ABSTRACT

BOYLE, MICHAEL CHRISTOPHER Deletion of tle Chromatin Remodelingactor Brgl
Leads to Genomic Instability During Development, and Confers 8etysio Adult-onset
DoxorubicinCardiotoxicity in Mice (Under the direction ofrevorK. Archer, BrianR.
Berridge,J. Mac Law, and DavidE. Malarkey).

Cardiovascular disease is the number one killer of adults in the United States.
Paradoxically, a certain subtype of the most prevatesrbidity and mortality factor (heart
disease) is due to treatment for the second most prevalent morbidity and mortality factor
(cancer): this is the ca$ar doxorubicin cardiotoxicity Doxorubicin continues to be an
efficacious treatment for a variety solid andhematopoietidiquid tumors, and as such
receivescontinued clinical useCardiac toxicity is an undeecognized side effect of several
biopharmaceutical and environmental chemical agents. The degree of toxicity may be
mediated by epigenietevents, such as chromatin remodelifigs known tie chromatin
remodeling factor Brgl, a catalytic subunit of the SWI/SNF ATPase chromatin remodeling
complex isrequiredin cardiovascular development and pathologic cardiac hypertrophy.
However BRG1necessity during development beyarsttainembryonic stagehas not
beenfully investigated, ar has its potential rol@ doxorubicin cardiotoxicity Due tothe
knownchromatin remodeling activities of BRGhe requirement of Brgl during early
embryonc development and its role in the response to cardiotoxicity caused by doxorubicin
was investigatedBRG1 ablation beginning at E6.5 results in arrested growth and embryonic
death by E9.8lue todevelopmental defectsViicroarray analysisevealedBRG16 molein
maintaining genomic integrityithout which there is aberrant expression of cell cycle,

proliferation, and apoptosis pathways leading to the observed pathologic pheridtigpe.

demonstratehatBRG1 6s r ol e i n geno morsursval afterehe préd anc e



implantation period for normal cellulargiferation and differentiation. AduBrgl WT and
Brgl KO miceweresubjectedo adoxorubicinregimenwith repeated dosing over several
weeks,analogougo repeatdose paradigmgsed inthe humanclinical setting. Analyses of
tissues including protein and RNA biochemistry, microarray analysis, serum biochemistry
and light and electronic microscopigatyses confirmed the presence of doxorubicin
associated lesions in treated mieeyweer, morphologicallysimilar lesions were also
observedit a lesser incidence and seventyintreated Brgl KO miceMicroarray analysis
revealed significant differentially expressed genes with common clustering between both the
treated groups and the Br¢(O groups, suggesting both common and dissimilar molecular
mechanisms between Brgl Ki@duced cardiomyocyte lesions and those induced by
doxorubicin treatmentThis analysis additionally identified differentially expressed genes
previously unreported the associated with doxorubicin cardiotoxicifihe work in this
dissertatiorhas revealed that not only is Brgl required for the maintenance of normal
cardiomyocyte homeostagisiring development, but found that despite previous reports it is
required inadulthood as well. Furthermoiits absence has common and dissimilar
mechanisms to that suffered from treatment with doxorujstiggestingnechanisms

unique to Brgl knockout irrespective of treatment may reveal new pathovagsrapeutic

targeting n patients at risk for doxorubicin cardiotoxicity.



© Copyright 208 Michael Christopher Boyle

All Rights Reserved



Deletion of the Chromatin Remodeling Factor Brgl Leads to Genomic
Instability During Development, and Confers Sensitivity to
Adult-onset Doxorubicin Cardiotoxicity in Mice

by
Michael Christopher Boyle

A dissertation or thessubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Comparative Biomedical Sciences

Raleigh, North Carolina

2014

APPROVED BY.

Dr. J.Mac Law Dr. Trevor K. Archer
Committee Chair

Dr. BrianR. Berridge Dr. David E. Malarkey



DEDICATION
To my wife, Molly Hope Boyle, without whom nond ¢his would have been possibte,my
children, who provide my True Nortand to my father, Stephen Robert Boyl#o would

beevenmore proud of this work than I.



BIOGRAPHY
Michael C. Boyle is a veterinary anatomic pathologist \afearch interests in
cardiovascular diseases and cardiac toxicity caused by biopharmaceuticals. His interest in
cardiology began in veterinary school at the College of Veterinary Medicine, Michigan State
University, under théutelageof renowned veteniary cardiologists Drs. Bari Olivier and
George Eyster. His first research project was in the lab of Dr. Ron Erskine, studying mastitis
in dairy herds. His exposure to the safety evaluation of medicines came during an Anatomic
and Toxicologic VeterinariPathology Residency program partnership between Michigan
State University and MPI Research, Inc. undetttibelageof Drs. Daniel Patrick and Marlon
Rebellato. He wasa National Toxicology Program Postdoctoral Fellow, where he edsist
the NTP patholgy peefreview program, in addition to serving as a Comparative Anatomic
Pathologist for the researchers in the Division of Intramural Research at the National Institute

of Environmental Health Sciencesle is currently a Principal Pathologist at Amgent. |



ACKNOWLEDGMENTS

| would like to express my warm appreciation to the following:

The members of my thesis committee: Drs. Trevor Archer, Brian Berridge, Mac Law, and
David Malarkey. These individuals challenged and inspired me, alloding me toblaze

my own trail.

The National Toxicology Program, for supporting my training in toxicologic pathaogy

my independent research leading to the construction of this thesis.

The National Institute of Environmental Health Sciences, for providing a wiohti@ining
ground and family of individuals who have been a joy to work with and learn from. In
particular, 1 would like to acknowledge Jackson Hoffman, Ajeet Singh, Beth Mabhler, Eli

Ney, Jule Foley,andNatasha Clayton.

My mentors through veterinaschool and beyond:he MSU CVM group Drs. Ron

Erskine, Bari Olivie), the DCPAH group (DrsScott Fitzgerald, Kurt Williams, Jon
Patterson, Thomas Mullaney, Dalen Agnewd Barbara Steficek), the MPI Research group
(Drs. Dan Patrick, Marlon Rebellat&eith Nelson,Kapil Vashisht) ad from my new home

at NTP, Dr.Abraham Nyska



TABLE OF CONTENTS

LIST OF TABLES ...ttt et rre e et e e e e e e e e e eann viii
LIST OF FIGURES ... e eeeee e eree et e e e IX
LIST OF ABBREVIATIONS AND ACRONYMS ..., XVi
CHAPTER 1: Background, Hypotheses and Specific AIms.............ccccevevvvvvvienn 1
General INtFOAUCTION ..........uuiiiiiiiiiie ettt e e 1
Cardacstructureand fUNCLION.............ccciiiiiiiiiieee e 2
CardiomMyOCYLE SIIUCTULE.........uuuuuieieeieieieieeeeeirie e e e e e e e e e e e e e e e e e e e e e e e 3
CardioVasCUlar QISEASE. .........uuuuururiieiiiieeeiiiiiieeee e et e e e e e e e ememr e e e e e e e e aeeens 6
Medicines an@ardiotOXICITY.........cuviiieeeeeeiiiiiiiie e 6
DoxXorubiCin CardiotOXICITY. .......uvviiiieieeeeeiie e 7
TheBrgl chromatin remodelingompleX............eeeeviiiiiiiiiiieemiiiiiieeeeeeeen 8
Heart deVelIOPMENL.......oiiiiiii e 10
Brgl indevelopment and cardiovascular disease...............cccooevceeeennn. 12
Animal models of doxorubicin cardiotOXiCity............uuvuveereeeeiineniriieenne. 14
Inducible transgenics and cre recombinetiCs.............uueeiiiiiccceeeeeeennnnnnn 15
Hypotheses and SPecifiC @iMS...........cc.uuvuiiiiiiieeeiiieeee e 17
Chapter IRETEIENCES. .....eeiiiiiiiiiiie e 21

CHAPTER 2: BRG1 deletion derepresses p53 pathways inducing cell cycle inhibition

and apoptosis during pertgastulation development of mice............ccccccevvveeee. 29
ADSIIACT ... e 30
g (oo [ Tod 1 0] o DTSR 31



Materials and MethOAS. .. .. oo e e 4

RESUIES. ..ttt 41
DISCUSSION. ...ttt ettt e emmme e e e e e e e aeenana 65
Chapter ZREfEIENCES. .....eiiiiiiiiiii e 70

CHAPTER 3: Deletion of the Brg1Chromatin remodeling Factor Confers Sensitivity to

Doxorubicin CardiotoXiCity IN MICE .........cccuuuiiiiiiiiiiie e 77
ADSIIACT. ... e 78
0T (3o 1o o ISP 79
Materials and Methods..........ooooeiiiiiiiiiiieeee e 81
RESUIES. ..ttt reee e e e e e e ————— e 93
[ o U 7] o] o O RUURRRPR 105
Chapter REFEIENCES......iiiiiiiiiiiii e 108

CHAPTER 4: Detection of Unique Transcriptional Pathways Associated with

Doxorubicin CardiotoXiCity IN MICE ........cccuuiiiiiiiiiiiiie et 113
Y 011 > T SRR 113
] 0T[5 ox 1 o] o USRS 114
Materialsand Methods............coooiiiiiiiiiiiiiee e 115
RESUIES. .t rree et nnee 124
3 o U 7 o] o R 131
Chapter ZREIEIENCES. .....eiiiiiiiiiiiie e 136
CHAPTER 5: Discussion and CONCIUSIONS..........ccovvuvuriiinniimmmreeeeeeeennennns 139
Discussion and CONCIUSIONS .........uuuuuriiiiniesceeeeiieiineas e e e e e e e e e e eeneeeae s 139

Vi



APPENDICES . ... oo et e et e e e e annnreaaas 144

APPENDIX 1: rt-PCR Validation Gene Primers from Microarray Analysis...145

APPENDIX 2: Publication References Within Scope.........ccccccoeeviiiiiiiiccnenn. 146
Morphologic Aspects of Rodent Cardiotoxicity in a Retrospective Evaluation of
National Toxicology Program Studies............cccuuuvrimirimmmiiiiiiiiiniieeeeee. 146
Indole-3-carbinol Induced Lymphangiectasis in Fischer 344 Rats Following
Subchronic Exposuréa/Oral Gavage..............uueeeeeeeiiiieeeieneeeeeeeeeeeeens 147
Cardiac Structure and Function in Female Carriers of a Canine Model of Duchenne
Muscular DYStrOPRY.........ccciiiiiiiiii e 148
Essential Role of Stress Hormone Signaling in Cardiomyocytes for the Prevention of

HE A IS BaASE. . .. et ee e a e 149

Vil



LIST OF TABLES

Table 2.1:Brgl deletion effect in BrgT'd embryos.........c.cccoovevvvivevevieerrnnne, 51
Table 3.1: Treatment Group Designatios and Dosage Levels.............cccc........ 36
Table 4.1: Treatment Group Designatiorsand Dosage Leved........................ 120

viii



LIST OF FIGURES
Figure 1.1:Normal murine myocardial microscopy. Histology of normal murine heart;
crosssectiondemonstrates atria (arrows) and ventricles (arrowheads) (A). Histology of
normal murine left ventricle; an individual cardiomyocyte is delineated (arrowheads) (B).
Electron microscopy of normal murine leftntacle (C, D); mitochondria (arrows)-lihes
(arrowheads), and the intercellular spaces continuous with the sarcolemmal network (open
arrowheads) are evident. A, original magnification objective 2x. B, origuaahification

objective 60x C, D, originalmagnification 4,800x.

Figure 1.2: Expression of Brgl in murine myocardiumHeart sections from 1 day (A), 1
month (B) 6 month (C) and 2 yeald (D) CD-1 mice stained with an antiouse Brgl

antibody. DAB counterstain. Original magnification objective.40

Figure 2.1: Expression of BRG1 during early postmplantation embryonic

development in wildtype embryos Embryos from E5.5 (A), E6.5 (B) and E7.5 (C) show
strong BRG1 immunoreactivity in the ectoplacental cone (EpC), extraembryonic ectoderm
(EEE) andepiblast (Epi). Embryos from E8.5 (D), E9.5 (E) and E10.5 (F) exhibit strong
immunoreactivity in all organs and tissues types visible at these lates S4B

counterstain.

Figure 2.2: Cre activity of ROSA-cre/ERT2. LacZstaining of ROSAstop and ROSA

cre/ERT2 ROSAstop embryos from a tamoxifdéreated pregnant female at E7.5 (A), E8.5



(B, C) and E9.5 (D). ROSAre/[ERT2 ROSAstop stain strongly positive (indigo staining, A
D); ROSAstop embryos lack staining (44). ROSAERT2 ROSAstop embryos from E7.5
(A), E8.5 (B) and E9.5 shows GER expression in almost all tissues including

extraembryonic ectoderm, epiblast, allantois, and yolk sac.

Figure 2.3: Deletion of BRG1 in BRG1"® embryos (A) Genomic PCR of floxed BRG1
(387bp), floxedout BRG1 (313bp) and Cre (100bp). (B) gPCR of significant downregulation
of BRG1 mRNA BRG{" versus BRGL1 fl/fl embryos. (C to D) BRG1 fl/fl embryo
demonstrates strong immunostaining for BRG1 (C) while BR@&monstratemarkedly

reduced immunostainind@). DAB counterstain.

Figure 2.4: BRG1 mutant embryos reveal growth retardation Substantial growth
retardation of BRGY" embryos compared to GRRGL fl/fl embryos from the same litter at
E8.5 (A through C). Anatomicstrc t ur es ( EpC, ectopl acent al
head, heart, allantois) are present in all embryos. E9.5 embryos demonstrate further

retardation (D through G).

Figure 2.5: Histologic analysis of CreBRG1 fl/fl and BRG1%“ embryos at E9.5 Frontal
section of CreBRGL1 fl/fl (A) shows normal embryo morphology, including neural fold (NF)
and developing heart (H). Frontal section of BR&ambryo B8) shows abnormal
histomorphology, neural fold deformity (NF), and lack of normal cardiac structures.rHighe

magnification of CreBRGL1 fl/fl in (A) reveals normal cardiac structur€y énd normal



neural fold formation&). Higher magnification of BRG in (1) reveals necrotic cardiac

(D) and neural foldR) histomorphology.

Figure 2.6: Cell death marker immunohistochemistry of CreBRGL1 fl/fl and BRG1%"

embryos at E9.5.TUNEL immunolabeling is infrequent in GEBRG1 fl/fl embryos (A,

higher magnification in C). TUNEL immunolabeling widespread in BEGmbryo (B);

higher magnification demonstrates stronglear and necrotic cell staining (D). Cleaved
caspas& (CC3) immunostaining present in both ®RG1 fli/fl (E) and BRGY" (F)

embryos; however higher magnification of (E) and (F) reveals stronger and more widespread

immunopositivity of CC3 in BRGA? (H) than CreBRGL1 fl/fl (G) embryos.

Figure 2.7: Proliferation marker immunohistochemistry of Cre-BRGL1 fl/fl and

BRG1Y embryos at E9.5Cyclin D1 (CCND1) immunolabeling is frequent in GBRG1
fl/fl embryos (A, higher magnification in C). CCND1 immunioé&ing less widespread and
weaker in BRGY® embryo (B); higher magnification demonstrates substantially less
immunolabeling (D). Ki67 immunostaining present in both-BRG1 fl/fl (E) and BRG{
(F) embryos; however higher magnification of (E) and @veal stronger and more

widespread immunopositivity of Ki67 in GBRGL1 fl/fl (G) than BRGT® (H) embryos.

Figure 2.8: Vascular endothelial imnmunohistochemistry of CreBRGL1 fl/fl and BRG1%"

embryos at E9.5Plateletendothelial cell adhesion marker (P&@, CD31)

Xi



immunostaining reveals comparable intensity and integrity of vascular structure

immunolabeling between GRRG1 fl/fl and BRG1 embryos.

Figure 2.9 Gene expression profile in BRG1 mutantsinduced genes are indicated in
shades of red, and ngssed genes are indicated in shades of gieBiG clusters unapparent

at E7.5; prominent clustering at E8.5.

Figure 2.10: Pathway analysis in E8.5 Brgl mutantdnduced genes are indicated in

shades of red. Functional networks correlated with BRGLS-8/NF 0 ) .

Figure 2.11 Pathway analysis in E8.5 Brgl mutantsindividual genes within pathway,

particularly those enriched for p53, are upregulated.

Figure 2.12 Quantitative PCR analysis of mRNA expression of the indicated genes in
Cre-BRGL1 fl/fl and BRG1% embryos at E8.5 (E) mRNA levels normalized to GAPDH;

data expressed as mean = SD.
Figure 3.1:Brg1l KO repeat-dose doxorubicin cardiotoxicity study designAnimals

receive five 75mg/kg tamoxifen doses for cre induction. After recombination, lanima

receive 4mg/kg doxorubicin twice weekly for 5 weeks.
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Figure 3.2: X-gal staining of induced embryos and adults.ack of staining is present in
control embryoniday 9.5 (E9.5) whole embryos YA 15.5 heart@) whole mounts, and 9
weekold mouse hearrdzen sectionsH). Positive indigo staining is present in (ROSA
E9.5 whole embryoR), E15.5 heartd) whole mounts, and 9 wee&itd mouse heart frozen
sections ff). X-gal stained section without nuclear fast counterst@)nNuclear fast red
countersain (€, B. A-D, original dissecting microscope magnification objectivebs5a,

original brigttfield microscopemagnificationobjective 20x.

Figure 3.3:Brgl knockout evaluation.Genomic PCR revealed a >60% recombination
efficiency (A). rtPCR of BrgImRNA revealed a significant decrease in Brgl mRNA
expression in Brgl KO mice with or without doxorubicin treatment (B). Western blotting for
Brgl protein revealed a decreased protein expression in Brgl KO mice with or without

doxorubicin treatment (C).

Figure 3.4:Body and heart weightsBrgl KO stunts growth upon recombination1
weeks); doxorubicin treatment accelerated weight loss (4 wekkdpércent body weight
gains were negligible with Brgl KO, but decreased with doxorubicin treatment with or
without Brgl KO B). Heart weights were significantly increased in Brgl KO mice, with or

without doxorubicin treatmendj.
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Figure 3.5: Histologic lesion incidencelncidence of degeneration/necrosis, cardiomyocyte
(A). Brgl knockout and doxorubicin treagnt significantly increased lesion severity grade

relative to respective controlB);

Figure 3.6: Cardiac hstopathology.Cardiac histology of Brgl WT (A), Brgl KO (B),
Brgl WT+Dox (C), and Brgl KO+Dox (D) mice. Sarcoplasmic vacuolation (arrows) and

fragmentation/degeneration was observed (arrowheads).

Figure 3.7: Cardiac electron microscopy.Brgl KO+Dox animals (EF). Normal
mitochondrial morphology (arrow) and Z bands in register (arrowhead) in a Brgl WT+Dox
mouse (A). Increased size (arrow) and presesf numerous fission/fusion events
(arrowhead) in Brgl KO mice (B). Mitochondrial myelin figures (arrow) astdblule

dilation (arrowhead) in a Brgl WT+Dox mice (C)-tdbule dilation and disruption (arrow)

in a Brgl KO+Dox mouse (E). Mitochondrial degeation and christolysis (arrowhead) and
fusion (arrow) in a Brgl KO+Dox mouse (F). Magnification of-FA11,500x, 13,000x,

9,300x, 4,800x, 30,000x, and 18,500x, respectively.

Figure 3.8: Cardiac biomarker analysis.Serum fatty acid binding protein 3ABP3) (A)
and myosin light chain 3 (Myl3) (B) levels. Weak correlatiees observed between relative
Brgl mRNA and FABP3 (C) or Myl3 (D), respectively, in Brgl WT+Dox animals. Strong
correlationis observed between relative Brgl mRNA and FABP3 (E) or NF)3

respectivelyin Brgl KO+Dox animals.
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Figure 4.1 Microarray analysis. Pairwise comparisons (A) and the genes sets yielded
based on comparisons (B). Gene signature gradation correlation from loss of Brgl to
treatment with doxorubicin (C). Doxorubicihrn duced changes that requl
doxorubicini nduced changes bl ocked by-indBcegl (AC not

changes independent of Brgl (AA and Co) (D).

Figure 4.2: rt-PCR of select validation gened?airwise comparisons (A) and thdidation
of the relative fold change of Brgl (B) and S100a9 (C) in those comparisons betReH rt

and microarray analysis.

Figure 4.3: Enriched networks for doxorubicin-dependentgene expression changes in
both wild-type and Brgl deletion miceCardiacgene expression changes induced by

doxorubicin treatment independent of Brgl gene deletion.

Figure 4.4: Enriched networks for doxorubicin-induced or Brgl deletiorinduced gene
expression change<Canonical celsignaling pathways are enriched either byatabicin

treatment or by Brgl deletion.

Figure 4.5: Enriched networks for doxorubicirn-induced gene expression changes

blocked by Brgl expressionBrgl expression prevents differential expression of pathways

associated with heart disease (A), and ubiguntediated proteolysis (B).
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CHAPTER 1

Background, Hypothesis, and Specific Aims

General Introduction
The intersection of research into epigenetics and cardiovascular disease is an exciting
investigative junctionThe field of epigenetics has grown exponentially in the pestade;
PubMed citation searches usi ngxmatelg708,ear ch t e
1000, 1600, 2500, and 3200 hits from each of the resps@arsof 2007through 2011
demonstrating thamazing growth in the field (PubMed.gov). There are thousands of
published reviews of epigenetic mechanisms concerning topics rangmgespiratory
disease, cancer, cardiovascular disease, and development (Jakopovic et al. 2013, Karmaus et
al. 2013,and Ronaret al. 2013). Adding he search term ficardiovasc
yields 7, 17, 42, 77, and 90 hits over the same peniedsaling the opportunity for novel
investigation in this importariield.
Cardiovascular disease is the number one killer of adults in the United Séatets
disease and cancer account for approximately 50% of mortalities in the United Sieges
etal. 2013).Paradoxically, a certain subtype of the most prevalent morbidity and mortality
factor (heart disease) is due to treatment for the second most prevalent morbidity and
mortality factor (cancer): this is the cdse doxorubicin cardiotoxicity{Sawyer DB 2013).
Several therapies for cancer and other diseases have been implicated in cardiovascular
toxicity, and numerous others have failed to make it to the market due to cardiovascular

complicationgSlordal and Spigset 2006, Lave#dial 2011, Cheng and Force 2010)he



following chapters seelo elucidate th@robablerole of Brgl, a master genome regulator, in

doxorubicirinduced cardiotoxicity.

Cardiac Structure and Function

The heart is a four chambered structe@mposed of twatria at its base and two
ventricles at its apexesponsible for delivering oxygen and nutrients to all tissues of the
body, removing carbon dioxide and other waste products, trafficking hormones, interleukins
and other celkignalingmolecules, andhoving leukocytes tand fromtheir effector sites
(Kumaret al.2007. The heart is composed of several different cell types, includarging
cardiomyocytes (heart muscle cellroblasts, endothelial cells, smooth muscle ¢ells
Purkinje fibers,nodal orpacemaker cells, and epicardial ceBespite their relative majority
contribution tocardiac massyorking cardiomyocytes represent only approxima&hbs0%
of cells by number that compose the myocardidepending upon species (Kunedral.
2006. The remaimg mass ixomposed of the nonworking cardiomyocytes, including nodal
cells and Purkinje fibers, and theesenchymal (fibroblast, endothelial)pport nework of
the myocardium (Katz 20)1 The critical functions of the heart are possible when this
functional syncytium of various cell types coordinatesugh release and uptake of calcium
ions through intercalated discs, specialized cardiag@ekll junctionsto generate action
potentids, convey those action potentials in series, and contract in a progressive manner to
allow proper directional pressurégpol 2007. The efficiency of this contraction is further
enhanced by theblique tocircumferential orientation of the myofibrilsoim the base of the

ventricles to their apexStohret al.2013,Katz 20L1). This action potential is further



efficiently distributed through specialized cardiomyocyte structures, discussed later. The
cardiac functionasyncytium is sensitive to regionalobal, or organismal losses in function
and fractionally adjusts accordingly to maintain normal homeostsihr(et al2013).
Coronary artery disease, deleterious genetic mutations, and medicines (cardiac and non
cardiac) can perturb this homeostasi$e primary cell type responsible for proper
contractile cardiac functiois the cardiomyocytenvhich has several subcellular targets for

injury.

Cardiomyocyte Structure

Elongated cardiomyocytes contain numerous myofibrils, which are-stoated
microscopically due to the presence of Z and M lines, present within | and A bands,
respective y, of t he cel |.sZdinexhisect! bamds,tthe lateer odvghighearea t u s
composed primarily of monomers of the thin filament actin, but also thelagry proteins
tropomyosin and cardiac troponins C, |, an@@pol 2007. M lines are present within the
middle of the sarcomere, bisecting A bands, which are composed primarily of the thick
filament actin Sarantitiset al.2012. Numerous other pteins are present which modulate
the interactions and relative positioning of the thick and thin filaments, includmg3i 00,
tropomodulin, desmimand ankyrin (Khet al.2012, Clarket al.2002). The cardiomyocyte
has a specialized endoplasmic arceplasmic reticulum, which as a part of the sarcotubular
network transports and stores calcium ions for immediate access for generation of action

potentials and binding to ctractile elements (Katz 2006).



An important component of this sarcotubular network is the transverse tubule (T
tubule) system, which encircle myofibrils and is continuous with both the plasma and
sarcotubular network membranes (Guo 2013, Smolich 1995). Damage to any aspect of this
spedcalized network will prevent sufficient trafficking of calcium thereby potentially leading
to contractile dysfunction or downstream effects of exoesscellularcalcium including
mitochondrial dysfunction or apoptosis, and has been shown to undergiecabie

remodeling in cardiac disease (Dorn 2013, Guo 2013).
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Figure 1.1: Normal mousemyocardial microscopy.Histology of normamouseheart;
cross section demonstrates atria (arrows) and ventricles (arrow(peatisatal day 70A).
Histology of nornal murine left ventricle; an individual cardiomyocyte is delineated
(arrowheadsj6 month old)B). Electron microscopy of normal murine left ventricle (C, D);
mitochondria (arrows), Zines (arrowheads), and the intercellular spaces continuous with the
sacolemmal network (open arrowheads) are evident. A, original magnification objective 2x.
B, original magnification objective 60x (B). C, D, original magnification 4,800x.




Cardiovascular Disease

Cardiovascular disease is the leading cause of death in dedledountries Heart
failure is a global pandemic that results in increasingly significant health care costs as the
general population ages and life expectancy increases, and is the leading cause of
hospitalizations in patients of 65 years old. Healtifaitreatment is estimated to cost
approximately $39 billion dollars a year in the United States (Kazi and Mark,20itl3)

approximately 550,000 new cases reported each year (Octavia 2012b)

Medicines and Cardiotoxicity

Cardiotoxicity is the number oreause of preclinical failures of medicines to reach
the market or latstage clinical trials. The number one causeitdidrawalof new chemical
entities is also the incidence of adverse cardiac events associated with their use. Entire
classes of effecte medicines for a variety of conditions including cancers, pain, diabetes,
and Parkinsonds di sease have a variety of de
(Pai and Nahata 2000, Slordal and Spigset 2086jhracyclines are the most wdihown
cardiotoxic class of anticancer medicines, though medicines of other classes, such as the
vinca alkaloids (vincristine, vinblastine), alkylating agents (cisplatin, carmustine,
cyclophosphamide), paclitaxel, etoposide, and monoclonal antibodies are tcoause
cardiotoxicity through a variety of mechanisms (Slordal and Spigset 2006, Pai and Nahata
2000). Some medicines, such as trastuzumab, have an additive toxic effect to the
myocardium when usead conjunctionwith radiation therapy oother chemotherapies such

as doxorubicin or paclitax¢Kalam and Marwick 2013, Pai and Nahata 2000).



Doxorubicin Cardiotoxicity

Doxorubicin cardiotoxicity is one of the most wstlidied medicinenduced
cardiotoxicity syndromegChatterjee 2010)Approximately 40% of all PubMed citation
searches for the term fAcar di oDorgoxubidni(ttagedo ar e a
name Adriamycin) is an anthracycliaatibioticisolated from the bacteriutreptomyces
peucetius caesiyRocaAlonsoetal. 2012, Carvalhet al.2013).1t is used as a cancer
therapeutic for a wide range of epithelial, mesenchymal, and round cell neoplasms, including
breast cancer, Kaposi s aVolkovaraad Russel 2011HGedeg k i n 0 s
et al 2010, Chattgeeet al 2010) In some instances, doxorubicin serves as the primary or
only line of treatment foparticulartypes of cancer, such as certain sarcofRag-Coquard
and Le Cesne 2012).

D o x o r u bfiicacy agdinst tumor cells is mostly attributedtsoability to
intercalate DNA. ldewever,its quinonelike structure lends itself to accept a donated
electron subsequently undergo oxidation, and gendrateradicals through Fenton
chemistry(Octavia 2012bCasarett and Doull 2008 Induction of @optosis, growth arrest,
and DNA helicas@and topoisomerag#isruption are also potential contribut¢@arvalhoet
al. 2013, Octaviat al. 2012, Tacaret al 2013). These effects are not only felt by the target
cancer cells, but bthe offtarget carddmyocytes. Cardiac othrget effects include
myelosuppression, gastrointestinal upset, and a rare myocadiicsirditis syndrom
(Singal and lliskovic 1998)Other acute syndromes include transie6G changes which
may affect up to 30% of patientbough typically with no clinical consequence (Gharib and

Burnett 2002).However the risk of heart failure in treated patients, which may not become



clinical for several years to decades upon cessation of therapy, continues to be the main
concerning sideffect in clinical doxorubicin chemotherap®d¢tavia et al. 2012b)This
treated population poobr susceptible populationpntains patients with few to no
comorbidities suffering adolesceomset cancers to adults with comorbidities undergoing
concomiant treatment, to the elderly.

Due tothe wideranging indications for doxorubicin, and continued use in susceptible
populations, much investigation is underway into adjuvant therapies, such as dexrazoxane, to
decreased toxicity (Schunke et al. 2013, Jial.e2013, Chen et al. 2007, Wang et al. 2013).
These investigations were born out of necessity due to the increasing clinical cardiotoxicity
observed, as is the case with HER2 positive breast cancer patiausioostered
trastuzumab and doxorubici€lfeng and Force 2010, Klein and Dybdal 2003). Currently,
mechanisirbased solutions are the most promising hope for decreasing morbidity in a
population that is continually gaining remission time aadsequentlymore susceptibility to
the hazardous sedaeof some of the most effective chemotherapies. In fact, the discipline of
cardiconcology is partly the result of unmet needs in this investigative area (Moslehi and

Cheng 2013).

The Brgl Chromatin RemodelingComplex

Chromatin, or the assembly of DN#rapped nucleosomes into secondary and
tertiary structures, is a mechanism required to @atrgpproximately 1.7 meters of DNA
into a nucleusKornberg 1975 Despite the seemingly compact nature of dniangement

significant portions of the genome require accessibility for the initiation or elongation of



transcription. This accessibility requirement is met by chromatiodetimg complexes,
which hydrolye ATP to alter the chromatin landscape in a way to allogrevent access to
the basal transcriptional machinery (Trotter and Archer 2004 SWI/SNF, CHD, ISWI,
and INO80 chromatin remodeling families are delineated based on the structure of their
ATPase domain. The SWI/SNF (switching isotype/sucrosefgromenting) chromatin
remodeling complexes were first discovere®accharomyces cerevisiarutations, and
appropriately named for their phenotype in that systead@rsanam and Winston 2000,
Chen et al2006). The murine catalytic subunit of the SWI/SNéntplex is Brahmaelated
gene 1, or Brgl, named for its human paralog with which it has high sequence similarity
(Trotter and Archer 2008)The HSA, ATPase, and Afiook domains modulate protein
binding and catalytic activity (Fan et al. 2005, Trotter Ancher 2008).Various
transcriptional requirements for the activityRrigl have been describgmhcluding

activation of genes including GR, BRCA1, and p53, and repression of RB and HP1 (Trotter
and Archer 2008 Brgl also partners with other chromatiodifying enzymes to regulate
transcription, including the WINAC, NCoR, NUMAC, and mSin3A/HDAC complexEse
BAF complex, is composed of Brgl ATPase and Bagdociated factors (BAFs), including
BAF250a,and BAF155 The BAF composition of these complexkes impart tissue
specificity in some instances, as in the presence of BAiR6@ardiac progenitor cell BAF
complexes and BAF60a and BAF60b in postotic neuronal BAF complexdsickert et al.
2004,Ho and Crabtre2010. The unique composition ofélse complexes determines their
functional significance, central to which is the ability to hydrolyze ATP to remodel

nucleosome assembly (Simone 2006, Trotter and Archer 2@28jent data suggests



chromatin remodeling complexes are recruited to theactdf sites by combination of
Transcription factorsshromatin modificationandpromotemregulatory regionsbut it is as
yetundeterminegbrecisely what controls the construct of these complexes to impart tissue
specificity and differentiationGairns2009,Ho and Crabtree 201&udarsanam and Winston
2000.

Recent aalysis ofpromoterbinding in Brglsilenced cell systems suggests that on a
global genome scale, the complex promotes transcriptional repression and nucleosome
immobilization (Tolstorukoet al. 2013).Brgl has been demonstrated as an important gene
in several cancers including malignant rhabdoid tumors, and lung and mammary carcinomas
(Romero and Sanché&zespedes 2013)ndeed, Brgl acts as a tumor suppressor regulating
growth arrest athsenescence through pathways including RB, pB8yc, and BRCA1
(Euskirchen et al. 2012, Kareg al.2004, Romero and Sanch€espedes 2013Brgl has

also been implicated in E2Ffirected RB silencing (Leung and Nevins 2013).

Heart Development

The differentiation of mammalian mesodermal cell to cardiac lineage is primarily
under the control of the transcription factors N#2I'bx5, and Gata4, and the regulator
Baf60c (Takeuchi and Bruneau, 2009) Genome regulation by SWI/SNF complexes (Brgl),
chromodomains (CHD7), HDACs (Jumonji), HMTs (MLL2), and PRCs (Rae28) organize
the concurrent expression of transcription factors to coordinate differentiation of
cardiomyocytes, smooth muscle cells, and endothelial cells (Chang and Bruneau, 2012;

Wamstad eal, 2012). Under the influence of Notch, BMP, and fiidtgnaling progenitor
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cells undergo epithelial to mesenchymal transition within the primitive streak to form the
first and second heart fields of the lateral plate mesoderm at embryonic day f@rfEBig

the cardiac crescent (Chang and Bruneau, 2012; Marcela et al, 2012; Garside et al, 2013). At
E9.5, under the regulation of Baf60c, the rudimentary heart tube undergoes left to right
looping from the initial Gshaped structure to ansBaped struate during E9.8£11.5
(Takeuchiet al, 2007; Marcelat al, 2012). During chamber development, the myocardium
is composed of an outer myocardial cell layer, an inner endocardial cell layer, and the
intervening cardiac jelly, a matrix with limited trabeatibn. Trabeculation in the chambers
matures due to Adamtsl expression under the influence of Brgl chromatin remodeling
(Chang and Bruneau, 2012). From E1EHB4.5, under the control of Jarid2 and Jmjd6, the
looped structure exhibits chamber formatiod anientation, and the outflow tracts begin
separation due to Rae&#ected gene silencing (Chang and Bruneau, 2012; Mastela
2012). During heart looping and outflow tract formation and separation, the four cardiac
valves are being formed as paftloe cardiac septation process. The atrioventricular valves
are formed from the atriovemntular canal (AVC), and the semilunar or outflow tract valves
formed from the ventricular outflow tract (OFT), respectively (Garstdd, 2013). Valve
formation kegins as an endocardial to mesenchymal transition of endocardial cells in the
AVC and OFT, which invade the underlying cardiac jelly, proliferation, anddtom ofthe
cardiac cushions (Kruithadt al, 2012). The outflow tracts are closed by E15.5 &ed t
mature heart formed by E16.5 (Marcetaal, 2012). Valve maturation continues from E15.5
until the postnatal period (Garsideal, 2013). Not all septation is completed due to cushion

formation and septation, as the foramen ovale remains paterthaSpiecialized
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nonworkingmyoardial cells develop to the welldefined conduction systernihe
atrioventricular nodés the first to develop as a medial subendocardial thicigim the
primitive left atrium This develop#to the atrioventricular fasculusthat distributes
impulses in the ventricular walls through the Purkiijers The sinoatrial node develops

subepicardially at the future opening of the vena cava caudalis.

Brgl in Development andCardiovascular Disease

The fr etfalatgpnomed hparadigm i s relevant to
including cardiovascular disease (Degenhardt et al. 2013, Oka et al. 2007, Rajabi et al. 2007).
As master regulators of the genome, chromatin remodelers are at the heart of thasg
epigenetic effects (Mymryk et al. 1995, Hargreaves and Crabtree 2011, Mohrmann and
Verrijzer 2005Hansen 2002, Horn and Peten 2002). Chromatin modifications and
chromatin remodelefsave been linked to both hypertrophic and failing myocardial
phenoypes (Mahmoud and Poizat 2013 mouse models of increased cardiac preload, the
requirement of Brgl for the prevention of adoitiset cardiovascular disease suggests that
Brgl is required during critical cardiovascular developmdirted points for the
maintenance of cardiovascular homeostasis, and potentially, for the amelioration or
prevention of other cardiovascular diseg$tsnget al 2010). If and when Brgl is required
during the postimplantation periodnd if Brgl plays a role in the responseligease in
models other than the increased preload models already desigipetito be determined

(Takeuchi et al. 2007, Li et al. 2013, Xu et al. 2013, Reisman et al. 2009, Indra et al. 2005).
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Clearly Brgl is present in the postnatal period as veeheough adulthood in the mouse
(Figure 1.2).

There has been within the last decadeampressive amount of research elucidating
the molecular mechanisms of Brgl regulation of developmental and disease processes, and
the reader is referred to several @lent reviews (Ho and Crabtree 2010, Hargreaves and
Crabtree 2011, Chang and Bruneau 2012jis research has elucidated the Brgl chromatin
remodeling complex is required for cardiovascular lineage development, in particular the
requirements of Bj1 ard BAF60c for normal cardiomyocyte development andrigftt
symmetry morphogenesis, Brgl and BAF180 for coronary vessel development and
differentiation, and that Brgl and BAFs are critical for expression of cardiac lhispag#ic
genes Nkx, Thx20, ad Thx5.

Numerous intriguing possible roles for Brgl in doxorubicin cardiotoxicity exist
within research investigating the mechanisms of doxorubicin or those ofdBpghdent
transcriptional regulation. ROS play a large role in heart failure thraciation of a
variety of pathways including apoptosis, fibrosis, contractile dysfunction, and hypertrophy
(Octavia D12b). Brgl is known to modulate ROS by binding to antioxidant promoter
regions in specific disease states, such as in Fanconi Anemia patients (Du et alXRCdt3).
al showed that increasing Brgl levels in diabetic rats, also increased hemoxypér@st)
levels, which is a critical antioxidant (Xu et al. 2013). Those animals additionally had
decreased expression of the proinflammatory genesa & #6. Other groups have

shown that the maintenance of stemness, a tenet of the shift to the rfedédipais
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instrumental in the cardiac progenitor

treatment (De Angelis et al 2010).

Figure 1.2 Expression of Brgl in murine myocardium. Heart sections from 1 day (A), 1
month (B) 6 month (C) and 2 geold (D) CD-1 mice stained with an antiouse Brgl
antibody.Arrows indicate positivehstaining cardiomyocyte nuclei; arrowheads indicate
negativelystaining erythrocytes as intermagativecontrols.DAB counterstain. Original

magnification objectiveOx.
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Animal Models of Doxorubicin Cardiotoxicity

There areaumerous in vitro model® investigate doxorubicin cardiotoxicity, from
freshisolation ofneonatal mouse or rat cardiomyocytes, culture of H9c2 cells from
cardiomyoblasts, or differentiatiasf pluripotent stem cells to cardiomyocyte progenitors
(Navarrete et aR013,Zordokyet al. 2007, Louclet al.2007). However, work by Branco et
al. has shownhedifferentiation state of the cell systencigtical for evaluation of toxic
endpointsand that more differentiated cells exhibit greater toxicity (Branco et al. 2012).

Animal models of doxorubicin cardiotoxicity to date have been designed to create
structural or functional deleterious changes in the heart of the test sp@nigsiery
reently, as demonstrated Besai et al., havefforts been made to design rodent studies
receiving clinicallycomparablaloses of doxorubicin over clinicalgpmparabldimeframes
(Desai et al. 201,35imunek, 2009, Robert 2007Thesemodels, including thee in the rat,
rabbit, dog, pig, and nonhuman primate, have focused on generating significantly different
deviations in echoor electrocardiographic parameters, or cardiomyocyte degeneration,
necrosis, and inflammation as determined by light micros@psgai et al. 2013)Vang et al.
2013 Chen et al. 200/an Vleet and Ferrans 1980)

Careful evaluation oframal models of human disease facets must be carefully
evaluatedso thescientistcandifferentiate the normal from abnormal. Regarding the
cardiovasular system, the constellation of lesions comprising the Rodent Progressive
Cardiomyopathy syndrome should not be confused with potential test-aetated findings.
Cardiomyocyte degeneration and necrosis with accompanying inflammatory cell gsiltrat

and eventually, fibrosis, occur at a low yet predictable rate in the young laboratory mouse.
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Inducible Transgenics and Cre Recombinetics

Geneknockout strategies in mammaligystem$iave vastlyncreased the
opportunities to design mouse modelfioman diseasaediators In fact, the designers of
these strategies suitably won a Nobel Prize (Mak 2007, Koller and Smithies T9@2p
systems utilize a bacteriophage recombinase which specifically recognizes a palindromic
sequence in the bacteriaNB,, the LoxP site, for targeted cleavage. Cells expressing the Cre
enzyme and containing sections of DNA fl anke
undergo recombination thugh targeted excision and deggéion of the floxed sequence
(Rossant and Mclhon 1999).

The utility of this system was hugely improved by Zhang et al. through the creation of
the tamoxifeAnducible Cre enzyme, constructed of the Cre enzyme bound to a murine
estrogen receptor with a mutated hormbmeing domain (Zhang et al. 189 Inducible
knockout models have allowed researchers to study gene perturbations in a temporal and/or
tissuespecific manner, which abrogates limitations poseghlgnomenauch as embryonic
lethality from dysregulation of the developmental progrgf® hal et al . 2001, (
Agah 2007).Additionally, thisrevolutionarysystem has allowed comparative biologists to
investigate the effect of perturbing their gene or genes of interest at specific time points
concurrent with other stimuli.

These advares are not without pitfalls, however, as Koitabashi et al. discovered in
their investigations using a tamoxitérducible cardiomyocytspecific Cre construct
(Koitabashi et al 2009). Their research reve#tatla cardiac phenotype observed in their

modé was due to toxicity of the Cre construct, and not perturbation of their gene of interest.
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Careful evaluation of tissue morphology for Cre toxicity, with manifestations including
widespread tissue necrosis and lack of erythroid progenitors in embrystshenperformed
in concurrent Crgoositive control animals (Naiche and Papaioannou 280kKer| et al.
2007).

Inducible knockout models have been used to investigate the effects of perturbing
Brgl dependent chromatin remodelitigrough deletion of the ATd3e domain of Brgl
(Sumtkichinose et al. 1997). This construct, after-@rediated recombination, produces a
truncated Brgl protein lacking ATPase activity, but retaining binding activity at its HSA and

Brk domains.

Hypothesis and Specit Aims

The current worknvestigats the requirement for Brgl in a temporal fashioeanly
embryonic development in the mouse, and for the protective response in the face of
doxorubicin cardiotoxicity Transgenic micevill be usedio achieve these aims as nowitro
systems exist which recapitulate the animal heart in its entifetglitionally, use of in vitro
systems to investigate mechanisms of cardiotoxicity has recently been reported to depend on
the differentiation state of the system (Branco et al. 20IBgse investigations will be
performedusing an inducible knockout mouse model system developed to temporally delete
portions of the genomeOne half of the required genetic construct, the Brgl floxed mouse,
has been used by other laboratories to ingatethe effects ofemporal deletion§Sumt
ichinoseet al. 1997, Bultmaret al. 2000) This work is performeth conjunction with the

core laboratory facilities at the NIEH®hich have extensive experience with the techniques
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needed to evaluate thevestigations outlined in the specific aims listed below, including but
not limited to: mouse breeding and genetics, necropsy, histology, immunohistochemistry,
electron microscopy, microarray, bioinformatics, and image analysi$ie scientists in the
Laboratory of Molecular Carcinogenesis, particularly those in the Chromatin and Gene
Expression Section, were instrumental in aiding and performing Western blottingR@R rt

in support of various aspects of this work.

Specific Aim 1: Establish a tamoxifeinducible mouse model for analyzing the effects of
Brgl deletion duringmid-late gestationaldevelopment and in adulthoggbarticularly
bridging knowledge gaps in the perigastrulation perio8rgl deletion inthis model will
cause gene dysregulation dag development leading to fetal death. Brgl deletion during

adulthood in this model will lead to no adverse effects.

Specific Aim 2: Establistan in vivo mouse model emulating chronic doxorubicin toxicity
in cancer patients This mouse model wikxhibit cardiomyocyte lesions of vacuolation

and degeneration observed microscopically in human cases of doxorubicin cardiotoxicity.

Specific Aim 3:Determine the role of Brgl in doxorubicin cardiotoxicity. Brgl plays a
protective role in cardiovasculagdevelopment, and under duress of cardiotoxicity. Brgl
deletion will increase cardiotoxicity from doxorubicin through differential expression of a

unique set of genes involved maintenance of cell homeostasis.
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Based on preliminary results of experimeantsur laboratory, we have determined
that Brgl indeed plays a master regulatory role in our model sySeenChapter)2The
lesions observed in our initial studies suggest Brgl plays a regulatobotblen
maintaining normal cellular growth and pfeliation during critical developmental phases, as
well asin the cardiotoxic response to chronic doxorubicin administrafidre hypothesis is
that Brgl deletion will confer sensitivity to doxorubicin cardiotoxicifihe expectation in
the cardiotoxicitystudy is that aeletional evenwill be achievedvhich will render the Cre
Brgl floxed mice | ess able to remodel <chr oma
g e n o ntkosedmice will be further subjected to thesregulatiorobserved in our
preiminary studies, and thus will have a greater incidence and severity of lesions
characteristic of doxorubicin cardiotoxicitadditionally, mice with a Brgl deletion in the
absence of additional stress variables (i.e. doxorubicin treatment) will noa Iseyificantly
increased number of lesions, amount of cardiac damage biomarker free in serum, nor
significantly DEGs related to cardiomyocyte damage. Furthermore, there will be no
significant differees in the levels of Brgl mRNé the levels of Brglnqotein between
Brgl KO animalgirrespective ofloxorubicintreatment.The use of this model system will
provide the most appropriate translational data for the human condition, as efficacy of
biomarkers and identification of molecular targets can bettjrpursued in this model.
Alternatively, no significant difference may be elucidated between the treated animals with
or without Cre activity. Investigation into the level of Brgl disruption would be necessary to

determine if a gene dosage effect is dditonal variable.
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This thesignvestigate a novel link amongst the various pathogeneses of doxorubicin
cardiotoxicity involving the Brgthromatin remodelingomplex. These studies have the
potential to reveal mechanistic information regarding mananalevelopment, as well as
indicate new targets for decreasing the toxicity of a witdeslyd canceherapy thatauses

significant morbidity under its current uses.
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CHAPTER 2: BRG1 deletion derepresses p53 pathways inducing cell cycle inhibition

and apoptosis during pertgastrulation development of mice

Thecontent of this chapter is in the form required by the American Society of Microbiology
for submission to their peeeviewed publicatioMMolecular and Cellular Biology Michael
Boyle, AjeetP. Singh, andlrevor K. Archerdevised the research concefithe animal
experiments werdesigned by Michael C. Boyle, apérformed by MichaeC. Boyle and
AjeetP. Singh. The molecular biology experiments were performed by Rje&ingh,
Michael C. Boyle, and Mark Rubino. The nmmarray analysis was performed e

Microarray core at NIEHS; validation and interpretation wagjegt P. Singhand Michael

C. Boyle The manuscript was written jichael Boyle, Ajeet SinghandTrevor K.

Archer.
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BRGL1 deletion derepresses p53 pattvays inducing cell cycle inhibition and apoptosis

during peri-gastrulation development of mice

Abstract:

BRGL1 is a catalytic subunit of the SWI/SNF ATPakeomatin remodelingomplex, which

plays a vital role in gene regulation and tumorigenesis. GesrBMWI/SNF function loss

results in early embryonic lethality at approximately E3.5 in the mouse. However, BRG1
necessity during development beyond this embryonic stage has not been described. The
myriad temporal genomic changes during development reamredeling of the chromatin

to facilitate differential gene expression. Duektwomatin remodelingctivities of BRG1,

we hypothesized that BRG1 deficiency during gogtlantation development may cause
anomalies. Here we show that BRG1 ablation beginairigf.5 results in arrested growth

and embryonic death by E9.5. Mutantbryos failed to grow; histologic analysis revealed
several developmental defects such as lack of normal cardiac structure and disrupted neural
fold architecture. We demonstrate abetm@xpression of cell cycle and apoptosis marker
proteins in BRG1 mutants, suggesting a role for BRG1 in maintaining genomic integrity.
Microarray analysis revealed BRG1 ablation increased expression of cell cycle regulators,
particularly within the p53 ghway. Furthermore, BRG1 coordinates with CHD4 to suppress
p53 pathways. These results suggest BRG10s r

survival after the premplantation period for normal cellular proliferation and differentiation.
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Introduc tion:

Mammalian embryogenesis can be defined by three distinct developmental windows: (1) pre
implantation, the source of pluripotent ES cells from which the future fetus will develop; (2)
implantation, and (3) postplantation, including gastrulation,ganogenesis and growth.
Embryonic cells divide very slowly, with little increase in mass prior to implantation. After
implantation, as gastrulation initiates, a massive increase in growth occurs accompanied by a
decrease in cell cycle length). The implanted epiblast is composed of an estimated 120

cells at embryomi day (E5.5) E5.5 that becomes approximately 660 cells at E6.5 and
approximately8,060 cells at E7.6). Shortening of the cell cycle from approximately 11.5
hours at E5.5 to 4.4 houlby E6.5 accommodates this rapid proliferation of cellbe

accelerated cell division during gastrulation and attendant genetic events require a host of
DNA surveillance systems. Several DNA repair and genome surveillance genes such as
Radl, Rad21 and Bmil are expressed during gastrulation and are reguestbfyonic
survival3). Ectopic or aberrant expression of these regulators may cause accumulation and
progressia of genome instability through the cell cycle, leading to slowing or full
developmenarrest.

The functional state of chromatin is fundamental to gene expression regulation.
Chromatin remodelingactors can modify the balance between an active or repgess
chromatin state, acting as key regulators of gene expression. Transcription factors play
several important roles in early embryonic development including duringesedival,
proliferation, and differentiation of stem céflx However, these genes must function in the

context of DNA arrangement in higher order chromatin structure, which is modulated by
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chromatin remodelinfactors at the highest hierarchical |€&@l Elucidating the molecular
mechanisms underlyg the roles oEhromatin remodelinfpctors is required to dissect
molecular pathways governing the biology of stem cells and early developmental processes.
The SWI/SNKisotype SWItching/Sucrose Nefrermentingchromatin remodelingomplex

has been showto be critical for development as well as in disease proc&sd$he human
SWI/SNF complex contains 112 subunits and has been grouped into BAF and PBAF
subfamilies(7). SWI/SNF, ATRdependenthromatin remodelinfactors play vital roles
ensuring appropriate spatial and temporal gene regulation during develd8m8RG1 has

a key role in development and transcriptional regulation by remodeling of chromatin
structure at the promoters of target genes to direct cell proliferattbdiierentiation(8-

14). The need for BRG1 containing complexes for cell cycle control, apoptosis and cell
differentiation in many biologal systems has been demonstr&®ed5-20). Knockout ofthe
BRG1 gene in mice causes pneplantation lethality, whereas heterozygotes show increased
susceptibility to tumorg9, 21, 22). BRG1 function has been shown to regulate transcription
of genes in the differentiation of various cell types including myeloid, erythroid, lymphoid,
muscle, neural and adipoeytommitment9, 15-20).

The SWI/SNFBRG1 complex acts as a global transcriptional regulator and appears
to be essential for development. Targeted deletion of SWI/SNF complex subunits hinders
function of the SWI/SNF complex during mammalian development resuitigipbal gene
deficiencies; recent studies have used tissyee ci f i ¢ BRG1 or their con
ablation using a CrloxP systen(8, 10-12). CreloxP approaches have been used to

demonstrate the involvement of SWI/SNF BRG1 complex in the organogenesis and
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formationof the mouse heart. Tissspecific deletion of BRGL1 in the endocardium leads to
embryonic lethality at E10-E11.5 due to impaired ventricular trabeculation during
cardiogenesi§ll). Recent studies have shown a role for BRGL1 in fetal cardiac growth,
differentiation and gene expression regulati®n Additionally, it has been shown that
dosage of BRGL1 is critical for mouse and zebhadisrdiogenesigl2). These studies
highlight role of the BRGL1 in heart development. However, the precise role®1 BRring
early postimplantation development remains uncharacterized.

Due to the complex influence ohromatin remodelingactors on specific gene sets
of various biological processes during development and cellular differentiation, wevare
just begiming to elucidate the role of BRG1 during early pogplantation development. We
used a tamoxifeinducible system in which Cre recombinase (Cr8HRnactivates
BRG1xed/oxed haginning at E6.5 in early developing embryo. We found that BRG1
deficiencybeginningat E6.5 causes peshplantation growtharrest resulting in embryonic
lethality by E9.5. Histology of the BRGiiutantembryos revealed multiple defects such as
lack of normal cardiac structure and disrupted neural tube formation. Further RR& bf
caused apoptotic and necrotic cell death despite continued cellular proliferation. In this
article we demonstrate BRG1 elimination results in developmental arrest due to massive
programmed and necrotic cell death within the embryo in the face eketogdemental

proliferative program.
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Materials and Methods

BRG1 gastrulation and organogenesisSC57BI/6J pregnant dams were obtained.

Embryonic staging was determined by standard methods setting E0.5 as the morning on
which vaginal plugs were found. Embryos were harvesté®b &, E6.5, E7.5, E8.5, E9.5 and
E10.5; extreembryonic tissue was used for genotyping. Embryos and their placerdga
photographed and fixed in 10% neudbaiffered formalin for 24 hours. Embryos were
embedded in paraffin, sectioned at Sum, mounted on glass slides and stained with
hematoxylin and eosin for histological examination.

Inducible BRG1 knockout mice.Mice harboring the floxed BRG1 alle([®6;128S2
Smarca™P“IMmnc) were a generous gift from Dr. Terry Magnuson (University of North
Carolina, Chapel Hill) (24, 25). The floxed BRG1 allele encodes the wild type BRG1 protein
but the deleted BRGL1 allele doed pooduce a functional proteifio generate the inducible
CreBRGL1 fI/fl, BRG1 fl/fl mice were bred with ROSAre/ERT2 transgenic mice carrying

the CreER™ gene driven by the endogenous moG$&ROSA)26Sapromoter (B6.129
Gt(ROSA)26SdMCERTAT 3) To delete the floxeBRG1 gene in developing embryos,
ROSAcre/ERT2 (B6;129G5t(ROSA)26 S CERT2T floxed BRG1(Smarcad™ )

pregnant damwere given 100mg/kg body weight pharmaceutical grade tamoxifen citrate
(Sigma) IP at 12pm once daily fone day (E6.5, E7.5, E8.5 stages) or two days (E9.5 and
E10.5 stages). Embryonic staging was determined by standard methods setting E0.5 as the
morning on which vaginal plugs were found. Embryos were harvested at E6.5, E7.5, E8.5,
E9.5 and E10.5; extramlryonic tissue was used for genotyping. Embryos and their placenta

were photographed and fixed in 10% neulrnadfered formalin for 24 hours. Embryos were
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embedded in paraffin, sectioned at Sum, mounted on glass slides and stained with

hematoxylin and eosifor histological examination. For BRG1 genotyping, three primers

were used to amplify wild type (241bp PCR product), floxed (387bp PCR product) and

deleted (313bp PCR product) BRG1 alleles; BICATACTTATGTCATAGCC, P2
GCCTTGTCTCAAACTGATAAG, P3 GATCAGCTCATGCCCTAAGG(23). For Cre
genotyping, -GOCETCTGACAGIAANAACEATG3 6) and the reve
GTGAAACAGCATTGCTGTCACTT-36) pri mer were us@3249f or PCR
All animal husbandry, handling, and experiments were performed in accordance with

NIEHS/NIH guidelines covering the humane care and use of laboratory animals in research.

Tamoxifen dose determination.Tamoxifen for the 100 mg/kg dose was dissolved in

ethanol to yield a 100 mg/mL stock, which then diluted with corn oil to achieve a 10 mg/mL
tamoxifen formulation (10% ethanol in final tamoxifen formulation). The higher 225 mg/kg
and 150 mg/kg doses were prepared from correspondingly higher concentrations of ethanol
stocks diluted with corn oil to a 10% ethanol concentration. The initial maxidose level

was 225 mg/kg, with a maximum dose volume of 0.45 ml per aniifdicity testing was
performed in unmated mickeginning with a tamoxifen IP dose level of 228/kg body
weight.To distinguish potential Cre toxicity from possible tamoxifexicity, and to

establish a lowest observed adverse effects level (LOAEL) and no observed adverse effect
level (NOAEL), unmated adult wild tygemales(without Cre) were dosed intraperitoneally
(IP) with 225, 150 and 100 mg/kg of body weight tamoxifehr{il/kg dosing volume).

Animals received a total of two injections over two consecutive days. Body weights were

35



collected prior to dosing and weekly for a total of 3 weeks (the length of time needed for a
mother to raise a litter). Animals were observaidydor health effects. Mice receiving the

225 and 150 mg/kg dose levels were either found dead or were euthanized as moribund. Mice
tolerated the tamoxifen dose level of 100 mg/kg for two consecutive days well with no
evidence of tamoxifen toxicity on wght gain orthrough histopathologic evaluation of heart,

liver, lung, kidneys, or spleenTAM-induced toxicity was also assessed in embryos carrying
Rosa26Cre-ERT with no observed aberrant developmental phenofygraoxifen toxicity in
embryoswas assesedby injecting 100 mg/kg of body weight IP at E6.5 and evaluating gross
morphological changes in the embryos at E8.5 and E9.5. 100 mg/kg dose of tamoxifen

produced no obvious morphological changes.

LacZ staining. To confirm theCre recombinase activityve bredhe ROSAcre/ERT2 mice
(B6.129Gt(ROSA)26Sdf" " /ERT2T) 3) with ROSAstop reporter mice (B6.129S4
Gt(ROSA)26Sd"™°7 J) and -malaatssidasé actiyity in the double mutant

embryos (B6.129SGt(ROSA)26SdM>°1J Tg(B6.129Gt(ROSA)26 S CERTATY a5 5
measure of Cre recombinase activitygX@a | st ai n i rgglactbsaasenactavislacZ e b

staining) of whole embryos was performed according to a standard pribcol

Histologic analysis and TUNEL assayTimed mating was conducted using Cre/Cre, BRG1
fl/fl and Cre/Cre, BRGL1 fl/fhales with BRG1 fl/fl females to obtain Cre/Cre, BRGL1 #fitl
BRG1 fl/fl embryos. The next day females with vagiplalgs were considered to be at

embryonic day 0.5 (E0.5) of gestation. Pregnant females were dosed with Tamoxifen
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(100mg/kg body weight) and sacrificed at sequential time points of gestation (E6.5, E7.5,
E8.5, E9.5, E10.5), and the embryos were dissectedof maternal tissue, examined,
photographed, and genotyped by PCR. For histological preparation, embryos without decidua
and in decidua were fixed in 4% paraformaldefiyrES or 10% neutradduffered formalin

for 18 hours at 4C, dehydrated, and embeddedgarafin. Paraffinembedded tissues were
sectioned at 5um, mounted on positiveharged glass slides. For analysis of programmed

cell death, the sections were stained based on reactivity determined by terminal
deoxynucleotidyltransferaseediated dUP-biotin nick end labeling (TUNEL) using the

Apop Tegin situapoptosis detection kit (Oncor) according to the manufacurer

instructions.

BrdU labeling and Immunohistochemistry. Pregnant females were administered
bromodeoxyuridine (BrdU) following admstration of tamoxifen. BrdU in sterile PBS was
administered by IP injection to pregnant dams at a dose level of 50 mg/kg and a dosing
volume of 5 ml/kg, and the uteri were removed at sequential time points of gestation (E6.5,
E7.5, E8.5, E9.5, E10.5). Ddual swellings were fixed in 4% paraformaldehyde at 4°C for
18 hours, dehydrated, and embedded in paraParaffinembedded tissues were sectioned

at 5um, mounted on positively charged glass slides and processed-rdhhtabeling
(Accurate Chemial and Scientific Corp. # OBT0030) and BR(Zanta Cruz #SQ0768)
TUNEL (Millipore #S7101), cleaved Caspeké@iocare Medical #CP229A), Ki67 (Dako
#M7249) and CyclinD1 (Cell Marque #241E5) immunohistochemistrifiHC). For BrdU

labeling formalin fixed, paraffin embedded human tissues weparaffinized and
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rehydrated. Heat and acid denaturation was performed by 20 minute incubation in 2N HCI at
37°C followed by 1 minute in boric acidorate buffer at 28C. Proteolytic atigen retrieva

was performedising 0.01% trypsin at 8€ for 3 minutegBiocare Medical, Concord, CA).
Endogenous peroxidase was bledkvith 3% hydrogen peroxid&.he setions were

incubated with 10% armalrabbit €rum (Jackson Immunoresearch Laboratories, IncstWe
Grove, PA) for 20 minutes, followed by the AvidBiotin Blocking Kit (Vector

Laboratories, Burlingame, CA). The sections were incubatedpuiitiary (Accurate

Chemical and Scientific Corp. # OBT003)tibody and no negative serum for Blnutes

at 12000 dilution. Sections were incubated wittabbit antirat secondary antibody

(Accurate Chemical and Scientific Corp. # OBT0030)30 minutes at 1:500ilution.

Label incubation was performed using Vector R.T.U. Vectastain Kit (Vector Laboratories,
Burlingame, CA) for 30 minutes also. Antigantibody complex was visualized using DAB
(Dako, Carpinteria, CA) for 6 minutes. The sections were counterstained with hematoxylin,
dehydrated, cleared in xylene, and coverslipp@d.Brgl IHC, formalin fixedparaffin

embedded human tissues were deparaffinized and rehydrated. Endogenous peroxidase was
blocked with 3% hydrogen peroxide. Antigen retrieval was performed with heat and
pressure, using Citrate Buffer (Biocare Medical, Concord, CA). The sectemesnecubated

with 10% Normal Donkey Serum (Jackson Immunoresearch Laboratories, Inc., West Grove,
PA) for 20 minutes, followed by the AvidiBiotin Blocking Kit (Vector Laboratories,
Burlingame, CA). The sections were incubated with-B{(§HK, Investig#or provided,

Durham, NC) antibody and no negative serum for 60 minutes at 1:2000 dilution. Sections

were incubated with a Donkey aftabbit secondary antibody (Jackson Immunoresearch
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Laboratories, Inc., West Grove, PA) for 30 minutes at 1:1000 dilutiabel incubation was
performed using Vector R.T.U. Vectastain Kit (Vector Laboratories, Burlingame, CA) for 30
minutes also. Antigeantibaly complex was visualized usigAB (Dako, Carpinteria, CA)

for 6 minutes. The sections were counterstained vathdtoxylin, dehydrated, cleared in
xylene, and coverslipped. For TUNEL IHC, formalired, paraffirembedded tissues were
sectioned at 4um and treated according to
within the ApopTag Plus Peroxidase In Situ @gtosis Detection Kit (Cat# S7101, Millipore,
Billerica, MA). Staining was visualized usingdtaminobenzidine (DAB) chromagen
(DakoCytomation, Carpenteria, CA) and counterstained with hematoxylin. The slides were
dehydrated through graded ethanol, cleamed/lene, and coverslipped. For cleaved

Caspase IHC, formalinfixed, paraffirembedded tissues were deparaffinized in xylene and
rehydrated through graded ethanol. Endogenous peroxidase was blocked ubis@,3%

after which heainduced epitope retneal was performed using a 10mM citrate buffer

solution, pH 6.0 (Biocare Medical, Concord, CA) in the Decloaker® pressure chamber for 5
minutes at 120C. Nosgpecific sites were blocked using 10% normal donkey serum (Jackson
Immunoresearch, West Grove, Pidj 20 minutes at room temperature. Next, the sections
were incubated with avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA). The
sections were then incubated with Casga$€leaved) rabbit polyclonal antibody (Biocare
Medical, Concord, CACatalog #CP229A) at a 1:100 dilution for one hour at room
temperature. Secondary incubation was done by using a donkegtaitilgG antibody
(Jackson Immunoreseardiest Grove, PA) at a dilution of 1:500 for 30 minutes at room

temperature. Furthethe sections were incubated with 4+ Streptavidin AP Label (Biocare
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Medical, Concord, CA) for 15 minutes at room temperature. The araigiEvody complex
was visualized using Warp Red Chromogen Kit (Biocare Medical, Concord, CA) for 1
minutes at room taperature. e sections were counterstained with hematoxylin,
dehydrated through graded ethanol, cleared in xylene, and coverskagpéclyclinD1IHC,
formalin-fixed, paraffirembedded tissues were deparaffinized in xylene and rehydrated
through graded bBanol.Endogenous peroxidase was blocked with 3% hydrogen peroxide.
Antigen retrieval was performed with heat and pressure, using EDTA buffer (Biocare
Medical, Concord, CA). The sections were incubated with 10% normal donkey serum
(Jackson Immunoresearthboratories, Inc., West Grove, PA) for 20 minutes, followed by
the avidinbiotin blocking kit (Vector Laboratories, Burlingame, CA). The sections were
incubated with CyclinD1 (Catalog # 24485, Cell Marque, Rocklin, CA) antibody for 60
minutes at 1:25 dition. Negaive control was not include&ections were further incubated
with a donkey antrabbit secondary antibody (Jackson Immunoresearch Laboratories, Inc.,
West Grove, PA) for 30 minutes at 1:500 dilution. Label incubation was performed using
Vector R.T.U. Vectastain kit (Vector Laboratories, Burlingame, CA) for 30 minutes.
Antigen-antibody complex was visualized using DAB (Dako, Carpinteria) f86A6 minutes.
Finally, the sections were counterstained with hematoxylin, dehydrated, cleared and

coverslipped.

Microarray Analysis: Hearts minced and frozen in RNALater (QiagenB8& degrees
Celsius at necropsy were thawed on ice and homogenized in Trizol (Invitrogen) using a

Tissue Tearor Homogenizer (Biospec Products, Inkrigol-isolated RNAwas cleanedip

40



using the RNeasy Midi kit (Qiagen) and submitted to the Microarray Group of the NIEHS
Molecular Genomics Core. Gene expression analysis was conducted using Agilent Whole

Mouse Genome 4x44 multiplex format oligo arrays (014868) (Agiletigviing the Agilent

1-color microarraybased gene expression analysis protocol. Starting with 500ng of total

RNA, Cy3 | abeled cRNA was produced according
sample, 1.65ug of Cy3 labeled cRNAs were fragmented and hylaified7 hours in a

rotating hybridization oven. Slides were washed and then scanned with an Agilent Scanner.

Data was obtained using the Agilent Feature Extraction software (v9.5), usingdlor 1

defaults for all parameters. The Agilent Feature Extvacsoftware performed error

modeling, adjusting for additive and multiplicative noise. The resulting data were processed

using OmicSoft Array Studio (Version 6.0) software.

Results:

BRG1 detected in egg cylinder stage and in subsequent organogenesis

In early embryos, expression of BRG1 appeared to be highly expressed in decidua and extra
embryonic and epiblast cells at E5.5, E6.5 and E7.5 followed by the heart, head and trunk at
E8.5, E9.5 and E10.5. At E5.5, implantation has occurred and BRG1 paositware

present uniformly in the extrambryonic and embryonic ectoderm (R2dLA). At E6.5

BRG1 staining remains strongly positive in both tissue types 2Hi§). At E7.5, the

exocoelom begins to divide the epiblast and amniotic cavity. BRG1 iszdeddb the nuclei

of cells comprising the ectodermal layers of the chorion, the ectoplacental canal, the early

allantoic bud (mesoderm), and cells of the adjacent amniotic ectoderr2.(fiy. In
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addition, all other tissues, including the greater piiti@® ectoplacental cone and epiblast
and primitive streak itself, are entirely positive.

In embryos examined at E84dll the tissues of the embryo and placental tissues
exhibit strong immunoreactivity for BRG1, including the covering ectoderm, the ragsod
extending into the root of the allantois, and the endoderméledipitn of the hindgut

rudiment.
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Figure 2.1: Expression of BRG1 during early posimplantation embryonic

development in wildtype embryos Embryos from E5.5 (A), E6.5 (B) and E7.5 (C) show
strong BRG1 immunoreactivity in the ectoplacental cone (EpC), extraembryonic ectoderm
(EEE) and epiblast (Epi). Embryos from E8.5 (D), E9.5 (E) and E10.5 (F) exhibit strong
immunoreactivity in all organand tissues types visible at these later stages. DAB
counterstain.
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More anteriorly, immunoreactivity for BRG1 was strongly detected in the neural plate
and notochord, optical vesicle, gut, head mesenchyme, future brain, dorsal aorta and somites
staining(Fig. 2.1D to F). BRG1 protein was detected in various tissue types of the heart;
myocardium, endocardium, epicardium, cardiac cushion, and venttiabarcula (Fig.
2.1D to F).

At E9.5 and E10.5, the regressing tail bud is still apparent and all the tissues in this
region remain strongly positive. As one passes forward, the neural tube, notochord, and
hindgut stain strongly (Fi@.1E, F). As in the previous stage, the somitestpegmental
paraxial mesoderm and cardiac structures uniformly stained for BRGL1.

At this stage of development, the hemochorial placenta is becoming functional.
Strong immunoreactivity for BRG1 is present in the spongy cytotrophoblast lying subjacent
to the penetration zone of trophoblastic giant cells, which form the more superficial layer of
the fetal placenta (Fi@.1). The strong expression of BRG1 required investigation of BRG1

function during perigastrulation development.

ROSA-cre/ERT2 globaly excised floxed gene in early developmenfoxicity testing was
performed in unmated micbeginning with a tamoxifen IP dose level of 2285/kg body
weight.To distinguish potential Cre toxicity from possible tamoxifen toxicity, and to
establish a lowebserved adverse effects level (LOAEL) and no observed adverse effect
level (NOAEL), unmated adult wild tygemales(without Cre) were dosed intraperitoneally
(IP) with 225, 150 and 100 mg/kg of body weight tamoxifen (10 ml/kg dosing volume).

Animals reeived a total of two injections over two consecutive days. Body weights were
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collected prior to dosing and weekly for a total of 3 weeks (the length of time needed for a

mother to raise a litter). Animals were observed daily for health effects. Migeingcine

225 and 150 mg/kg dose levels were either found dead or were euthanized as moribund. Mice

tolerated the tamoxifen dose level of 100 mg/kg for two consecutive days well with no

evidence of tamoxifen toxicity on weight gaintbrough histopatholag evaluation of heart,

liver, lung, kidneys, or spleenTAM-induced toxicity was also assessed in embryos carrying

Rosa26Cre-ERT with no observed aberrant developmental phenotyperefore, we

examined tamoxifen toxicity in embryos by injecting 10@/kg of body weight IP at E6.5

and evaluating gross morphological changes in the embryos at E8.5 and E9.5. We found that

100 mg/kg dose of tamoxifen produced no obvious morphological changes. Thus, having

determined the LOAEL to be 150 mg/kg, and the NOA&be 100mg/kg in this study, we

selected 100 mg/kg of body weight tamoxifen as the maximum dose to be used in the study.
Following preliminary toxicity testing to confirm ti€re recombinase activity, we

bredthe ROSAcre/ERT2 mice (B6.12Gt(ROSA)26SdPCERTAT 3) with ROSAstop

reporter mice (B6.129S&t(ROSA)26Sdl"**°1J). Pregnant females were dosed with 100

mg/ kg tamoxifen on different embryondc days

galactosidase activity in the double transgenibryos (B6.129S4Gt(ROSA)26SdP507J

Tg(B6.129Gt(ROSA)26SAMCERTAT a5 a measure of Cre recombinase activity. ROSA

cre/ERT2 x ROSAstopdouble transgenic embryos exhibited ubiquitous strong posatnze

staining while their ROSAtop embryo ttermates showed negative staining at indicated

developmental stages (F@2A, B, C, D). Based on these results, we decided to injeect 100

mg/kg body weight of tamoxifen into pregnant females to induceneiated excision of

45



the floxed BRG1 gene.

, /Allantois\

Head
Heart

4

Figure 2.2: Cre activity of ROSAcre/ERT2 LacZstaining of ROSAstop and ROSA
cre/ERT2 ROSAstop embryos from a tamoxifdéreated pregnant female at E7.5 (A), E8.5
(B, C) and E9.5 (D). ROSAre/[ERT2 ROSAstop stain strongly positive (indigo staining, A
D); ROSAstop embryos lack staining (44). ROSP/ERT2 ROSAstop embryos from E7.5
(A), E8.5 (B) and E9.5 shows GER expression in almost all tissues including
extraembryonic ectoderm, epiblast, allantois, and yolk sac.

Tamoxifen induced ROSAcre/ERT2 excised BRGL1 floxed sequence.
We generated tamoxifen inducible eB&G1 fl/fl mice B6;129

Gt(ROSA)26SdFCERTIT) 3 Smarcal™) and crossed them with BR&!fl female
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mice.The cross yielded CBRG1-fl/fl progeny at the expected Mendelian freqryeof
50%.Based on th&OSA-cre/ERT2 x ROSAstopresult, tamoxifen treatment was predicted

to produce ubiquitously distributed BR@1activated (BRGY?) cells in the CreBRG1fl/fl
embryos. In order to inactivate BRG1 during early developmeni)jeeted tamoxifen at a

dose of 100mg/kg of body weight into pregnant females at E6.5 and embryos were collected
at E7.5- E9.5. All the BRG{“embryos were dying at E9.5, while their littermate controls
showed normal development. Embryos in which BRG#$ wwactivated were smaller than

their littermates and appeared to be more pale. However, all BR@ibryos were alive at
E7.5E8.5, and the litter sizes were normal. The efficient ablation of BRG1 in the whole
embryo was confirmed by genotyping of theleyonic tissues-or BRG1 genotyping, three
primers were used to amplify wild type (241bp PCR product), floxed sequence (387bp PCR
product) and deleted (313bp PCR product) BRG1 all@&s24) (Fig. 2.3A). For Cre

genotyping primer sets producad02bp PCR product (Fi@.3). In agreerant with these
genotyping PCR results, BRG1 mRNA level was significantly decreased and BRG1 protein
was barely detected by immunohistochemistry in EF&Brgl fl/fl whole embryqFig.

2.3B, D). In contrast, BRG1 protein was readily detected in BRGliftdtmate (Fig2.3C).
Thesedata demonstrated the successful creation of a BRG1 conditional mouse model to

ubiquitously delete BRG1 temporally in earlgv@lopment.
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Figure 2.3: Deletion of BRG1 in BRGY" embryos (A) Genomic PCR of floxed BRG1
(387bp), floxedout BRG1 (313bp) and Cre (100bp). (B) gPCR of significant downregulation
of BRG1 mRNA BRG1“versus BRG1 fl/fl embryos. (C to D) BRG1 fl/fl embryo

demonstrates strong immunostaining for BRG1 (C) while BR@&monstrates markedly
reducedmmunostaining (D) embryos. DAB counterstain.
Lack of BRGL1 results in developmental arrest, retarded growth, and subsequent death

during early gestation.Pregnant dams were dosed at E6.5 and embryos were collected at

E7.5, E8.5 and E9.5 for analysis. Tgenotypes of the dissected embryos were determined
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by performing PCR of genomic DNA obtained from the yolk sacs of each entiRg@1"
embryos were detected from E7.5 to E9.5. Even at BR&1” embryos were slightly
smaller than wild types (not shown)his retardation was more obvious by E8.5 and E9.5
(Fig. 24A to G), and an increased number of resorbed and empty conceptuses were
observed. E8.BRG1¥embryos had 2 to 6 somites and were approximatelsthids of

the size of their wileype littemates, which had 8 to 12mades (Fig.2.4C to E).
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Figure 2.4: BRG1 mutant embryos reveal growth retardation Substantial growth

retardation of BRG™" embryos compared to GRRGL fl/fl embryos from the same litter at

E8.5 (A through C). Anatomic structures (EpC
head, heart, allantois) are present in all embryos. E9.5 embryos demonstrate further

retardation (Dhrough G).
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All BRG1¥embryos exhibited severe developmental defects and were dying by E9.5.
Surviving BRG1 mutant embryos at E8.5 and E9.5 could be easily distinguished from their
littermates by their much smaller size, pale color, enlarged pericardndnncomplete

process of turning. The most severely affected embryos were approximately one third the
size of normal E9.5 embryos, were undergoing resorption, and also exhibited rotational
defects and developmental growth arrest (E4C; right image, Rand G). Mutant embryos
could not be isolated at E10.5, likely due to advanced resorplicommary of

morphologic observations is present in T&hle

Table 2.1: Brgl deletion effect

Stage BRG1d/d BRG1 fl/fl

E8.5 Normal (10/28) Normal (24/24)
E8.5 Small/abnormal (18/28) -

E9.5 abnormal/dead (23/23) normal (31/31)

Histologic sections oBRG I embryos exhibited normal embryonic structures,
including heart ad neural fold formation (Fig.5A, C, B). In contrast, histologic sections of
E9.5BRG1¥dembryo revealed several developmental defects including disrupted neural tube
and cardiac formations (Fig.5B, D, B. Histologic sections revealed that E8.5 &85
BRG1%‘embryos contained apoptotic and oncotic necrotic lesions. Despite these defects, all
the BRG1¥embryos maintained yolk sache severity of BRG1 mutant phenotype at E9.5
was consistent with our inability to recover these embryos at lagestand suggest that

lethality occurs during E9 and E10. As BRGL is expressed broadly in the embryo, these
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resultsconfirm BRGL1 plays a critical role in early mammalian embryategelopment

Figure 2.5: Histologic analysis of CH8RG1 fl/fl and BRG1 embryos at E9.5-rontal

section of CreBRGL1 fl/fl (A) shows normal embryo morphology, including neural fold (NF)
and developing heart (H). Frontal section of BR&dmbryo B8) shows abnormal
histomorphology, neural fold deformity (NF), and lack ofmal cardiac structures. Higher
magnification of CreBRG1 fl/fl in (A) reveals normal cardiac structur€y énd normal

neural fold formation&). Higher magnification of BRG in (B) reveals necrotic cardiac
(D) and neural foldR) histomorphology.
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Increased apoptotic cell death iBRG1%

embryos.Gross morphologic analysis revealed
defects consistent withsufficient cellularproliferation, increased apoptosigcrosis, or a
combination thereofTo determine whether the frequent pyknosis and gréaire of

BRG1 mutant embryos were associated with increased programmed cell death, we analyzed
TUNEL immunoreactivity of sagittal sections of EBRG1Y“ and BRG1 fl/fl embryos. As
programmed cell death naturally occurs during early develop{@@ntr UNEL-positive

cells were expected in sections of BRGL1 fl/fl embryos. In these embryos, TUNEL staining
was mostly observed in inner ear epithelium and gut &g, C). In contrast, TUNEL
staining is widely distributed throughoBRG1¥“embryo bodies including neural fold, head
mesenchyme, and heart (F&6B, D), suggesting that the increases in cell death were
correlated with the deletion of BRG1, and resultant embryonic mortality.

To confirm the apoptotic phenotype BRG1®embryos, wenalyzed another
apoptosis marker, cleaved caspds€leaved caspaszimmunostaining was detectable in
the sectias of Brgl fl/fl embryos (Fige.6E, G). However, cleaved caspeie
immunoreactivity wagreater in the number of cells with positiveianing nucleiin the

sections oBRG 1Y

embryos, particularly in the regions of the head mesenchyrad, bat
and neural fold (Fig2.6F, H) consistent with the massive cell death observed in these
tissues. Change in the expression of DNA damage respooisgns suggests that loss of
BRG1chromatin remodelinfunction may cause genomic instability leading to cell death,

which retards growth and ultimately causes embryonic death.
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Figure 2.6: Cell death marker immunohistochemistry of ®&RG1 fl/fl and BRG1"

embryos at E9.5TUNEL immunolabeling is infrequent in GBRG1 fl/fl embryos (A,

higher magnification in C). TUNEL immunolabeling widespread in BEGmbryo (B);

higher magnification demonstrates strong nuclear and necrotic cell stainin?(@n)/ed

caspase (CC3) immunostaining present in both ®RG1 fli/fl (E) and BRGY" (F)

embryos; however higher magnification of (E) and (F) reveals stronger and more widespread
immunopositivity of CC3 in BRGH" (H) than CreBRG1 fl/fl (G) embryos.

54



Decreased cell proliferation rates irBRG1%¢

mutant mice. A second possibility to explain
the developmental arrest and reduced embryonic growth 8RIB1" embryos could be an
alteration in cellular proliferation due to changes in cell cycle progressialecreased self
renewal. Therefore we analyzed the expression of several proliferation markers using
histologic sections of thBRG17? andBrg1 fl/fl embryos. Cyclin D1 (CCND1) is part of the
core cell cycle machinery, and is frequently eggpresse in human cance(&8, 29).

CCND1 functions as a regulatory protein for the &tell cycle phase transition, and fo
transcriptional control of mammalian cells in the regulation of proliferation and
differentiation. We observed a striking difference in the Cyclin D1 (CCND1) staining in
BRGL1 fl/fl versusBRG1%® embryos. CCND1 immunostaining was observed in the neural
fold and head mesenchyme of BRGL1 fl/fl embryo sections (Fi@.7A, C). In contrast,
CCNDL1 staining was greatly reducedBRG1% embryo sections (Fi@.7B, D). Tissue
homeostasis is needed to maintain the proper balance of proliferation and déefteneii
normal tissues, but can be altered in premalignant and malignant conditions. Deregulated
CCND1 promotes genetic instability vitro and tumorigenesis vivo (30-32). CCND1 gene
alteration and/or protein deregulation has been widely observed in human malignant and

1d/d

premalignant tissue3hus, deregulation of CCND1 BRG1™ embryos might promote

genetic instability and developmental arrest.

To examine further the cellular proliferation rateBIRG1%°

embryos, we evaluated
the expression of the nuclear antigen Ki67, which detects tleimd all proliferating cells.
Immunohistochemical analysis showed punctate and diffused Ki67 stairiR@a™®

embryos sections (Fig.7E, G, which was strikingly different from that in tlBRG1 fl/fl
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littermate sections (Fi@.7F, H. Theseobservations strongly suggest that at this early stage

of development BRGL1 function is required for proper cell proliferation and survival.
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Figure 2.7: Proliferation marker immunohistochemistry of Cre-BRG1 fl/fl and
BRG1% embryos at E9.5Cyclin D1(CCND1) immunolabeling is frequent in GBRG1
fl/fl embryos (A, higher magnification in C). CCND1 immunolabeling less widespread and
weaker in BRGY? embryo (B); higher magnification demonstrates substantially less
immunolabeling (D). Ki67 immunostairdrpresent in both CfBRG1 fl/fl (E) and BRG{

(F) embryos; however higher magnification of (E) and (F) reveal stronger and more
widespread immunopositivity of Ki67 in GBRG1 fl/fl (G) than BRG1® (H) embryos.
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Finally, we examined vascular structuiesheBRG1"" versus BRGL1 fl/fembryos.
Hematopoiesis is required for embryonic growth and sur¢8&l Hematopoiesis in the
mouse embryo first occurs inglextraembryonic yolk sac; this yolk sac subsequently fuses
with the embryonic vasculature becoming the primary source of embryonic red blood cells.
Mesodermal cells of the yolk sac proliferate and differentiate into blood islands.
Anastomosing networks dood islands produce nucleated red blood cBIRG1Y
embryos, though smaller than eéB&GL1 fl/fl embryos, had all hallmarks of early yolk sac
development, including blood islands (F&¥4A). We examined whether plateletdothelial
cell adhesion made (PECAM, CD31) expression, a marker of mesodéemnived
endothelial cells, was altered BRG1% versus CreBRG1 fl/fl embryos (Figs2.8A-D).
Strong immunopositivity is detected in multiple vessels of B&RIG1Y and CreBRGL1 fl/fl
embryos. Additionally, no irregularities are observed in the structure and continuum of
endothelium in the BRGY embryos These data suggest th@ssdifferences in
vascularization of the embryos (Fi§4) maynot bedue to intrinst ability of endothelial
cells to organize and form vascular channels (ERA-D), butto a lack of proliferation of
functional wvascular progenitor cells and/ or

genomes.
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Figure 2.8: Vascular endothelial immmohistochemistry of CF8RGL1 fl/fl and BRG1
embryos at E9.Flateletendothelial cell adhesion marker (PECAM, CD31) immunostaining
reveals comparable intensity and integrity of vascular structure immunolabeling between
CreBRGL1 fl/fl and BRG1" embrycs.

Identification of genes regulated by BRG1 in early development.o gain molecular

insight in early developmental growth arrest in BRG1 mutant embryos we performed global
gene expression analysis. From comparative microarray analyses of mRNéAnfiresited

and tamoxifertreated CreBRGL1 fl/fl E8.5 mice, statistical analysis identified 4,819 probes
as differentially expressed genes (DEGSs) between the treated and untreated E&hictice

were not significantlgifferentially expressed or clustered E7.5(Fig 2.9).
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Figure 2.9 Gene expression profile in BRG1 mutantsinduced genes are indicated in
shades of red, and repressed genes are indicated in shades of green (A). DEG clusters
unapparent at E7.5; prominent clustering at E8.5.
As expeotd BRG1 was significantly dowegulated in treatedRG1Y%) embryos To
further evaluate DEGs, we used abs (fold change) >=2 and nommhlg <= 0.05 to define
DEGs. We found 476 BGs, of which 206 genes wereragulated and 269 genes were
downregulatel. Additional pathway analysis of #pgulated genes revealed networks
associated witlkeell cycle regulationgell death and survival, ceib-cell signaling, cellular,

tissue, and embryonic development. In contrast, top networks of cemutated genes ar

associated with DNA replication, recombination and repair, developmental disorder, and
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cardiovascular system development. Thisher supportshat BRG1 is a critical molecule of
molecular pathways control genomic stability and developmental pro@ssesnfirms the

temporal BRG1 deletion event

BRG1 deletion altered senescence responsive gené&s.explore the molecular basis of the
BRG1 ablated embryo phenotype we performed ingenuity pathways analysis of DEGs in
BRG1 E8.5 mutant embryo#/e found tlat several genes associated with cell cycle

1d/d

regulation, proliferationapoptosisand cell adhesion were misregulatedRG1™™ embryos

and associated with top functional networks (Ri@0).
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Figure 2.10: Pathway analysis in E8.5 Brgl mutantdnduced genes are indicated in
shades of red. Functional +#B&NtFwgr ks correl ate

The p53 pathway is a key regulator of cell cycle arrest and apoptosis,wdsdhe most
upregulated pathway BRG1 mutants (Fi@.11). This result sggests that the phenotype of
BRG1Y? early embryosnay bedue to altered expression of senescence response pathway

genes, which trigger BR1-related biological effects.
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Figure 2.11: Pathway analysis in E8.5 Brgl mutantdndividual genes withircell arrest or
deathpathway, particularly those enriched for p53, are upregulated.

While cellular senescence is induced by a wide variety of condition, we chose to
analyze the genes required for cell adhesion, cytoskeleton, the DNA damage response, cell
cycle rggulation, apoptosis and those that contribute to the senescence response pathway,
specifically, TP53 (+2.01), Cdknla (+4.04), Gadd45b (+3.2), Pidd (+2.01), Perp (+2.01), Fas
(+2.9), Cdkn2a (+5.6), Clolai3(45), Rad51 (+2), Rad181(8), Chek2 (+2.4), Cdw

(+2.3), Cdkn2b (+8.7), and Cdk20 (+3) that have shown to be significantly altered in
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BRG1Y? embryos by microarray analysis. A complementary quantitati’?®R was used
to validate expression of the senescence responsive geBR&It® vs. CreBRG1 1/l
embryos.Theexpression of p53, Cdknla, Cdk20, Cdkn2b, Chek2, Radl, Gadd45b, Pidd,

Perp, and Fas we elevated while Rad21, and Cal is attenuated BRG1

embryos
compared to CHBRGL1 fl/fl embryos (Fig2.12). These results further suggest that the
phenotype of E9.BRG1¥? embryos is due to altered expression of senescence response

pathway genes leading to developmental growth arrest.
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Figure 2.12 Quantitative PCR analysis of mRNA expression of the indicad genes in
Cre-BRGL fl/fl and BRG1¥® embryos at E8.5mRNA levels normalized to GAPDH; data
expressed as mean + SD.



Discussion:

In this study we have used the-to& inducible gene knockout system to demonstrate BRG1
is required for early posmplantation development, particularly for normal cell cycle
progression and proliferation during the perigastrulation peBRIG1 elimination during
gastrulation (E6.5) results in developmental growth arrest and embryonic mortality by E9.5.
BRG1 mutant embryosxhibit several gross morphological defects and are smaller in size
compare to control littermatesHistologic analysi®f BRGT'@embryos revealed a variety

of anatomical abnormalitiesSubsequent quantitative PICR and immunohistochemistry
revealedchanges in expression patterns of several genes related to proliferation and
apoptosis, both critical processes in development.

BRG1 is expressed uniformly throughout the whole embryo and in-extbayonic
tissues.This suggests that BRGL1 is globally required during developniehas been
demonstrated that complete germline deletion of BRG1 results preimplantation I¢f)ality
Blastocystgrogressing to the stage displaying inner cell ma€sA) andtrophoectoderm
(TE) do not survive in vitraunder conditions of BRG1 deleti¢f). CreloxP approaches
have shown the involvemeat the BRG1 complex and its subunits in organogenesis and
mortality due to germ line deletion of BRG1 hinele the analysis of global gene function at
later developmental time points. This study sought to bridge this gap by analyzing BRG1
expression and loss of function in the later perigastrulation developmental pa&teldave
recently demonstrated quantite mRNA expression levels of BRG1 in the early post

implantation embryos and in the heart, head and trunk of the E8.5, 9.5 and 10.5 embryos,
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demonstrating uniform levels in early embryos; levels are higher in the embryonic head and
trunk compared to thieeart in early organogenesdata not shown Consistent with mRNA
expression patterneereBRG1 protein expression patteraeevenly distributed irthe
whole embryo and extraembryonic tissu&he previously described early embryonic death
was overome by utilizing the tamoxifen inducib@re-loxP system to globally ablate BRG1
function beyond preimplantation developmefite inducible systerallowed us to elucidate
novel BRGXnull associated effects in early pastplantation development, including
several defects and retarded growth resulting in complete developmentabaEess.

The data included herein suggest several pathways for the observed developmental
arrest at E9.5The epiblast of thBRGT"® embryos develops normally and the forroatof
three germ layers proceeded through gastrulatitmwever, postgastrulatidBRG 1/
embryos were smaller in size and there was a decrease ofotiééirption and cell viability.
Deletion of BRG1 does not affect survival or proliferation of fittasbcells(9), suggesting
that BRG1 plays a more complex role than that of a simple, general cell viability factor.
BRG1 mutants display increased cell death in the embryonic ti€slrilar proliferation
rates are not compensatory and consequently, embryos are growth refgrtherr most
advancd state, early organogenesis stage BRG1 mutant are morphologically anomalous and
degeneratingDespite the growth deficiency and abnotieael of programmed cell death at
E8.5, BRG1 mutants proceeded to improper organogengdachment of the allantois to
the chorion was observed and extraembryonic mesoderm structures, including proamniotic
fold, chorion and allantois, developloweve, the observed development of these tissues

was suboptimagrossly
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The extraembryonic tissue and endoderm serve a number of functions critical for the
proper development of the conceptdey play roles in embryonic patterni(®6, 37) and
supplying nutrients to the embryonic tissue by synthesizing serum components and
endocytosing maternal macromol ecul es that ha
the parietal yolk sac cavi(8). Adjacent the extraembryonic ectoderm, polarization of the
columnar visceral endoderm cells allows the activity of the maosomes and microvilli at
t he c el [Tle@nomgbds obsesved in the extraembryonic and visceral endoderm of
the BRG1 mutants suggest a requirement of BRG1 in extraembryonic tissue and visceral
endoderm differentiation and functiolefects in ekxaembryonic tissue and visceral
endoderm of the BRG1 mutants may interrupt the nutritional link between the visceral
endoderm and the adjacent ectoderm, resulting in proliferation defects in the embryonic
ectoderm.The combination of ectodermal cell deand histological defects in visceral
endoderm at gastrulation stages previously have been reported in various mouse mutants
including thehuntingtin hnf4andZfr mutants(2, 39, 40). Inactivation of BRGL1 results in
several embryonic histological defects suggests that BRG1 absolutely required for embryonic
growth and survival.The combination of defects in the neural fold and heart highlight the
broader function of BRGL1 in differentiation of various cell types consistent with the previous
reports showing BRGL1 is required for vertebrate neurogenesis and heart fol@hBti@.

BRG1 proteins highly expressed and ubiquitously distributed in extra embryonic and
embryonic tissue, suggesting BRG106s involven
(34). The increased cell death and proliferation defects may be responsible for the

developmental course seen in BR@tants. The developmental arrest shown by BRG1
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mutant embryos may be eventuated by the abnormal cell proliferation and DNA damage, and
subsequent enhanced apoptotic cell death detected in gene expressioDassfdpmthe
TUNEL assay showed that BR@#&Iletionwas associated witbrogrammed cell death.
Thesedata suggest that apoptosis induced by lost expression of BRhave been
triggered by activation of the p53 pathway, which overcomes thepogitotic action of Rb.
Investigation of global gne expression analysis by microarrays identified several genes
involved in cell cycle control and DNA surveillang@®1(+4.04)andTP53(+2.01),whose
expression significantly changedBRG1 mutantsKig 2.19. Growth arrest is likely
associated witmicreased expression of p53 and Rb, known effectors of Brgl biological
activity. Additionally, genes related to p53 and Rb pathways such as Rb2/p130 and the CDK
inhibitors p21cip and p27kipl, play a role in cell cycle arf42. Complementing
microarray analysis, quantitative FAICR showed many genes misregulated in BRG1
mutants suggestinghe BRG1mutant phenotype is the resaftdisruption in the
transcriptional network regulating genomic integrity during developm@arroborating
changes in RNA expression, immunohistochemistry of marker genes of apoptosis, and DNA
damage and proliferation showed different patterns of expresli@merous roles for ATP
dependenthromatin remodelingomplexes in almost every cdln differentiation event
have been reportgd5). Thus, homogeneous expression of the BRGL1 in early development
suggests that BRG1 is essential for multicellular differentiation and likely regulates genes of
varying molecular pathways.

Cardiovascular circulation is critically required for embryonic growth, which is

initially formed inBRG " embryos but aberrant in later developmehithough
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vasculogenesis occurred, we observed cardiovascular def&iSifi’® embryos. The
exponental embryonic growth requires continuous nutritional supply from mother to fetus
through circulation.Vascular abnormalities were observed in BRG1 mutants, which were
followed by embryonic mortality34). Normal PECAM staining of individual vessel in
BRGT" embryos suggests normal formation of vessels initially, however, the decreased
number in the embryos further suggests a proliferatedact. The numerous phenotypic
changes related to neural tube defects, cardiac structure malformation and ectopic cell
proliferation observed in the BRG1 mutant are consistent with previous findings describing
BRGL1 function in neural development, heatvelopment, ES ceflel-renewal primitive
deletion of BRG1 suggest that BRG1 is universally required for complex processes of early
embryogenesisLoss of BRGL1 results in multiple defects, leading to embryonic death.
Using a tamoxifeAnducible crelox systema temporal and global BRG1 functional
requirement in perigastrulation period was observed, revealing BRG1 as a key regulator
simultaneously involved in multiple development programs required for proper

embryogenesis.
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CHAPTER 3: Deletion of the Brgl Chromatin remodeling Factor Confers Sensitivity to

Doxorubicin Cardiotoxicity in Mice

This content of this chapter is in the form required by the Society of Toxicologic Pathology
for submission to their peeeviewal publicationToxicologic Pathology The research
conceptwas devised by Michael C. Boyldhe animal experiments wellesignedy

Michael C. BoyleDavid E. Malarkey, and Trevor K. ArcheiThe molecular biology
experiments were performed Michael C.Boyle and Jackson A. Hoffmarirhe microarray
analysis was performed Bames P. Wardackson A. Hoffmanand Michael C. Boyle The

manuscript was written bylichael C. Boyle
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Deletion of the Brgl Chromatin Remodeling Factor Confers Sensitivity to Doxabicin

Cardiotoxicity in Mice

Abstract

Doxorubicin is one of the most effective anticancer medicines currently available, however,
chronic usenaycause cardiomyocyte damage leading to heart failure. The precise
mechanisms responsible for cardiotoxicity are still unknown paegentativeadjuvant

therapies and alternative formulations are limited both in number and effichey.

chromatin remodetig factorBrgl, a known required factor in cardiovascular depeient

and disease, may play a role in doxorubicin cardiotoxicity.

In this study, we utilized a tamoxifenducible transgenic mouse model to knock out
the ATPase domain of Brgl in adult matce. Brgl WT and Brgl KO mice were then
subjected to a teweek repeatose doxorubicin cardiotoxicity study to emulate that used in
the clinical setting.Microscopic analyses confirmed the presenadoabrubicirassociated
lesions in treated mi¢cénduding cardiomyocyte degeneration, vacuolatemd
mitochondrial degeneration andstolysis; lesions weralsoobservedo a lesser degree
untreated Brgl KO miceAnalysis of serum biomarkers of cardiac injilyl3 and FABP3
correlated with the dege of Brgl deletion in Brgl KO mice.

This study elucidated a protective effect of Brgl in normal cardiac homeostasis. It
also revealed a potentiation effect of Brgl deletion in doxorubicin cardiotoxicity in a-repeat

dose toxicity mouse model.
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Introduction:
Heart disease is the number one killer of Americans, even more so than cancers; combined
they contribute to 50% of the mortality in tbkmited States (Seigel et al. 2013)he
cardiotoxicity suffered by those requiring doxorubicin chemottteydor cancer ironically
bridges the most common morbidities in Ameri8awyer 2013). Anthracyclines are not the
only successful and important chemotherapeutic class to have cardiotoxic side effects; indeed
the tyrosine kinase inhibitors have been ircgoied as well(Slordal and Spigset 2006,
Lavertyet al 2011, Cheng and Force 2010)here are multiple agents causing
cardiotoxicity, and multiple molecular mechanisms described contributing to the
myocardi umds del et er s, getihss broad Belul of mesearchtleaves h e s e
gaps in our understanding. For instance, investigation into the roles of chromatin remodeling
enzymes in doxorubicin cardiotoxicity, such as the master regulator Brgl, have not been
described despite their critical relen cardiovascular development and homeostasis, and
therefore, diseagéiang et al. 2010)

Doxorubicin (trade name Adriamycin) is an anthracycline antibiotic isolated from the
bacteriumStreptomyces peucetius caegi@scaAlonso et al 2012, Carvalho dtz2013). It
is used as a cancer therapeutic for a wide range of epithelial, mesenchymal, and round cell
neoplasms, including breast cancer, Kaposi
and Russell 2011). Its efficacy against tumor cells is mostipatiid to its ability to
intercalate DNA, however, induction of ROS, DNA strand breaks, apoptosis, growth arrest,
and DNA helicase disruption are also potential contributors (Carvalho et al 2013, Octavia et

al 2013%, Tacar et al 2013). These mechanism&laso been implicated in the toxicity of
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doxorubicin in the heartvhichhas been reported tause heart failure in approximately 5
55% of patients receiving clinically relevant dos@thin months, years, or decades of
cessation of therap¥Dctavia et al 2012I5hi et al 2011Singal and lliskovic 1998

Doxorubicin chemotherapy is indicated for a variety of tumors from lymphoid tumors
in adolescents to epithelial tumors that develop in the miaigbel and elderly. &razoxane
and other adjvants have been investigated for their ability to reduce the toxicity of
doxorubicin when administered to this large and variable patient popul@inamib and
Burnett 2002Schunke et al 2013, Jin et al 2013, Chen et al 2007, Wang et al 201S8).
research into alternative or adjuvant therapies or paradigms is necessary due to the
cardiotoxicity that is a risk factor with doxorubicin administration, including when
administered in treatment protocols using therapies of other modalities, such asrtrastuzu
in HER2 positive breast cancer patients (Cheng and Force 2013, Klein and Dybdal 2003).
Currently, mechanisrbased solutions are the most promising hope for decreasing morbidity
in a population that is continually gaining remission time and therefore susceptike to
the hazardous sequela of some of the most effective chemotherapies. In fact, the discipline of
cardiconcology is partly the result of unmet needs in this investigative area (Moslehi et al.
2013).

Brgl, or SMARCA4, ATPases an essentiaubunitof the SWI/SNHisotype
SWitching/Sucrose NeRermenting)ranscriptional coregulator (Trotter and Archer 2008).
Brgl has myriad roles in cardiovascular development and disease (Hang et al. 2010, Ho and
Crabtree 2010). Areturn to the fetaranscriptomeis a common paradigm in

cardiovascular research as the de facto response to injury (Oka et al. 2007, Rajabi et al.
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2007). In a variety of test systems, Brgl has been shown to be involved in the regulation of
numerous genes and pathways evidemodels of doxorubicin toxicity (Li et al. 2013, Xu
et al. 2013, Sena et al. 2013, Kang et al 2004, Leung and Nevins 2012, Du et al. 2012).
However, previous reports indicated that Brg1l is not required for adult tissue homeostasis
(Hanget al.2010, Bultmanet al.2008).1 nvesti gati ons into Brglos
prevention of doxorubicin cardiotoxicity may elucidate additional roles of Brgl in gene
regulation and open the door to a novel mechanism of toxicity prevention.

The current studwasaninvestigation to find novel links amongst the various
pathogeneses of doxorubicin cardiotoxicity involving the Brgl chrommatimodeling
complex. These studies have the potential to reveal mechanistic information regarding new
targets for decreasing the toixycof a widely-used cancer therapy that causes significant

morbidity under its current uses.

Materials and Methods:

Institutional Compliance Statement:

All animalswere houseth AAALAC -accredited animal facilities. All animal procedures
were conducteth compliance with the Animal Welfare Act Regulations, 9 CFR 1All
animalswerehandled and treated according to @de for the Care and Use of Laboratory
Animals, & ed (ILAR). Animalsweremulti-housed (breeding pairs or trios, up to 5
weanlirgs housed by sex) in 17 cm wide by 28 cm long and 13 cm high (478&rea)

polycarbonate cages with microisolator tops. Caga®supplied with absorbent heat
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treated hardwood bedding (Northeastern Products Corp., Warrensburg, NY)wehéch
changed twge weekly. Animalsverefed Purina Rodent Diet No. 50@d libitum
(Breeding). The dietwasroutinely analyzed for nutritional components. Reverse osmosis
treated tap watewassuppliedad libitumin polycarbonate water bottles with stainless steel
sippe tubes, whiclwaschanged once weekly.

Animal room temperature rangesskept betweer20 and 28C, with a relative
humidity of 30-70%. . Animalswereexposed to a XBour light cycle followed by a *Rour
dark cycle. For enrichment, cotton fiber nest(@tscare Corp., Bellmore, Nyvassupplied
to the animalsd libitum

The NIHOGs ARAC Guidelines for Endpoints i
sectionwasfollowed for all animals. Any test animals experiencing minimal or transient pain

or distressvere evaluated and/or euthanized.

Drug formulations and administration:

Tamoxifen citrate (Sigm&ldrich) will be dissolved in corn oil for dosing at 75 or
100mg/kg; total dose volume is-A@0 uL in corn oil. Pharmaceutical grade doxorubicin
hydrochloride(SigmaAldrich; 98-102% by HPLC)wasdissolved in 0.9% sterile saline for

dosing at 4mg/kg; total dose volumas100 uL.
Selection of Animals:
Tamoxifen toxicity testing:

B6.129Gt(ROSA)26SHPCERTATY) mice containing a CHER' cassette (shorthand:

82



ROSA-cre/ERT2) were crossed with B6.12964ROSA)26SdP"**°1J mice containing a
polyA sequence (STOP sequence) flanketbll sites (shorthand: ROS#top) (Soriano

1999, Ventura et al 2007). Tamoxifen toxicity testing was perfdnmenmated mice,
beginning with a tamoxifen citrate (SigrAddrich) intraperitoneal (IP) dose level of 225
mg/kg body weight. To distinguish potential Cre toxicity from possible tamoxifen toxicity,
and to establish a lowest observed adverse effects(l€VAEL) and a no observed adverse
effect level (NOAEL), unmated adult ROS#0p animals (without Cre) were dosed IP with
225, 150 and 100 mg/kg of body weight tamoxifen (10 ml/kg dosing volume). Animals
received a total of two injections over two conge® days. Body weights were collected
prior to dosing and weekly for a total of 3 weeks (the length of time needed for a mother to
raise a litter). Animals were observed daily for health effects. Mice receiving the 225 and
150 mg/kg dose levels werelast found dead or were euthanized as moribund. Mice
tolerated the tamoxifen dose level of 100 mg/kg for two consecutive days without evidence
of tamoxifen toxicity on weight gain or tissue morphology. Having determined the LOAEL
to be 150 mg/kg, and ti¢OAEL to be 100mg/kg in this study, 100 mg/kg of body weight
tamoxifen citrate was selected as the maximum dose to be used in future studies.

Cre recombination evaluation:

ROSAcre/ERT2 mice (B6.12Bt(ROSA)26SdMCERTAT 3) were bred with ROSAtap
reporter mice (B6.129S&t(ROSA)26Sdl"**°1J). Pregnant females were dosed with 100
mg/kg tamoxifen on different embryonic days and fetuses were collected for measuring B
galactosidase activity in the double transgenic embryos (B6.1@9RDSA)26SdP=°7J

Tg(B6.129Gt(ROSA)26SdI" CERTATH) 55 5 measure of Cre recombinase activity as
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previously described (Loughna and Henderson 2007). RO&KRT2 x ROSAstop

double transgenic embryos exhibited ubiquitous strong posatbzestaining while tleir
ROSA-stop embryo littermates showed negative staining at various developmental stages
(data not shown). Significant Cre activity was absent in adults in crossings of B6;128S2
Smarcad™ “IMmnc mice (shorthand Brgl fl/fl) with B6.120t(ROSA)26SEFLEeERTATY
mice (data not shown). The B6.0g(CAG-cre/Esrl*)5Amc/J mouse (shorthand: CAG
Cre/Esr1*) contains a CER™ cassette system driven by a CMV immediaely enhancer
coupled with a chicken-actin/rabbit Bglobulin hybrid promoter was seleed for adult cre
recombinetic studies (Hayashi and McMahon 2002). Fewatuation of Cre recombinetics
and comparison to concurrent Cre studies, Male @X&Esr1* mice were crossed with
female B6.129S4Gt(ROSA)26SdP"*°1J mice; two pregnant femalegere administered a
single IP 100 mg/kg tamoxifen citrate dose on embryonic day 6.5 (E6.5) for collection at
E9.5. Two pregnant females were administered IP tamoxifen citrate doses of 100mg/kg once
daily on E12.5 and E13.5 for collection at E15.5. Twdigahal pregnant females were
allowed to pup; at seven weeks of age F1 pups were administered 75mg/kg tamoxifen citrate
IP once daily for five consecutive days. F1 offspring of the Male @A&Esr1* mice

crossed with female B6.12983t(ROSA)26SdM°/J mice dosed at 7 weeks of age were
euthanized at 9 weeks of age. Hearts from these mice were frozen inTe¢RIOCT

media (Electron Microscopy Services, Inc.), sectioned at 5um, and mounted on pesitively
charged glass slides for evaluatingg8lactosidse activity as a measure of Cre recombinase
activity as previously described (Loughna and Henderson 2007). B6:129S4

Gt(ROSA)26SdM=°1J Tg B6.129Gt(ROSA)26 S CERT Ntetyses treated in utero were
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collected for evaluating Balactosidase acity in whole mounts as a measure of Cre

recombinase activity as previously described (Loughna and Henderson 2007).

Genotyping:

For BRG1 genotyping, three primers were used to amplify wild type (241bp PCR product),

floxed (387bp PCR product) and deleted3Bp PCR product) BRG1 alleles;P1
GTCATACTTATGTCATAGCC, P2 GCCTTGTCTCAAACTGATAAG, P3
GATCAGCTCATGCCCTAAGG (REF). For -Cre genotypi
GCGGTCTGGCAGTAAAAACTATG3 6) and the reverse (560
GTGAAACAGCATTGCTGTCACTT3 0 ) pr i mer wampsficatioh éSdmif or PCR
Ichinose et al 1997). Genomic DNA was obtained by phenol extraction of DNA from tail

tips obtained postmortem as previously described (Koh 2013).

Doxorubicin dose level justification:

Conversion of dose levels reported by Friedreeal. (JAMA 1976) to cause cardiomyocyte
vacuolation, #tubule dilatation, and intrasarcoplasmic swelling using the Center for Drug
Eval uati on a n cEstiRatisgahe maximonssafg startidgedose in initial
clinical trials for therapeutics in aduhiealthy volunteer€CDER 2005), allowing for
construction of a repeaose toxicity paradigm, yielded a fiveeek protocol with twice
weekly 4mg/kg IP doses of doxorubicin hydrochloridie a pilot study3 Adult male Cre
Brg1 floxed mice (B6.Cg g(CAG-cre/Esr1*)5Amc/J Tg B6;128S8marcad™ “IMmnc)

and 3 adult male Brg1 floxed mice (B6;128Starcad™ “TMmnc) were given 75 mg/mL
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tamoxifen citrate IP once daily for 5 consecutive days. Following a two week recovery
period to allow for recombination, o were administered 4mg/kg doxorubicin IP twice
weekly for 5 weeks (cumulative dose: 40mg/kg; ~180mMp(MDER 2005, Desai et al.

2013). Bright field and electron microscopic examination of myocardial tissue from treated
animals revealed more widespread] severe lesions in CB¥gl floxed mice than Brgl

floxed mice, including cardiomyocyte vacuolatiotubule dilatation, and intrasarcoplasmic
swelling (data not shown), similar to that describedrbgdman et aland reported herein

and by other grougp(Friedman et al. 1978, Desai et al. 2013).

Experimental design:

To detect a Zold increase or decrease in RNA expression with at least a 90% power
assuming expression is legprmal distribution, 5 animals per group were required for
biochemical analyss (Table3.1). Five animals per group were also required for similar
histopathologic and protein analyses, respectively; a total of 15 animals per treatment group

were utilized for thistudy.

Table 3.1: Treatment Group Designations and Dosage Levels

Group# | Shorthand Genotype A?\?rhglfs gggneoif‘?; Doses
1 Brg1 WT B6;12852-Smarcad™ ™ " /Mmnc 15 75 mg/kg 5
2 | o |FomgE| | s
s | oo [Pemee |
s | wivoro [PmgE | e | rmots
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Thirty adult male CreBrgl floxed mice (B6.Cg g(CAG-creEsrl*)5Amc/J Tg
B6;128S2Smarcad™"“YMmnc) (Groups 2 and 4) and 15 adult male Brg1 floxed mice
(B6;128S2Smarca¥d"“YMmnc) (Group 1) were given 75 mg/mL tamoxifen citrate IP once
daily for 5 consecutive days; 15 CBegl floxed mice (B6.Cg g(CAG-cre/Esr1*)5Amc/J
Tg B6;128S2Smarcad™"“YMmnc) (Group 3) received an equal volume of sterile saline
(~60-100uL) as a vehicle control. Following a two week recovery period to allow for
recombination, Group 3 and Group 4 mice were administered 4mg/kg dainrubi
hydrochloride IP twice weekly for 5 weeks; Groups 1 and 2 received an equal volume of IP

sterile saline (100L) as a vehicle contr¢Figure3.1).

Daily Necropsy
Tamoxifen
dose (X5) Biweekly Doxorubicin doses (x10)

W, JTIiIpiTd

|
1 2 3

@ "

Weeks 5 6 7 8 85
\ )\ J
1 1
Qe Cardiotoxicity
Induction Induction
Period Period

Figure 3.1: Brgl KO repeatlose doxorubicin cardiotoxicity study design. Animals receive
five 75mg/kg tamoxifen doses for cre induction. After recombination, animals receive
4mg/kg doxorubicin twice weekly for 5 weeks.
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In-life observations:Mice wereweighed before injections, every 24 hours during treatment
periods, and at the time of euthanasia. The ARAC Guidelines for Endpoints, Morbidity
sectionwerefollowed, including, but not limited to, the clinical signs described in section 1b
(i.e. Rapid o progressive weight loss, edema, sizable abdominal enlargement or ascites,
progressive dermatitis, lethargy or persistent recumbency, coughing, labored breathing, nasal
discharge, jaundice, cyanosis, and/or pallor/anemia, neurological signs, bleedi@gyrom

orifice, seltinduced trauma, any condition interfering with eating or drinking, ambulation, or

elimination, excessive or prolonged hyperthermia or hypothermia).

Euthanasia and Blood collection:

Euthanasiavasaccomplished using GQ@sphyxiation folbwed by decapitation according to
the NIEHS "Guidelines for Euthanasia” and using a meteredi@® The abdominal aorta
wasrevealed via midline thoracoperitoneotomy, and blood removed from the abdominal

aorta using a-5cc syringe with a 28auge neeél

Necropsy and Heart Weights:

Upon termination of aortic exsanguination, the heasquickly excised and weighed.

From all groups (#), 5 animalsveredesignated for histopathology, 5 for protein analyses,
and 5 for RNA analyses. For histopathol@gymals, at necropsy hearts wéxed in 10%
neutratbuffered formalin. For the protein animals, at necropsy hearts were snap frozen in
cryovials in liquid nitrogen and stored-80 degrees Celsius. For the RNA animals, at

necropsy a 1mm thick secti@h myocardium including atrium, valve, and ventrialas
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removed from each heart and fixed in a modif
2.5% paraformaldehyde in 0.1M PBS). The remaining RNA heart tissue was minced and

snapfrozen in approximatel§700uL RNALater (Qiagen).

Histopathology and electron microscopy:
Histopathology:
For histopathology animals, hearts wéxed in 10% neutrabuffered formalin for 24 hours,
dehydrated, embedded in paraffin, sectioned at 5um, and mounted on pbstiged glass
slides for hematoxylin and eosin (H&E) staining. H&E stained slides were independently
and blindly examined bg pathologist for the diagnosis and severity of
ADegeneration/ necrosis, Cardiomyocyteodo using

1 Grade 0: Lesions absent

1 Grade 1: >010% of the tissue section affected.

1 Grade 2: >1@5% of the tissue section affected.

1 Grade 3: >2040% of the tissue section affected.

1 Grade 4: >40% of the tissue section affected.

Electron microscopy:

From RNA animals, a 1mm thick section of myocardium including atrium, valve, and
ventricle was fixed i n alutaraldehyflej2580 Kar noskyos
paraformaldehyde in 0.1M PBS) for-Z2 hours at 4 degrees Celsius before being rinsed in

buffer, postfixed in cacodylatédouffered 1% osmium tetroxide, stained in 2% aqueous uranyl
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lead acetate, dehydrated, and embedded in Polybe@P8l&ciences, Inc.). Thick sections
(0.5um) were stained with 1% toluidine blue in 1% sodium borate. A subset of ultrathin
(180nm) sections cut from a subset of thick section traps were placed on mesh copper grids,
stained with 5% uranyl acetate and Relgls lead citrate, and examined using a Tecnai 12
transmission electron microscope (FEI). Approximately 10 grids per animal were examined
and photographedmages were analyzed for lesions typical of doxorubicin cardiotoxicity

and correlative to clinidautcome in humans as previously described (Berry et al. 1998,

Bristow et al. 1981Billingham et al. 1978

Cardiac biomarker analysis:

Approximately 70 eL of serum from al/l RNA
-80 degrees Celsius untiiie of measurement. Serum levels of fatty acid binding protein 3
(FABP3), myosin light chain 3 (Myl3), cardiac troponin | (cTnl), and cardiac troponin T
(cTnT), were measured using the Meso Scale Discovery (MSD) Cardiac Injury Panel 3 kit
(Meso Scale Disogery) and SECTORTM Imager 2400 electrochemiluminescence detection
platform [Meso Scale Discovery (MSDTM), Gaithersburg, MDhis kit has been

optimized in our laboratory for the analysis of both rat and mouse sera (data not sAswn).
per ma n uspeciidatioms.ehe bnsts of quantification were set as percent recovery at
100+£25% and the & coefficient of variation (CoV) of the calculated concentration was
<20% (mesoscalediscovery.com datasheet). Individual measurements, group, or assay
resultsoutside this range and/or below the limit of detection set by the standard curve were

excluded from these analyses.
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Protein analysis:

Hearts frozen ai80 degrees Celsius at necropsy were processed for nuclear and cytoplasmic
protein extracts using the lPte NEPER kit (Thermo Scientific) following the
manufacturero6s 1 nstr uc thufeeredsalibeywititlk a wi ng i n 1x
Phenylmethanesulfonyl fluorid®MSF, SigmaAldrich) and 1x HALT protease inhibitor

(Thermo Scientific). Nuclear proteinisatat wer e prepared foll owing
instructions for nuclear protein isolates from whole mammalian tissue. Gel electrophoresis

was performed using an#¥2% trisglycine gel (Novex). Protein was transferred to a PVDF
membrane (BioRad Immunoblot)Vestern blotting was performed using afalsed rabbit

antFmouse Brgl polyclonal antibody directed at the HSA and BRK domains at a

concentration of 1:5000 and a rabbit anbuse Lamin A and C monoclonal antibody (Santa

Cruz Biotechnology, HL10, se20681) at a concentration of 1:1000.

RNA analysis:

Hearts minced and frozen in RNALater (QiagenBétdegrees Celsius at necropsy were

thawed on ice and homogenized in Trizol (Invitrogen) using a Tissue Tearor Homogenizer
(Biospec Products, Inc.). Homogenates were then processed with the Qiagen RMeasy M

kit following the man wdsé&aated from wholke hearts ;1flrizal ct i o n
(Invitrogen) using a Superscript Ill Reverse Transcriptase (Invitrogen) to synthesize cDNA

from 2 ug of RNA, and redlme PCR was performed with Brilliant IBYBR Green Master

Mix (Agilent) on a Stratagene Mx30008& evaluation of Brgl expression levels
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Statistical evaluation:
Statistical analyses were performed using Microsoft Excel and VassarStats software (Excel

2008; Lowry 2013).
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Results:

Genotyping and Protein Analysis

In order to minimize variability in the experiment due to the relative contribution of gene
deletion group animals not undergoing a deletional event, genotyping and protein analysis of
representative tissues from experimental animaistine performedAdditionally,

expression or lost expression of the gene(s) of interest in the tissue(s) of interest must be
demonstrated to additionally decrease the concern of variability between animals within a
particular group.

Two pregnant femalesere administered IP tamoxifen citrate doses of 100mg/kg once daily
on E12.5 and E13.5 for collection at E15.5. Two additional pregnant females were allowed to
pup; at seven weeks of age F1 pups were administered 75mg/kg tamoxifen citrate IP once
daily for five consecutive days. F1 offspring of the Male GA@/Esrl* mice crossed with
female B6.129S4Gt(ROSA)26Sdl"*°1J mice dosed at 7 weeks of age were euthanized at 9
weeks of age. Hearts from these mice were frozen in Fibsk® OCT media (Electron
Microscopy Services, Inc.). B6.129&4(ROSA)26SdM"°/J Tg B6.129

Gt(ROSA)26SdM CeERTNfatyses treated in utero and F1 adult hearts treated at 7 weeks of
age wer e col | e egtlectdsidase activitg @sing wholé mognpd stainimg

as a measure of Cre recombinase activity as previously described (Loughna and Henderson

2007). Strong Cre activity was present at all stages examined (Bigar&).
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Figure 3.2: X-gal staining of mduced embryos and adults Lack of stalnlng IS pmasen
control embryonic day 9.5 (E9.5) whole embryd24), E15.5 heart3.2C) whole mounts,
and 9 weelold mouse heart frozen sectiol®s2E). Positive indigo staining is present in €re
ROSA E9.5 whole embry@(2B), E15.5 heart3.2D) whole mounts, and @eekold mouse
heart frozen section8.2PF. X-gal stained section without nuclear fast counterstaizG).
Nuclear fast red counterstaid.2E, 3.2F. 3.2A-D, original dissecting microscope
magnification objective 5X3.2EG, original brighfield microsopemagnificationobjective
20x.

Results of genomic PCR of hearts fr&®.Cg Tg(CAG-cre/Esrl*)5Amc/J Tg B6;128S2
Smarcad™"*YMmnc (CreBrgl floxed) micerevealed a >60% recombination efficiency in
Cre-Brgl floxed mice withnduced Cre recombination (kige 3.3A). Realtime PCR of
samples from Groups4 revealed an approximately tviold decrease in Brgl mRNA
expression relative to GAPDH in Brgl KO animals (Figi@B). Brgl mRNA exprgsion

decreases translatedpmtein expressiodecreases Brgl KO animals (Figur8.3C).
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Figure 3.3:Brgl knockout evaluation. Genomic PCR revealed a >60% recombination

efficiency 3.3A). rt-PCR of Brgl mRNA revealed a significant decrease in Brgl mRNA

expression in Brgl KO mice with or without doxorubitieatment 8.3B). Western blotting

for Brgl protein revealed a decreased protein expression in Brgl KO mice with or without

doxorubicin treatment3(3C).
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Necropsy, Body and Organ Weights:

Gross analysis of experimental animals is necessary to identidyrallities representative

of potential effects not anticipated at the time of experimental design, in addition to the
expected effects of the treatment. This is includes visual inspection of the carcass at
necropsy, and careful examination of all orgaoislimited to those with expected effects.

Body weight measurements may be used to identify differences between groups due to
treatment(s) in the experiment, and may identify individual animals within a treatment group
more severely or less severely atéztthan others in the group which may lead to difficulties

in statistical analysisOrgan weights may also be used to identify differences between

groups or within groups. However, some organ weights may have change concomitant to
body weight changed-or example, an animal may have a decreased liver weight without a
direct toxic effect damaging hepatocytes demonstrated; this liver weight change may simply
be due to inanition and decreased organ weights from decreased growth associated with less
nutriert intake. For these circumstances, organ weight to body weight ratios are used to
show a relative status of the organ weight. Less biased methods of evaluating organ weights
include performing organ weight to brain weight ratios, as brain weight ishthouge

relatively insensitive to the decreased growth of organs that accompanies inanition and many
toxicities.

No significant gross cardiovascular abnormalities were observed upon necropsy. Brgl WT
animals consistently gained weight throughout theystBdyl KO animals gained weight

poorly upon Brgl deletion; Brgl KO animals continued to gain weight poorly whereas Brgl

KO + Dox animals began losing weight upon institution of the doxorubicin cardiotoxicity
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protocol. Brgl WT animals continued to gainigie throughout the study whereas Brgl

WT + Dox animals began losing weight upon institution of the doxorubicin cardiotoxicity
protocol (Figure8.4A). Overall percent body weight gain progressively decreased across
groups with Brgl WT animals exhibitinge greatest percent body weight gain throughout

the study, Brgl KO animals having no net percent body weight gain, and both Brgl WT and
Brgl KO animals treated with doxorubicin exhibiting loss from the study start (RgLBg

heart to body weight ratsowere not significantly different between Brgl WT animals with or
without doxorubicin treatment, or between Brgl KO animals with or without doxorubicin
treatment However, Brgl KO animals had significantly increased heart/body weight ratios

over Brgl WTanimals (Figure.4C).
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Figure 3.4:Body and heart weights. Brgl Ki®related tstuntedweight gainupon
recombination (22 weeks); doxorubicin treatment accelerated weight loss (4 weeks) (3.4A).
Percent body weight gains were negligible with BKgl, but decreased with doxorubicin
treatment with or without Brgl KO (3.4B). Heart weights were significantly increased in
Brgl KO mice, with or without doxorubicin treatment (3.4C).

Microscopy:

Microscopic examination of experimental animal tissuearbgxpert trained in comparative
animal histopathology is a common method of investigating the pathophysiology of
experimental treatments on the subject animals. This survey often provides critical

information diagnostic for a disease or toxic progegbhat organ or animal, which can be

used to help explain abnormalities or confirm lack of abnormalities in other laboratory tests.
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Critical to this examination is knowledge of
species, which may confound experingmesults. Several publications describing

background findings in experimental animal species may aid the pathologist in making the
determination of whether a finding is due to
system of that particular anitngtrain and species or whether it may be due to the

experimental treatment. In the case of the present experiment, a strong working knowledge

of the background heart lesions in rodents is necessary in order to differentiate the changes

likely due to thegene deletion event and/or treatment with doxorubicin, and the lesions

associated with Murine Progressive Cardiomyopathy. Lesions of the latter include

cardiomyocyte necrosis, inflammatory cell infiltrates that are predominantly mononuclear in
nature, andibrosis. These changes have a predilection for certain areas of the heart, and
presence and severity of these lesions is generally related to the age of the animal.

Hearts were examined with no threshold for morphologic changes. A single diagnosis of
fiDegeneration/ necrosis, cardiomyocyteodo was U
shrunken, hypereosinophilic myofibers, sarcoplasmic fragmentation, sarcoplasmic

vacuolization, nuclear pyknosis, and/or shrunken myofibldesart sections were peer

reviewal by a second pathologist. No disputes of severity between the two pathologists were
greater than a single grade; in the case of
grade was used. Using the grading scheme described in materials and nhetloods,

incidence within groups, average severities, and standard deviations were calculated (Figure
35A). Lesions were present in Groupd 2Brgl KO, Brgl WHDox, and Brgl KO+Dox).

However,average severity grade of degeneration/necrosis, cardiomymagtsignificantly
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different between Brgl WT and KO animals, and Brgl WT and KO animals treated with

doxorubicin, respectively (Figui@5B).

WT KO WT + Dox | KO + Dox

) Animalsin stud 5 4 5 5
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Figure 3.5: Incidence of degeneration/necrosis, cardiomyocyte (3.5A). Brgl knockout and
doxorubicin treatmentignificantly increased lesion severity grade relative to respective
controls (3.5B).

Lesion character (i.e. type, cells affected) was similar between animals and between
groups, and consisted of primarily vacuolization with fewer shrunken myofibigrsre 3.6).

No significant lesions were observed in sections of liver, lkitmpey, orskeletal muscles

examined from animals of all dose groups
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Figure 3.6: Cardiac histology of Brgl WT (A), Brgl KO (B), Brgl WT+Dox (C), and Brgl
KO+Dox (D) mice.Sarcoplasmic vacuolation (arrows) and fragmentation/degeneration was
observed (arrowheads).

Transmission electron microscopy of myocardium of Group 1 did not reveal abnormalities.
Sections from Groups-2 revealed an increasingly prominent and sevenstediation of

lesions consisting of increased mitochondrial fission/fusion events, varying stages of

mitochondrial degeneration, antubule dilatation and degeneration (FigGre).
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Figure 3.7: Cardiacelectronmicroscopy. Brgl KO+Dox animals ¢(B). Normal

mitochondrial morphology (arrow) and Z bands in register (arrowhead) in a Brgl WT+Dox
mouse (A). Increased size (arrow) and presence of numerous fission/fusion events
(arrowhead) in Brgl KO mice (B). Mitochond myelin figures (arrow) and-fubule

dilation (arrowhead) in a Brgl WT+Dox mice (C)-tdbule dilation and disruption (arrow)

in a Brgl KO+Dox mouse (E). Mitochondrial degeneration and christolysis (arrowhead) and
variable morphologyarrow) in a BrglKO+Dox mouse (F). Magnification of 7A:

11,500x, 13,000x, 9,300x, 4,800x, 30,000x, and 18,500x, respectively.
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