UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Systems Biology Approach to Understanding the Cellular Stress Response and Disease
Mechanisms

Permalink
https://escholarship.org/uc/item/9hv0g4mK
Author

Raghunandan, Sindhushree

Publication Date
2017

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9hv0q4mk
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

Systems Biology Approach to Understanding the Cellular Stress Response and Disease
Mechanisms

A dissertation submitted in partial satisfaction of the

requirements for the degree of Doctor of Philosophy

Bioengineering

by

Sindhushree Raghunandan

Committee in charge:

Professor Shankar Subramaniam, Chair
Professor Gaurav Arya

Professor Marcos Intaglietta

Professor Rohit Loomba

Professor Shyni Varghese

Professor Sheng Zhong

2017



Copyright
Sindhushree Raghunandan, 2017

All rights reserved.



The Dissertation of Sindhushree Raghunandan is approved, and it is acceptable

in quality and form for publication on microfilm and electronically:

Chair

University of California, San Diego
2017



DEDICATION

To Amma, Pappa, and Deepthi,

Thank you for your constant love and support.

To my grandparents,

For being my first teachers and role models.



TABLE OF CONTENTS

SIGNATURE PAGE ..ottt sttt e et e st e e e aa e e e nne e e e naaeaneeeanes i
DEDICATION ...ttt e et e bt e ek e e e bb e e e bb e e e be e e snbeeennbeeennnes iv
TABLE OF CONTENTS . ..ottt ettt ettt st e et e e st e e e snb e e e enae e e nnr e e e e v
LIST OF ABBREVIATIONS ...ttt vii
LIST OF TABLES AND FIGURES ..ottt viil
ACKNOWLEDGMENTS ..ottt et e e ba e e beeeanbea e iX
AV I I TR T PP PPPRTOUPRTPRN Xl
ABSTRACT OF THE DISSERTATION ....ooiiiiii ittt sttt Xii
CHAPTER 1 : INTRODUCGCTION ...ttt sttt e e snae e e nnae e nnne e 1
1.0 TYPES OF SEIESS. ...ttt bbbt b e bbbt bbbttt e e bbbt b e 1
1.2 ANatomy OF SErESS RESPONSE ......c.oeuiiiiriiiieieiieiee ettt ettt b b e 1
1.3 Potential Outcomes Of Stress/StreSs RESPONSE .......cviiviiieiiiecie sttt re sttt re e e sreees 2
1.4 Paracring Stress SIGNaliNg .......ccvovoiiiiei ettt e e nreens 4
1.5 Systems Biology Methods in Characterizing the Cellular Stress ReSpONSe.........cccvvvvverierviieeninne 5
1.6 Gene INactivation & StreSS RESPONSE. ......cciiiiiriiierieiteeie st s e e steste e e teseesteste e e e sbestaesbesbeesresteaneesreers 6
1.7 TRESIS SUMMAIY ....eeiiiticic ittt sttt s te e et e et e st e be e besbeess e beaaeestesbeeseesbeetaesbesaeenbesteaneeseeares 6
RS I ] =] (= 0ot 6
CHAPTER 2 : OXIDATIVE STRESS IN ENDOTHELIAL CELL ....cccoovviiiiiiiiieiieiie e 10
A S U OSSP P 10
P20 1 11 o [N £ [ o USSR 10
2.3 Materials and IMENOGS ..........cviiiiiiieie ettt b et be e e nens 14
(00 | I OT (1RSSR PRSP 14
SIRNA KNOCKAOWN EXPEITMENTS.......vitiiitiieeieei ettt 14
Sample Preparation for RNAseq: Timecourse EXPeriment.........ccccovvrirerenenereesese e 14
Sample Preparation for RNAseq: Knockdown EXperiment..........cccocooviieieieeie e s 14
RNA-SEQUENCING ANGIYSIS .....veiviiiiitiieiiei ettt b 15
PLATE ASSAYS ...ttt ettt b ettt bbb bbb R R R bRttt bRt b bt e 16
L08R 16
CaSPASE-GIO /7 ASSAY.....ccveieiteetieite et et sttt e e s e st e st e e e steste e besteess e besaeesbesteesbesbeere e beeaeebesteeeenreeres 16
GSH/GSSG GO ASSAY.....c.eititeieiietieii ettt bbbttt bbbt b et st 16
CElI-TOX GFEEN ASSAY......viiuieieiteetie it eteeteste et e te s e e st e s be e st e sbeste e besbeessesbesasesbesbeessesbeeseesbesaeebestaeneesrentes 17

(00T LI O (=0 o ] ST 17
AULOPNAGY ASSAY ...ttt stttk sttt b bbb b s st b bbb bbbttt bbb e n e 18
Mitochondrial NEetWOrK INTEGIITY .......coeiiiiiieieieisi e 18
Mitochondrial Membrane Potential ASSAY...........cociiiieiiiieie e 18
QUANTILALIVE PCR ...ttt ettt e s be s st et e s teesbesbe e s e e besneeeenteaneenrenren 19
Quantifying Mitochondrial Respiration (Seahorse MitoStress Test XFe24)........ccccvvvvvveveiviiiesnnnne 20

24 RESUILS ...ttt ettt R e ettt Rttt R e e EeeReen e e Reeneeneeeeeeneenaeeneenreareas 21
Dose and Time-Dependent Response to Oxidative Stress in HUVECS..........ccooveiiiieniiiee 21

A Temporal Model of Oxidative Stress Response in Endothelial Cells...........cccccooiiiiiiiinciene 23
HMOXL: A KEY REGUIALOT ...ttt 24
HMOX1: A Global Regulator of Cell FUNCLION .........cccooviiiiiie e 25



Novel Mechanisms of HMOX1 in Regulating the OSR .........cccccoveiiiiiiiiiciecece e 27

PR D 1o D11 [ o USSR 28
Dose Dependent OSR 1N ECS .......coviiiiiiiiieieees sttt 28
Time Dependent OSR in ECs and Hallmarks of Vascular DiSease.........c.ccccevveveiveieieciiese e, 29
[ LAY ) G R AN Y = ) T g (=T U] = (o PR 31

2.6 ACKNOWIBAGEIMENTS ...ttt bbbttt b e b e e 35

2.7 RETEIBICES ...ttt bbb b bt h bbbt bbbt et e bRt bt bbbt e 48

CHAPTER 3 : HIGH FAT DIET INDUCED LIVER CANCER.........ccccoiiiiie e 56

BB N 013 1 o OSSR 56

KT 1411 oo L1 o [ o IO TSRS PRT PR 57

3.3 Materials and IMENOAS .......c..oviiiiiiiiie bbbttt b b e 60
Mouse Models & Phenotypic CharaCterization .............cccooerverieirieiininese e 60
L YT U 1=1 T o SRRSO 61
FUNCHIONAL ANGIYSES ...ttt et e s be s re e st e s be e st e sbeeteesbesbeeseentesreeseenre e 62

B RESUILS .ttt ettt E e R et e E e Rt te Rt e EeaRe Rt e EeeReenteeReeneenreeneenteare s 63
PhenotypiC CharaCterization......... ..ot 63
Differential Expression & Functional ENFICMENT ............cccoci i 64
Y T=Te= Lo To] LTl LY (1T Tod 1 o] ISP 65
Inflammation & IMMUNE RESPONSE .......c.eiuiiiiiieieiei e 69
Regulation of Fibrosis: p62KO in Hepatic Stellate Cells .........ccoveieiiiiiiicccesec e 70
Comparison t0 HUMAN DiISEASE.........cciviiuiii ittt ste e st e et sr et e aesbeera e besre e e e teaeesreeres 71

TR D 1o 011 [ o OSSR SSS 73
MetaboliC DYSIEQUIATION: .......cviiiiiiiieiiie ettt 74
Complement Activation & Cancer IMMUNOIOQY .......cccccvveiiiiieiiiieeicce e 76
1oL (0 T NS O Y od V7 L1 o IS 78
Comparison t0 HUMEAN SAMPIES ........oiiiiiie it 79

3.6 ACKNOWIEAGEMENLS ......viviiiicie ettt e e e s te et e e besteese e besreestestaeeesbeetnentesreas 80

KT (] =T =10 [0t OSSP 91

CHAPTER 4 : CONCLUSIONS & FUTURE DIRECTION ..ottt 98

4.1 Biological & Technical Challenges in Characterizing the Oxidative Stress Response.................... 98

4.2 Biological and Technical Challenges in Characterizing Liver TOXICItY........cccccoviriininincienennen. 100

4.3 Future Directions: Implications for Designing TherapeutiCs ...........ccooviererereinienine e 101

Ly =T =] 1oL SO 101

Vi



OSR
0S

HP
NAFLD
NASH

LIST OF ABBREVIATIONS

Oxidative Stress Response
Oxidative Stress

Hydrogen Peroxide
Non-Alcoholic Fatty Liver Disease

Non-Alcoholic Steatohepatitis

vii



LIST OF TABLES AND FIGURES

Table 2.1 SiIRNA sequences and catalog NUMDEIS ...........cooiiiiiiiiieee s 14
Table 2.2 QPCR PIIMET PAITS ....vcuveiieeiieeieieesie e este et este e sreesteaseessaesreeeesseesteeeeaneesreeseaneenns 19
Table 3.1 Abreviations Used for KNOCKOUL GrOUPS ........cceiuieieiieieeiesie s esie e e esie e sre e 61
Table 3.2 Summary of Phenotypic Traits of Each Knockout Group.........cccccevvveiiiiniinienene 64
Table 3.3 Metabolic Gene or Pathway Dampening .........cccccveveiieiieieiie e 66

Table 3.4 Overlapping DE Genes Between Knockout Models and Stages of Human Liver Disease
............................................................................................................................................... 72

Figure 2.1 A Dose- and Time-Dependent Analysis of H202 Induced Oxidative Stress in HUVECs.

............................................................................................................................................... 36
Figure 2.2 A Temporal Model of HP Induced Oxidative Stress in HUVECS. ..........c.ccccooveivennene 37
Figure 2.3 HMOX1 is a key regulator of cell fate in HUVECs upon HP treatment. ................... 38
Figure 2.4 HMOX1 is a global regulator of cell function in HUVECs upon HP treatment.......... 39
Figure 2.5 HMOX1 deficiency perturbs the OSR at the cell surface, nucleus, and mitochondria.

............................................................................................................................................... 41
Figure 3.1 Summary of Differential Expression and Functional Enrichment Analysis ............... 81
Figure 3.2 Transcriptional Regulation of Metabolic Genes and ProCesses ...........cccovvevevveieenns 82
Figure 3.3 Transcriptional Regulation of the Innate and Adaptive Immune Response................ 84
Figure 3.4 Transcriptional Regulation of HSC Activation/Fibrosis...........cccccvevvviveiieiciieseennns 86
Figure 3.5 Comparison to HUMan LiVEr DISEASE.........cccucvveiieieiieiiesie et ese et 87
Figure 2.S1 Summary of data quality (read, alignment, and replicate quality) ............ccccoevveennis 43
Figure 2.S 2 Summary of log2(fold-change) and p-values for genes included in Figure 2.2....... 44
Figure 2.S3 Phenotypic Validation of Temporal Model of OSR...........ccociiiiiiiiiicin e 45
Figure 2.54 Summary of log2(fold-change) and p-values for genes included in Figure 2.5........ 47
Figure 3.S1 Alignment Summary and Sample Clustering AnalysiS.........cc.coovereienencnenenenn 88
Figure 3.S 2 Heatmap of gene expression in human and mouse data...........ccccevveeiieeiiesieesinenn, 89

viii



ACKNOWLEDGMENTS
The work presented in this dissertation is a product of many meaningful professional

collaborations and personal relationships.

I would first like to thank my advisor, Professor Shankar Subramaniam for his invaluable
guidance, support, and patience throughout my doctoral studies. It has been a pleasure and a
privilege to learn from such a talented scientist and kind human being. Thank you!

I would like to thank Professor Zhen Chen for being a brilliant mentor and for her guidance
on the work presented in Chapter 2. | am also supremely grateful for Dr. Ebonee Williams, whose
coaching has been instrumental in my personal and professional development. Additionally, |
would like to thank my committee members Drs. Intaglietta, Loomba, Varghese, Arya, and Zhong
for their feedback throughout the development of my dissertation.

I would like to thank all the members, past and present, of the Subramaniam Lab for their
constant support, contagious curiosity, and catalytic discussions throughout my graduate studies.
Thanks to Carol Kling for being a wonderful source of encouragement and expert administrative
assistance.

Finally, I would like express my deepest gratitude to my family and friends who believe in
me, even when | find it difficult to believe in myself. I am eternally grateful to my parents
(Ramadevi Raghunandan and Raghunandan Harithas) and my grandparents (Shantha
Venkataraman, Janaki Devi Krishnamurti, Karur Ramarao Venkataraman, and Doddabalapur
Krishnamurti) whose commitment to seeking knowledge and unwavering belief in me has been a
bottomless source of inspiration and courage in my life. I am especially grateful to my mother for
being a role model of curiosity, resilience, and optimism, and my father for always believing in
me and encouraging me to take the road less traveled. | would like to thank my sister, Deepthi

Raghunandan, for being my coach and cheer leader and for teaching me to always be open to new



experiences. Thank you to my closest friends, Apoorva Weber, Caitlin Miller, Adelia Sabintsev,
Bao Nguyen, and Priya Nayak for being fiercely loyal friends and a wonderful support system.

| would also like to acknowledge all of the co-authors of the work presented in Chapter 2
and 3. Chapter 2 is a nearly identical version of the manuscript in submission, titled
“Spatiotemporal Resolution in Oxidative Stress Response in Endothelial Cells Reveals a Novel
Role for HMOX-1" Sindhushree Raghunandan, Srinivasan Ramachandran, Eugene Kel, Yifei
Miao, Ratnesh Lal, Zhen Chen, Shankar Subramaniam. The author of this dissertation was the
primary contributor to the work presented in this chapter. The authors would like to thank Dr. John
Shyy for his generous use of the laboratory facilities and for providing, along with Dr. Shu Chien,
valuable insights into shear stress responses in endothelial cells. We would like to acknowledge
Dr. Janice Huss and Angie Hamilton (from the Department of Molecular & Cellular
Endocrinology at City of Hope) for their technical support. Finally, we would like to acknowledge
Marcy Martin, Jian Kang, and Yun-Ting Wang for their valuable insights and guidance on
experimental methods.

Chapter 3 is a version of the manuscript in preparation tentatively titled “The Role of p62
and NBR1 in Liver Disease”. Sindhushree Raghunandan, Shakti Gupta, Mano Maurya, Shankar
Subramaniam, Maria Diaz-Meco, Jorge Moscat,. The author of this dissertation was the primary

contributor to the work presented in this chapter.



VITA

2007 — 2011 University of Maryland, College Park
Bachelor of Science, Bioengineering
2011 — 2017 University of California, San Diego

Doctor of Philosophy, Bioengineering

TEACHING EXPERIENCE
University of California, San Diego
Teaching Assistant
BENG101: Foundations of Medical Imaging

Bioengineering Design Project

PUBLICATIONS

Duran A, Hernandez ED, Reina-Campos M, Castilla EA, Subramaniam S, Raghunandan S,
Roberts LR, Kisseleva T, Karin M, Diaz-Meco MT, Moscat J. p62/SQSTM1 by Binding to
Vitamin D Receptor Inhibits Hepatic Stellate Cell Activity, Fibrosis, and Liver Cancer. Cancer
Cell. 2016

Umemura, Atsushi, Feng He, Koji Taniguchi, Hayato Nakagawa, Shinichiro Yamachika, Joan
Font-Burgada, Zhenyu Zhong, Shankar Subramaniam, Sindhu Raghunandan, Angeles Duran,
Juan F. Linares, Miguel Reina-Campos, Shiori Umemura, Mark A. Valasek, Ekihiro Seki, Kanji
Yamaguchi, Kazuhiko Koike, Yoshito Itoh, Maria T. Diaz-Meco, Jorge Moscat, and Michael
Karin. "P62, Upregulated during Preneoplasia, Induces Hepatocellular Carcinogenesis by
Maintaining Survival of Stressed HCC-Initiating Cells." Cancer Cell 29.6 (2016)

Curtis, J. E., Raghunandan, S., Nanda, H., and S. Krueger. SASSIE: A program to study
intrinsically disordered biological molecules and macromolecular ensembles using experimental
scattering restraints. Computer Physics Communications, 2011

Datta, S. A. K., Heinrich, F., Raghunandan, S., Krueger, S., Curtis, J. E., Rein, A., and H. Nanda.
HIV-1 Gag extension: conformational changes require simultaneous interaction with membrane
and nucleic acid. Journal of Molecular Biology, 2011

Krueger, Susan, Jae-Ho Shin, S. Raghunandan, J. Curtis, Z. Kelman. "Atomistic Ensemble

Modeling and Small-Angle Neutron Scattering of Intrinsically Disordered Protein Complexes:
Applied to Minichromosome Maintenance Protein." Biophysical Journal, 2011

Xi



ABSTRACT OF THE DISSERTATION

Systems Biology Approach to Understanding the Cellular Stress Response and Disease
Mechanisms

by

Sindhushree Raghunandan
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2017

Professor Shankar Subramaniam, Chair

Cellular stress, which can be induced by multiple factors (e.g. excess reactive oxygen
species, ionizing radiation, cellular dehydration, excess shearing forces etc.), can result in damage
to DNA, proteins, or lipids leading to deleterious cell phenotypes. Cells are programmed to
respond to stress by 1) sensing and rectifying factors that lead to cell damage, 2) repairing damage
to macromolecules, and 3) appropriately regulating the cell cycle and DNA replication processes,
when necessary, to accomplish (1) and (2). While acute stresses lead to the direct activation and
expression of acute phase proteins, sustained stresses cause persistent dysfunctions, which then
lead to the activation of complex transcriptional and epigenetic programs. The induction of the
cellular stress response can result in one of three phenotypic outcomes: 1) cell death, 2) return to

homeostasis, or 3) the establishment of an altered state (such as senescence or cancer). Cell fate

xii



decisions are largely dependent the degree and duration of stress, the cell type, and ultimately the
degree of damage to DNA and other macromolecules.

The primary objective of this research is to characterize response to two different types of
cellular stress (oxidative stress and high-fat diet induced toxicity) using a systems biology
approach and, in doing so, to identify biomarkers and response mechanisms for each type of stress.
The first model of stress (i.e. oxidative stress in endothelial cells) is a study of stress response in
vitro. The use of dose and time-dependent measurements reveal key inflection points and
mechanisms of stress response. The mechanisms thus elucidated are validated through
pharmacological and genetic perturbations followed by phenotypic assays that define the cell fates.
The second model of stress response (i.e. a mouse model of high-fat diet induced liver toxicity)
exemplifies many of the paracrine regulators of stress response. The comparison to human data
reveals the potential for using mouse models in understanding human diseases. In both studies, the
combined use of transcriptomic data with existing databases of protein interaction networks and
transcription-factor target information provides a global perspective on stress response, which is
critically important to consider when designing effective therapeutics with limited off-target

effects.
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CHAPTER 1 : INTRODUCTION

Cellular stress is any chemical or mechanical perturbation that directly or indirectly
disrupts normal cellular functions. While isolated instances of stress can be contained and resolved,
persistent or widespread cellular dysfunction drives aging and disease. As such, it is critically
important to understand the nuances of cellular stress in order to characterize, treat, and prevent
diseases.
1.1 Types of Stress

Stress can be broken down into two categories: mechanical and biochemical. Mechanical
stress, as the name implies, includes any physical perturbation of proteins embedded in the plasma
membrane or the distortion of the membrane itself. The altered structure of membrane proteins
informs changes in their function. Due to the cell-cell contact structures such as adherens junctions
(formed by cadherins) and focal adhesions (formed by integrins), any mechanical stress
experienced by one cell can be communicated to the surrounding tissue (Chanet and Martin, 2014).
Biochemical stress involves the damage of proteins, lipids, or DNA by molecular compounds (e.g.
reactive oxygen, salts, heavy metals, radiation, environmental toxins) resulting in abnormal cell
function (i.e. changes in metabolism, cell signaling, DNA replication etc.) (Fulda et al., 2010)
(Kiltz, 2005).
1.2 Anatomy of Stress Response

The anatomy of stress response is common across biochemical and mechanical stresses.
The stressor is detected by sensors that are embedded in the plasma membrane or present
intracellularly. Once activated, sensors interact with and modulate the activity of signal
transduction proteins. Stress signals are transduced by signaling pathways such as

JNK/MAPK/ERK (Kyriakis and Avruch, 2001), JAK/STAT (Rawlings et al., 2004), PI3K/AKT



(Martini et al., 2014) (Hemmings and Restuccia, 2012), TGFB/SMAD (Weiss and Attisano, 2013)
(Massagué, 2012), FAS/FADD (Flusberg and Sorger, 2015), and G-protein coupled receptors
(Katritch et al., 2013) (Kroeze et al., 2003). The sequential activation of proteins transmits the
signal from its origin to transcription factors or epigenetic effector proteins, which are responsible
for altering gene expression (Kiltz, 2005) (Sabounchi et al., 2015) (de Nadal et al., 2011).

The integrated stress response is the convergence of various stress signals (i.e. hypoxia,
viral infection, glucose or amino acid deprivation, the ER unfolded protein response, or oncogene
activation) on the phosphorylation of elF2a, which decreases protein synthesis and induces ATF4
expression (Pakos-Zebrucka et al., 2016). Mitochondrial stress can also contribute to the
integrated stress response (Quirds et al., 2016).

1.3 Potential Outcomes of Stress/Stress Response

The type, degree, and duration of the stress as well as nature of the stress response can
guide the cell to one of many outcomes: homeostasis, apoptosis, autophagic-cell death, pyroptosis,
necroptosis, necrosis, or senescence. Interestingly, the successful induction of a stress response
followed by the return to homeostasis can precondition cells such that they are better equipped to
respond to the same stress in the future (Acar et al., 2005) (Flusberg and Sorger, 2015) (Medzhitov
et al., 2012). For example, preconditioning with death ligands (i.e. FASL and TNFa) attenuate
ischemic injury (Jang et al., 2008). If the cell is unable to clear the source of stress or the resulting
damage, apoptosis or necrosis is initiated.

Apoptosis is the process of programmed cell death initiated by intrinsic signals (i.e.
activation of pro-apoptotic BCL2, mitochondrial cytochrome C release, and activation of caspases)
or by extrinsic signals (i.e. activation of death receptors by extracellular death ligands and caspase

activation). Ultimately, activated caspases result in the proteolytic cleavage of a wide array of



proteins associated cell structure, cell cycle, DNA replication/repair, and viral proteins among
others, effectively halting cellular function and preventing pathogenic propagation (Fischer et al.,
2003) (Mcllwain et al., 2013) (Chang and Yang, 2000).

Necrosis is another process of programmed cell death that results in the release of a cell’s
contents into the surroundings to elicit an inflammatory response. While necrosis had previously
been considered an unregulated process, recent evidence suggests that Parpl, NADPH oxidases,
calpains, and receptor interacting protein kinases are involved in regulating the disintegration of
the plasma membrane to facilitate the release of cellular contents (Ouyang et al., 2012) (Kanduc
et al., 2002) (Berghe et al., 2014). Similarly, receptor mediated activation of RIP3K induces
MLKL-mediated permeabilization of the plasma membrane in a process known as necroptosis
(Tait et al., 2014).

Lesser known forms of cell death such as autophagic cell death and pyroptosis involve the
activation of autophagic vacuoles and pro-inflammatory caspase-1, respectively. One potential
link between autophagy and apoptosis exists in the inhibition of beclin-1 by anti-apoptotic
members of the BCL2 family (i.e. BCL2 and BCLXL) (Liu and Levine, 2015) (Sinha and Levine,
2008). While specific mechanisms by which autophagy or caspse-1 initiate cell death have not yet
been elucidated, they point to potentially novel avenues of crosstalk between cell death,
inflammation, and autophagy (Tait et al., 2014).

Senescence is a semi-dormant cellular state in which the cell cycle is arrested (by
CDKN1A/p21 or CDKN2A/p16) while certain metabolic and secretory functions are maintained
(Tomimatsu and Narita, 2015). It is induced as a result of damage (i.e. DNA damage or oxidative
stress) or during development. The initiation of senescence has been shown to prevent cancer

progression, limit fibrosis (in the liver, kidney, cardiac muscle, and skin), protect against



atherosclerosis, prevent pulmonary hypertension among other protective functions. Contrastingly,
senescence in adipocytes has been shown to promote obesity (Mufioz-Espin and Serrano, 2014)
(Salama et al., 2014) (Campisi, 2013).
1.4 Paracrine Stress Signaling

Damaged tissue, marked by cell death or senescent cells can initiate the immune response
in order to signal for clearance by immune cells (Rock and Kono, 2008) (Mufioz-Espin and Serrano,
2014) (Tchkonia et al., 2013) and prevent collateral damage. This process is coordinated in two
phases: the non-specific response (innate immunity), which is the first line of defense, and the
specific response (adaptive immunity). Damaged cells release pro-inflammatory markers such as
IL1, IL6, TNFa, IL17, interferons, complement proteins, and prostaglandins (Turner et al., 2014)
in order to facilitate vasodilation, increase permeability of capillaries, control tissue swelling by
inducing clotting factors, initiate the migration of granulocytes/monocytes, and activation of
resident macrophages. Macrophages and neutrophils are drawn to the source of chemokine
signaling, where they phagocytose the dead cells to prevent the transfer of stress to the neighboring
healthy cells (Erwig and Henson, 2008) and secrete ROS to kill pathogens (Chen and Junger, 2012)
(Birben et al., 2012). Cell surface proteins can initiate (e.g. C1lq, ICAMS3, ox-LDL like moiety,
calreticulin and annexin 1) and prevent (e.g CD47, CD31, CD300a) clearance by immune cells.
Interestingly, due to the toxic effects of ROS, the recruitment of immune cells may also cause
further tissue damage and drive disease progression (Campisi et al., 2014). In such cases, where
the clearance of stress leads to an amplification of tissue damage and chronic stress response, the
adaptive immune response is activated. The initiation of the adaptive immune response consists of
antigen presentation by damaged tissue cells or dendritic cells that have phagocytosed damaged

cells (Steinman and Hemmi, 2006). Upon activation Thl and Th2 cells secrete cytokines and



amplify the adaptive response. The activation of cytotoxic T-cells results in the targeted
destruction of pathogenic or tumorigenic cells.
1.5 Systems Biology Methods in Characterizing the Cellular Stress Response

As mentioned above, the sensing of stress leads to the transduction of the stress response
signal, which converges on transcriptional changes that ultimately determines the balance between
pro-death and pro-survival proteins. During the course of the stress response or in conjunction with
the initiation of apoptosis/senescence, the immune system can be recruited to clear marked cells.
The overwhelming complexity in the combinatorial effects of stress-related sensors, transducers,
and transcription factors in addition to layers of regulation introduced by paracrine signaling from
multiple cell/organ types informs the application of systems biology methodology to characterize
the cellular stress response. Systems Biology is the study of a biological system through unbiased

measurement and characterization of its subunits (Chuang et al., 2010).

The advent of high-throughput technologies such as RNA-sequencing has provided a
global perspective on transcriptional changes following the introduction of stress (de Nadal et al.,
2011). The growth of text-mining to identify pleiotropic transcriptional regulatory proteins along
with the careful curation of functional validation studies for those putative protein across varying
cell types and disease conditions has granted a wealth of regulatory information. These findings
have been summarized in databases such as TRANSFAC (Matys et al., 2006), CHEA (Lachmann
et al., 2010), and ENRICHR (Kuleshov et al., 2016). Similarly, yeast-two-hybrid studies have
paved the way for protein-protein interaction, which has been expanded by data-mining into
mammalian protein-protein interaction networks. Finally, the recent advances characterizing
epigenetic regulation inform our understanding of the transient regulation of gene expression by

protein modification of histones and DNA.



Another aspect of Systems Biology is seen in the experimental design of the studies
presented in this thesis. As discussed in the first chapter, use of dose- and time-dependent
measurements captures the appropriate resolution necessary to identify and characterize key
inflection points in stress response. In the second chapter the introduction of tissue specific ablation

of key genes facilitates analysis of the coordination of stress by multiple cell types.

1.6 Gene Inactivation & Stress Response

A central strategy in assessing transcriptional programs of stress response involves the
attenuation or complete inactivation of genes encoding stress-mediating proteins. In vitro studies
rely on the successful transfection of siRNA to interfere with or inhibit the translation of specific
MRNA associated with the gene of interest (Wilson and Doudna, 2013). The advent of the
CRISPR-Cas system has advanced our ability to edit the genome resulting in an increased
efficiency of gene ablation (Mohr et al., 2014). Mouse models for heterozygous or homozygous
ablation of genes are generated through homologous recombination of the mutated gene. Tissue

specific ablations are introduced using the Cre-LoxP system (Hall et al., 2009).

1.7 Thesis Summary

The following chapters of the thesis examine two distinct cases of stress response. Chapter
2 focuses on oxidative stress response in endothelial cells and Chapter 3 examines the role of
autophagy proteins, SQSTM1 (also known as p62) and NBRL1, in shaping the high-fat diet

mediated progression of liver dysfunction from steatosis to cancer.
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CHAPTER 2 : OXIDATIVE STRESS IN ENDOTHELIAL CELL

2.1 Abstract

Endothelial cells (ECs) form the inner lining of blood vessels and are central to sensing
chemical perturbations that can lead to oxidative stress. The degree of stress is correlated with
divergent phenotypes such as quiescence (at physiological conditions) and cell death or senescence
(at high stress conditions). Each possible cell fate is relevant for a different aspect of endothelial
function, and hence, the regulation of cell fate decisions is critically important in maintaining
vascular health. In this study, we examine the oxidative stress response in human endothelial cells
through longitudinal measurements. The use of dose-dependent and high throughput time-series
measurements provides insights into multiple regimes of stress response. Using a systems
approach, we are able to decipher molecular mechanisms across these regimes. Significantly, our
study shows that HMOX1 acts as a gate keeper of cell fate decisions, playing a key role at the
nexus between cell survival and death. Finally, we present novel mechanisms by which HMOX1

may orchestrate cell fate decisions in ECs.

2.2 Introduction

Endothelial dysfunction is a hallmark of many cardiovascular diseases and can be triggered
by oxidative stress (Gimbrone and Garcia-Cardefia, 2016) (He and Zuo, 2015). Endothelial cells
(ECs) undergo oxidative stress in the presence of excess reactive oxygen species (ROS) such as
hydrogen peroxide (HP), superoxide, and hydroxyl radicals. ROS are produced by endogenous
sources (mitochondria, peroxisomes, lipoxygenases, NADPH oxidases, and Cytochrome P450) or
by exogenous factors (immune cells, ultraviolet light, inflammatory cytokines, ionizing radiation,
chemotherapeutics, or environmental toxins) (Finkel and Holbrook, 2000) (Taniyama and

Griendling, 2003). When present in excess, ROS can cause significant damage to cellular
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macromolecules, disrupt cellular signaling, and lead to multi-faceted endothelial dysfunction,
ranging from imbalanced redox signaling, impaired nitric oxide bioavailability, pro-inflammatory
response, to cell cycle disruption and cell death. Persistent endothelial dysfunction and the
extravasation of lipoproteins and monocytes into the sub-endothelial space is the first in a series
of steps that leads to the formation of plague and subsequently, more serious cardiovascular events
(Zhou et al., 2013) (Winn and Harlan, 2005) (Huynh et al., 2011).

The change in activity of cell signaling pathways, gene expression changes and proteins
that directly or indirectly moderate the response to damage by ROS is known as the oxidative
stress response (OSR). In ECs, this involves the coordinated efforts by multiple signaling pathways
(e.g. ATM/p53, NFkB, NRF2/KEAP1, PI3K/Akt etc.) (Liang et al., 2017) that initiate changes in
the cell’s structure and function culminating in the final phenotype (i.e. return to homeostasis,
apoptosis, necrosis, or senescence). NRF2/KEAPL1 signaling is able to reestablish basal redox
status by inducing the expression of key antioxidant enzymes such as heme oxygenase-1
(HMOX1) (Kobayashi and Yamamoto, 2006) (Trachootham et al., 2008). NF«B signaling
molecules directly or indirectly sense ROS and subsequently coordinate changes to the redox and
inflammatory status (Morgan and Liu, 2011). PI3K/AKT signaling regulates the phosphorylation
of eNOS and therefore nitric oxide (NO) availability, which is critically important for endothelial
homeostasis (Tousoulis et al., 2012).

When oxidative stress overwhelms the protective responses arising from these pathways,
apoptosis may be induced, resulting in increased endothelial permeability (Zhou et al., 2013)
(Winn and Harlan, 2005) (Huynh et al., 2011). Caspase-dependent apoptosis involves the ROS-
mediated (Elmore, 2007) activation of death receptors (FAS, TRAIL etc.), mitochondrial

cytochrome c release, or cytotoxicity resulting in the degradation of DNA by endonucleases
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(Chandra et al., 2000). Alternatively, the resistance to cell death can be established by anti-
apoptotic factors such as protective members of the BCL2 family or the Inhibitors of Apoptosis
(1AP) family of proteins (Portt et al., 2011). If the resistance to apoptosis is accompanied by cell
cycle arrest, ECs can enter a quiescent or senescent state (Salminen et al., 2011). While quiescence
is a reversible and relatively dormant cell state, senescence is an irreversible arrest accompanied
by continued cellular activity (Kuilman et al., 2010) (Toussaint et al., 2002) (Mufioz-Espin and
Serrano, 2014) (Chen et al., 2008) (Chen et al., 2008). Endothelial cell fate decisions are critically
important for determining vascular phenotypes. Quiescent cell cycle arrest is established during
physiological conditions (Yu et al.,, 2001), apoptosis facilitates vascular development and
remodeling (Mallat and Tedgui, 2000) (Dimmeler and Zeiher, 2000) and EC proliferation is
induced during angiogenesis and vascular repair (Aydogan et al., 2015). Interestingly, many pro-
apoptotic ligands (such as FASL and TNFa) have been shown to concurrently activate pro-death
and pro-survival mechanisms allowing cells to exist at the nexus between cell fates (Flusberg and
Sorger, 2015) (Secchiero et al., 2004) (Secchiero et al., 2003) (Cantarella et al., 2014). Ultimately,
the decision between cell death and survival is determined by a combination of extrinsic variability
(i.e. differences in cell microenvironment) and intrinsic variability (i.e. differences in how the
stress is processed due to genetic and epigenetic differences between cells) (Flusberg and Sorger,
2015). In ECs, heterogeneity in cell fate decisions among neighboring cells can disrupt the
monolayer and result in dramatic consequences for vascular health and function. While signaling
pathways involved in the OSR and cellular pathways involved in cell fate decisions are well
defined, these results are based on static models across various cell types and stress conditions

providing limited temporal endothelial specific insight.
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Heme oxygenase-1 (HMOX1), an antioxidant enzyme activated by oxidative stress, is a
central regulator of endothelial function and cell fate. The protective role of HMOX1 has primarily
been attributed to its enzymatic activity in regulating concentrations of heme, CO, Fe2+, and
Biliverdin, which influence inflammation, redox status, expression of monocyte adhesion factors,
and proliferation of ECs (Yachie et al., 1999) (Soares et al., 2002) (Brouard et al., 2000) (Soares
etal., 2004) (Brouard et al., 2002) (Seldon et al., 2007) (Silva et al., 2006) (Kim et al., 2007) (Balla
etal., 1991) (Balla et al., 1993) (Gozzelino et al., 2010) (Romanoski et al., 2011). Non-enzymatic
activities of HMOX1 have also been shown to regulate the redox status and the expression of
transcription factors associated with the OSR (Hori et al., 2002) (Lin et al., 2007) (Dulak and
Jozkowicz, 2014). While the activation of HMOX1 has been observed as early as 2 hours post
stress (Reichard et al., 2007) (Chan et al., 2011) and in late-stage disease models (Deshane et al.,
2005), the role of this enzyme in the transition from early to late endothelial dysfunction has not
been explored.

In this study, we provide a systems level analysis of the OSR in human umbilical vein
endothelial cells (HUVECS) treated with hydrogen peroxide (HP). By using dose-dependent and
high throughput time-series measurements we have identified three phases of stress response that
are consistent with known hallmarks of vascular disease. Next, we identify key players at the nexus
of cell function and dysfunction and identify HMOX1 as a central regulator of this transition.
Further examination and perturbation of the transition from the early/acute stress response to the
later/chronic stress response demonstrates the role of HMOX1 as the gatekeeper of cell fate
decisions. We explore novel mechanisms by which HMOX1 coordinates stress signals affecting

multiple cellular locations, culminating in the final decision between survival and apoptosis.
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2.3 Materials and Methods
Cell Culture

Pooled Human Umbilical VVein Endothelial Cells (HUVECSs) were purchased from ATCC
(PCS-100-013, Lot#60279032) and Cell Applications (200p-05n). HUVECs were cultured in
media supplemented with an endothelial cell growth kit from ATCC (PCS-100,041). Cells used in
this study were between passages 4 and 7. The hydrogen peroxide used to treat cells was 30% ACS
grade from Thermo Fisher (#7722-84-1) and diluted in ice cold PBS.
SiRNA Knockdown Experiments

ATCC HUVECs were cultured to 50-60% confluence before being transfected with
Lipofectamine RNAimax (Thermo Fisher, CAT# 13778150). Then, 48 hours after the start of
transfection, cells were treated with HP. Six hours after the addition of HP cells were collected for
analysis (phase contrast imaging, qPCR, RNAseq, or MitoStressTest). Each knockdown
experiment included Scrambled-Untreated, Scrambled-Treated, and Knockdown-Treated groups.

Table 2.1 siRNA sequences and catalog numbers

Gene Target Sequence Accession Number Catalog Number
HMOX1 CAGGCAATGGCCTAAACTTCA NM_ 002133 -

ATF3 CTGGGTGGTACCCAGGCTTTA NM_001030287 -
Negative - - 1022076
Control

Sample Preparation for RNAseq: Timecourse Experiment

ATCC HUVECSs were cultured to near confluence and treated with 0.5 mM HP in duplicate.
Samples were collected at 0 (control), 1, 2, 4, 6, 8, 10, 12, 14, and 16 hour time points. Total RNA
was purified and concentrated using the Zymo Quick-RNA mini prep and RNA Clean &
Concentrator Kkits (Zymo Research, #R1054 and #1015). Samples were sequenced on the lllumina
HiSeq system (at the Salk Institute for Biological Studies).

Sample Preparation for RNAseq: Knockdown Experiment
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ATCC HUVECs were cultured and transfected with scrambled control or si-HMOX1
according to the Lipofectamine RNAIMAX protocol (13778075; Thermo Fisher, Waltham, MA).
After induction with HP, total RNA was isolated in duplicate using the Zymo Direct-zol RNA
MiniPrep Kit (R2050). Samples were submitted to the UC San Diego Genomics Core for stranded
MRNA library preparation and sequencing on the Illumina HiSeq4000 system. Scrambled siRNA
without HP treatment was used as a control to test the effect of HP treatment. Similarly, Scrambled
SIRNA with HP treatment was used as a control to test the effect of the HMOX1 knockdown on
the response to HP treatment.

RNA-sequencing Analysis

Both sequencing dataset include 50 base-pair single end reads (The exact number of reads
sequenced per sample and the uniquely mapped alignment percentage is summarized in
FIG2.S1S1). The quality of the reads was verified using FastQC (Andrews, 2010). Next, Omicsoft
Sequence Aligner 2 (OSA2) (Hu et al., 2012) was used to align the reads to the Human.B37.3
reference genome build using the Ensembl R66 gene model resulting in gene counts. DESeq2 was
used for differential expression analysis (Love et al., 2014). After identifying differentially
expressed genes (DEGs), additional p-value (p < 0.01) and fold-change (Jfold-change| > 1.3)
cutoffs were implemented. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
(Kanehisa and Goto, 2000) (Kanehisa et al., 2016) (Kanehisa et al., 2017) enrichment analysis was
conducted using the list of DEGs at each time point, assuming a hyper-geometric distribution to
calculate p-values. Enrichment of gene ontologies was also explored using DAVID (Huang et al.,
2009). Transcription factor-target interactions were identified using the TRANSFAC database
(Matys et al., 2006). Agglomerative hierarchical clustering was performed using the flashClust()

function in R in order to cluster normalized gene counts (Langfelder and Horvath, 2012).
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Plate Assays

For the CCKS8, Casp3/7, and GSH/GSSG plate assays, cells were seeded at ~5,000 cells
per well including blank and negative controls. Each plate assay had 4 technical replicates per dose.
Fresh media was exchanged after 24 hours, and cells were further incubated for 12 hours before
induction with different concentrations of HP. For the CCK8, HUVECs were seeded in black
walled, transparent bottom, 96-well plates (Greiner bio-one) in 100 pl of full growth media. For
the Caspase Glo 3/7 and GSH/GSSG assays, HUVECs were seeded in white walled, opaque, 96-
well plates (Greiner bio-one) in 100 pl of full growth media.
CCK-8 Assay

The CCKS8 viability assay was used as a measure of dehydrogenase activity, which is a
marker of cell viability and proliferation. 10 pl of CCK-8 reagent (#CK04-11, Dojindo; Rockville,
MD) was added to each well at the end of 6, 12, 24, and 48 hours of induction. Absorbance values
were measured at 450 nm on Tecan Safire M200 plate reader at 37° C. This experiment was
repeated three times with four technical replicates per dose; the average blank value was subtracted
from each treatment average and compared against negative control (untreated cells) and expressed
as percent toxicity. (n = 3 (P3-P5); for each repeat of the experiment includes four time points and
four replicates for each dose of HP per time point)
Caspase-Glo 3/7 Assay

Caspase activity was measured with Caspase-Glo 3/7 reagent (G8090, Promega; Madison,
WI) at 12 hours after induction. Four technical replicates per dose; luminescence values were
measured on Tecan Safire M200 plate reader at RT and expressed as a percentage of the positive
control (10uM staurosporine). (n = 1 (P5), four technical replicates per HP dose)

GSH/GSSG-Glo Assay
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GSH/GSSG-Glo kit (V6611, Promega; Madison, WI) was used to assay the ratio of
oxidized (GSSG) to reduced (GSH) glutathione. At the end of the induction time, 50 pl of Luciferin
generating agent was added and incubated for 30 min at RT with intermittent shaking followed by
the addition of 100 pl of luciferin detection reagent after which luminescence was measured on
Tecan Safire M200 plate reader. This experiment included four technical replicates per HP dose,
vehicle control, and no-cell control; the average background measurement (from the no-cell
control) was subtracted from the average luminescence measurement for all other treatment groups
and represented as a percentage of the untreated/vehicle control as per manufacturer’s instructions.
(n =1 (P5), four technical replicates per HP dose).

Cell-Tox Green Assay

HUVECs were assayed for cell toxicity with Cell-Tox reagent (G8742, Promega; Madison,
WI) at the end of 12 and 24 hours of induction by microscopy. Inomycin (0.5uM) was added to
positive controls at the time of seeding. Reagent was added at 30 min before the assay time and
incubated at RT. Fluorescence was measured at 490 nm excitation and emission at 530 nm on
Olympus 1X71 fluorescence microscope (n = 2, two technical replicate per HP dose).

Cell Cycle Analysis

ATCC HUVECs were cultured and treated with 0 or 0.5mM HP for 24 hours. At the end
of the treatment time, cell density was adjusted to 106 cells in 0.5 ml PBS, and transferred to 4.5
ml of ice cold ethanol overnight for fixing. Subsequently, cell suspension was spun down (300g at
4°C for 10 min) and ethanol was decanted. Cell pellet was washed in 5 ml of PBS and incubated
with 0.5 ml of staining solution (FxCycle PI-RNAse, LifeTechnologies) for 30 min in dark before
analyzing in flow cytometer (BD-FACScan). 10,000 events were collected for each sample and

their histograms were plotted for data visualization and analysis. This experiment as repeated twice.
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The percentage of cells in each phase with 0 and 0.5mM treatment was compared across the two
biological replicates using a Students two-tailed t-test (p < 0.05 was considered significant).
Autophagy Assay

Cyto-ID (Enzo life sciences, USA) is an autophagy detection kit that selectively stains
autophagic vacuoles without non-specific lysosome staining. HUVECs grown on glass bottom
dishes treated with 0 or 0.5mM of HP for > 24 h were stained with Cyto-ID as recommended by
the manufacturer. After staining, cells were washed in wash buffer supplemented with 5% FBS
and imaged in wash buffer. Autophagic vacuoles were imaged with excitation at 463 nm and
emission at 534nm. (n = 1, two technical replicate per treatment condition)
Mitochondrial Network Integrity

HUVECs plated on glass bottom Petri dishes (MatTek Corp.) at 5000 cells/cm2 were
allowed to reach 70% confluence before induction with 0 and 0.5, 0.6 and 0.7 mM HP for 12 and
24 h. Cells were stained with MitoTraker Deep Red FM dye (10 nM) mixed with Hoechst 33342
(0.75 pg/ml) (LifeTechnologies, USA) in fresh warm media for 45 min at 37° C. Cells were washed
in warm media and imaged in warm HBSS on environment controlled chamber on IX71
microscope. 3-5 random fields were chosen for 100x imaging. Acquisition parameters were
optimized for control cells and same parameters were used for acquiring all treatment groups. 3D
stacks (X,Y,Z) for each channel (Blue & Red) were obtained and combined in Metamorph Imaging
software. Images were analyzed in ImageJ software. To visualize the mitochondrial network, their
distribution and size, high pass filter (edge detection) was applied. Maximum intensity projection
was applied to determine total intensity of mitochondrial stain. (n = 2, two technical replicate per
treatment condition).

Mitochondrial Membrane Potential Assay
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Cells grown on glass bottom dishes were treated with different concentrations of HP for
12h, subsequently incubated with 5 pM JC-1 (Biotium, USA) diluted in fresh warm media for 30
min at 37° C. After this, cells were gently washed with 2 volumes of fresh media 2 times- each for
3 min and imaged immediately on IX71 equipped with environmental chamber. For JC-1
monomers and aggregates, an excitation and emission wavelengths of 485/535 and 560/595 nm,
respectively were used. Mitochondrial membrane depolarization is indicated by green fluorescent
monomers (unhealthy/apoptotic cells) and healthy mitochondria are indicated by red fluorescent
aggregates. Ratios of monomers/aggregates (green/red ratio) indicate the overall health of
mitochondria in the treatment group. Images were analyzed in ImageJ using a macro that
automatically segment and quantify green and red fluorescence. (Biological replicate: n = 2; two
technical replicate per HP dose)
Quantitative PCR

RNA was isolated from cells using Trizol (Thermo Fisher, 15596018). Total RNA was
reverse transcribed using the Clontech Prime Script RT Master Mix (RR036B) followed by gPCR
with SYBR Green (Bio-Rad); gPCR was run on the Bio-Rad CFX-96 realtime system. Beta-Actin
was used as the internal control when calculating the delta-deta Ct/relative expression level.
Student’s two-tailed unpaired t-test was used to determine significant changes between fold-
changes in relative expression (delta-delta Ct).

Table 2.2 gPCR primer pairs

Gene Forward Primer Reverse Primer

MT-ND3 GCGGCTTCGACCCTATATCC AGGGCTCATGGTAGGGGTAA
MT-ATP6 TCCCTCTACACTTATCATCTTCAC GACAGCGATTTCTAGGATAGTC
IGF1R CCTGCACAACTCCATCTTCGTG CGGTGATGTTGTAGGTGTCTGC
EGFR TATGTCCTCATTGCCCTCAACA CTGATGATCTGCAGGTTTTCCA
RBBP5 GTGGACCCTATTGCTGCCTTCT CCATCAAGGAGGTTTGGACTGC
KDM6A AGCGCAAAGGAGCCGTGGAAAA GTCGTTCACCATTAGGACCTGC
PPM1D GTGGTCATCATTCGGGGCAT CATCCTTCGGGTCATCCTGAA
HMOX1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG
ATF3 CCTCTGCGCTGGAATCAGTC TTCTTTCTCGTCGCCTCTTTT
B-ACTIN GCACCACACCTTCTACAATG ATCACGATGCCAGTGGTAC
GAPDH CTCCTCACAGTTGCCATGTA GTTGAGCACAGGGTACTTTATTG
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Quantifying Mitochondrial Respiration (Seahorse MitoStress Test XFe24)

Mitochondrial function was assessed using the MitoStress Test (XFe24, Agilent). After 48
hours of transfection, endothelial cells were trypsinized, resuspended, and plated into the XFe 24-
well plate at a density of 30,000 cells/well. The cells were allowed to grow overnight before being
treated with HP. Five hours after treatment, the cell culture media was removed and replaced with
the Agilent base media (102353-100, Agilent; Santa Clara, CA) supplemented with D-glucose
(5.5mM) and L-glutamine (0.68mM) before being incubated in a non-CO2 incubator for 1 hour.
Oligomycin, FCCP, and Antimycin/Rotenone were loaded into ports A, B, and C respectively of
the cartridge at the following concentrations: Oligomycin (1uM), FCCP (2uM), and Ant/Rot
(0.5uM). All oxygen consumption measurements were normalized by cell count or protein
concentration (BCA Protein Quantification). This experiment was repeated three times (n = 3, P5-
7). All measurements in each experiment were normalized by the average basal respiration for the
scrambled untreated control group. Next, the three basal measurements were averaged for each
treatment group (Scrambled-NT, Scrambled-HP, siHMOX1-HP). Similarly, the three
measurements made after each drug were averaged. Then, mitochondrial function parameters were
calculated as follows:

ATP production = Avg Basal — Avg Oligo

Proton Leak = Avg Oligo — Avg Rot/AA

Spare Capacity = Avg FCCP — Avg Basal

Non-Mitochondrial OCR = Avg Rot/AA

After repeating these calculations for each of the three experiments, the paired student’s t-
test was used to compare Scrambled-HP vs. Scrambled-NT and siHMOX1-HP vs. Scrambled-HP

across all three experiments. A threshold of p < 0.05 was used to identify significant changes.
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2.4 Results
Dose and Time-Dependent Response to Oxidative Stress in HUVECs

In order to explore cellular response to oxidative stress, we explored the mechanisms that
follow HP-induced stress in HUVECs. We examined the dose-dependent response of ECs under
oxidative stress using three functional readouts (i.e., caspase 3/7 activation, viability, and
antioxidant capacity) to characterize different aspects of cellular response as a function of HP dose.

To determine the appropriate dose and time window to characterize the OSR, dose response
and time series measurements were carried out using CCK-8 assay that measures cell viability by
assessing dehydrogenase activity. Across all time points, cell viability decreased with increasing
dose of HP. About 50% of cells remain viable between 0.5-0.55 mM (FIG2.1A). Doses beyond
0.6 mM drastically reduced cell viability. To verify that 0.5 mM HP establishes effective oxidative
stress, the ratio of reduced to oxidized glutathione (GSH/GSSG), a specific measure of cellular
redox potential was measured. At 0.5 mM HP, the antioxidant capacity is reduced by 50%
(FIG2.1B). There is an inverse relationship between the HP concentration and the antioxidant
capacity (R? = 0.9005). In addition to damaging proteins and DNA, ROS also disrupt the integrity
of lipid membranes. Cell toxicity was measured to ensure that the induction dose does not result
in drastic cell death as it affects the quality of genomic material for gene expression studies. Cell-
Tox green assay showed increasing toxicity (number of green cells) with dose. Minimal cell death
(~ 10%) was observed at 0.5 mM compared to positive control (inomycin) (FIG2.1C) at 12 hours
after induction. Also, caspase3/7 assays showed dose dependent increase in activity up to 0.5 mM
(~30% of staurosporine treated positive controls, FIG2.1B), with no caspase activity beyond 0.65
mM HP, suggesting activation of caspase dependent cell death mechanisms at low doses and

caspase independent mechanisms (necrosis) at higher doses.
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Overall, these assays established that 0.5 mM HP induces oxidative stress and places the
cell at the transition of cell function and dysfunction.

To characterize the mechanism of stress response at the nexus between cell function and
cell dysfunction, HUVECs were treated with 0.5 mM HP and total RNA was collected at 0, 1, 2,
4,6, 8, 10, 12, 14, and 16 hours post treatment for RNA-sequencing. The number of differentially
expressed genes (DEGS) at each time point is shown in FIG2.1E. There was a dramatic increase
in the number of DEGs from 1 to 4 hours to ~6000 genes. The number of DEGs gradually
decreased from 4-16 hours to ~3500 genes.

KEGG pathway enrichment was examined for each time point to identify the key processes
that are active across the time-course. FIG2.1F shows significantly enriched pathways and the —
log(p-value) for each pathway across time. Early time-points (i.e. 1-4 hours) were highly enriched
for TNFa, MAPK, TGFp, NFkB, PI3K/Akt, and FOXO signaling along with KEGG pathways
related to cytokine-cytokine receptor interaction and oxidative phosphorylation. At 4 hours, p53
signaling was maximally enriched. Finally, from 4-16 hours, pathways associated with cell cycle,
DNA replication, and DNA repair were enriched.

Hierarchical clustering of the normalized gene counts was performed to identify distinct
phases of the OSR (FIG2.1G). Neighboring time-points are clustered together. At a tree height cut-
off of ~30, three distinct clusters emerge: 0-2 hour defined the “early” cluster, 4-6 hour formed the
“mid/transitional” cluster, and 8-16 hour formed the “late” cluster.

Additional functional analyses (FIG2.S3) suggest that treatment with 0.5mM HP resulted
in decreased mitochondrial membrane potential and disintegration of the mitochondrial network
surrounding the nucleus (FIG2.S3-C&D). Furthermore, there is a decrease in the percentage of

cells in the S phase (p = 0.07) and an increase in the percentage of cells in the G2/M phase (p <
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0.05) (FIG2.S3A). Finally, there is an increase in autophagic vacuoles in response to HP treatment
(FIG2.S3B).

Taken together, the dose- (FIG 1A-C) and time-dependent (FIG2.1D-E) response to
oxidative stress suggest a nexus between cell function and dysfunction; this nexus is characterized
by three distinct phases (early, mid, and late). The initial activation of classical OSR in the early
phase is later accompanied by regulation of cell cycle, DNA replication, and DNA repair pathways.
A Temporal Model of Oxidative Stress Response in Endothelial Cells

Significantly enriched (p < 0.05) genes and pathways were identified from time-series
RNA-sequencing and used to construct a temporal model of the OSR (FIG2.2). The direction of
pathway and gene regulation is specified: blue indicates down-regulation and red indicates up-
regulation (the exact fold-change and p-values are summarized in FIG2.S2). We observed that the
introduction of oxidative stress caused the expression of genes associated with mitochondrial
damage and p53 activation in the first hour. Mitochondrial damage was characterized by the
consistent down-regulation of key mitochondrial transcripts associated with the electron transport
chain (ETC) subunits and ATP synthase from 1-16 hours. At hour 2, potent cell cycle inhibitors
(CDKN1A (p21) and GADDA45A) were up-regulated and remained up-regulated until 16 hours.
This resulted in the strong down-regulation of cell cycle genes (cyclins, CDKSs, etc.) from 4-16
hours. Interestingly, DNA replication and repair genes were also strongly down-regulated from 4-
16 hours.

We observed a balance between pro- and anti-apoptotic gene programs. The resistance to
apoptosis is maintained by strong up-regulation of inhibitor of apoptosis family members BIRC2
and BIRC3. Anti-apoptotic BCL family members BCL2L1 and BCL2L2 were also strongly up-

regulated across the time course. Pro-apoptotic factors such as BRCA1, CASP8 and caspase

23



inducing factors such as TRADD and FADD were down-regulated across time. Finally, up-
regulation of TGFB family members SMAD6 and SMAD7 also supported the resistance to
apoptosis. On the other hand, pro-apoptotic factors such as FAS, CHOP, NR4Al, BAK1, and BAX
were strongly up-regulated across time (FIG2.2).

Pro-inflammatory processes such as NFkB signaling and expression of cytokines and
chemokines were up-regulated from 2-16 hours. Interestingly, inhibitors of NFkB (NFKBIA,
NFKBIB) are also up-regulated across the time course. Also, ICAM1 which is known to recruit
and facilitate pro-inflammatory monocyte extravasation was up-regulated from 2-16 hours.
Similarly, SELE is up-regulated from 2-8 hours but switches to down-regulation from 10-12 hours.

NFE2L2, a critical transcription factor involved in the OSR is up-regulated from 2-8 hours
and again at 12-14 hours. Similarly, KLF2, a stress response transcription and central regulator of
endothelial function, was up-regulated in the first 4 hours and then switched to down-regulation.
Interestingly, downstream stress response processes such as the expression of antioxidants is
down-regulated from 4-14 hours. Key autophagy proteins such as LC3A and PIK3C3 were up-
regulated from 2-16 hours while other autophagic proteins such as ATG4C were down-regulated
from 4-10 hours. Lysosomal activity increased over time with a majority of lysosome hydrolases
being up-regulated at 16 hours. From 6-16 hours, we also observed a slight increase in mTOR

activity as indicated by up-regulation of up-stream activators of mMTORC1, RRAGB and RHEB.

HMOX1: A Key Regulator
Since the switch in phenotype occurred from 4-6h as indicated by the hierarchical
clustering and functional analysis, transcription factors induced in the first hour that may

participate in facilitating the switch from 4-6 hours were identified. Of the top 10 transcription
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factors that were up-regulated in the first hour, four were JUN family transcription factors: FOSB,
ATF3, FOS and JUNB (FIG2.3A).

To explore the mechanistic consequence of JUN activation, the top 10 up-regulated JUN
family targets were identified using the TRANSFAC database (Matys et al., 2006) (FIG2.3B).
From this list, two gene candidates (i.e. HMOX1 and ATF3) were selected based on the following
criteria: 1) regulation of oxidative stress-related processes (Gozzelino et al., 2010) (Han et al.,
2008) (Tanaka et al., 2011) (Yoshida et al., 2008) and 2) association with endothelial apoptosis
(Kawauchi et al., 2002) (Soares et al., 2002). Additionally, it is important to note that the role of
HMOX1 and ATF3 in the transition from acute to chronic stress response has previously not been
explored (FIG2.3C). The knockdown experiment included three main treatment groups: 1)
scrambled-untreated (hereafter scrambled-NT), 2) scrambled-treated (hereafter scrambled-HP),
and 3) knockdown-treated (hereafter knockdown-HP). We observed no significant differences in
cell count between the scrambled siRNA and siHMOX1 transfected cells prior to the addition of
HP. Forty-eight hours after transfection, Groups 2 and 3 were treated with HP for 6 hours before
cells were imaged. FIG2.3D shows the relative expression of ATF3 and HMOX1 in the three
experimental groups. The comparison of scrambled-HP versus scrambled-NT displays the effect
of the treatment; we observed a decrease in cell count and slight change in cell morphology.
Comparing the scrambled-HP sample to each individual knockdown + HP group revealed that the
greatest change in cell count and morphology occurred after HMOX1 knockdown.

HMOX1: A Global Regulator of Cell Function

The global role of HMOX1 in orchestrating the response to oxidative stress in the

transitional regime between acute and chronic stress was examined by high-throughput

transcriptomic analysis. Measurement of HMOX1 expression by gPCR in each treatment group is
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shown in FIG2.3D; the comparison of the first two groups indicated degree of HMOX1 induction
upon HP treatment (~4-fold), while comparison of the second two groups quantified the
knockdown efficiency (~80%). After alignment with OSA2, gene counts were used for differential
expression analysis; the number of differentially expressed genes are summarized in FIG2.4A.

Key processes that were affected by HP treatment in the time-course data were examined
in the context of the knockdown (FIG2.4B). Many processes which were up-regulated by HP
treatment alone were down-regulated in HMOX1 deficient cells when treated with HP and vice
versa. For example, mitochondrial transcripts MT-ATP6, MT-ND3, and MT-CYB were all
strongly down-regulated upon HP treatment. However, after the knockdown, these transcripts were
up-regulated in response to HP treatment. Similarly, genes associated with inflammation,
autophagy, transcription, ER stress, the antioxidant response, and the cell cycle switch their
direction of regulation in response to HP when HMOX1 expression was decreased. In fact, there
were 2892 genes (with p < 0.05) that were consistently regulated in the time-course and
knockdown experiments (i.e. were up regulated in both 6h vs. Oh and Scrambled-HP vs.
Scrambled-NT or were down regulated in both 6h vs. Oh and Scrambled HP vs. Scrambled-NT);
51% of these DE genes switched their direction of regulation upon HMOX1 knockdown in
response to HP treatment (F1G2.4C).

After performing GO and KEGG enrichment of the 51% of switching genes, we found
three spatial categories: nucleus, cell surface, and mitochondria (FIG2.4D). Nuclear pathways
included spliceosome, histone demethylase activity, nuclear pore, and DNA directed RNA
polymerase activity. Cell surface pathways included cell-cell adherens junction and antigen
processing and presentation. Finally, the mitochondrial pathways included oxidative

phosphorylation and respiratory chain related GO terms. Pathways and processes that were
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significantly enriched in the knockdown data were also enriched (p < 0.05) at various time-points
across the time-course data (FIG2.4D). Mitochondrial pathways were enriched earlier in the time
course whereas nuclear and cell surface processes were enriched across the time course.

Taken together, these data suggest the global impact of HMOX1 on regulating the
functional response to oxidative stress.

Novel Mechanisms of HMOX1 in Regulating the OSR

Upon further exploration of the location specific effects of HMOX1 knockdown, we found
key mitochondrial transcripts, cell surface receptors, and nuclear regulatory genes that switch their
direction of expression upon HP treatment when HMOX1 is silenced (all relevant fold-change and
p-values are summarized in FIG2.S4). At the cell surface, EGFR and IGF1R were up-regulated
with HP treatment alone and down-regulated in HMOX1 deficient HUVECs (FIG2.5B).

Mitochondrial transcripts that encode subunits of the ETC were down-regulated upon HP
treatment alone and up-regulated in HMOX1 deficient HUVECs (FIG2.5D). To gauge the
functional consequence of this transcriptional switch, we performed the Seahorse Mito Stress Test
to quantify mitochondrial respiration. Consistent with the transcriptional switch, measurement of
the oxygen consumption rate in the scrambled-NT, scrambled-HP, and siHMOX1-HP groups
indicated a decrease in ATP production upon HP treatment alone, which was rescued in response
to HP treatment in the HMOX1 knockdown group (FIG2.5E).

Finally, we showed that key histone modification genes (KDM6A, RBBP5, and PPM1D)
were up-regulated upon HP treatment and down-regulated upon HP treatment in HMOX1 deficient
HUVECs (FIG2.5F & FIG2.5G). Additionally, we have identified long non-coding RNAs
(IncRNAs) that switched their direction of regulation (i.e. up- to down- or vice versa) in response

to HP treatment upon HMOX1 deficiency (FIG2.5H).
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Taken together, these results highlight novel organelle-specific HMOX1-mediated
mechanisms of cell protection in response to oxidative stress.
2.5 Discussion

Endothelial dysfunction and cell death are central to the progression of vascular diseases
(Libby et al., 2011) (Gimbrone and Garcia-Cardefia, 2016) (Madamanchi et al., 2005). The
monolayer of endothelial cells that forms a barrier between blood flow and the surrounding tissue
allows selective molecules and immune cells to cross into the sub-endothelial space. Under chronic
stress, gaps in the endothelium allow uninhibited extravasation of immune cells and lipoproteins,
contributing to the persistent pro-inflammatory state that supports the formation of plaque
(Galbraith et al., 1998). Endothelial dysfunction and cell death can be triggered by many
mechanical (Chiu and Chien, 2011) (Chien, 2008) (Ajami et al., 2017) and chemical (Deanfield et
al., 2007) (Hadi et al., 2005) cues. As the first line of defense facing the circulating toxins in the
blood, ECs are primed to sense and respond to subtle chemical perturbations such as oxidative
stress (Deanfield et al., 2007) (Pennathur and Heinecke, 2007).

In this study we have characterized the response to oxidative stress in ECs using a systems

biology approach and, in doing so, we have identified gatekeepers at the nexus of cell fate decisions.

Dose Dependent OSR in ECs

One of the key features of vascular disease is eNOS uncoupling, which results from the
oxidation of nitric oxide; this process is dependent on the amount of ROS available (i.e. the degree
of oxidative stress) (Elahi et al., 2009). We have shown in this study that cell viability and anti-

oxidant capacity of HUVECSs decrease while cell toxicity and apoptotic signaling increase with
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0.1-0.5 mM HP treatment. Beyond 0.5 mM HP, cell toxicity increases more dramatically and
apoptotic signaling begins to decay, suggesting that beyond this concentration, the cells begin to
undergo necrosis (FIG2.1A-D). Previous studies have shown similar trends in apoptosis, cell
viability, cell toxicity, and redox status upon treatment with HP (Zhou et al., 2013) (Csordas et al.,
2006) (Wen et al., 2013) (Gong et al., 2010) (Clément et al., 1998) (Xu et al., 2013) (van Gorp et
al., 1999) (Nadeev et al., 2015) (Messner et al., 2012). Considering that beyond 0.5 mM HP the
antioxidant capacity, cell viability, apoptotic signaling, and membrane integrity are severely
degraded, ~0.5 mM HP is the point of cell fate transition.

Time Dependent OSR in ECs and Hallmarks of Vascular Disease

The transition from cell function to dysfunction is temporally mediated by transcriptional
changes. In order to characterize transcriptional programs that facilitate the transition from EC
function to dysfunction, we examined the longitudinal response to oxidative stress. Our dose-
response analysis in conjunction with the longitudinal study revealed the tipping point of
endothelial function allowing us to focus on factors that initiate cell dysfunction. Furthermore, our
use of high-throughput time series measurements allowed us to distinguish three clear phases of
stress response and provide a systems level perspective on the endothelial-specific OSR (FIG2.1E-
G).

By looking at the global response to oxidative stress at the nexus of cell function and
dysfunction we have been able to show the EC-specific crosstalk between multiple anti-apoptotic
mechanisms. It is also important to note that we observe the up-regulation of pro-apoptotic signals
(FIG2.2). Parallel activation of survival and death pathways allows sensing of the stress response
and immediate clearance of cells that have incomplete or insufficient repair mechanisms (Flusberg

and Sorger, 2015) (Gross et al., 1999). Additionally, senescent endothelial cells are known to be
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susceptible to spontaneous or stress induced apoptosis (Donato et al., 2015) (SEALS et al., 2011)
(Zhang et al., 2002). Also, studies have shown that cells that recover from stress initiate protective
measures for future instances of stress resulting in disease tolerance (Flusberg and Sorger, 2015)
(Medzhitov et al., 2012) (Jang et al., 2008). This may explain why pro- and anti-apoptotic genes
are concurrently activated in the progression from acute to chronic stress response. Interestingly,
the induction of apoptosis has been shown to cause caspase-mediated disruption of adherens
junctions in vitro (Bannerman et al., 1998) and caspases also have non-canonical roles in
inflammation (Martinon and Tschopp, 2004). Therefore, even if the anti-apoptotic signaling
prevents cell death and preserves endothelial barrier function, the activation of pro-apoptotic
signals could indirectly increase endothelial permeability and inflammation. The concurrent
activation of pro- and anti-apoptotic processes highlights the heterogeneity of stress response at
the nexus of cell function and dysfunction.

In our model, we find that cell cycle and DNA replication is strongly inhibited by p21 and
GADDA45A from 4-16 hours (FIG2.2, FIG2.S3); this is in line with previous findings (Gao et al.,
2009) (Zhan, 2005) (Niehrs and Schafer, 2012) (Moskalev et al., 2012) (Tamura et al., 2012). In
addition to cell cycle arrest, our data reveals that hallmarks of endothelial senescence, such as up-
regulation of pro-inflammatory cytokines, monocyte adhesion factors, and autophagy along with
down-regulation of NOS3, are present in a sustained manner throughout our time course. This is
in line with previous reports of endothelial senescence (Lum and Roebuck, 2001) (Tian and Li,
2014). Therefore, at the nexus of cell function and dysfunction, decreased replicative potential
and activation of senescence supports key pillars of endothelial dysfunction such as decreased NO,

increased cytokines, and increased monocyte adhesion.
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Finally, examination of key transcription factors associated with the OSR in ECs indicates
that while NFE2L2 is up-regulated its target antioxidant genes (i.e. CAT, PRDX3, TXNRD?2) are
down-regulated from 4-16h. Given that KLF2 activates NFE2L2 (Fledderus et al., 2008), the
switch in regulation of KLF2 from up- to down-regulation may contribute to the down-regulation
of NFE2L2-mediated antioxidant gene expression. Also, KLF4 up-regulation from 1-16 hours,
may be critical in maintaining the up-regulation of THBD in order to reduce thrombin levels and
inhibit pro-thrombogenic signaling (Sangwung et al.) (Jiang et al., 2014). (FI1G2.2)

Taken together our data suggests that the inhibition of antioxidant gene expression and
activation of senescent, pro-inflammatory, and chemoattractant gene expression promote
progression of acute stress to endothelial dysfunction. Interestingly, while resistance to apoptosis
in healthy ECs would protect the barrier functionality of the endothelium, persistence of this
“protective” factor under significant oxidative stress shields dysfunctional ECs from being cleared
and contributes to the chronic stress state typical of vascular disease.

HMOX1: A Master Regulator

While HMOX1 has been shown to influence many cellular functions, these studies span
many different stress conditions and cell types and mostly provide a “snapshot” of HMOX1
regulated cellular function at a fixed time point (Kim et al., 2011) (Gozzelino et al., 2010). Given
that 51% of genes switch their direction of regulation upon HP treatment in HMOX1-deficient
cells (F1G2.4C), it is clear that HMOX1 has a dramatic effect on gene expression highlighting the
substantial influence of this enzyme on the endothelial OSR. KEGG and GO enrichment of the
51% of switching genes reveal three spatial clusters: the nucleus, mitochondria and the cell surface
(FIG2.4D). Interestingly, the protein encoded by HMOX1 is located at the cell surface,

mitochondria, and nucleus (Dunn et al., 2014). In order to identify novel mechanisms of HMOX1
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function, we identified switching genes that had not previously been associated with HMOX1 at
each of the enriched locations.

At the cell surface, we found that HP treatment-induced EGFR and IGF1R was
significantly dampened in HMOX1 deficient HUVECs (FIG 5B). Consistent with our findings, it
has been reported that the addition of HP increases the gene expression and protein concentration
of EGFR (in murine melanoma cells) and the gene expression of IGF1R (in VSMCSs) in vitro
(Hyoudou et al., 2006) (Du et al., 2001). Our study demonstrates the induction of EGFR and
IGF1R expression by HP in ECs and highlights the positive correlation between HMOX1
expression and the expression of these two genes (FIG2.5B). Studies indicating the increased
apoptosis of ECs upon EGFR inhibition (Bruns et al., 2000) supports our finding that HMOX1-
deficient cells treated with HP resulting in decreased EGFR expression (FIG2.5B) is associated
with increased cell death (FIG2.3). Similarly, low IGF-1 (which can also be simulated by
decreased expression of the IGF1 receptor as seen in the HMOX1-deficient HUVECs treated with
HP (FIG2.5D)) is associated with increased endothelial apoptosis/dysfunction and cardiovascular
risk (Conti et al., 2004). Additionally, it has been shown that growth factor signaling results in the
phosphorylation of pro-apoptotic proteins, protecting the cell from death (Winn and Harlan, 2005).
Taken together, the expression of EGFR and IGF1R (that informs the signaling flux through these
receptors) influences decisions of cell fate in ECs. As such, targeted studies exploring the
mechanism by which HMOX1 influences the expression of these receptors and the functional
consequence of those changes would illuminate potential therapeutic targets for endothelial
dysfunction and vascular diseases.

We and others have shown that HP treatment in HMOX1-competent HUVECSs causes the

down-regulation of mitochondrial encoded electron transport chain (ETC) subunits (Karnewar et
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al., 2016); interestingly, we show that this is reversed in HMOX1 deficient HUVECs (FIG2.5D).
Consistently, we observed that the increased expression of genes associated with mRNA
degradation (e.g. SUPV3L1, CNOTG6L/4, and DCP1A/B) in HMOX1-competent cells treated with
HP is reversed in HMOX1 deficient HUVECs (data not shown). Furthermore, the decreased
expression of protein translation and processing genes (e.g. DARS2, FARS2, MRPL16, MRPL17,
SPGT7) is reversed in HMOX1 deficient HUVECS in response to HP treatment. Taken together, the
increased expression of HMOX1 upon HP treatment is accompanied by increased mRNA
degradation and decreased protein processing, which likely results in the decreased expression of
ETC subunits and attenuates synthesis of ETC proteins. The reversal of this expression profile in
HMOX1 deficient cells suggests that HMOXZ1 protects against mito-ROS mediated cell death by
inhibiting expression or protein assembly of the ETC. Our characterization of mitochondrial
respiration in HMOX1-competent and HMOX1-deficient HUVECs suggests that the observed
transcriptional changes associated with mitochondrial mMRNA and protein processing may have
lasting functional consequences. Indeed, our functional analysis of mitochondrial respiration
indicates that, consistent with the ETC subunit gene expression, ATP production is significantly
decreased upon HP treatment alone and partially rescued upon HP treatment in HMOX1-deficient
ECs (FIG2.5E). Previous studies have shown that mitochondrial HMOX1 affects the flux through
the ETC by regulating the availability of free heme and CO (Heinemann et al., 2008) (Almeida et
al., 2015) (Zuckerbraun et al., 2007) (FIG2.5C). Upon HP treatment, decreased expression of ETC
subunits and down-regulation of post-transcriptional and post-translational regulators inhibits
mitochondria activity and prevents mitochondrial-ROS mediated pro-death and pro-inflammatory
processes. However, in HMOX1 deficiency, this protective mechanism is lost and increased

mitochondrial ROS likely promote dysfunction and death. While the role of HMOX1 in

33



maintaining the redox potential of the mitochondria has been observed, our work provides novel
mechanisms for therapeutic intervention to address dysfunctional ECs in vascular disease.

Finally, while the localization of HMOXT1 to the nucleus, its decreased enzymatic activity
upon nuclear entry, and its potential role in regulating transcription have been suggested (Biswas
et al., 2014) (Lin et al., 2007) (Dulak and Jozkowicz, 2014), the role of HMOX1 in epigenetic
regulation have not yet been described. We show, for the first time, that HMOX1 deficiency alters
the expression of many histone modification genes and Inc-RNAs (FIG2.5F-H). While it has been
shown that oxidative stress initiates histone modification influencing HMOX1 expression
(Chervona and Costa, 2012), there is no evidence of HMOX1 levels influencing the expression
and activity of histone modification genes. Furthermore, Inc-RNAs have been implicated in
various aspects of the OSR (Kim et al., 2017) (Huang et al., 2016). These novel aspects suggest
that HMOX1-regulated endothelial response to oxidative stress can influence not only
transcriptional control but also epigenetic modulations. However, their regulation by HMOX1 is
yet to be explored.

In summary, our longitudinal analysis of the OS response in EC has elucidated dynamical
mechanisms that are invoked leading to cell fate decisions. At higher doses of OS, as shown in
literature extensively and based on our studies, ECs go towards cell death through apoptotic and
necrotic mechanisms. At low doses, the cells use recovery mechanisms including, redox enzymes
involved in removing free radical species, induction of DNA repair mechanisms through
transcription and cell protective mechanisms at the interface of genotoxic and metabolic stress. At
a critical dose that lies between cell recovery and death, lie the mechanisms that poise the cell
either towards recovery or death. Our temporal studies of response at this dose points to a multitude

of cellular responses including several of the cell protective mechanisms that suspend the cell at
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the interesting nexus between cell survival and death. Most importantly, our study reveals a master
regulator, HMOX1, which appears to play a key role regulating the spatiotemporal response in EC
to OS. Whether the novel mechanisms of HMOX1 presented here occur either by the decoupling
of its enzymatic and non-enzymatic activities or as a combination of the two requires further
analysis. Our study also points to interesting avenues for designing therapeutics to deal with OS
response, which is important for vascular dysfunction and disease.
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Figure 2.1 A Dose- and Time-Dependent Analysis of H202 Induced Oxidative Stress in
HUVECs.

(A-D) HUVECs were treated with 0-1mM HP and functional measurements were made to
characterize the dose-dependent response to oxidative stress. (E-G) Next, HUVECs were treated
with 0.5mM HP in duplicate and mRNA samples, collected at 0, 1, 2, 4, 6, 8, 10, 12, 14, and 16
hours post-treatment, were sequenced in order to characterize the time-dependent response to
oxidative stress. A) Caspase 3 and 7 was measured as indicator of apoptotic status. Caspase activity
is reported as percent of positive control (10uM staurosporine) at 12 hours post treatment. B)
Dehydrogenase activity was measured as proxy for cell viability. Blank adjusted measurements
are reported as percentage of the negative control (untreated cells) at 6, 12, 24, and 48 hours post
treatment. C) GSH/GSSG ratio measured as an indicator of redox status and reported as percent
change with respect to untreated samples D) Cyto-Tox Green assay: amount of green staining is
proportional to cytotoxicity. Scale bar: 20um. E) The number of differentially expressed genes at
each time point post HP treatment with respect to control (0 hour); DE genes were identified by a
p-value cutoff of 0.01 and a |fold-change| cutoff of 1.3. F) Significantly enriched KEGG pathways.
Each ring of the circle represents one time-point, where the inner-most ring represents 1 hour and
the outer-most ring represents 16 hours. Dark blue indicates highly significant p-values, whereas
light-blue represents less significant p-values. G) Hierarchical clustering dendrogram of
normalized gene counts from each time point.
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Figure 2.2 A Temporal Model of HP Induced Oxidative Stress in HUVECs.
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HUVECs were treated with 0.5mM HP in duplicate and mRNA samples (from 0-16h) were
sequenced. Significantly regulated genes and cellular processes (p < 0.05) were used to construct
a temporal model depicting the time-course of oxidative stress response. The boxes colored in blue
and red represent down- and up-regulated genes or processes, respectively. The axis at the bottom
of the figure indicates the time at which various processes become significantly regulated. Positive
regulation is depicted by an arrow head and negative regulation is indicated by a flat line. VVascular
phenotypes associated with each group of genes/processes (i.e. endothelial senescence, protection
of endothelial barrier function, chronic inflammation, stress response, and thrombogenesis) are
indicated to the right of the temporal model. The log2(fold-change) values for the genes specified
in this model are summarized in the supplementary material (FIG S2)
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Figure 2.3 HMOX1 is a key regulator of cell fate in HUVECs upon HP treatment.
Significant transcription factor-target interactions were identified to determine key gatekeepers of
cell fate and function. A) Top 10 up-regulated transcription factors at 1 hour post HP treatment.
B) The top 10 up-regulated gene targets of JUN family transcription factors. All JUN targets
differentially expressed at at least one time point were identified and ranked by average fold-
change across all time points. C) Two genes were selected from B) for a sSiRNA screen experiment:
ATF3 and HMOX1. After 48 hours of transfection and 6 hours of HP treatment HUVECs were
imaged using phase contrast microscopy (the images shown are the representative images taken
from 3 repeats of the experiment; scale bars indicate 100um) D) Mean fold-change + S.E.M. are
shown by qPCR for ATF3 (n = 2) and HMOX1 (n = 3). p < 0.01 is indicated by ** , p < 0.05 is
indicated by *.
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Figure 2.4 HMOX1 is a global regulator of cell function in HUVECs upon HP treatment.
RNA collected from scrambled-NT, scrambled-HP, and siHMOX1-HP samples groups (n= 2 per
group) was submitted for RNA-seq. A) The number of differentially expressed genes between
Scrambled-HP vs. Scrambled-NT (i.e. indicating the effect of the HP treatment) and between
SIHMOX1-HP vs. Scrambled-HP (i.e. indicating the effect of the HMOX1 knockdown in response
to HP treatment). B) Log2(fold-change) of genes associated with mitochondrial function,
inflammatory/immune response, autophagy, transcription, ER stress, antioxidant response, and
cell cycle in the time-course data (to the left of the black bar) and in the knockdown experiment
(to the right of the black bar). C) The Venn diagram indicates the number of overlapping
differentially expressed genes between the time-course experiment and the knock-down
experiment (i.e. the 6h vs. Oh comparison of the time-course data, the scrambled-HP vs. scrambled-
untreated comparison of the knockdown data, and the siHMOX1-HP vs. scrambled-HP
comparison of the knockdown data; p < 0.05). The table indicates the number and percentage of
overlapping genes that switch direction of expression upon HP treatment in HMOX1 deficient
HUVECs. D) KEGG and GO enrichment analysis of the overlapping genes that switch their
direction of regulation upon HP treatment in HMOX1 deficient HUVECs. Enrichment of pathways
in the time-course data is also shown. The color of cell indicates significance of p-value (the lighter
the shade the less significant and the darker the shade the more significant the p-value). The
enriched KEGG pathways and GO terms were grouped into three spatial categories as specified in
the first column of the table.
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Figure 25 HMOX1 deficiency perturbs the OSR at the cell surface, nucleus, and
mitochondria.

Differentially expressed genes and pathways in each cellular location were examined in order to
identify novel targets of HMOX1 regulation. A) Network diagram depicting HMOX1 activity at
the cell surface. B) Fold-change of EGFR and IGF1R expression by gPCR in scrambled-NT,
scrambled-HP, and siHMOX1-HP samples. C) Network diagram depicting HMOX1 activity in the
mitochondria. D) Fold change of MT-ND3 and MT-ATP6 expression by gPCR in scrambled-NT,
scrambled-HP, and siHMOX1-HP samples. E) The MitoStress Test (Seahorse XFe24) was used
to quantify functional changes in mitochondrial function. The line-graph shows a representative
oxygen consumption rate (pmol/min/cell) for one of the three biological repeats of this experiment
(n = 3); 1uM Oligomycin was added at ~20 minutes followed by 2uM FCCP at ~50 minutes and
finally 0.5uM Rot/AA at ~80 minutes. The background subtracted mean OCR + SEM across two
to four technical replicates for scrambled-NT (blue line), scrambled-HP (red line), and siHMOX1-
HP (green line) is shown. The bar-graph to the right indicates the ATP production across all three
experiments; all oxygen consumption rate measurements in each experiment were normalized to
the basal respiration rate of the Scrambled-NT group. Then, the average measurement after each
injection for each treatment group was used to calculate the OCR associated with ATP production.
The mean ATP production as a percentage of basal respiration + S.E.M. across all three
experiments is shown. p < 0.05 (*). F) Network diagram indicating Inc-RNAs and histone
modification genes affected by HMOX1 expression. G) Fold change of KDM6A, RBBP5, and
PPM1D expression by gPCR in scrambled-NT, scrambled-HP, and siHMOX1-HP samples. H)
Log2(fold-change) of Inc-RNAs from the time-course experiment and the knockdown experiment
indicating the switch in expression upon HMOX1 deficiency. p < 0.05 are shaded; p > 0.05 are
blank. Log2(fold-change) and p-values for genes described in panels A, C, and F are summarized
in FIG S4. For all gPCR data presented: mean + SEM from at least 3 biological replicates (n_bio
> 3) is shown; Students unpaired t-test was used to determine p-values: p < 0.05 (*), p <0.01 (*%),
and p < 0.001 (***).
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A) All samples in the time-series experiment had ~20 million reads; the average uniquely mapped
alignment percentage was ~84.11%. B) All samples in the knockdown experiment had ~23 million
reads; the average uniquely mapped alignment percentage was ~85% C) The R2 value was
calculated for all pairwise comparisons between samples in the time-series experiment using raw
gene counts from the OSA2 output. The legend indicating the range of R2 values is shown at the

bottom left of the heatmap.
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Figure 2.S 2 Summary of log2(fold-change) and p-values for genes included in Figure 2.2
Red indicates up-regulation, blue indicates down-regulation. Yellow coloring of the tiles on the
right indicate significant p-values (p < 0.05). Pathways and processes corresponding to those
mentioned in Figure 2 are listed in the first column.
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Figure 2.S3 Phenotypic Validation of Temporal Model of OSR.

HUVECSs were treated with 0 or 0.5mM HP and phenotypic measurements were taken to verify
the functional consequences of the transcriptomic changes in response to oxidative stress. A & B)
HUVECSs treated with 0 and 0.5mM HP were analyzed in a flow cytometer. 10,000 events were
collected for each sample and their histograms were plotted. The first peak represents the
distribution of cells in the GO/G1 phase (M1), the second peak represents cells in the S phase (M2),
and the third peak represents cells in the G2/M phase (M3). The average percentage of cells in
GO0/G1, S, and G2/M phases in control (dark gray) and 0.5mM (light gray) treated samples; error
bars indicate standard deviation of the average calculated across two biological repeats of the
experiment. P-values labeled above each group; p < 0.05 indicated by *. C) HUVECs treated with
0 and 0.5mM HP were stained with Cyto-ID. Autophagic vacuoles are stained in green in OmM
(left) and 0.5mM (right) treated cells were imaged with excitation at 463nm and emission at
534nm.Scale bar indicates 10 pm. D) HUVECs treated with 0 and 0.5mM HP were stained with
MitoTraker Deep Red FM dye. 3-5 random fields were chosen for 100x imaging. Images were
analyzed in ImageJ software. To visualize the mitochondrial network, their distribution and size,
high pass filter (edge detection) was applied. Maximum intensity projection was applied to
determine total intensity of mitochondrial stain. The image on the left shows untreated cells and
the image on the right shows 0.5 mM HP treated cells. Scale bars, shown at the bottom right corner
of each image represent 5um. E & F) HUVECSs were treated with 0 and 0.5mM HP; 12 hours after
induction, HUVECs were incubated with 5 uM JC-1. For JC-1 monomers and aggregates, an
excitation and emission wavelengths of 485/535 and 560/595 nm, respectively were used. Images
were analyzed in ImageJ using a macro that automatically segment and quantify green and red
fluorescence. Mitochondrial membrane depolarization is indicated by green fluorescent monomers
(green section of bar graph) and healthy mitochondria are indicated by red fluorescent aggregates
(red section of bar graph). Ratios of monomers/aggregates (green/red ratio, blue section of bar
graph) indicate the overall health of mitochondria in control and treated HUVECs. Scale bar: 10

pm.
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CHAPTER 3 : HIGH FAT DIET INDUCED LIVER CANCER

3.1 Abstract

The liver is highly complex organ responsible for detoxifying the blood as well as
producing proteins (e.g. vitamins, hormones etc) and clotting factors that are circulated throughout
the body. It also plays a critical role in orchestrating metabolic functions of the intestines (by
producing and secreting bile acid for lipid absorption), adipose tissue (where excess food and
energy processed by the liver are stored as lipid vesicles), and muscle tissue (to which the liver is
the main source of glucose). Additionally, the liver synthesizes and secretes complement proteins,
which are important effector molecules in the innate and adaptive immune response. Finally, the
liver is the only organ that is able to regenerate upon severe stress/damage. Taken together, the
liver not only filters toxic substances from blood but is highly involved in both anabolic and
catabolic processes, which results in constant turnover of cellular stress. Also, because the liver
generates components (such as amino acids, vitamins, coagulation factors etc.) that are used by
other tissues in the body, there is a tremendous amount of systemic feedback that regulate the liver.
So, it is important to consider the role of hepatic and systemic stress response in the development
of liver cancer. It is also important to note that p62, a key player in selective autophagy, is
overexpressed in cancers and has been found in the Mallory-Denk bodies that are characteristic of
hepatocellular carcinoma (HCC). The objective of this study is to understand the role of p62 and
NBR1 (a structurally similar protein) in mediating high-fat diet induced stress in the development
of liver dysfunction and disease. To this end liver samples from total and conditional (hepatocyte
specific) knockout mouse models of p62 and NBR1 were sequenced and the transcriptional

signature of each knockout condition was examined.
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3.2 Introduction

The prevalence of non-alcoholic fatty liver disease (NAFLD) is 25% worldwide (Younossi
et al., 2016). The initial stages of hepatic fat accumulation leading to NAFLD (known as simple
steatosis), progresses to non-alcoholic steatohepatitis (NASH) due to the increased inflammatory
and oxidative stress in response to the accumulated fat. Persistence in the inflammatory and
immune response results in the advancement to cirrhosis, which involves fibrosis and the
formation of scar tissue. Finally, oxidative and replicative stress drives DNA damage, genomic
instability, oncogenic transformation, and progression to hepatocellular carcinoma (HCC) (Lewis
and Mohanty, 2010) (Cohen et al., 2011) (Reuter et al., 2010). Taken together, it is clear that the
progression of liver disease is founded on three pathophysiological features: metabolic

dysregulation/steatosis, activation of the immune response, and fibrosis.

The liver is a central regulator of metabolism; it is able to coordinate energy storage (during
fed states) or energy utilization (during fasting states) (Rui, 2014). In cases of obesity or insulin
resistance, which are comorbidities of NAFLD (Paschos and Paletas, 2009) (Younossi et al.,
2016), the persistent secretion of fatty acids (FAS) by adipose tissue is stored by the liver as
triglycerides resulting in steatosis. Additionally, NAFLD is characterized by increased de novo
lipogenesis as well as decreased FA oxidation and lipoprotein secretion, which maintains the
steatotic phenotype (Koo, 2013) (Kawano and Cohen, 2013). An excess supply of FAs results in
increased oxidative stress and inflammation (Soardo et al., 2011), resulting in liver dysfunction
(Poli et al., 1987) (Dowman et al., 2010). The response to increased FAs is coordinated by the
direct sensing of FAs by SREBPs and PPARs (Pettinelli et al., 2011) (Desvergne et al., 2006)

(Fatehi-Hassanabad and Chan, 2005) or by the regulation of these transcription factors by up-
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stream kinases such as mTORC1 (Laplante and Sabatini, 2012). Due to the crosstalk between
transcription factors that coordinate glucose and lipid metabolism (Lu et al., 2014) (Bechmann et
al., 2012), any dramatic changes in hepatic lipid content also influences glucose metabolism. This
is critically important since, under starvation, the liver is the main source of glucose for the

organism.

Upon liver injury, neighboring hepatocytes proliferate to fill the void left by the apoptotic
hepatocytes; this process is accompanied by a modest generation of ECM components. The
aberrant generation of excess ECM, however, is known as fibrosis and is regulated by hepatic
stellate cells (HSCs) (Bataller and Brenner, 2005). HSCs are activated by intracellular ROS, TLR
signaling by gut-derived bacterial components, or cytokines released by neighboring immune and
parenchymal cells (Elpek, 2014). Once activated, HSCs break down perinuclear droplets of retinyl
esters and produce ECM components, such as collagen, integrin, laminin etc., in order to remodel
the surrounding ECM (Bataller and Brenner, 2005) (Elpek, 2014). The synthesis of collagen is
primarily regulated by TGFp in an autocrine and paracrine fashion (Elpek, 2014). While the
activation of matrix-metalloprotinases (MMPs) limits the degree of ECM remodeling, the
expression of MMP inhibitors (i.e. TIMPs) in later stages of liver disease facilitates the chronic
and unchecked propagation of fibrosis (Pellicoro et al., 2014) (Iredale et al., 2013). Cytokines
generated by HSCs activate neighboring and circulating immune cells (Weiskirchen and Tacke,
2014), resulting in a positive feedback loop that maintains the pro-fibrogenic activities of HSCs.
Additionally, bone-marrow derived circulating fibroblasts, portal fibroblasts, as well as
hepatocytes can acquire HSC like phenotypes, amplifying the pro-fibrogenic signal (Elpek, 2014).
This chronic activation of pro-fibrogenic signaling drives the progression to HCC by perturbing

hepatocyte differentiation, proliferation, and polarity (Gissen and Arias, 2015) (Radisky et al.,
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2007). Additionally, by facilitating angiogenesis (Elpek, 2015), fibrosis promotes the progression

from tumorigenesis to HCC.

The hepatic immune response participates in clearance of dysfunctional hepatocytes and
circulating toxins. Hepatocytes and activated stellate cells secrete cytokines (Dong et al., 1998)
(Rowell et al., 1997) (Weiskirchen and Tacke, 2014) to activate resident macrophages (Kupffer
cells) as well as recruit circulating leukocytes and, in chronic stress conditions, adaptive immune
cells. Damaged or tumorigenic hepatocytes present damage associated antigens or tumor antigens
to their surface using the major histocompatibility complex proteins (Herkel et al., 2003), which
are recognized by the activated innate or adaptive immune cells. Another effector function of the
immune response that is activated under hepatic stress is the complement system (Shen et al.,
2014), which has been shown to regulate inflammation, anti-tumor mechanisms, and liver
regeneration (Pio et al., 2013) (Reis et al., 2017) (Rensen et al., 2009) (Bilzer et al., 2006)
(DeAngelis et al., 2006) (DeAngelis et al., 2012) (Min et al., 2016). A persistent availability of
damage signals or the inability of the immune response to clear the damage results in a chronic
stress state that drives the progression to HCC (Robinson et al., 2016). Whether metabolic
dysregulation, immune response, and fibrosis occur in succession (i.e. the “double-hit” hypothesis)

or in parallel is unclear (Berlanga et al., 2014).

Mallory Denk bodies (MDBSs), which are aggregates of misfolded or toxic proteins are a
hallmark of HCC; MDBs have been found to include SQSTM1/p62, an autophagy regulator and
signaling scaffold (Lahiri et al., 2016) (Moscat and Diaz-Meco, 2009) (Zatloukal et al., 2002)
(Stumptner et al., 2007) (Stumptner et al., 1999) (Long et al., 2017). Interestingly, the ablation of

p62 gene expression in mice results in insulin resistance and mature-onset obesity (Rodriguez et
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al., 2006), contributing to the progression from NAFLD to HCC (Moscat and Diaz-Meco, 2012).
Its diverse set of protein binding domains allows p6 to integrate and coordinate various processes
such as insulin signaling, adipogenesis, BAT thermogenesis, energy/nutrient balance, autophagy,
apoptosis, oxidative stress, and inflammation (Long et al., 2017). By functional similarity (Dash
etal., 2016), NBR1 may also participate in the progression from NAFLD to HCC. It has also been
shown that NBR1-mediated MEKK3/INK signaling results in adipose tissue inflammation and

obesity (Hernandez et al., 2014).

While high-throughput analysis of liver and plasma samples taken from patients in each
stage of liver disease has aided in biomarkers discovery (Gorden et al., 2015), the molecular
mechanism of disease progression has not yet been clarified. Additionally, the role of p62 and
NBRL1 in the progression of liver disease are not fully elucidated. In this study, we provide a
systems level analysis of the effect of high-fat diet on DEN treated mice that are deficient in p62,
NBR1, or both (double-knockout). The comparison of total mouse knockouts to hepatocyte
specific knockouts highlights the role of these proteins in several cell/tissue types in coordinating
the progression to HCC.

3.3 Materials and Methods

Mouse Models & Phenotypic Characterization

Knockout mouse models were generated by Dr. Jorge Moscat and Dr. Maria Diaz-Meco at
the Sanford Burnham Prebys Medical Discovery Institute (La Jolla, CA) (Duran et al., 2004)
(Mdller et al.,, 2013) (Yang et al., 2010). The treatment protocol and the phenotypic
characterization of each knockout cohort at the end of the experiment was performed by the Moscat

and Diaz-Meco groups. All mice were given 25mg/kg of DEN at 2 weeks and then fed a high-fat
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diet (HFD) from 6-36 weeks, after which they were sacrificed. At the time of sacrifice, mouse
weight, liver weight, tumor number, number of tumors less than 3mm, and number of tumors
greater than 3 mm were recorded. Once the mice were sacrificed, the success of the gene knockouts
was confirmed by PCR. The following phenotypes were also recorded: degree of fibrosis (Sirius
Red Stain), concentration of triglycerides in liver tissue, concentration of plasma ALT, and finally,
expression of Collagen, aSMA, TGFp, and TNFa (by gPCR). All animal protocols were approved

by IACUC and SBP Medical Discovery Institute.

RNA-sequencing

The mRNA was prepared from tissue samples from each knockout mouse in biological
triplicate using the NucleoSpin RNA Kit (Macherey-Nagel). There were 54 samples in total, 3
biological replicates from each of the following knockout groups:

Table 3.1 Abreviations Used for Knockout Groups

Knockout Mouse Model Abbreviation Used
Wild Type WT
TOTAL KNOCKOUTS p627" p62KO
NBR1™" NBR1KO
(p62-NBR1)" DKO (double knock out)
p62" p62ff
p622hep p62ffAC
ALB-CRE KNOCKOUTS NBR1 Ahep NBR1ffAC
(hepatocyte specific knockout) (p62-NBR1)"f pNff
(p62-NBR1) Aher pNffAC

Once the mRNA samples were prepared, the NEBNext Ultra Directional RNA Library
Prep Kit for lllumina with polyA enriched RNA was used to prepare the sequencing library. The
sequencing was done on an lllumina HiSeq2000 system. The sequencing data consists of 100 base-

pair, paired end reads. The RNAseq data for HSCs isolated from the p62 total knockout mouse
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model was downloaded from NCBI GEO (GSE78760). Only the vehicle treated WT and p62
knockout samples were used in our analysis.

For each RNAseq datasets the following workflow was used for quality assurance,
alignment, and differential expression analysis. FASTQC was used to check the quality of the
reads (Andrews, 2010). Omicsoft Sequence Aligner (Hu et al., 2012) was used to align reads to
reference genome Mouse.B37 using genome build Ensembl.R66, and output gene counts for each
sample. DESEQ2 (Love et al., 2014) was implemented using a p < 0.01 and [fold-change| > 1.3
cutoffs to identify differentially expressed (DE) genes for each knockout condition.

Human data reported in a study by Gordon et. al. was incorporated into our analysis to
determine the consistency of the mouse models to human disease (Gorden et al., 2015). This
dataset includes human liver biopsies from patients with different degrees of liver dysfunction:
normal (n = 31), steatosis (n = 17), steatohepatitis (n = 20), and cirrhosis (n = 20). Each disease
cohort (setatosis, steatohepatitis, and cirrhosis) were compared individually to the normal cohort

by pairwise ANOVA (genes with p < 0.01 were considered differentially expressed).

Functional Analyses

Kyoto Encyclopedia of Genes and Genomes or KEGG (Kanehisa and Goto, 2000)
(Kanehisa et al., 2016) (Kanehisa et al., 2017) pathway enrichment analysis was done using the
list of differentially expressed genes from each knockout condition assuming a hypergeometric
distribution to calculate p-values. The pathways with enrichment p-values < 0.05 were compared
between knockout groups. Transcription factor-target analysis was done using the 2017

TRANSFAC database (Matys et al., 2006).
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3.4 Results

In order to explore the role of p62 and NBR1 in high-fat diet mediated HCC, we have
analyzed high-throughput transcriptomic measurements from liver tissue taken from p62KO,
NBR1KO, DKO, p62ffAC, and pNffAC mice. The comparison of gene expression profiles for
total and hepatocyte-specific knockouts provides insight into the mechanisms by which p62 and

NBRL1 influence paracrine signaling between the liver and other metabolic organs.

Phenotypic Characterization

All knockout mice were treated with DEN (a carcinogen) at 2 weeks and fed a high-fat diet
until 36 weeks. The phenotypic data collected is summarized in Table 3.1. The p62KO group
presented the most severe disease phenotypes: HCC grade tumors that are larger than 3mm,
increased bridging fibrosis, ALT levels, TNFa expression, triglyceride levels, and elevated
markers of stellate cell activation. NBR1KO mice presented no phenotypic differences from WT
mice. Interestingly, the DKO mice presented a mixed phenotype. While the DKO presented an
increase in adenomas compared to WT, a majority of their tumors were less than 3mm. They
exhibited no increases in markers of liver inflammation (i.e. ALT and TNFa) or stellate cell
activation. However, the DKO mice did have elevated triglyceride levels. The hepatocyte specific
knockout groups depicted a very different trend. Both the p62ffAC and the pNffAC groups showed
a decrease in the number of tumors and an increase in TNFa expression levels. The p62ffAC was
marked by an increase in triglyceride levels. Also, there was a decrease in plasma ALT levels in

the pNffAC. The NBR1ffAC showed no dramatic change in phenotype compared to the wildtype.
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Table 3.2 Summary of Phenotypic Traits of Each Knockout Group

p62KO NBR1KO | DKO p62ffAC NBR1ffAC | pNffAC
v WT v WT v WT v p62ff v NBR1ff | v pNff
Tumor HCC Adenoma | Adenoma | - - -
Grade
Tumor Increased | No Increased | Decreased | No change | Decreased
Number (> 3mm) | change (< 3mm)
Fibrosis Increased | No No
bridging change change
fibrosis
ALT Increased | No No No change | No change | Decreased
change change
TNFa Increased | No No Increased | No change | Increased
change change
Steatosis | Increased | No Increased | Increased | - No change
(TG) change
Stellate Increased | No No No change | - -
Cell change change
Activation
(collagen,
a-Sma)

Differential Expression & Functional Enrichment

Messenger RNA extracted from liver tissue samples taken from each of the wildtype and
knockout mouse models and was prepared for RNAseq. The number of differentially expressed
(DE) genes for each knockout condition is shown in FIG3.1A. There were significantly more DE
genes in the p62KO (3625 genes) and DKO (2710 genes) than there were for the NBR1KO (263
genes). For the hepatocyte-specific knockout models, p62ffAC (873 genes) had roughly twice the
number of DE genes as pNffAC (428 genes). Since there were so few DE genes and pathways for
NBR1KO, it was not included in downstream analyses. The use of p62ff or pNff as the wildtype

group for NBR1ffAC resulted in 906 and 1139 DE genes, respectively (data not shown); since the
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large number of DE genes was inconsistent with lack of phenotypic changes, the NBR1ffAC was
not included in any further analysis or comparisons.

KEGG pathway enrichment for the DE genes in each knockout condition is shown in the
last column of FIG3.1A. Significantly enriched KEGG pathways (p < 0.05) were grouped into
functional categories for each knockout condition: 1) metabolic, 2) structural, 3) cancer-related, 4)
signaling, 5) immune/inflammation-related, 6) cell-cycle/DNA replication, and 7) other (FIG3.1B).
The largest functional category in every knockout group was metabolic pathway regulation (i.e.
61% in p62KO, 45% in DKO, 53% in p62ffAC, and 40% in pNffAC). While there was a decrease
in the percentage of metabolic pathways (from 61% to 45%), there was an increase in the
percentage of signaling (6% to 14%) and immune pathways (6% to 13%) in the DKO compared
to the p62KO. Similarly, in the hepatocyte-specific knockout, the percentage of metabolic
pathways decreased (53% to 40%) and the percentage of immune/inflammation related pathways
increased (10% to 27%) in the pNffAC when compared to p62ffAC. Unlike the total knockout
groups, there was no noticeable change in the percentage of signaling pathways enriched in the

p62ffAC versus the pNffAC.

Metabolic Dysfunction

In order to determine the metabolic changes associated with the individual or concurrent
ablation of p62 and NBR1, we surveyed the expression of genes encoding metabolic enzymes and
proteins. A majority of metabolic genes and processes are regulated similarly in the p62KO and
DKO groups (FIG3.2A). Out of the 230 metabolic genes considered, 200 are either DE in at least
the p62KO or the DKO. Out of the 200 genes, 108 (54%) are either up-regulated in both groups
or down-regulated in both groups. It is also important to note that of the 200 genes that are DE in

either p62KO or DKO, 161 genes (81%) are “dampened” in the DKO compared to the p62KO (i.e.
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the gene is less down-regulated in the DKO compared to the p62KO or less up-regulated in the
DKO compared to the p62KO; see Table 3.3). DE genes were identified for DKO vs. p62KO and
used for KEGG pathway enrichment analysis. Consistent with the dampening of metabolic genes,
54% of KEGG pathways significantly enriched for DKO vs. p62KO comparison are dampened in
the DKO compared to the p62KO (i.e. the pathway is down-regulated in p62KO vs. WT and DKO
vs. WT and up-regulated in DKO vs. p62KO OR vice versa, see Table 3.3). Of the dampened
pathways, an overwhelming majority (74%) are metabolic pathways (FIG3.2B).

Table 3.3 Metabolic Gene or Pathway Dampening

p62KO vs. WT | DKO vs. WT | DKO vs. p62KO
Metabolic Gene MM ™ 1
or Pathway
Metabolic Gene Wi ) "
or Pathway

In the AlbCre groups, 30/230 genes are DE in p62ffAC and 37/230 genes are DE in
pNffAC; of the 61 genes that are DE in at least p62ffAC or pNffAC, 6 genes are regulated similarly
in the p62ffAC and pNffAC groups. Also, 29 genes (48%) are dampened in the pNffAC compared
to the p62ffAC (FIG3.2A).

Metabolic gene expression is regulated by transcription factors that either directly sense
metabolite availability or that are indirectly regulated by other sensors of nutrient availability. In
order to elucidate the transcriptional regulation of metabolism we examined gene expression of
transcription factors (LXR, RXR, FXR, ESR1, FOXO, SREBP, CEBP, HNF4a, HIF1a, PPAR,
and SP-1) that regulate the expression of metabolic genes (glycolysis, TCA cycle, lipid and amino
acid metabolism etc.) (FIX3.2C). Our results indicate that there is a changing pattern of

transcriptional regulation of metabolism. Many metabolic TFs are uniquely down-regulated in the
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p62KO (e.g. CEBPA, CEBPB, HNF4a, NR1H3 (LXRa), NR1H4 (FXR)). Similarly, many
metabolic TFs are uniquely up-regulated in the DKO (e.g. NR1H2 (LXRp), HIF1a, SP-1, and
ESR1).

In order to understand the differences in metabolic activities of hepatic stellate cells (HSCs)
and the hepatocytes we compared the effect of the p62KO on metabolic gene expression in
hepatocytes and HSCs. A previous study by Duran et. al. reports the isolation of HSCs from
p62KO and WT mice. Each cell population was cultured and treated with vehicle or calicitriol
(VDR agonist) and prepared for RNAseq (NCBI GEO Accession: GSE78760). The untreated (i.e.
vehicle treated) sample data was downloaded, analyzed, and incorporated into our study. The
number of DE genes identified when comparing the stellate cells obtained from the p62KO mice
(hereafter known as p62KO-HSCs) versus the stellate cells obtained from WT mice (hereafter
known as WT-HSCs) was 2967 and the number of significantly enriched pathways was 82
FIG3.1A. It is important to note that even though the total knockout captures the gene expression
signals from hepatocytes, kupffer cells, stellate cells, and sinusoidal endothelial cells, since the
hepatocytes make up 70% of the liver tissue, the majority of the signals observed in the total
p62KO can be attributed to the activities of the hepatocytes in response to the DEN and HFD.
Therefore, the comparison of the total p62KO and the p62KO-HSCs provides insight into the
diverging roles of hepatocytes and HSCs in the development of HCC in the p62KO mice. When
comparing these two groups, the main distinction exists in the direction of regulation of many of
the major metabolic pathways. Out of the total 230 genes considered, 207 are DE in at least the
p62KO0 or the p62KO-HSCs. The predominant down-regulation of metabolic genes (i.e. 142 down,
32 up) in the p62KO is reversed in the p62KO-HSC samples (i.e. 24 genes down, 75 up). While

B-oxidation, w-oxidation, autophagy, TG synthesis, oxidative phosphorylation, the citric acid cycle,
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cholesterol metabolism, FA import and activation, FA synthesis, lipase activation, ketogenesis,
chylomicron import, and leukotriene synthesis are down-regulated in the total p62KO condition,
many critical rate limiting steps and genes involved in these pathways/processes are up-regulated
in HSCs taken from the p62KO liver (FIG3.2A).

There are several notable differences among the 5 knockout groups (p62KO, DKO,
p62ffAC, pNFffAC, and p62KO-HSC). First, fatty acid synthesis (as marked by the expression of
fatty acid synthase, FASN) is up-regulated in the p62KO, down-regulated in the p62KO-HSC and
not DE in any other groups. Second, cholesterol synthesis (as marked by MVK, PMVK, MVD,
IDI11/2, FDPS, DHCR7, SREBP2) is up-regulated in the DKO and not dramatically regulated in
the other groups. Third, serine metabolism (i.e. PHGDH, PSATL, and PSPH) is strongly up-
regulated in the p62KO and DKO and down-regulated in p62ffAC and pNffAC. Fourth, many
genes associated with autophagy are uniquely down-regulated in the p62KO (ATG16L1, ATGS5,
ATG7, ATG9a, GABARAP, GABARAPL2, and MAP1LC3A). Fifth, glucose uptake by glucose
transporters (GLUT proteins) are uniquely up-regulated in the DKO (SLC2A1 and SLC2A3).
Sixth, TG synthesis genes (GPAT4, AGPAT2/3, LPIN1, and DGAT1/2) are down-regulated in the
p62KO. Finally, the expression of chylomicron receptors (LRP1, LRP3, LRP5, and LRP6) are
uniquely down-regulated in the p62KO-HSC; many of these and other LRPs (LRP1, LRP5, LRPS,
and LRP10) are up-regulated in the DKO (FIG3.2A).

Taken together, there is a significant flux in metabolic regulation in the p62KO, DKO, and
p62KO-HSC groups. The overwhelming similarity between p62KO and DKO is somewhat
reversed in the HSCs from p62KO. There is a dampening of gene expression in the DKO compared

to the p62KO along with differences in select metabolic pathways.
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Inflammation & Immune Response

While the measured activation of the innate and adaptive immune response can clear
damaged hepatocytes and facilitate the return to homeostasis, the persistent and unchecked
activation of inflammation and immune signaling can maintain the toxic microenvironment
conducive to tumorigenesis and progression to HCC. In order to characterize the role of p62 and
NBR1 in moderating the degree of immune activation we examined the expression of genes
encoding interleukins, interleukin receptors, interferon receptors, TGFf ligands, TGFp receptors,
chemokines, chemokine receptors, complement activation/regulatory genes, MHC-I/11 complexes
genes, and immunoglobulins from each of the 5 knockout groups (FIG3.3A).

A majority of immune signaling genes (cytokines/cytokine  receptors,
interleukins/interleukin receptors, interferon receptors, and TGFp, TGFp receptors) were DE in all
knockout conditions (FIG3.3A). Furthermore, out of 64 immune signaling genes DE in the p62KO,
56 (88%) were up-regulated; similarly, for the DKO (57/60, 95%), p62ffAC (15/27, 56%), pNffAC
(25/31, 80%), and p62KO-HSC (31/37, 84%). In p62KO, DKO, and p62KO-HSC, there was a
broad activation of interleukins (e.g. IL1A, IL7, IL16 etc.), interleukin receptors (IL10RA,
IL17A/D, ILIR2 etc.), interferon receptors (IFNGR1/2 etc.), TGFB and TGFP receptors
(TGFB1/2/3, TGFBR1/2/3), chemokines (CCL3, CXCL1, CX3CL1 etc.) and chemokine receptors
(CCR1, CXCR4 etc.).

Damaged/tumorigenic hepatocytes and activated immune cells present the tumor antigen
through the major histocompatibility complex. Genes encoding MHC | and MHC Il are up-
regulated in p62KO, DKO, pNffAC, and p62KO-HSC. Many genes associated with MHC | and 11

are down-regulated in the p62ffAC. In addition to presenting the MHC complex, tumorigenic cells
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and activated immune cells present antibodies (IGM and 1GG) at their surface. IGHGL1 is up-
regulated in p62KO, NBR1KO, and DKO groups; IGHM is up-regulated in the DKO.

The complement system is an effector function of the immune response. While
complement genes are up-regulated in the p62KO, DKO, p62ffAC, pNffAC, and p62KO-HSC
each group presents a unique pattern of complement activation. For example, C1Q is up-regulated
in p62KO, DKO, p62ffAC, and pNffAC. However, MASP1, C3, C4B, C2, C6, C8A/B, and C9
are uniquely up-regulated in the DKO (FIG3.3A). Additionally, KEGG enrichment analysis
(FIG3.3B) suggests up-regulation of the Complement & Coagulation pathway in the p62KO, DKO,
and in DKO vs. p62KO groups. This pathway is weakly up in the p62ffAC and strongly down in
the pNffAC.

In order to identify the transcriptional control of complement genes we examined
Jak/STAT signaling genes (FIG3.2C). JAK1 and JAK2 are up-regulated in both p62KO and DKO,
whereas JAK3 is uniquely up-regulated in the DKO. Gene expression for STATS (the downstream
target of JAKS) is also shown in FIG 3.2C; notably, STAT3 is uniquely up-regulated in the DKO.
Transcription factors of STAT3 expression that are uniquely up-regulated in the DKO are shown
in FIG3.2C. EGFR, which can also activate Jak/STAT signaling is uniquely up-regulated in the
DKO. Finally, ESR1 can directly activate complement gene expression and is uniquely up-
regulated in the DKO.

Taken together, a majority of the immune signals are similarly up-regulated across the

different knockout groups with the exception of complement gene expression. (FIG3.2)

Regulation of Fibrosis: p62KO in Hepatic Stellate Cells
Fibrosis is a marker of advanced liver disease and is initiated by activated HSCs (Tsuchida

and Friedman, 2017). In order to determine the role of p62 and NBR1 in fibrosis, we examined
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known markers of HSC activation in each knockout group (FIG3.3A). Hedgehog signaling (SHH,
SMO, and SPP1) was up-regulated in the p62KO and DKO groups. Also, while autophagy,
oxidative stress, and ER stress were uniquely up-regulated in the p62KO-HSC group they were
either not DE or downregulated in the p62KO and DKO groups. Finally, retinol metabolism (as
marked by ADH5 and ADH7) was up-regulated in the p62KO-HSC. Fibrogenic factors such as
TGFp, PDGFRB, and VEGFC were up-regulated in p62KO and p62KO-HSCs.

Consistent with markers of HSC activation, there was an up-regulation of markers of
fibrosis (such as actin, collagens, fibronectin, integrins, laminins) in p62KO, DKO, and p62KO-
HSC (FIG3.3B). p62KO exhibits the most dramatic up-regulation of structural genes when
compared to DKO or p62KO-HSC. Matrix metalloproteinases were strongly induced in p62KO
and weakly in the DKO samples; these genes were weakly down-regulated in the p62KO-HSC
group. Inhibitors of MMPs (TIMP1/2/3) were up-regulated in the p62KO; TIMP1 was also up-
regulated in the p62KO-HSC.

Finally, NBR1KO and AlbCre knockout groups did not display a clear gene signature of
HSC activation (FIG3.3A) and, consistently, there was a weak activation of structural genes in
these groups (FIG3.3B). The p62ffAC group is characterized by a concurrent up- and down-

regulation of structural genes.

Comparison to Human Disease

In order to determine the relevance of the knockout mouse models to human liver disease,
we compared our data to publically available human liver disease data (FIG3.5). The number of
DE genes for Steatosis vs. Normal (1905 genes), Steatohepatitis vs. Normal (1952 genes),
Cirrhosis vs. Normal (8913 genes), p62KO vs. WT (3513 genes), and DKO vs. WT (2569 genes)

are shown in FIG3.5A (for the mouse data, only DE genes with known human-mouse orthologues
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for Entrez IDs were included). We examined the overlap between each human and mouse DE gene
set to determine which stage of liver disease the mouse knockout groups were most similar to
(Table 3.4). The number of overlapped genes is bolded; also, the number of overlapped genes that
are regulated in the same direction versus the opposite direction is specified. For example, there
are 65 overlapping DE genes between p62KO vs. WT and Steatosis vs. Normal groups; of the 65,
31 are either up-regulated in both or down-regulated in both p62KO and Steatosis. On the other
hand, 34 of the 65 overlapping DE genes are regulated in opposite directions (i.e. up-regulated in
p62KO and down-regulated in Steatosis or vice versa). Similarly, the overlapping genes and their
direction of regulation for all other comparisons between p62KO, DKO, Steatosis, Steatohepatitis,
and Cirrhosis are specified in Table 3.4.

Table 3.4 Overlapping DE Genes Between Knockout Models and Stages of Human Liver
Disease

Number of Overlapping Genes

(p62KO vs. WT) N (Steatosis vs. Normal) 65 (31 same direction, 34 opposing direction)

(p62KO vs. WT) N (Steatohepatitis vs. Normal) 98 (65 same direction, 33 opposing direction)

(p62KO vs. WT) N (Cirrhosis vs. Normal) 1088 (888 same direction, 200 opposing direction)
(DKO vs. WT) N (Steatosis vs. Normal) 55 (21 same direction, 23 opposing direction)
(DKO vs. WT) N (Steatohepatitis vs. Normal) 66 (36 same direction, 30 opposing direction)
(DKO vs. WT) N (Cirrhosis vs. Normal) 695 (493 same direction, 202 opposing direction)

Given that a substantial number of DE genes were overlapped between the murine
knockout samples and the human cirrhosis samples, only these overlapped genes were considered
for functional analyses. The 888 and 493 DE genes that were overlapped and regulated in the same
direction between p62KO and Cirrhosis and DKO and Cirrhosis, respectively, were used for
KEGG and GO enrichment (FIG3.5C, in red). The processes that were regulated in the same
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direction between the knockout mouse models and cirrhosis are classical features of liver
dysfunction: altered metabolism (e.g. fatty acid degradation and retinol metabolism), immune
activation (e.g. tnf signaling pathway and inflammatory response), fibrosis (e.g. extracellular
matrix and focal adhesion), angiogenesis (e.g. blood vessel development), and signaling (e.g.
PI3K/Akt and PPAR signaling) related pathways. Also, 348 out of 493 genes were also found in
the 888 gene set. Enrichment of genes unique to the comparison between the DKO and Cirrhosis
(indicated by a * in FIG3.5C) are related to the immune response (e.g. TNF signaling, interleukin-
1 mediated signaling, and influenza A).

The 200 and 202 DE genes that were regulated in opposing direction between p62KO and
Cirrhosis and DKO and Cirrhosis, respectively, were used for KEGG and GO enrichment
(FIG3.5C, in blue). The processes that are divergently regulated between the p62KO and Cirrhosis
were mostly related to mitochondrial function and the complement and coagulation pathway.
Similarly, the complement and coagulation pathway was significantly enriched as a process that is
regulated in opposing directions between the DKO and Cirrhosis. The complement and
coagulation genes that were down-regulated in cirrhosis and up-regulated in p62KO and/or DKO
are F7, F8, F11, PLG, KNG1, CFI, C1R/C1ra, and SERPINF2; on the other hand, CD59/Cd59a
and SERPINAL/Serpinald are up-regulated in human cirrhosis samples and down-regulated in
p62KO and/or DKO. The gene expression for metabolic, immune, and structural processes are
shown in FIG3.S2.

3.5 Discussion

In this study we have examined the role of p62 and NBRL1 in liver dysfunction and disease.

The phenotypic data for each knockout group suggests that the p62KO represents the most

advanced disease model as indicated by the fact that the tumors in this group are classified as
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hepatocellular carcinomas and by the increase in markers of liver dysfunction (i.e. ALT and
TNFa), triglyceride levels, markers of HSC activation (i.e. a-SMA and TGFp), bridging fibrosis,
and increased liver weight. Interestingly, even though NBR1KO did not show any phenotypic
differences, the combined knockout of p62 and NBR1 shows markedly decreased disease severity.
The phenotypic data from the AlbCre knockout groups suggests that the hepatocyte specific p62-
knockout and the joint knockout of p62 and NBR1 protects against tumor progression, highlighting
the diverging role of p62 and NBRL1 in the hepatocytes and non-hepatocytes. Given the phenotypic
signatures of each knockout group, we then examined the transcriptomic signatures of metabolic
regulation, immune signaling, and fibrosis to determine the potential mechanisms by which these
phenotypes were established.

Metabolic Dysregulation:

The careful control of hepatic metabolism is critical in normal liver function. In our study,
all mice were fed a high-fat diet increasing the metabolic load on the liver. The p62KO group is
characterized by several aberrant metabolic processes. For example, fatty acid synthase, a marker
of liver cancer (Che et al., 2017), is uniquely up-regulated in the p62KO. The accumulation of FAs
in the p62KO is further supported by the fact that TG synthesis and lipid oxidation pathways are
strongly down-regulated (FIG3.2A) (Berlanga et al., 2014). We report the down-regulation of
genes encoding the electron transport chain (ETC) subunits upon treatment with DEN followed by
a HFD in the p62KO; this results in impaired glucose metabolism and energy generation and
increases fatty acid-mediated oxidative stress (Garcia-Ruiz et al., 2014). While normal avenues of
energy generation (ox-phos/TCA cycle) are strongly inhibited, the up-regulation of glycolytic
genes suggests a switch to aerobic glycolysis (i.e. the Warburg effect), a hallmark of cancer

metabolism (Hsu and Sabatini, 2008) (Liberti and Locasale, 2016) (Wu and Zhao, 2013) (Bj6érnson

74



etal., 2015). Itis important to note that studies characterizing gene signatures of HCC also report
the up-regulation of oxidative phosphorylation and the TCA cycle (Nwosu et al., 2017), however,
the samples considered in the study by Nwosu et. al. were predominantly viral-mediated HCC
unlike the diet induced model of liver dysfunction captured by the p62KO. Next, we examined the
transcriptomic control of metabolic gene expression and found that metabolic transcription factors
such as PPARG, FOXO1, FOX03, CEBPA, CEBPB, HNF4A, NR1H3, and NR1H4 were
significantly down-regulated in the p62KO (FIG3.2). Additionally, the loss of p62 prevents mTOR
activation, resulting in impaired protein-level activation of transcription factors (e.g. SREBF1 and
FOXO) that induce the expression of metabolic genes (Duran et al., 2011) (Linares et al., 2013)
(Laplante and Sabatini, 2012).

While there are some consistent metabolic gene signatures between the p62KO and DKO
(e.g. down-regulation of fatty acid oxidation, oxidative phosphorylation, TCA cycle, and amino
acid metabolism) there are many unique features that distinguish the DKO. For example,
cholesterol metabolism and chylomicron remnant docking are up-regulated in the DKO; also, TG
synthesis and autophagy are de-repressed in the DKO compared to the p62KO. We also explored
transcriptional regulation of metabolic gene expression in the DKO. In contrast to the p62KO, our
analysis reveals a set of metabolic transcription factors that are either uniquely up-regulated
(NR1H2, HIF1A, SP1, PPARD, ESR1, SREBF2, and CEBPD) or de-repressed (CEBPB, HNF4A,
NR1H3, and NR1H4) in the DKO (FIG3.2C), suggesting that the concurrent ablation of p62 and
NBR1 rewires the transcriptional regulation of metabolism and marginally reverses the effect of
the p62KO. The impact of this is seen in the fact that 89% of metabolic genes are dampened in the
DKO compared to the p62KO. It is also important to note that the dampening was a unique feature

of metabolic processes, suggesting that non-specific changes in the transcriptional and post-
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transcriptional mechanisms is unlikely; consistently, a majority of genes encoding RNA
polymerase or spliceosome subunits are not differentially expressed (data not shown). There are
many protective consequences for the metabolic gene signature present in the DKO. The relative
increase in cholesterol biosynthesis and TG synthesis drives lipoprotein assembly limiting
steatosis (Nguyen et al., 2008). Also, cholesterol has also been shown to activate mTORC1, which
supports the activation of metabolic genes (Castellano et al., 2017) and limits the degree of free
fatty acid mediated oxidative stress. Overall, the concurrent ablation of p62 and NBR1 activates
protective metabolic activities in the liver.

While metabolic gene expression was significantly down-regulated in the p62KO, many
metabolic pathways were up-regulated in the HSCs taken from p62KO mice. This is consistent
with the fact that upon damage, the stellate cells are activated and participate in coordinating the
progression of fibrosis and inflammation (Tsuchida and Friedman, 2017).

Taken together, the dysregulation of lipid metabolism and down-regulation of autophagy
promotes metabolic stress in the p62KO. The concurrent loss of p62 and NBR1 partially de-
represses metabolism; how NBR1 may affect the expression of metabolic transcription factors or
prevents the activation of FASN require more targeted analyses across multiple metabolic tissues.
Complement Activation & Cancer Immunology

The individual or concurrent loss of p62 and NBR1 was marked by increased activation of
innate and adaptive immune genes. There were minor differences in cytokine expression among
the 6 knockout conditions (FIG3.3A). We report the up-regulation of MHCI and MCHII genes,
suggesting the tumorigenic transformation in the p62KO, DKO, and p62ffAC groups (Herkel et
al., 2003). Inflammation and immune signaling is critically important for repairing liver damage

and regulating liver regeneration (Robinson et al., 2016) (DeAngelis et al., 2006).
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Interestingly, our analysis reveals that the pattern of complement activation is different
between p62KO and the DKO. The unique up-regulation of EGFR (Park et al., 1996) and cytokine
(Volanakis, 1995) (Schindler et al., 2007) (Rawlings et al., 2004) mediated STAT3 activation as
well as ESR1 mediated complement gene expression facilitate a more robust complement
activation in the DKO (FIG3.3) (Camporeale et al., 2013) (Buettner et al., 2007) (Divekar et al.,
2011) (Couse and Korach, 1999). Additionally, transcription factors up-stream of STAT3
expression that are uniquely up-regulated in the DKO are also shown in FIG3.3C. Furthermore,
classical, alternate, and lectin mediated complement pathways (i.e. C3, CLQA/B/C, MASP1) are
active in the DKO whereas only markers of the classical pathway are up-regulated in the p62KO
(i.e. C1QA/BIC), further supporting the idea that there is a more robust activation of the
complement and coagulation pathway in the DKO (Qin and Gao, 2006). Complement activation
has been shown to be a link between innate and adaptive immune responses (Dunkelberger and
Song, 2010), suggesting that even though there are markers of adaptive immunity (i.e. activation
of immunoglobulins) in both the p62KO and the DKO, it is the complete activation of complement
in the DKO that bridges the innate and adaptive immune response, resulting in a more efficient
clearance of damaged/transformed liver tissue. This is consistent with the phenotypic observation
that even though there is an increase in the number of tumors in the DKO, a majority of the tumors
are less than 3mm in diameter. In contrast, a majority of the tumors in the p62KO condition are
larger than 3mm. Given that C3 deficiency impairs hepatocyte proliferation during liver repair,
perhaps the lack of C3 up-regulation in the p62KO perturbs tissue repair and promotes chronic

stress conditions (Markiewski et al., 2004).
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Fibrosis: HSC Activation

Aberrances in the fibrotic responses can result in excess scar tissue initiating a chronic
wound healing response and eventually accelerate the progression from liver dysfunction to HCC
(Pellicoro et al., 2014). The initiation of fibrosis is marked by the activation of HSCs (Iredale et
al., 2013). On the other hand, our analysis reveals a dramatic induction of fibrosis-related genes in
the p62KO (FIG3.4A). Interestingly, this gene signature of fibrosis is significantly attenuated in
the p62ffAC but is somewhat maintained in the p62KO-HSC (FIG3.4A), suggesting that the loss
of p62 in stellate cells (as opposed to its loss in hepatocytes) drives the activation of HSCs/fibrosis.
These results are consistent with recent evidence that p62 located in HSCs promotes VDR and
RXR heterodimerization and signaling, which is then able to activate a gene program that inhibits
fibrosis (Duran et al., 2016); therefore, p62 activity in HSCs is negatively correlated with fibrosis.
It is also important to note that TIMPs are uniquely upregulated in the p62KO, which supports the
finding that the lack of ECM clearance propagates stress and disease progression. Finally, our
analysis reveals that ADH5 and ADH7 are uniquely up-regulated in the HSCs isolated from
p62KO mice, which is a necessary step in retinol metabolism and HSC activation (Lee and Jeong,
2012). Our analysis also highlights differences in hedgehog signaling that may influence p62-
mediated HSC activation (Tsuchida and Friedman, 2017). As summarized in FIG3.4A, hedgehog
signaling is up-regulated in the p62KO, down-regulated in the HSCs isolated from the p62KO,
and not differentially expressed in the p62ffAC (FIG3.4A). Therefore, our analysis suggests that
while the loss of p62 in the hepatocytes alone is not sufficient to activate the hedgehog pathway,
the total loss of p62 activates hedgehog signaling in hepatocytes, highlighting the paracrine
activation hedgehog signaling, leading to the activation of HSCs and promoting fibrosis. These

results are in line with previous reports that provide evidence for the inhibition of hedgehog
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transcription factors by VDR signaling (Larriba et al., 2014). However, since hedgehog signaling
is induced in p62-deficient hepatocytes and somewhat repressed in p62-deficient HSCs, the loss
of p62 may perturb VDR signaling in a cell-type specific manner.

The DKO is characterized by a weaker induction of fibrosis related gene expression and
HSC activators (HH signaling, markers of ER stress etc); however, enzymes necessary for retinol
metabolism are down-regulated or not DE, therefore limiting the degree of fibrosis in the DKO
condition. Since the up-regulation of hedgehog signaling, retinol metabolism genes, and markers
of ER and oxidative stress are not significantly regulated in the pNffAC group, it is likely that the
loss of p62 and NBRL1 outside of the hepatocytes regulates the induction of fibrosis.

Taken together, we show that the loss of p62 in hepatocytes HSCs activates HSCs and
promotes a pro-fibrogenic gene expression program. The activation of hedgehog signaling in
hepatocytes sustains HSC activation and supports chronic fibrosis.

Comparison to Human Samples

The comparison between the mouse knockout models (p62KO and DKO) and the human
liver disease samples (Steatosis, Steatohepatitis, and Cirrhosis) revealed a minor overlap between
the differentially expressed transcriptomes of the mouse models and Steatosis or Steatohepatitis.
On the other hand, there was a sizable overlap between the mouse models and the Cirrhosis
samples (FIG3.5). The pro-steatotic, pro-inflammatory, and pro-fibrotic signatures of the p62KO
are in line with the p62KO transcriptome being significantly overlapped with the most advanced
of the three disease stages (i.e. Cirrhosis). It is important to note that most of the DE genes
overlapped and in the same direction in DKO vs. WT N Cirrhosis vs. Normal were also found in
the overlap between p62KO and Cirrhosis suggesting that the “Cirrhotic” gene signature in the

DKO is predominantly a feature of p62 ablation and not a unique feature of the double knockout.
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The down-regulation of complement and coagulation in Cirrhotic samples is consistent
with the fact that upon severe liver injury, many of the synthetic functions of the liver (i.e. synthesis
of complement and coagulation factors) are impaired (Mammen, 1992) (Thalheimer et al., 2005).
The up-regulation of the complement and coagulation pathway and genes in the DKO and the
consequential clearance of damaged tissue represents a potentially novel mechanism of protection
that is not activated in human hepatic cirrhosis.

It is important to note that neither the total nor the hepatocyte-specific knockout of NBR1
has a dramatic effect on metabolic, immune, or fibrogenic gene expression in liver tissue,
suggesting that perhaps NBRL1 influences liver function through its activities myeloid cells
(Hernandez et al., 2014).

Given the trends in fibrosis, metabolism, and the immune response, it is clear that the robust
clearance of damaged tissue and marginal increases in lipid and glucose metabolism along with
decreased fibrosis in the DKO rescues the chronic disease phenotype observed in the p62KO.
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A Number DE Genes Number of Enriched KEGG
(p<0.01&
IFC| > 1.3) pathways (p < 0.05)
p62KO vs. WT 3625 115
Total Knockout NBR1 vs. WT 263 23
DKO vs. WT 2710 116
Hepatocyte Specific p62ffAC vs. p62ff 873 58
Knockout pNffAC vs. pNff 428 62
He patic Stellate Cells | p62KO-HSC vs. WT-HSC 2967 82
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Figure 3.1 Summary of Differential Expression and Functional Enrichment Analysis

A) Summary of the number of DE genes with p < 0.01 and |FC| > 1.3 and the number of
significantly (p < 0.05) enriched KEGG pathways in each knockout condition. B) The functional
breakdown of enriched pathways for each knockout condition. The legend indicates the functional
category corresponding to each color: metabolic (teal), structural (orange), cancer (gray), signaling
(yellow), immune signaling/inflammation (light blue), cell cycle/DNA replication (green), and
other (dark blue).




Figure 3.2 Transcriptional Regulation of Metabolic Genes and Processes

A) Heatmap of log2(fold-change) of metabolic genes. Gene names are indicated in the first column
and functional categories are marked in the right-most column. B) Differentially expressed genes
for DKO vs. p62KO were identified and used for KEGG pathway enrichment. Pathway regulation
was compared across p62KO vs. WT, DKO vs. WT, and DKO vs. p62KO. If the regulation of a
given pathway in p62KO vs. WT and DKO vs. WT was up-regulated and the regulation of the
same pathway in DKO vs. p62KO was down-regulated, that pathway was marked as “dampened”
in the DKO compared to the p62KO. Similarly, if the regulation of a given pathway in p62KO vs.
WT and DKO vs. WT was down-regulated and the regulation of the same pathway in DKO vs.
p62KO0O was up-regulated, that pathway was marked as “dampened” in the DKO compared to the
p62KO. The distribution of dampened and non-dampened pathways is shown in the first pie-chart.
The second pie-chart indicates the functional distribution of dampened pathways. The colors
specify functional groups: metabolic (blue), structural (orange), signaling (gray), and other
(yellow). C) The expression of transcription factors that regulate the expression of metabolic genes
is shown. For both heatmaps shown the samples from the leftmost column to the right-most column
are: p62KO vs. WT, NBR1KO vs. WT, DKO vs. WT, p62ffAC vs. p62ff, pNffAC vs. pNff, and
p62KO vs. WT (HSC). Also, expression measurements with p < 0.05 are shown; blue indicates
down-regulation and red indicates up-regulation.
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Figure 3.3 Transcriptional Regulation of the Innate and Adaptive Immune Response

A) Heatmap of log2(fold-change) of innate and adaptive immune response genes. Gene names are
indicated in the first column and functional categories are marked in the right-most column. B)
Enrichment of the “Complement and Coagulation” KEGG Pathway is shown. For each knockout
group comparison, the number of up/down regulated genes and corresponding p-value of
enrichment is shown. C) Transcriptional regulation of JAK/STAT genes, STAT3 transcription
factors, and EGFR are shown. For both heatmaps shown the samples from the leftmost column to
the right-most column are: p62KO vs. WT, NBR1KO vs. WT, DKO vs. WT, p62ffAC vs. p62ff,
pNFfAC vs. pNff, and p62KO vs. WT (HSC). Also, expression measurements with p < 0.05 are
shown; blue indicates down-regulation and red indicates up-regulation.
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Figure 3.4 Transcriptional Regulation of HSC Activation/Fibrosis

A) Heatmap of log2(fold-change) for genes involved in HSC activation. Functional groups are
indicated in the right-most column. B) Heatmap of log2(fold-change) for structural genes involved
in ECM remodeling. For both heatmaps shown the samples from the leftmost column to the right-
most column are: p62KO vs. WT, NBR1KO vs. WT, DKO vs. WT, p62ffAC vs. p62ff, pNffAC
vs. pNff, and p62KO vs. WT (HSC). Also, expression measurements with p < 0.05 are shown;

blue indicates down-regulation and red indicates up-regulation.

86



(DKO v WT) N (Cirrhosis v Nor
(p62KO v WT)N (Cirrhosis v Norm)

A c

Number of DE genes

H G0:0008202~steroid metabolic process
Steatosis VS.. Normal 1905 G0:0006635~fatty acid beta-oxidation
Steatohepatlts vs. Normal 1952 G0:0042632~cholesterol homeostasis
Cirrhosis Vs Normal 891 3 G0:0019373~epoxygenase P450 pathway

KEGG hsa00071:Fatty acid degradation

szKO vs. WT 3513 G0:0001523~retinoid metabolic process
GO.0033539~fatty acid beta-oxidation using acyl-CoA dehydrogenase
DKO vs. WT 2569 KEGG hsaDS2D4'¥({3hem|ca\ carc:nogenes:sg ! e
KEGG hsa00072:Synthesis and degradation of ketone bodies
GO:0006006~glucose metabolic process 0.01619 0.03587
GO0:0015758~glucose transport 0.02111  0.01195
KEGG hsa00120:Primary bile acid biosynthesis 0.02238
G0:0004745~retinol dehydrogenase activity*
B KEGG hsa00830:Retinol metabolism* 0.02026
KEGG hsa04668:TNF signaling pathway*

. H G0:0070498~interleukin-1-mediated signaling pathway*
p62KO v W CIrrhOSIS A Norm KEGG hsa05164:Influenza A*
G0:0050900~leukocyte migration
G0:0042060~wound healing
GO:0006954~inflammatory response 0.01175
G0:0001530~lipopolysaccharide binding 0.02034
GO:0071347~cellular response to interleukin-1 0.0223
G0:0031012~extracellular matrix
KEGG hsa04512:ECM-receptor interaction
GO0:0007155~cell adhesion
KEGG hsa04510:Focal adhesion
KEGG hsa04514:Cell adhesion molecules (CAMs) 0.01187  0.0393
GO:0001525~angiogenesis 0.04209
G0:0001568~blood vessel development
KEGG hsa04151:PI3K-Akt signaling pathway

Metabolic

Immune

Fibrosis

KEGG hsa03320:PPAR signaling pathway
G0:0043627~response to estrogen™

Signaling

DKO vWT Cirrhosis v Norm

G0:0005759~mitochondrial matrix
hsa01100:Metabolic pathways
hsa04610:Complement and coagulation cascades
GO0:0005743~mitochondrial inner membrane
G0:0005739~mitochondrion 0.0103
G0:0007596~blood coagulation 0.01446
GO:0007597~blood coagulation, intrinsic pathway 0.01562
hsa00190:Oxidative phosphorylation 0.03054

p-value

Figure 3.5 Comparison to Human Liver Disease

A) Number of differentially expressed genes identified for the human data (Gordon et. al.) and
mouse data. The number of DE genes for human samples was determined by ANOVA and the
number of DE genes for the mouse samples was determined by DESeq2 (p < 0.01). B) The overlap
of DE genes from each mouse knockout comparison and Cirrhosis vs. Normal comparison. The
number shown in red is the number of overlapping genes regulated in the same direction in both
comparisons (e.g. up-regulated in p62KO vs. WT and Cirrhosis vs. Normal or vice versa), whereas
the number shown in blue is the number of overlapping genes regulated in the opposite direction
in both comparisons (e.g. up-regulated in p62KO vs. WT and down-regulated in Cirrhosis vs.
Normal or vice versa). C) The enriched KEGG pathways and GO terms from the overlapping gene
lists. Pathways/GO terms shown in red are from overlapping genes that are regulated in the same
direction whereas pathways/GO terms shown in blue are from overlapping genes that are regulated
in opposite direcitons. The p-value of enrichment in each comparison (i.e. p62KO-Cirrhosis or
DKO-Cirrhosis) is shown in the last two columns of the table).
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Figure 3.S1 Alignment Summary and Sample Clustering Analysis

A) Uniquely mapped paired alignment percentages shown for each sample. B) Principle
Components Analysis (PCA, left) and Euclidean distance clustering (right) for all total knockout
samples. C) Principle Components Analysis (PCA, left) and Euclidean distance clustering (right)
for all the liver specific (Alb-Cre) knockout samples.
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Figure 3.S 2 Heatmap of gene expression in human and mouse data

A) ECM Remodeling/Fibrosis related gene signature. B) Immune response gene signature. C)
Metabolic gene signature. Column labels: 1 (Cirrhosis vs. Normal), 2 (Steatohepatitis vs. Normal),
3 (Steatosis vs. Normal), 4 (p62KO vs. WT), 5 (NBR1KO vs. WT), 6 (DKO vs. WT), 7 (p62ffAC
vs. p62ff), 8 (pNFfAC vs. pNff), 9 (p62KO-HSC vs. WT-HSC). (p < 0.05 for all colored tiles;
log2(fold-change) legends shown under each panel).
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CHAPTER 4 : CONCLUSIONS & FUTURE DIRECTION

In this thesis we have explored the mechanisms of stress response using a systems biology
approach. In Chapters 2 and 3, we identified key sensors, transducers, and transcriptional
regulators of the oxidative stress response in endothelial cells and high-fat diet and carcinogen
mediated liver toxicity. The use of high-throughput measurements across varying doses, times,
and cell-types has guided a holistic approach to characterizing cellular dysfunction and identifying
novel mechanisms of stress response. While this approach has progressed our understanding of
endothelial and liver pathologies, there are several biological and technical challenges that limit
our understanding of the cellular stress response. Additionally, the high-level comparison of the in
vitro study presented in Chapter 2 and the in vivo study presented in Chapter 3 highlights important
biological and technical parameters that are important to consider in characterizing mechanisms

of stress response.

4.1 Biological & Technical Challenges in Characterizing the Oxidative Stress Response
Endothelial cells (ECs) make up the barrier between circulating blood and the surrounding
tissues. They not only regulate the passage of signaling molecules and immune cells into the
surrounding tissue but are the first line of defense against toxins and pathogens. While the
fundamental role of endothelial cells (ECs) throughout the body is well defined, there are site-
specific and context-specific variations in endothelial function that should be taken into account
when characterizing mechanisms of stress response using ECs from a particular source (Aird,
2012) (Chiu and Chien, 2011). This is critically important in understanding the role of
angiogenesis in promoting cancer (Aird, 2009). Also, oxidative stress (whether it’s exogenous or
endogenous) is often present with other stressors such as paracrine factors secreted by the

surrounding smooth muscle cells or adherent immune cells. Therefore, studies should optimize
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media and culture conditions such that the artificial environment in vitro closely mimics the
disease state (Truskey, 2010).

While each of the possible endogenous and exogenous sources of reactive oxygen species
connote different biochemical/physiological circumstances, the addition of hydrogen peroxide to
cell culture is the preferred method of inducing oxidative stress since it is the easiest and most
cost-effective method in vitro (Zhou et al., 2013) (Csordas et al., 2006) (Wen et al., 2013) (Gong
et al., 2010) (Clément et al., 1998) (Xu et al., 2013) (van Gorp et al., 1999) (Nadeev et al., 2015)
(Messner et al., 2012). The instability of hydrogen peroxide and the generation of exogenous
hydrogen peroxide by components of the cell culture media (Long et al., 2010) should be taken
into account when optimizing the effective treatment dose for in vitro studies and therapeutic
parameters for in vivo models of oxidative stress.

Chapter 2 also highlights the importance of temporal dynamics in stress response.
Collecting time-series measurements allows us to cluster samples from each time point in order to
identify clear temporal phases of stress response. This is highly dependent on the inter-replicate
variance. Our analysis highlights mechanisms present at the nexus between the acute response and
the chronic response, which is critically important in understanding the initiation of chronic stress
states and identifying early biomarkers of disease. Additionally, the concurrent activation of pro-
death and pro-survival mechanisms summarized in our temporal model reiterates the complexity
and stochasticity in cell fate decisions (Flusberg and Sorger, 2015). Given that many of the proteins
involved in cell fate decisions have functions separate from coordinating cell fate, it is important
to consider the pleiotropic functions of proteins and the diversity of protein function derived by

spliced variants when interpreting transcriptomic data.
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The use of Systems Biology allows us to address some of these challenges. High-
throughput measurements taken from multiple types of endothelial cells in parallel cultures may
provide valuable insight on endothelial heterogeneity. Similarly, the use of time-course
experiments that are informed by dose-dependent measurements allow us to identify
phenotypically relevant inflection points. Taken together, the development of more sophisticated
co-culture models and the inclusion of dose- and time-series high-throughput measurements will
further support our efforts to characterize stress response.

4.2 Biological and Technical Challenges in Characterizing Liver Toxicity

Chapter 3 examines the complexity of stress response due to the coordinated effort by
multiple cell types and organs. It is important to note that p62 is a central autophagic protein and
signaling scaffold in many tissues, however, the effect of p62 ablation in each tissue has a different
effect (Long et al., 2017). For example, while in hepatocytes the loss of p62 is protective
(Umemura et al., 2016), p62 ablation in stellate cells results in the activation of pro-fibrogenic
programs (Duran et al., 2016). An added layer of complexity is introduced by the fact that many
cells are transformed into myofibroblast like cells in case of chronic hepatic stress, making it more
challenging to identify the true distribution of cell types in a given tissue sample.

Interestingly, we found that there was a marginal de-repression of metabolic gene
expression in the DKO compared to the p62KO. This highlights that not all stress response
processes are binary transitions from active to inactive states. Additionally, this emphasizes the
importance of using high-throughput measurements such that global changes in gene expression
(however subtle at the gene level) can be identified and characterized. Another critical question
that arises when thinking about metabolic dampening is whether the dampening is due to inherent

changes in the transcriptional regulation of metabolism or due to a change in the fraction of
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tumorigenic vs. healthy hepatocytes in the liver. Sorting by cell type and/or using single-cell
sequencing techniques would be very useful in untangling the cell-type specific mechanisms of
stress response. Taken together, it is clear that there are many challenges in understanding the
sometimes diverging role of a given protein across various tissues in coordinating the progression
or prevention of disease. The continued development of tissue specific gene ablation models and
use of high-throughput measurements will provide a greater understanding of stress response in
various diseases.
4.3 Future Directions: Implications for Designing Therapeutics

First, the mechanistic insights gained from the systems level analyses of stress response in
both models of stress provide exciting avenues of therapeutic design for cardiovascular and liver
diseases. Additionally, this analysis has reinforced many principles of stress response such as dose-
and time-dependence, the heterogeneity of transcriptional regulation at the nexus between cell
fates, and paracrine effects on stress response and disease progression. It is also important to note
that in both studies we identified gatekeepers of global transcriptional regulation in response to
stress; this suggests the importance of testing the effect of therapeutics on the function of the
known global stress regulators in order to minimize off-target effects. The differences found in the
comparison of mouse data to human data provides support for using mouse models to recapitulate
human diseases and highlights key species-specific differences that are important to consider when
designing therapies.
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