hydroxamate moieties on the zinc-binding group.

Ten functional analogs were also chosen to represent a subset of known HDACis of
several different classes (Figure 25). These include inhibitors derived from carboxylic acids,

. ) 155
hydroxamic acids, benzamides, and natural products.

With the exception of butanoic acid, all
of the chosen compounds have predicted octanol-water partition coefficients (LogPs) greater
than 1 (Appendix A). LogP indicates the hydrophobicity of a given molecule, with lipophilic
compounds exhibiting higher values."”*"*” Previous work determined that zebrafish embryos
absorb compounds with logP values between 1 and 12 from embryo medium."''*'®

The 32 compounds and a DMSO control were examined for their ability to generate
pericardial edema in zebrafish larvae by 72 hpf (Table 2). Treatment with 12 compounds did not
cause a statistically-significant decrease in the number of wild-type larval phenotypes, as
compared with controls. This group included the four compounds containing connecting unit
substitutions, seven of the known HDACis, and one alkylated analog, tert-butyl 4-
(phenylthio)butanoate. Treatment with each of the remaining analogs generated edemic and/or
lethal phenotypes that were scored using the phenotype-based classification system from Chapter
2. Three of these compounds, TSA, valproic acid, and apicidin, are known HDAC inhibitors. The

lethality of 3 uM TSA was expected, since I previously demonstrated that 300 nM TSA killed

greater than 90% of treated 72 hpf larvae (Figure 20).
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Figure 25. Functional analogs of PTBA. (A through J) Structures of the HDACis butanoic
acid (A), valproic acid (B), 4-phenylbutanoic acid (PBA, C), trichostatin A (TSA, D), SAHA

(E), APHA compound 8 (F), Scriptaid (G), MS-275 (H), apicidin (I), and tubacin (J).
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Compound Name Wild-type (WT) Edemic 1 (E1) Edemic 2 (E2) Edemic 3 (E3) Dead
0.5% DMSO 36 0 0 0 0
4-phenoxybutanoic acid 36 0 0 0 0
4-(phenylsulfonyl)butanoic acid 36 0 0 0 0
5-phenylpentanoic acid 36 0 0 0 0
APHA compound 8 36 0 0 0 0
MS-275 36 0 0 0 0
PBA 36 0 0 0 0
SAHA 36 0 0 0 0
tubacin 36 0 0 0 0
4-(phenylamino)butanoic acid 35 1 0 0 0
Scriptaid 35 1 0 0 0
butanoic acid 35 0 0 0 1
tert -butyl 4-(phenylthio)butanoate 33 3 0 0 0
The compounds below this line cause significant decreases in wild-type larval phenotypes at 3 uM (p < 0.05)
valproic acid 25 11 0 0 0
4-(naphthalen-2-ylthio)butanoic acid 25 9 0 0 2
N -hydroxy-4-[(4-methoxyphenyl)thio]butanamide 16 20 0 0 0
methyl 4-[(4-bromophenyl)thio]butanoate 8 27 1 0 0
3-(phenylthio)benzoic acid 2 34 0 0 0
4-[(4-bromophenyl)thio]-N -hydroxybutanamide 1 23 12 0 0
butan-2-yl 4-(phenylthio)butanoate 2 19 12 2 1
PTBA 0 13 17 5 1
methyl 4-[(4-chlorophenyl)thio]butanoate 0 10 6 19 1
methyl 4-[(4-methoxyphenyl)thio]butanoate 0 2 24 9 1
N -hydroxy-4-(phenylthio)butanamide 0 3 20 13 0
propyl 4-(phenylthio)butanoate 0 7 8 15 6
methyl 4-(phenylthio)butanoate 0 0 2 26 8
methyl 4-[(4-methylphenyl)thio]butanoate 0 0 2 23 11
4-[(4-chlorophenyl)thio]-N -hydroxybutanamide 0 0 0 22 14
N -hydroxy-4-[(4-methylphenyl)thio]butanamide 0 0 0 14 22
4-[(4-fluorophenyl)thio]-N -hydroxybutanamide 0 0 0 8 28
methyl 4-[(4-fluorophenyl)thio]butanoate 0 0 0 0 36
apicidin 0 0 0 0 36
TSA 0 0 0 0 36

Table 2. Phenotypes observed in larvae treated with PTBA analogs. Embryos were treated
with each compound at 3 uM from 2 hpf, and larvae were scored at 72 hpf using a
phenotype-based classification system (Chapter 2). Compounds below the indicated line
exhibit a significant decrease (p < 0.05) in the occurrence of wild-type phenotypes as

determined by Fisher's exact test.
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Furthermore, with the exception of apicidin, all of the compounds that cause more severe
phenotypes than PTBA contain either hydroxamic or alkylated zinc-binding groups. Taken
together, these results suggest that modifications of PTBA anticipated to alter its underlying
HDACIi function may affect compound efficacy during pronephric development. However,
pericardial edema can develop as a result of organ dysfunction unrelated to the kidney.'>'®'
Therefore, I determined the effect of each of these compounds, if any, on renal progenitor cells.

To accomplish this, I examined /Ax/a expression in treated embryos at the 10-somite
stage. | performed in situ hybridizations on embryos treated with decreasing concentrations of

compound, beginning at 3 uM (Table 3, raw data in Appendix B). The results were categorized

relative to the efficacy of PTBA at a given concentration and are detailed below.

4.2.2 PTBA analog efficacy in renal progenitor cells at 3 pM

Of the 12 compounds that exhibited no significant effect on larval phenotype, 10
compounds did not expand /hx/a expression as compared with controls (no expansion, n = 36)
(Tables 2 and 3). This group includes HDACis, such as SAHA and tubacin, which exhibit

similar potency to TSA in vitro.'®*

However, treatment with 3 pM Scriptaid or fert-butyl 4-
(phenylthio)butanoate increased /hx/a expression in 39% and 25% of the tested embryos (n = 36
each), respectively, as compared with controls (no expansion, n = 36) (Figure 26, A, C, and E).

Therefore, the failure to develop pericardial edema following treatment is a predictive, but not

absolute, indicator of an ineffective analog.
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Compound Name 3 uM 1.5 uM 800 nM 400 nM 200 nM 100 nM
0.5% DMSO - - - - - -
4-phenoxybutanoic acid - ND ND ND ND ND
4-(phenylsulfonyl)butanoic acid - ND ND ND ND ND
5-phenylpentanoic acid - ND ND ND ND ND
APHA compound 8 - ND ND ND ND ND
MS-275 - ND ND ND ND ND
PBA - ND ND ND ND ND
SAHA - ND ND ND ND ND
tubacin - ND ND ND ND ND
4-(phenylamino)butanoic acid - ND ND ND ND ND
Scriptaid +/- ND ND ND ND ND
butanoic acid - ND ND ND ND ND
tert -butyl 4-(phenylthio)butanoate +/- ND ND ND ND ND
valproic acid +/- ND ND ND ND ND
4-(naphthalen-2-ylthio)butanoic acid - ND ND ND ND ND
N -hydroxy-4-[(4-methoxyphenyl)thio]butanamide +/- ND ND ND ND ND
methyl 4-[(4-bromophenyl)thio]butanoate + / - ND ND ND ND ND
3-(phenylthio)benzoic acid - ND ND ND ND ND
4-[(4-bromophenyl)thio]-N -hydroxybutanamide + +/- ND ND ND ND
butan-2-yl 4-(phenylthio)butanoate + + +/- ND ND ND
PTBA + + +/- ND ND ND
methyl 4-[(4-chlorophenyl)thio]butanoate + +/- ND ND ND ND
methyl 4-[(4-methoxyphenyl)thiolbutanoate + + + +/- - ND
N -hydroxy-4-(phenylthio)butanamide + + +/- ND ND ND
propyl 4-(phenylthio)butanoate + + +/- ND ND ND
methyl 4-(phenylthio)butanoate + + +/- ND ND ND
methyl 4-[(4-methylphenyl)thio]butanoate + + + - - ND
4-[(4-chlorophenyl)thio]-N -hydroxybutanamide + + +/- ND ND ND
N -hydroxy-4-[(4-methylphenyl)thio]butanamide + + + - - ND
4-[(4-fluorophenyl)thio]-N -hydroxybutanamide + + + +/- - ND
methyl 4-[(4-fluorophenyl)thio]butanoate XX + + +/- +/- ND
apicidin XX XX XX* +/- - ND
TSA XX XX XX XX + +

Table 3. Lhxla expansion caused by analog treatment. In situ hybridization for /hxla
expression in 10-somite embryos treated from 2 hpf with each compound at the listed
concentration. Analogs were classified according to their ability to increase /hx/a expression
as effective (+), partially effective (+/-), or ineffective (-). Analogs that killed all embryos
at a given concentration before reaching 10 somites are listed as XX. If the efficacy of a
compound was not determined at a given concentration it is listed as ND. Note': embryos

surviving treatment with 800 nM apicidin (31%, n = 36) displayed general toxicity

precluding efficacy scoring. Raw data are listed in Appendix B.
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DMSO

Figure 26. PTBA analogs exhibiting partial efficacy at 3 uM. (A through F) In situ
hybridization for /hxla expression in 10-somite embryos treated from 2 hpf with 0.5%
DMSO (A) or 3 uM of the following compounds: valproic acid (20% expansion) (B),
Scriptaid (25% expansion) (C), N-hydroxy-4-[(4-methoxyphenyl)thio]butanamide (31%
expansion) (D), tert-butyl 4-(phenylthio)butanoate (39% expansion) (E), and methyl 4-

[(bromophenyl)thio]butanoate (74% expansion) (F).
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Lhxla expression analysis separated the 20 compounds, including PTBA, which caused
edemic or lethal phenotypes into four groups. The first group, consisting of 4-(napthalen-2-
ylthio)butanoic acid and 3-(phenylthio) benzoic acid, caused no expansion of /hx/a in the treated
embryos (Table 3). Therefore, their edemic phenotypes probably result from non-kidney related
effects during embryonic development.

The second group, consisting of three compounds, expanded /Ahx/a expression in less than
75% of the treated embryos in comparison to controls (Figure 26A). This group included
valproic acid, a known HDAC:I, (20% expansion, n = 35), N-hydroxy-4-[(4-methoxyphenyl)thio]
butanamide (31% expansion, n = 35), and methyl 4-[(bromophenyl)thio]butanoate (74%
expansion, n = 35) (Figure 26, B, D, and F).

The third group consisted of 12 effective compounds, including PTBA, that expanded
lhx1a expression in greater than 90% of the treated embryos as compared with controls (Table
3). The eleven PTBA analogs all contained either hydroxamic or alkylated zinc-binding groups.
Compounds with these structural motifs also caused the most edema and lethality in the
phenotypic screen (Table 2). Furthermore, all compounds showing greater than 90% efficacy by
in situ hybridization demonstrate phenotypic effects similar to or more severe than those caused
by PTBA (Tables 2 and 3). Therefore, the severity of edemic phenotypes does appear to
correlate with the ability of a given PTBA analog to expand renal progenitor cells with some
exceptions as previously noted. These compounds were subsequently tested to determine their
efficacies at sequentially lower concentrations.

The final group, consisting of methyl 4-[(4-fluorophenyl)thio)]butanoate, apicidin, and
trichostatin A, killed all treated embryos before they reached the 10-somite stage (Table 3).

Toxicity of these compounds at 3 uM does not preclude them from expanding renal progenitor
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cells at lower concentrations. Indeed, I previously observed that treating embryos with 200 nM
TSA expands /hx]a expression in a manner similar to 3 uM PTBA (Figure 17D compared with
Figure 5B). Therefore, the efficacy of these compounds at concentrations below 3 uM was

assessed along with the previous group.

4.2.3 PTBA analog efficacy in renal progenitor cells at 1.5 yM

Two compounds, apicidin and TSA, were lethal at 1.5 uM, while 13 others demonstrated some
ability to expand /hx/a expression in 10-somite embryos. Two of these were partially effective,
expanding less than 75% of the treated embryos when compared with controls (no expansion, n =
36) (Figure 27A). These were 4-[(bromophenyl)thio]-N-hydroxybutanamide (47% expansion, n
= 36) and methyl 4-[(4-chlorophenyl)thio]butanoate (72% expansion, n = 36) (Figure 27, B and
C). Because they lacked the efficacy of the remaining analogs, these compounds were not
evaluated further.

Eleven compounds, including PTBA (83% expansion, n = 35) (Figure 27D), showed
efficacy in greater than 80% of the treated embryos. Four contained hydroxamic zinc-binding
groups, with three of these also carrying a substituted aliphatic cap: N-hydroxy-4-
(phenylthio)butanamide (92% expansion, n = 36), N-hydroxy-4-[(4-methylphenyl)thio]
butanamide (97% expansion, n = 33), 4-[(4-chlorophenyl)thio]-N-hydroxybutanamide (97%
expansion, n = 36), and 4-[(4-fluorophenyl)thio]-N-hydroxybutanamide (100% expansion, n =

36) (Figure 27, E through H).
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Figure 27. PTBA analogs exhibiting efficacy at 1.5 uM. (A through N) /n situ hybridization
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for /hxla expression in 10-somite embryos treated from 2 hpf with 0.5% DMSO (A) or 1.5
uM of the following compounds: 4-[(bromophenyl)thio]-N-hydroxybutanamide (47%
expansion) (B), 4-[(4-chlorophenyl)thio]butanoate (72% expansion) (C), PTBA (83%
expansion) (D), N-hydroxy-4-(phenylthio)butanamide (92% expansion) (E) , N-hydroxy-4-
[(4-methylphenyl)thio]butanamide (97% expansion) (F), 4-[(4-chlorophenyl)thio]-N-
hydroxybutanamide (97% expansion) (G), 4-[(4-fluorophenyl)thio]-N-hydroxybutanamide
(100% expansion, n = 36) (H), methyl-4-(phenylthio)butanoate (89% expansion) (I), methyl
4-[(4-methoxyphenyl)thio]butanoate (91% expansion) (J), methyl 4-[(4-methylphenyl)thio]
butanoate (100% expansion) (K), methyl 4-[(4-fluorophenyl)thio]butanoate (100%
expansion) (L), propyl 4-(phenylthio)butanoate (89% expansion) (M), and butan-2-yl 4-

(phenylthio)butanoate (89% expansion) (N).
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Four analogs had methylated zinc-binding groups, with three of these also including
aliphatic cap substitutions: methyl-4-(phenylthio)butanoate (89% expansion, n = 36), methyl 4-
[(4-methoxyphenyl)thio]butanoate (91% expansion, n = 35), methyl 4-[(4-methylphenyl)thio]
butanoate (100% expansion, n = 36), and methyl 4-[(4-fluorophenyl)thio]butanoate (100%
expansion, n = 30) (Figure 27, I through L). The remaining two analogs demonstrating over
80% efficacy carried propyl- and sec-butyl substitutions, respectively, on their zinc-binding
groups: propyl 4-(phenylthio)butanoate (89% expansion, » = 36) and butan-2-yl 4-
(phenylthio)butanoate (89% expansion, n = 35) (Figure 27, M and N). Because each of these 10
PTBA analogs exhibited efficacy above that of PTBA, these data support the approach of

targeting motifs important in HDACi activity.

4.2.4 PTBA analog efficacy on renal progenitor cells at 800 nM

Treatments at 800 nM revealed two distinct groups of analogs based on efficacy. The partially
effective compounds, consisting of PTBA and five analogs, expanded /Ax/a expression in less
than 25% of treated 10-somite embryos as compared with controls (Table 3). With the exception
of 4-[(4-chlorophenyl)thio]-N-hydroxybutanamide, none of these compounds carried a
substituted aliphatic cap. Because of their already limited efficacy at 800 nM, these compounds
were not tested at lower concentrations. The five members of the more effective second group
increased /hx1a expression in greater than 45% of treated embryos as compared with controls (no
expansion, n = 36) (Figure 28A). This group of analogs included methyl 4-
[(methylphenyl)thio]butanoate (49% expansion, n = 35), methyl 4-[(methoxyphenyl)thio]
butanoate (57% expansion, n = 35), 4-[(4-fluorophenyl)thio]-N-hydroxybutanamide (60%
expansion, n = 35), N-hydroxy-4[(methylphenyl)thio]butanamide (61% expansion, n = 36) and

70



Figure 28. PTBA analogs exhibiting efficacy at 800 nM. (A through F) /n situ hybridization
for lhx1a expression in 10-somite embryos treated from 2 hpf with 0.5% DMSO (A) or 800
nM of the following compounds: methyl 4-[(methylphenyl)thio]butanoate (49% expansion)
(B), methyl 4-[(methoxyphenyl)thio]butanoate (57%  expansion) (C), 4-[(4-
fluorophenyl)thio]-N-hydroxybutanamide (60% expansion) D), N-hydroxy-
4[(methylphenyl)thio]butanamide (61% expansion) (E), and methyl 4-[(4-fluorophenyl)thio]

butanoate (64% expansion, n = 36) (F).
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methyl 4-[(4-fluorophenyl)thio]butanoate (64% expansion, n = 36) (Figure 28, B through F).
Each of these compounds contained substitutions in both the zinc-binding group and aliphatic
cap. These substitutions represented only a limited selection of functional groups. The zinc-
binding groups contained either hydroxamic acids or methylated carboxylic acids, while the
aliphatic caps carried either methyl-, methoxy-, or fluoro- substitutions. These results suggest
that certain structural motifs impart improved efficacy to the PTBA backbone.

Treatment with 800 nM apicidin killed 69% of the treated embryos (n = 36) (Table 3).
Surviving embryos exhibited general toxicity that precluded the scoring of /hx/a expansion (data
not shown). TSA treatment at 800 nM was lethal (Table 3). The five analogs exhibiting greater

than 45% efficacy, apicidin, and TSA were retested at 400 nM.

4.2.5 PTBA analog efficacy on renal progenitor cells at 400 nM or below

Three of the five remaining structural analogs of PTBA and apicidin exhibited a partial ability to
expand /hxla expression at 400 nM in comparison to controls (n = 35) (Figure 29A). Of these,
400 nM 4-[(4-fluorophenyl)thio]-N-hydroxybutanamide expanded 35% of treated embryos (n =
34), the highest percentage of any tested PTBA structural analog at this concentration (Figure
29B). Two others, methyl 4-[(methoxyphenyl)thio]butanoate (29% expansion, n = 35) (Figure
29C) and methyl 4-[(4-fluorophenyl)thio]butanoate (26% expansion, n = 35), increased lhxla
expression in over 25% of treated embryos. Furthermore, methyl 4-[(4-
fluorophenyl)thio]butanoate also caused partial /hx/a expansion at 200 nM (22% expansion, n =
32) (Figure 29D), while the other two structural analogs were ineffective (Table 3). This
represents the lowest observed concentration of a structural PTBA analog capable of expanding
renal progenitor cells.
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DMSO

Figure 29. PTBA analogs exhibiting efficacy at or below 400 nM. (A through F) In situ
hybridization for /hxla expression in 10-somite embryos treated from 2 hpf with 0.5%
DMSO (A) or concentrations of the following compounds as indicated: 400 nM 4-[(4-
fluorophenyl)thio]-N-hydroxybutanamide (35% expansion) (B), 400 nM methyl 4-
[(methoxyphenyl)thio]butanoate (29% expansion) (C), 200 nM methyl 4-[(4-fluorophenyl)
thio]butanoate (26% expansion) (D), 400 nM apicidin (22% expansion) (E), and 100 nM

TSA (97% expansion) (F).
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Treatment with 400 nM apicidin expanded 22% of treated embryos (n = 36) (Figure
29E), but was ineffective at 200 nM. All embryos treated with 400 nM trichostatin A died before
reaching 10 somites (Table 3). However, treatment with 200 nM TSA caused /ix/a expansion in
100% of treated embryos as compared with controls (n = 29) (Table 3). This observation is in
agreement with my previous results (Figure 17D). Treatment with 100 nM TSA was also
effective (97% expansion, n = 35), marking the lowest tested concentration of any PTBA analog,

structural or functional, affecting renal progenitor cells (Figure 29F).

4.2.6 Toxicity assays

The cytotoxicity of the 15 compounds exhibiting efficacy or lethality at 3 uM was tested by
collaborators, Drs. Lori Emert-Sedlak and Tom Smithgall of the Department of Microbiology
and Molecular Genetics, in a conditionally-immortalized mouse podocyte cell line. Podocytes
are polarized epithelial cells located on the glomerular basement membrane that contribute to the
integrity of the filtration barrier.” For the purposes of these experiments, they function as an
indicator of renal toxicity. Following 72 hours of treatment with each compound concentrations
ranging from 30 uM to 3 nM, podocyte viability was assessed by measuring residual metabolic
activity (Figure 30, raw data in Appendix C). From these data, Dr. Emert-Sedlak calculated the
concentration where 50% of the exposed podocytes remained viable (Esp). Of the 15 analogs
tested, only two, TSA and apicidin, caused sufficient cytotoxicity to allow the calculation of an
Eso value. Over the course of three experiments, TSA exhibited a mean Esy of 96 nM (s = 51
nM), while the mean Es, for apicidin was 152 nM (s = 54 nM). Treatment with PTBA or each of
12 structural analogs never decreased podocyte viability below the 50% threshold, even when

tested at 30 uM (Figure 30). In fact, over three experiments, podocyte viability never dropped
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below 80% following treatment with any of these compounds. Therefore, PTBA analogs
carrying cap and/or zinc-binding group modifications, do not increase the toxicity of the
compound relative to PTBA. These results suggest that the efficacy of PTBA can be improved

through analog development without causing a corresponding increase in compound toxicity.

75



Podocyte Viability (%)

120

100

80

60

40

20

Figure 30. Structural PTBA analogs exhibit low toxicity in cultured podocytes. Podocytes
were treated for 72 hours with 30 uM, 10 uM, 1 uM, 300 nM, 100 nM, 30 nM, 10 nM, or 3
nM of each compound or a DMSO control. Viability was assessed using Cell Titer-Blue.
Viability was calculated as a percentage of the DMSO control, which was considered 100%
viability. Data represent the average results of three independent experiments using duplicate

wells for each condition.
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4.3 METHODS

4.3.1 Zebrafish husbandry

Zebrafish husbandry was performed as described in Chapter 2

4.3.2 Compound sources and treatments

PTBA and methyl-4-(phenylthio)butanoate were synthesized as described in Chapter 2. 4-
(Naphthalen-2-ylthio)butanoic acid (NSC2733) and 3-(phenylthio)benzoic acid (NSC113994),
were obtained from the NCI/DTP Open Repository. APHA compound 8, Apicidin, butanoic
acid, PBA, 4-phenoxybutanoic acid, 5-phenylpentanoic acid, Scriptaid, TSA, and valproic acid
were obtained from Sigma-Aldrich. MS-275 and SAHA were obtained from Cayman Chemical
Co. 4-(phenylsulfonyl)butanoic acid was obtained from Matrix Scientific. Tubacin was a gift of
Dr. Ralph Mazitschek of the Broad Institute (Cambridge, MA). The remaining PTBA analogs
were synthesized by Dr. Vasiliy Korotchenko of the Department of Pharmaceutical Sciences.
Three independent groups of 12 chorionated 2 hpf embryos were arrayed in individual wells of
24-well plates. E3 medium was removed with a glass pipette and replaced with 800 ul treatment
solutions containing 0.5% DMSO in E3 with or without compound at the reported

concentrations.
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4.3.3 In situ hybridization

In situ hybridization for /hxla was performed as described in Chapter 2. Embryos were
considered expanded if they exhibited /hx/a expression consistent with that resulting from
treatment with 3 uM PTBA. Compounds were classified as effective, partially-effective, or

ineffective based on comparison to the effects of PTBA at a given concentration.

4.3.4 Phenotypic screening

Phenotypic screening of PTBA analogs was performed identically to the concentration-response
experiments detailed in Chapter 2. Embryos were treated with each PTBA analog from 2 to 72

hpf as described above.

4.3.5 Podocyte cytotoxicity assays

The conditionally-immortalized mouse podocyte cell line was a gift of Dr. Leslie
Bruggeman of Case Western Reserve University (Cleveland, OH). The isolation and
characterization of these cells have been previously described.'®!'® Mouse podocytes were
plated at a density of 6,000 cells per 200 ul in 96-well plates to elicit log-phase growth. The
indicated PTBA analogs were added at 30 uM, 10 uM, 1 uM, 300 nM, 100 nM, 30 nM, or 3 nM
and incubated at 33 °C for 72 hours. The final DMSO concentration was maintained at 0.2% in
all treatments except 30 uM (0.6%). After incubation, cytotoxicity was analyzed using the Cell
Titer-Blue Cell Viability Assay (Promega) per manufacturer's instructions. Reagent (20 ul) was
added to 100 pl of cells and plates were incubated for 2 hours at 37 °C. Fluorescence was read at
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5605x/5905, on a Gemini SpectramaxXS (Molecular Devices) plate reader. Viability was
calculated as a percentage of the DMSO control, which was considered 100% viability. Data
represent the results of three independent experiments using duplicate wells for each condition.

E50 values were determined from the transformed and normalized data by non-linear regression.
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5.0  DISCUSSION

5.1 LESSONS FROM SMALL MOLECULE SCREENING

From a screen of almost 2000 small molecules, we identified a compound, PTBA, that had not

165
. The success of

been previously reported as a "hit" in 136 previous chemical library screens
our screen validates the use of an edemic phenotype as an indicator of aberrant kidney
development. Furthermore, it emphasizes the importance of sound experimental design in
determining the desired outcome. Many factors should be considered before beginning to
interrogate libraries containing thousands of small molecules. Indeed, depending on the
predetermined goals and parameters of the screen, investigators can generate completely
different data sets using the same compound library.

To illustrate this point, consider the results of the chemical screens performed by my own
lab and those of the neighboring Tsang lab.'**'*” Both groups tested zebrafish embryos at 10 uM
using NCI/DTP Diversity Set compounds drawn from daughter plates derived from the same
DMSO stocks. Furthermore, each lab identified a compound, PTBA or BCI, that expanded
progenitor cells, leading to increased kidney or heart size, respectively. However, the differing
experimental approaches utilized by our groups masked the effects of the other small molecule.

The Tsang lab identified BCI by treating transgenic embryos carrying a fluorescent FGF-

signaling reporter from 24 to 32 hpf. Since PTBA loses efficacy at about 15 hpf and edema
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typically does not develop until at least 48 hpf, PTBA-treated embryos would appear wild-type.
Therefore, even if they had recorded interesting secondary phenotypes beyond those involved in
FGF signaling, PTBA would have been missed using this approach. Likewise, BCI-treated 72
hpf larvae were scored as wild-type in our phenotypic screen, even though they almost certainly
contained enlarged hearts. Although both screens were ultimately successful, their unique
observations depended on the selection of treatment windows and phenotypes appropriate for the
research. Without these considerations, the effects of interesting small molecules can be easily
overlooked.

Another important factor contributing to the discovery of PTBA was the concentration
chosen for the screen. In this, we were very fortunate. All compounds were ostensibly tested at
10 uM in embryo medium. Had this truly been the case, then my data suggests that PTBA
treatment would have killed all the embryos before reaching 72 hpf. Since we performed no
further characterization on compounds found to be lethal at the screening concentration, PTBA
might never have been characterized. Luckily, compound concentrations in DMSO stocks can
vary several fold from the reported value in small molecule libraries.”*' Thus, the concentration
in the PTBA-containing well was probably much closer to 3-5 uM, allowing edema formation
and generating a positive hit. Furthermore, had we decided to screen at a lower concentration, the
larvae may have appeared wild-type, again precluding any further testing. This exposes a flaw in
the way many small molecule screens are performed: very few involve screening at multiple
concentrations. It could be argued that repeated screening of a library is a waste of time and
effort, especially if hits have been identified. However, small molecule libraries generally

already represent a significant investment of resources, and follow-up screens at different
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concentrations merit consideration. At the very least, compounds observed to be lethal in the

initial screen could be retested at lower concentrations in search of relevant phenotypes.

5.2 MODELING HOW PTBA ENGAGES THE RA PATHWAY

Treating zebrafish embryos with PTBA stimulates RA signaling, as evidenced by its effects on
the RA-responsive genes cyp26al and cmlc2. Consequently, blocking RA signaling at the
receptor level with dominant-negative RARa greatly reduced PTBA efficacy. Therefore, PTBA
likely interacts with some elements of the RA signaling pathway in order to stimulate renal
progenitor cell proliferation during pronephric development. The characterization of PTBA as a
novel HDACi suggests that the targets are most likely the HDACs controlling the repression of
RA-responsive genes.

In the absence of RA, an RAR/RXR dimer binds the RARE in regulated promoters and
recruits complexes of corepressor proteins, including an HDAC (Figure 31A). The HDAC
deacetylates nearby nucleosomes, causing chromatin condensation which inhibits gene
transcription. When RA binds the RAR/RXR dimer, it elicits a conformational change that
removes the HDAC from close proximity to the nucleosomes (Figure 31B). This facilitates the
activity of coactivators, such as histone acetyltransferases, which decondense the chromatin and
allow transcription to occur. By inhibiting the corepressor HDAC, HDACis have been
hypothesized to lower the RA concentration necessary to activate the RAR/RXR dimer (Figure
31C).” In this way, PTBA could stimulate RA signaling at the receptor level without affecting

the endogenous RA concentration.
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Figure 31. HDACis enhance RA signaling. (A) In the absence of RA, RAR/RXR dimers

recruit a corepressor complex (CoR) containing an HDAC. The HDAC deacetylates
nucleosomes, causing chromatin condensation and preventing transcription. (B) In the
presence of RA, the RAR/RXR dimer undergoes a conformational change, removing the
HDAC from close association with nucleosomes. This allows coactivators such as a histone
acetyltransferase (HAT) to acetylate the nucleosomes, which decondenses the chromatin and
permits transcription. (C) HDAC inhibitors, such as PTBA, have been hypothesized to
decrease the required concentration of RA necessary to trigger the RAR/RXR

conformational switch. Figure adapted from Menegola and coworkers.”
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The downstream target of RA-signaling that mediates the effects of PTBA on renal
progenitor cells remains unknown. Since my results argue that PTBA treatment stimulates renal
progenitor cell proliferation without significantly transforming juxtaposed tissues, the effect is
probably local. Therefore, PTBA may enhance RA signaling directly within renal progenitor
cells, leading to increased proliferation. Because attenuation does not require the synthesis of
protein intermediates, this hypothesis is compatible with the previous work of Cartry and
coworkers.” They observed that treating Xenopus embryos with RA caused lhxla expansion
even in the presence of the protein synthesis inhibitor, cycloheximide.63 Furthermore, treating
kidney epithelial cell lines with RA increased both thymidine uptake and the proportion of cells

168,169

in S-phase. Therefore, it is possible that the proliferative machinery in renal progenitor cells

may respond to RA-signaling in a similar manner.

5.3 THERAPEUTIC POTENTIAL OF PTBA

5.3.1 Proliferation: the intersection of development and regeneration

In many respects, the process of kidney regeneration mimics that of nephrogenesis.'> In both
cases, a multipotent cell first proliferates to provide the necessary raw material and then
differentiates into the required tissue type. Several hypotheses have been proposed to explain the
source of the multipotent cells involved in regeneration. The first, and most generally accepted,
suggests that these cells arise from tissue dedifferentiation near the site of damage.170 Other
groups argue that the multipotent cells are actually stem cells of intrarenal or extrarenal
171,172

origin. In any case, it is reasonable to assume that these cells share elements in common
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with renal progenitor cells. Therefore, 1 hypothesize that they may also exhibit similar
proliferation in response to PTBA treatment.

This hypothesis may explain the observations made by other groups regarding the
relationship between HDAC inhibition and renal regeneration. In one study, Imai and coworkers
demonstrated that treating mice with daily injections of TSA attenuated renal damage following
injury.173 Since PTBA and TSA both function as HDACis and expand renal progenitor cells, they
may also act similarly in facilitating renal regeneration. In another study, Marumo and coworkers
demonstrated that the expression of Hdac5 was significantly decreased following acute ischemic
damage in mouse kidneys.'™ This suggests that the reduction of HDAC activity may serve as an
important part of the regeneration process. Therefore, at least some evidence supports the idea

that PTBA may function as a useful therapeutic following acute kidney injury.

5.3.2 Analog efficacy in a mouse model of acute kidney injury

To test this hypothesis, we have been collaborating with Drs. Raymond Harris and Mark de
Caestecker at Vanderbilt University. Dr. Harris' lab has developed a transgenic mouse model of
acute kidney injury using diphtheria toxin (DT) as a nephrotoxic agent. Unlike humans, mice are
normally resistant to DT exposure. This resistance arises from several amino acid differences in
the protein acting as the DT receptor, heparin-binding EGF-like growth factor (Hbegf).'”
Transgenic mice (PTC-DTR) express human HBEGF in their proximal tubules, creating the
conditions for an acute and specific damage event.

Since blood is a buffered solution, testing PTBA would have been a poor choice. At
neutral pH, the zinc-binding group would be deprotonated and the resulting polar charge would

greatly decrease its absorption through cell membranes. Instead we tested an effective structural
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analog carrying a methylated zinc-binding group, methyl 4-(phenylthio)butanoate (MPTB).
PTC-DTR mice were injected with DT and damage was allowed to accrue for one day. At this
time, mice were given daily injections of MPTB or a DMSO control for the next six days.
Preliminary data from a single group of mice suggest that MPTB treatment significantly
increases the rate of renal recovery by approximately 30% (Figure 32). Therefore, PTBA

analogs demonstrate some promise as renal therapeutics following acute kidney injury.

5.3.3 Factors governing the toxicity of PTBA analogs

Toxicity is also an important consideration during the development of any drug. At its effective
concentration, I observed that PTBA exhibits much milder effects on juxtaposed mesodermal
tissues in comparison to TSA. Furthermore, structural PTBA analogs, even when administered at
30 uM, demonstrated little effect on podocyte cell viability in cell culture assays. However, my
data suggest that treating podocytes with 100 nM TSA would be expected to kill at least 50% of
the cells within 72 hours. There are at least two possible explanations for this difference in
toxicity, each reflecting different considerations of HDAC-HDAC:i binding.

Crystallography studies have revealed how several HDACis block substrate access by
interacting with the Zn>" in the catalytic site of an HDAC. Therefore, most HDACis, including
carboxylic and hydroxamic acids, function as competitive inhibitors of HDACs, although
noncompetitive HDACis, such as Trapoxin A, have been characterized.'”®'” In this example,
taken from the Protein Data Bank, TSA occupies the binding site of human HDAC7 by
coordinating its hydroxamic acid motif with the catalytic Zn*" (Figure 33). In general,

hydroxamic HDACis bind HDACs much more strongly than HDACis containing carboxylic acid
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Figure 32. Treatment with MPTB increases the rate of renal recovery in mice following
acute kidney injury. Female PTC-DTR mice were injected with 0.1 pg/kg DT on day 0.
Beginning on day 1, mice were treated with daily injections of 1% DMSO or 3.4 mg/kg
MPTB (n = 5 per group). Blood urea nitrogen (BUN), a biomarker of nitrogenous wastes,
was determined every two days following DT injection. Error bars are the standard error of
the mean. Asterisk represents a significant difference in BUN concentration (p < 0.002) as

determined by #-test. Data generated by Mark de Caestecker.
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Figure 33. Binding of TSA to human HDAC?7 as determined by X-ray crystallography. (A)

TSA co-crystallized with HDAC7 (ribbon model). (B) TSA co-crystallized with HDAC7
(space-filling model). (C) Magnification of (B), showing coordination of the hydroxamic
motif of TSA with the catalytic site Zn>". Panels generated by Tom Smithgall from Protein

Data Bank entry 3C10.
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zinc-binding groups, such as PTBA. " This is because PTBA should form only one coordinate

154

bond with the active site zinc, an arrangement known as monodentate binding. ™" In contrast, the

hydroxamic acid of TSA binds in a bidentate fashion, forming two coordinate bonds with the

active site zinc.'>*

This difference is reflected in the results of my in vitro HDAC analysis. |
observed that TSA inhibited all HDAC activity at micromolar concentrations, while PTBA
reduced HDAC activity by only 70% at millimolar concentrations. However, this large efficacy
difference is not evident in vivo. PTBA and TSA were found to generate similar increases in
histone hyperacetylation at concentrations within about one log of each other. These data suggest
that additional factors may be involved in determining compound efficacy in the context of a
whole organism.

The difference in HDAC isoform specificity between carboxylic and hydroxamic acids
may provide a possible explanation for these observations. HDAC isoforms are separated into
four classes based on their size, homology, cellular localization, and catalytic activity (Figure
34)."™ For example, Class I isoforms generally exhibit nuclear localization, while Class II
HDACs are primarily cytoplasmic.'® Carboxylic acid HDACis are considered to be specific
inhibitors of Class I and Ila HDACs, while hydroxamic acids target Class I, 11, and IV isoforms
(Figure 34). 18018218 \ feanwhile, the Class III HDACs (sirtuins), utilize an NAD"-dependent
catalysis mechanism that remains unaffected by carboxylic or hydroxamic HDACis (Figure

34)."81% Although the class specificity of PTBA has not yet been confirmed, it can be

hypothesized to function as a Class I/Ila-specific inhibitor like other carboxylic acids.
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Class | Class lla . ]

HDAC1 HDAC4 Butanoic acid

HDAC2 HDAC5 Valproic acid

HDAC3 HDAC7 PBA

HDACS HDAC9 PTBA? T5A

_ SAHA

Class llb Class IV

HDAC6 HDAC11

HDAC10
Class Il

Sirtuins

Figure 34. HDAC classes inhibited by carboxylic and hydroxamic acid HDACis. Carboxylic
acid HDAC:s: butanoic acid, valproic acid, PBA, and TSA. Hydroxamic acid HDACis: TSA
and SAHA. Class I, II, and IV HDACs utilize Zn*"-dependent catalysis, while the Class III

sirtuins employ an NAD+-dependent mechanism.
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Several inferences can be made from these isoform specificities. First, if PTBA efficacy
in zebrafish embryos does indeed require the inhibition of one or more HDAC isoforms, then
hdacs 6, 10, and 11 are probably not targeted. Therefore, it is possible that the increased toxicity
observed in TSA-treated embryos may result from its effect on these hdacs. Of particular interest
is HDAC6, which functions as a microtubule-associated deacetylase.'®” Affecting the post-
translational modifications of the microtubule network causes broad effects on cell signaling and
the maintenance of homeostasis.'®” However, embryos treated with tubacin, an HDAC6-specific
HDAC,'™® appeared wild-type in my phenotypic screens. It is possible that tubacin's LogP of
6.34, the highest of any tested PTBA analog (Appendix A), may prevent efficient compound
absorption and could account for the lack of phenotype.

Furthermore, the broad specificity of hydroxamic HDACis suggested that hydroxamic
PTBA analogs would demonstrate greater efficacy at the expense of increased toxicity. Indeed,
several hydroxamic analogs increased /hx/a expression in treated embryos at concentrations
equal to or less than PTBA. However, my data from zebrafish embryos and podocyte culture
suggest that this modification has little to no effect on compound toxicity. This may imply that
the hydroxamic analogs remain weak inhibitors despite the improved strength of the zinc-binding
group. Accordingly, their HDACi activity should be determined empirically in future in vitro
assays. Alternatively, the products generated from the metabolism of TSA may cause the
deleterious effects observed in treated embryos. Indeed, some evidence suggests that the N-
demethylated byproducts of TSA remain pharmacologically active and persist in the circulation
for at least an hour following administration.'® However, it is currently unknown if these

metabolic waste products affect normal cellular processes.
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5.3.4 HDAC:s are clinically relevant

Previous clinical studies with known HDACis suggest that structural analogs of PTBA may
function as viable therapeutics. Indeed, both trichostatin A (Vorinostat) and valproic acid have
received U.S. Food and Drug Administration (FDA) approval for oral administration to treat T-
cell lymphoma and epilepsy, respectively.190 Importantly, the sodium salt of PBA (Buphenyl),
one of the closest structural analogs of PTBA, also received FDA approval in 1996 for the

- 191
treatment of urea cycle disorders.

To date, Buphenyl remains the only FDA-approved
treatment for chronic management of the excess blood ammonia (hyperammonemia) generated
by enzymatic deficiencies in urea metabolism.'** Prescribed daily doses of Buphenyl as an oral
medication often reach gram quantities, with some patients taking as much as 20 g/day.'”* Thus,
it may be possible to safely administer other PTBA analogs at similarly high doses. In addition,

Buphenyl exhibits good bioavailability of about 80% when taken orally.'**

Unfortunately,
Buphenyl has a short half-life (t;» ~ 1 hr) following administration, as it is rapidly converted to
phenylacetic acid.'” However, this limitation can be easily overcome by prescribing multiple

daily dosings."”* Therefore, the favorable pharmacological properties of sodium PBA support the
y g p

future development of other PTBA analogs for clinical use.

54 IMPORTANT CONSIDERATIONS AND OPEN QUESTIONS

Despite these encouraging results, several critiques must be considered to make a fair assessment
of the contributions and future impact of this work. Although, the zebrafish pronephros serves as

an excellent model of individual metanephric nephrons, metanephroi are complex organs
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consisting of millions of nephrons. It is unknown how accurately simple pronephric models
reflect conditions within the broader context of general metanephric kidney function. Future
experiments with PTBA analogs in mouse models of kidney injury may help to address this
concern. Furthermore, while my data suggest that PTBA treatment affects normal pronephric
function, thus causing the edemic phenotype, this was not determined empirically. Although the
pronephros is almost certainly nonfunctional at 48 hpf because the glomerulus has not yet
formed, fluorescent dextran injections could provide further confirmation. Indeed, it would be
interesting to determine if PTBA-treated embryos manage to form functional pronephroi later in
development.

My research provided some insight into the mechanism of PTBA efficacy, revealing the
involvement of the RA signaling pathway and HDAC inhibition. However, the specific target of
PTBA activity remains unknown. Ostensibly, this should be an HDAC isoform or isoforms,
perhaps representing a specific HDAC class. However, it is important to note that HDACis
modify many non-histone proteins in their capacity as lysine deacetylases.'”> These targets
include hormone receptors, signal transducers, transcriptions factors, structural proteins, and
chaperones.'®” Therefore, target identification may not be a straightforward prospect. However, I
believe that an investigation of possible HDAC targets still represents the best place to start. My
preliminary results suggest that the expression patterns of individual hdac isoforms remain
relatively ubiquitous in 24 hpf zebrafish embryos (data not shown). It may be helpful to
determine if any of these become compartmentalized in the pronephric region later in
development. These isoforms would be good candidates as potential PTBA effectors.
Furthermore, like other carboxylic acid HDACis, PTBA would be expected to exhibit some

Class I/Ila specificity. If this characteristic is confirmed in future investigations, then isoforms of
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these classes should also merit some interest. Morpholino knockdown of these candidates in an
effort to recapitulate /hx/a expansion in the IM would provide an excellent approach for target
validation.

When developing potential human therapeutics using zebrafish, consideration should be
given to the variation in HDAC orthologs across species. Although zebrafish hdacs, such as
hdacl, share a large degree of amino acid identity with the HDACs of other vertebrates,
discrepancies remain (Figure 35). These differences could alter the efficacy of PTBA or its
analogs when applied in other model systems or in humans. Encouragingly, PTBA demonstrated
the ability to function in vitro as an HDACi using human HDAC isoforms derived from HeLa
cell extracts. However, this result does not eliminate the possibility of differing efficacies when

assessing individual HDAC orthologs.

Frog (91%)

Zebrafish (90%)

Chick (93%)

|— Human (100%)

L o
HDAC1 Mouse (39%) 0.01

Figure 35. Evolutionary relationship between HDACI1 orthologs in selected vertebrates.
Cladogram generated using TreeView software (ver. 1.6.6) and HDACI RefSeq protein
sequences for each species. Percentage denotes percent sequence identity with the human

isoform. Scale bar represents nucleotide substitutions per site.
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In addition to the points raised above, several other open questions remain unanswered.
Potent HDAC:s, such as SAHA and MS-275, showed no effect on zebrafish embryos when they
were treated at 3 M. This was an unexpected result which could reflect poor absorption of the
compounds into the embryos, short half-lives, or a zebrafish-specific effect. Hyperacetylation
assays could be performed to determine if the compounds are indeed able to exert a
physiological effect on embryos, despite the lack of edemic phenotype. Furthermore, exploring
the downstream effects of HDAC inhibition, such as the stimulation of coactivators, would
provide further confirmation of the mechanism of PTBA efficacy. For example,
pharmacologically inhibiting the activity of histone acetyltransferases (HATs) would be expected
to block PTBA efficacy by interfering with its signaling. One final point of interest is better
understanding the differences in PTBA efficacy when compared to TSA in my in vitro and in
vivo assays. In vitro, TSA is thousands of times more effective than PTBA in inhibiting HDAC
activity, while in vivo the difference is greatly reduced. Of course, the varying HDAC class
specificities of the two compounds may play a role in this effect. However, I suspect that the
structural elements of PTBA, particularly the thiol group, may provide the compound with

unique in vivo pharmacokinetics.

5.5 NEXT GENERATION PTBA ANALOGS

My results demonstrate that several PTBA analogs exhibit improved efficacy with little to no
increase in toxicity. These second generation compounds are excellent candidates to improve
renal recovery in future animal studies. However, I believe that my work marks only the first

steps in the development of this family of compounds. Using only simple functional group
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substitutions, I was able to identify PTBA structural analogs that were only several times less
effective than TSA. However, these same analogs exhibit several hundred times less toxicity
than TSA in podocyte cell culture. This represents the key benefit offered by this class of "weak"
inhibitors. It is true that almost all of the effective PTBA analogs cause some degree of edemic
and/or lethal phenotypes during zebrafish development. However, these teratogenic effects
should not be an issue when treating an adult, whose tissues primarily consist of differentiated
cells. Indeed, according to our collaborators, the PTC-DTR mice treated with MPTB exhibit no
overt signs of toxicity (data not shown).

Because the second generation PTBA analogs exhibit little toxicity, I believe that there is
still ample room for further efficacy improvements. The results of my research offer some
guidelines for this process. In general, substitutions of the aliphatic cap region increased
compound efficacy. Adding functional groups to the phenyl ring represents a simple way to
increase the LogP value of the base compound, which may aid absorption through biological
membranes. Alternatively, the cap substitutions may interact with amino acids in the binding
pocket of the HDAC, improving the affinity of the compound. Interestingly, even halogenated
groups, which are often metabolized into toxic byproducts,'*® appear to be tolerable.

The sulfur atom forming the connecting unit of PTBA also appears to be a critical
activity determinant. In comparison to its substituted analogs, I observed that only PTBA
exhibited significant efficacy. Since the LogP values of PTBA and the analogs carrying
connecting unit substitutions are similar, I doubt that improved absorption plays a role. More
likely, the sulfur atom forms unique interactions within the HDAC binding pocket. This may

include serving as a hydrogen bond acceptor due to the presence of an unbound electron pair.
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Unfortunately, only one analog carrying a linker group was available for testing. Adding
a bulky ring structure to the linker decreased the analog's efficacy relative to PTBA. The
increased rigidity of the normally flexible hydrophobic chain may explain this effect. I believe
that increasing the length of the linker region remains an untapped opportunity to generate a
better analog. Indeed, the linkers of the more potent HDAC:s, including TSA and SAHA, contain
seven and eight carbons respectively.

Finally, I also observed that analogs carrying methylated or hydroxamic zinc-binding
groups exhibit improved efficacy. Adding alkyl groups to the zinc-binding group might be
expected to interfere with the formation of coordinate bonds with the active site zinc. However,
it is likely that the ubiquitous esterases found in target cells hydrolyze and remove the alkyl
groups upon absorption. Furthermore, since alkylation prevents deprotonization of the carboxylic
acid, these analogs would be expected to be more effective in buffered solutions. The
hydroxamic analogs of PTBA also demonstrated improved efficacy, although perhaps not as
much as I had expected. Although they possess stronger zinc-binding groups, they suffer from
increased polarity as evidenced by lower LogP values. Therefore, the expected increase in
binding affinity may be counterbalanced by decreased absorption. Importantly, the hydroxamic
PTBA analogs demonstrate none of the toxicity of TSA in cell culture experiments. Further
modifications of these structures, perhaps incorporating some elements of the TSA structure,
may yield a family of highly potent compounds.

It is my sincere hope that this research forms the foundation for new therapeutic
approaches to improve outcome following renal damage. Preliminary results show promise, and
further investigations with subsequent generations of PTBA analogs are certainly warranted.

Furthermore, my research suggests that we should not be so quick to dismiss compounds others
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may consider weak or uninteresting. In 1979, PTBA and several analogs were first discussed as
compounds with "expected biological activity.""’ It required over thirty years and one graduate

student's career to confirm this prediction.
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APPENDIX A

PARTITION COEFFICIENTS OF PTBA ANALOGS

Compound Name XLogP Compound Name XLogP
butanoic acid 0.79 methyl 4-[(4-methoxyphenyl)thio]butanoate 2.59
4-(phenylsulfonyl)butanoic acid 1.01 methyl 4-(phenylthio)butanoate 2.61
4-(phenylamino)butanoic acid 141 5-phenylpentanoic acid 2.70
N -hydroxy-4-[(4-methoxyphenyl)thio]butanamide 1.52 methyl 4-[(4-fluorophenyl)thio]butanoate 2.71
APHA compound 8 1.52 valproic acid 2.75
N -hydroxy-4-(phenylthio)butanamide 1.55 trichostatin A (TSA) 2.75
4-[(4-fluorophenyl)thio]-N -hydroxybutanamide 1.65 methyl 4-[(4-methylphenyl)thio]butanoate 2.98
SAHA 1.86 methyl 4-[(4-chlorophenyl)thio]lbutanoate 3.24
N -hydroxy-4-[(4-methylphenyl)thio]butanamide 191 methyl 4-[(4-bromophenyl)thio]butanoate 3.31
MS-275 2.02 propyl 4-(phenylthio)butanoate 3.51
4-phenoxybutanoic acid 2.14 4-(naphthalen-2-ylthio)butanoic acid 3.54
4-[(4-chlorophenyl)thio]-N -hydroxybutanamide 2.18 tert -butyl 4-(phenylthio)butanoate 3.60
Scriptaid 2.18 butan-2-yl 4-(phenylthio)butanoate 3.94
4-[(4-bromophenyl)thio]-N -hydroxybutanamide 2.24 apicidin 4.41
4-(phenylthio)butanoic acid (PTBA) 2.29 3-(phenylthio)benzoic acid 4.45
4-phenylbutanoic acid (PBA) 2.42 tubacin 6.34

Table 4. Predicted octanol-water partition coefficients (XLogPs) of the PTBA analogs.

XLogP values were calculated from the chemical structures using XLOGP3 (ver. 3.2.2), a

web-based application available at http://www.sioc-ccbg.ac.cn/software/xlogp3/.
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PHENOTYPIC SCREENING OF PTBA ANALOGS

APPENDIX B

Compound Name 3uM 1.5 uM 800 nM 400 nM 200 nM 100 nM
0.5% DMSO 0/36 (0%) 0/36 (0%) 0/36 (0%) 0/35 (0%) 0/35 (0%) 0/35 (0%)
4-phenoxybutanoic acid 0/35 (0%) ND ND ND ND ND
4-(phenylsulfonyl)butanoic acid 0/35 (0%) ND ND ND ND ND
5-phenylpentanoic acid 0/36 (0%) ND ND ND ND ND
APHA compound 8 0/36 (0%) ND ND ND ND ND
MS-275 0/36 (0%) ND ND ND ND ND
PBA 0/36 (0%) ND ND ND ND ND
SAHA 0/36 (0%) ND ND ND ND ND
tubacin 0/36 (0%) ND ND ND ND ND
4-(phenylamino)butanoic acid 0/35 (0%) ND ND ND ND ND
Scriptaid 9/36 (25%) ND ND ND ND ND
butanoic acid 0/36 (0%) ND ND ND ND ND
tert -butyl 4-(phenylthio)butanoate 14/36 (39%) ND ND ND ND ND
valproic acid 7/35 (20%) ND ND ND ND ND
4-(naphthalen-2-ylthio)butanoic acid 0/35 (0%) ND ND ND ND ND
N -hydroxy-4-[(4-methoxyphenyl)thio]butanamide 11/35 (0%) ND ND ND ND ND
methyl 4-[(4-bromophenyl)thio]butanoate 26/35 (74%) ND ND ND ND ND
3-(phenylthio)benzoic acid 0/36 (0%) ND ND ND ND ND
4-[(4-bromophenyl)thio]-N -hydroxybutanamide 33/35(94%)  17/36 (47%) ND ND ND ND
butan-2-yl 4-(phenylthio)butanoate 35/35(100%) 31/35(89%)  5/36 (14%) ND ND ND
PTBA 33/36 (92%) 29/35 (83%) 2/36 (6%) ND ND ND
methyl 4-[(4-chlorophenyl)thio]butanoate 34/35(97%)  26/36 (72%) ND ND ND ND
methyl 4-[(4-methoxyphenyl)thio]butanoate 35/35(100%) 32/35(91%) 20/35(57%)  10/35 (29%) 1/36 (3%) ND
N -hydroxy-4-(phenylthio)butanamide 36/36 (100%) 33/36 (92%) 2/33 (6%) ND ND ND
propyl 4-(phenylthio)butanoate 31/33(94%) 32/36(89%)  7/36 (19%) ND ND ND
methyl 4-(phenylthio)butanoate 30/31(97%) 32/36(89%)  7/34(21%) ND ND ND
methyl 4-[(4-methylphenyl)thio]butanoate 35/35(100%) 36/36 (100%) 17/35 (49%) 5/36 (14%) 1/36 (3%) ND
4-[(4-chlorophenyl)thio]-N -hydroxybutanamide 34/36 (94%)  35/36 (97%)  6/36 (17%) ND ND ND
N -hydroxy-4-[(4-methylphenyl)thio]butanamide 28/28 (100%) 32/33(97%) 22/36 (61%) 3/35 (9%) 1/36 (3%) ND
4-[(4-fluorophenyl)thio]-N -hydroxybutanamide 27/27 (100%) 36/36 (100%) 23/36 (64%) 12/34 (35%) 2/36 (6%) ND
methyl 4-[(4-fluorophenyl)thio]butanoate XX 30/30 (100%) 21/35 (60%) 9/35 (26%) 7/32 (22%) ND
apicidin XX XX XX 8/36 (22%) 2/36 (6%) ND
TSA XX XX XX XX 29/29 (100%) 34/35 (100%)

Table 5. Raw data for Table 3. Data are /hx/a expanded/total embryos for each condition.
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PODOCYTE TOXICITY DATA

APPENDIX C

Compound Name 0nM 3nM 10nM 30nM 100nM 300nM 1puM 3uM  10uM  30puM
4-[(4-bromophenyl)thio]-N-hydroxybutanamide 96.84 97.23 98.78 99.76 92.83 92.51 92.31 92.58 97.25 100.91
butan-2-yl 4-(phenylthio)butanoate 103.80 89.23 94.02 95.82 78.55 78.83 77.39 94.94 85.45 84.42
PTBA 101.87 102.61  99.52 96.34 100.50 98.50 103.48 105.20 118.24 108.66
methyl 4-[(4-chlorophenyl)thio]butanoate 100.37  99.47 98.77 97.99 97.29 98.01 96.36 96.57 94.85 96.87
methyl 4-[(4-methoxyphenyl)thio]butanoate 96.62 100.57 98.58 99.10 96.92 97.80 96.20 103.70 94.54 100.89
N-hydroxy-4-(phenylthio)butanamide 99.57 100.64 100.49  98.24 97.84 96.18 92.99 94.87 96.38  102.32
propy! 4-(phenylthio)butanoate 97.33 96.55 97.15 92.20 112.43 89.93 91.31 107.62 91.10 93.37
methyl 4-(phenylthio)butanoate 97.76 94.47 95.18 98.52 99.30 97.06 94.38 95.80 95.67 99.30
methyl 4-[(4-methylphenyl)thio]butanoate 101.23 97.84 10127 101.52  97.29 97.77 96.96  117.37  92.07 93.00
4-[(4-chlorophenyl)thio]-N-hydroxybutanamide 98.68  100.24  94.97 97.12 95.12 92.37 95.63 94.58 97.04  105.03
N-hydroxy-4-[(4-methylphenyl)thio]butanamide 99.50 98.79 97.34 98.78 98.09 93.64 96.15 97.79 100.31 104.01
4-[(4-fluorophenyl)thio]-N-hydroxybutanamide 102.87 99.42 99.24 97.59 95.87 96.68 96.14 101.60 103.91 111.27
methyl 4-[(4-fluorophenyl)thio]butanoate 100.19 98.19 98.92 98.21 98.01 95.39 91.74 94.92 91.60 99.42
apicidin 96.63 97.69 96.24 92.14 60.10 47.51 34.37 21.05 13.18 4.23

TSA 99.77 96.44 71.38 59.45 40.75 24.72 15.37 13.02 7.68 2.74

Table 6. Toxicity of PTBA analogs in cultured podocytes (first replicate). Toxicity was

assayed by CellTiter-Blue Cell Viability Assay. Values represent percentage of viable

podocytes following 72 hours of treatment with each analog at the listed concentration (see

Chapter 4, Methods). These data were used to generate Figure 30.
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Compound Name 0nM 3nM 10nM 30nM 100nM 300nM 1puM 3uM  10uM  30uM
4-[(4-bromophenyl)thio]-N-hydroxybutanamide 102.71 95.93 96.27 93.77 100.33 94.36 97.71 104.78 106.38 108.81
butan-2-yl 4-(phenylthio)butanoate 98.48 93.42 102.76  100.72 95.19 97.17 98.30 103.13  107.58 96.94
PTBA 108.92 107.92 106.80 87.50 73.09 48.38 86.15 85.65 82.07 103.27
methyl 4-[(4-chlorophenyl)thio]butanoate 98.98 112.49  100.78 99.85 103.78 99.44 100.31 99.37 106.16  100.47
methyl 4-[(4-methoxyphenyl)thio]butanoate 99.72 107.52 101.62 101.96 82.91 107.86 94.09 98.80 97.33 124.86
N-hydroxy-4-(phenylthio)butanamide 101.41  100.37 99.95 98.21 98.93 94.60 98.27 93.69 102.96 104.16
propyl 4-(phenylthio)butanoate 102.51 98.73 98.54 101.02 95.51 97.63 95.98 98.65 105.95 87.81
methyl 4-(phenylthio)butanoate 95.35 98.49 87.01 83.25 68.79 67.00 94.22 90.70 88.62 99.76
methyl 4-[(4-methylphenyl)thio]butanoate 99.55 102.14 102.24 101.01 92.89 96.77 101.59 101.32 105.77 105.21
4-[(4-chlorophenyl)thio]-N-hydroxybutanamide 102.53 89.65 102.23 93.87 96.23 99.37 98.33 98.97 102.83  100.24
N-hydroxy-4-[(4-methylphenyl)thio]butanamide 98.71 96.79 98.39 99.69 99.22 88.31 94.15 96.20 99.23 107.99
4-[(4-fluorophenyl)thio]-N-hydroxybutanamide 99.26 90.60 98.59 94.16 95.64 95.64 95.55 92.93 99.23 106.66
methyl 4-[(4-fluorophenyl)thio]butanoate 103.92  101.29 98.95 94.82 93.84 89.31 85.72 88.84 96.93 103.53
apicidin 100.41 104.71 76.48 84.06 47.56 36.11 51.66 39.18 27.16 0.05
TSA 93.91 95.52 80.15 76.57 48.22 39.64 40.07 23.39 5.57 -0.68

Table 7. Toxicity of PTBA analogs in cultured podocytes (second replicate). Toxicity was

assayed by CellTiter-Blue Cell Viability Assay. Values represent percentage of viable

podocytes following 72 hours of treatment with each analog at the listed concentration (see

Chapter 4, Methods). These data were used to generate Figure 30.
Compound Name 0nM 3nM 10nM 30nM 100nM 300nM 1uM 3uM  10uM  30uM
4-[(4-bromophenyl)thio]-N-hydroxybutanamide 106.04 107.34 98.92 90.71 99.20 91.38 93.86 75.86 98.85 86.81
butan-2-yl 4-(phenylthio)butanoate 114.81 107.20 111.57 102.79 98.87 89.60 113.55 113.92 96.66 123.60
PTBA 101.87 98.82 133.43 95.71 95.04 99.29 113.84 102.72 98.71 115.85
methyl 4-[(4-chlorophenyl)thio]butanoate 94.19 94.49 104.62 97.19 11890 101.24 106.98 88.29 127.49 142.80
methyl 4-[(4-methoxyphenyl)thio]butanoate 113.14 108.64 115.86 110.15 102.48 110.09 103.80 112.49 96.70 109.02
N-hydroxy-4-(phenylthio)butanamide 100.47 99.91 110.22 97.53 99.75 86.46 105.92 85.65 113.89 146.66
propyl 4-(phenylthio)butanoate 81.64 95.87 103.17 91.81 84.11 83.73 91.22 104.56 89.36 104.54
methyl 4-(phenylthio)butanoate 97.76 98.77 98.37 101.82 102.35 108.40 10439 108.18 114.82 109.44
methyl 4-[(4-methylphenyl)thio]butanoate 100.49 106.83 111.52 97.81 84.72 95.66 78.23 116.44  80.78 119.01
4-[(4-chlorophenyl)thio]-N-hydroxybutanamide 91.33 80.15 82.52 78.02 70.64 64.66 80.82 93.95 87.69 93.10
N-hydroxy-4-[(4-methylphenyl)thio]butanamide 124.65 139.74 137.60 140.89 134.40 98.16 146.90 112.85 144.52 134.57
4-[(4-fluorophenyl)thio]-N-hydroxybutanamide 99.41 88.72 79.80 80.20 67.21 72.07 79.30 72.61 89.41 95.87
methyl 4-[(4-fluorophenyl)thio]butanoate 99.97 123.08 95.89 100.93 108.43 91.91 135.11 95.14 12496  148.21
apicidin 96.63 103.57 104.36 88.48 70.37 60.48 77.77 49.93 42.98 9.96
TSA 99.77 103.85 86.37 62.19 54.89 47.05 29.26 19.36 4.63 1.97

Table 8. Toxicity of PTBA analogs in cultured podocytes (third replicate). Toxicity was
assayed by CellTiter-Blue Cell Viability Assay. Values represent percentage of viable
podocytes following 72 hours of treatment with each analog at the listed concentration (see

Chapter 4, Methods). These data were used to generate Figure 30.
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