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Two distinct waves of cell cycle regulated genes control progression through the cell cycle: an early wave occurring during G1/S that consists of genes required for entry into S phase driven by the activator E2F transcription factors; and a late wave occurring during G2/M that consists of genes required for mitosis driven by the B-Myb-MuvB-FOXM1 complex. The Retinoblastoma protein (RB) and DREAM complex (DP, RB-like p130, repressor E2F4/5, and MuvB) are transcriptional repressors that inhibit the expression of both the early G1/S and late G2/M cell cycle genes during G0 or the quiescent phase of the cell cycle.  
Although both RB and DREAM bind and repress an overlapping set of early G1/S cell cycle, E2F-dependent, gene promoters, it remained unclear if they cooperate to restrict cell cycle entry. To test the specific contributions of RB and DREAM, we generated RB and p130 knockout cells in primary human fibroblasts. We observed that DREAM and RB cooperate to repress cell cycle genes during G0 and early G1. We determined that Cyclin D-CDK4 phosphorylation of p130 contributes to disruption of the DREAM complex during cell cycle entry from G0. In addition, sensitivity to CDK4 inhibition was dependent on RB and an intact DREAM complex in both normal cells as well as palbociclib-sensitive cancer cell lines. 
When activated by DNA damage, the tumor suppressor p53 protein contributes to reducing the levels of all cell cycle dependent genes. However, it was unclear whether RB and the DREAM complex were sensitive to this effect of p53. By integrating publicly available datasets with newly generated RNA-sequencing data from primary HFFs, we observed that the early G1/S and late G2/M genes were differentially regulated after p53 activation. DREAM and RB cooperatively repressed G1/S cell cycle genes after p53 activation. In contrast, p130 and the related p107 protein contributed to repression of the late G2/M cell cycle genes after p53 activation and during a normal cell cycle. These results indicate that DREAM cooperates with RB in repressing E2F-dependent G1/S gene expression and cell cycle entry and supports a role for DREAM as a therapeutic target in cancer.


Table of Contents
Abstract	iii
Acknowledgements	viii
List of Tables and Figures	xii

Chapter I: Introduction	1
The cell cycle is the series of events resulting in the generation of two daughter cells	2
Loss of regulation of cells through the cell cycle is a hallmark of cancer.	2
Cells can reversibly exit the cell cycle into a nonreplicative state called quiescence	4
Entry into the cell cycle from quiescence requires passage through the Restriction Point.	4
    Cyclin-CDK complexes are temporally activated and promote cell cycle progression…………6
Cyclins activate different cyclin dependent kinases during the cell cycle.	7
Cyclin D-CDK4/6	10
Cyclin E-CDK2	10
Passage through the cell cycle is dependent on two waves of gene expression	11
Early Cell Cycle genes are expressed in G1.	11
Late Cell Cycle genes are expressed in G2.	14
E2F transcription factors regulate cell cycle genes. ……………………………………………..16
The pocket protein family represses cell cycle gene expression.	17
RB is a tumor suppressor protein that controls cell cycle progression.	20
The retinoblastoma protein domains interact with many proteins	20
RB is negatively regulated by Cyclin-CDKs during G1	21
RB has several non-canonical functions.	24
RB is mutated or inactivated in cancer	25
The DREAM complex represses G1/S and G2/M gene expression in G0.	26
The DREAM complex is conserved …...………………………………………………………..28
The p130 protein has roles in cell cycle arrest dependent on cell cycle phase.	28
The p130 protein has a conserved pocket domain used for protein-protein interaction.	29
p130 activity is limited to the G0 and G1 phases of the cell cycle.	29
Phosphorylation of p130 inhibits its activity.	30
Mechanism of DREAM complex disruption is unknown.	32
The specific roles of MuvB components are not well appreciated.	32
LIN52 enables MuvB binding to p130 as part of DREAM complex.	33
LIN9 is an important structural component of MuvB.	33
LIN54 enables MuvB binding to CHR elements in promoters of cell cycle genes.	34
RBBP4 binds chromatin-modeling complexes but its role in MuvB is unclear.	35
LIN37 function in MuvB is not well established.	35
The p107 protein is related to p130 and RB yet has few specific roles.	36
RB does not bind MuvB and cannot form the DREAM complex.	37
Meta-analysis of genome binding and expression profiling yields lists of high confidence cell cycle genes.	37
Inhibitors of Cyclin-CDKs are used clinically to treat a variety of cancer types	38
Inhibitors of CDK1 and CDK2 are not selective and have low clinical activity	38
Inhibitors of CDK4 and CDK6 are selective and promote therapeutic benefit	39
Mechanisms of resistance to CDK4 inhibitors	39
P53 is a tumor suppressor protein that initiates growth arrest	40
TP53 mutations are frequently found in cancer	41
P53 activity is negatively regulated by MDM2 that can be inhibited pharmacologically	42
Cellular senescence is an irreversible exit from the cell cycle	43
Senescent cells a phenotypically and morphologically distinct from quiescent or proliferating cells.	43
Senescent cells have reduced cell cycle gene expression associated with RB and DREAM.	44
Cell Cycle Gene Expression is Repressed by p53 activation	44
DNA Tumor Viruses inactivate RB, p130, and p107.	46
Studies of viral oncoproteins enabled initial observations about RB biology.	46
Studies of viral oncoproteins enabled initial observations about p130 and p107 biology.	47
Mechanisms of RB and DREAM cooperation of repression of cell cycle gene expression.	47

Chapter II: The DREAM complex is disrupted by Cyclin D-CDK4 in two steps during cell cycle entry from G0.	50
AUTHOR CONTRIBUTIONS	51
ABSTRACT	52
INTRODUCTION	53
MATERIALS AND METHODS	55
RESULTS	60
DREAM complex is disrupted in two steps during cell cycle entry from G0.	60
Cyclin D-CDK4 inhibition blocks HFF cell cycle progression.	68
Cyclin D-CDK4 promotes DREAM complex disruption by phosphorylation of p130.	71
DISCUSSION	76

Chapter III: DREAM and RB cooperative repression of cell cycle gene expression contributes to palbociclib sensitivity.	80
AUTHOR CONTRIBUTIONS	81
ABSTRACT	82
INTRODUCTION	83
MATERIALS AND METHODS	86
RESULTS	94
DREAM and RB cooperate to repress G1/S and G2/M cell cycle gene expression in G0 and G1.	94
p107 does not form DREAM complex or repress G1/S cell cycle genes during G1.	100
RB and DREAM regulate an overlapping set of G1/S cell cycle genes.	102
p130 and RB contribute to sensitivity to palbociclib.	107
DREAM contributes to palbociclib sensitivity in cancer cell lines.	110
DISCUSSION	117

Chapter IV: G1/S and G2/M Genes are Differentially Repressed by RB and DREAM after p53 activation.	120
AUTHOR CONTRIBUTIONS	121
INTRODUCTION	123
MATERIALS AND METHODS	126
RESULTS	132
Regulation of cell cycle genes by RB and p53.	132
Reduced levels of cell cycle genes after DNA damage is dependent on p53 and p21 in HFFs.	137
G1/S Cell Cycle genes are deregulated after DNA damage in cells lacking RB.	141
RB is required to repress G1/S cell cycle genes after MDM2 inhibition.	149
P130 contributes to the repression of G2/M cell cycle gene expression after p53 activation.	154
P107 contributes to the repression of G2/M cell cycle gene expression in G0 and after DNA damage.	156
DISCUSSION	161

Chapter V: Discussion and Conclusions	165
Summary of findings	166
Mechanism of DREAM complex disruption during cell cycle entry.	168
Role of Cyclin E-CDK2 in DREAM complex disruption is unknown.	170
Mechanism of DREAM complex repression of gene expression is unclear.	172
Mechanism of E2F4 loss of chromatin binding in G1 may be Cyclin E-CDK2 dependent.	173
DREAM and RB cooperative repression of cell cycle genes determines sensitivity to palbociclib.	175
Loss of G2/M gene expression after DNA damage could be dependent on decreased MMB-FOXM1 activity.	178
p107 represses G2/M gene expression when p130 and RB are lost.	179
p107 compensates for p130 loss in cells and during development.	179
p107 forms DREAM-like complexes.	180
p107 compensation for p130 may explain low occurance of p130 mutations in cancer.	183
Role of p107 in normal S and G2 phases is unclear.	183
Increased G1/S gene expression is not sufficient to drive proliferation of primary cells.	184
DREAM may be a tumor suppressor or therapeutic target in cancer.	186
DREAM is likely inactivated in cancer	186
Tumor virus oncoprotein disruption of RB and DREAM.	187
Tumor suppressor activity of DREAM should be tested experimentally.	188
DREAM may repress growth in small cell lung cancer.	188
DREAM-induced quiescence may be a resistance mechanism in cancer.	190
Conclusion	192

Appendix	193
Supplemental Tables	194
Protocol: Validation of phospho-specific antibodies with lambda phosphatase activity	203
Protocol: Harvesting Cells by Crystal Violet Staining	205
Protocol: Labeling cells with anti-BrdU and propidum iodide for flow cytometry	206
Protocol: Validation of primers for RT-qPCR	209
Peer Reviewed Publications	211

References	212


[bookmark: _Toc416501527][bookmark: _Toc416743916][bookmark: _Toc416904592]

Acknowledgements
First of all, I need to thank Dr. Jim DeCaprio for being my PhD advisor and mentor. When I started in the lab, I had little experience working independently and his teaching has driven me to become the scientist I am today. Jim molded my scientific thinking and taught me how to think critically and how to perform careful and well-designed experiments. His open door policy was paramount for my development as a scientist, especially at the beginning. Outside of science, Jim has taught me how to get things done administratively and given me the independence to do things on my own, even when it was scary. He let me form my own scientific identity by letting me go out on my own, but also supported me in each step of the process.  Jim’s commitment to mentorship is unparalleled. 
I would like to thank Drs. Nicholas Dyson, Peter Sicinski, and Karen Cichowski for serving as members of my Dissertation Advisory Committee. Throughout the years they have given tremendous advice and constructive critiques that have greatly improved my work. Their unique perspectives gave thoughtful suggestions that were essential to my research project. I want to especially thank Dr. Nicholas Dyson for serving as chair of my Dissertation Advisory Committee and of my Dissertation Defense Examination Committee. His mentorship throughout my time in graduate school is greatly appreciated. I would like to thank Drs. Jacqueline Lees, Thomas Roberts, and Wenyi Wei for serving as members of my Dissertation Defense Committee and agreeing to spend their time providing thoughtful discussion about this dissertation. 
Throughout my PhD, the Harvard Virology Program has provided fantastic support across many parts of graduate student life including retreat, data club, and seminars. I especially want to thank Maria Bollinger for amazing administrative and general support. Maria made navigating the many forms of paperwork, room scheduling, and parking arrangements a breeze and her cheerful attitude always brightened my day. I would also like to thank Drs. David Knipe and Sean Whelan who served as Chair of the Virology program during my time at Harvard and were great sources of advice and always made me feel welcome. In addition, I am grateful for the financial support I got from the National Institutes of Health. I received funding from 2T32AI007245-31A1 as a Pre-Doctoral Trainee. I also received funding from F31-CA220800-01 as the Principal Investigator. 	
I want to thank the Harvard Landry Cancer Biology Consortium for their financial, academic, and career support. I benefitted greatly for the opportunities it gave me to meet professors, other colleagues at Harvard, and to present my research. Drs. Ryan Lee and Megan Mittelstadt are fantastic sources of support and gave me many opportunities from which I definitely grew. Drs. Andrea McClatchey and Karen Cichowski are the faculty directors of the consortium and have given me fantastic and useful opportunities over the years in terms of both my research and career advice looking forward. 
I would also like to thank the members of the DeCaprio lab that supported me and collaborated with me throughout the years. I’m especially indebted to Dr. Roxana Tarnita for her friendship and our daily walks to the cafeteria for lunch for several years. Esther Park was my go-to person to talk to when my experiment didn’t work. She always cheered me up and helped me feel motivated to start the process over again. Drs. Christian Berrios and Rosa Yoon were senior graduate students when I started in the lab and were amazing sources of knowledge, encouragement, and humor. Dr. Jingwei Cheng is one of the most intelligent and kind scientists I’ve met. I benefitted greatly from Jingwei’s insight and depth of experience. Tim Branigan was the other member of the DREAM-team and was full of great insights, feedback, and historical trivia. Camille Cushman, Mona Ahmed, Jason Nomburg, and Tom Frost are all wonderful colleagues and a joy to work with. Thank you to all of you for making my time in the lab enjoyable. 
I have been lucky to have so many wonderful mentors throughout my scientific career so far. I need to thank Dr. Lee Hughes at the University of North Texas for taking a chance on me and showing me the world of research. I’ll never forget the way I felt when I isolated my own bacteriophage for the first time and realized this is something I could do for a career. Dr. Hughes let me stay in his lab throughout college and supported my pursuit for graduate school. I would not be where I am without his mentorship. 
I need to thank Dr. Karl Münger for his guidance, mentorship, and support throughout graduate school. I want to thank Drs. Sagar Koduri, Matthew Oser, and Sam McBrayer who often give me wonderful life and career advice. Sagar always has a listening ear and some wise insight for whatever problem I’m facing. I have benefitted greatly from Sagar’s kindness and unbiased opinion. He is also a wonderful knowledge base of literature and culture and I hope some of it rubbed off on me. 
I need to thank all my friends outside of the lab who gave me an outlet outside of science that let me recharge and come back to work refreshed. Dr. Erin Harvey was my roommate in college and our friendship since then has been a source of sweet comfort and a respite from the challenges of graduate school. Frankie Painter has been my friend since elementary school and has shown me the value of unconditional friendship. Amanda and Jarrett Ferreira made Boston feel like home and have showered me with love and support. I always feel bolstered by their loyalty and uplifted after hanging out with them. I also need to thank Chris and Sam Schade for their support and for always being around to enjoy some time outside to get me out of the lab.
I would not have made it this far without the constant love and encouragement from my mom, Patti Schade. She is my best friend and her support of my academic and career pursuits has never once waivered. Even at my lowest points, she lifted me up and gave me the temporary confidence I couldn’t find in myself until I could do it on my own. I am so lucky to have her. 
I want to thank Archer Killingsworth for his love and support. His patience is unparalleled and I am so grateful for his encouragement. Most of the 12 hour time points in this dissertation were possible due to his driving me to the lab at ridiculous hours so I could take care of the cells. He endured challenging and long hikes at my request because he knew it helped me clear my head and do better in the lab. He built me up when I was feeling low and brought me back down to reality when it felt like everything was falling apart. I could not ask for a better partner.  


[bookmark: _Toc416501528][bookmark: _Toc416743917][bookmark: _Toc416904593]List of Tables and Figures
Chapter I
Figure 1.1: The cell cycle is composed of five stages.	3 
Figure 1.2: The Restriction Point is in G1. 	5
Figure 1.3: Timing of expression of Cyclins throughout the cell cycle. 	8
Figure 1.4: Association of Cyclins with Cyclin Dependent Kinases during the cell cycle. 	
	9
Figure 1.5: Cell Cycle gene expression occurs in two waves during cell cycle entry. 	12
Figure 1.6: Activator E2Fs bind E2F elements in G1/S gene promoters. 	13
Figure 1.7: MMB-FOXM1 complex promotes G2/M gene expression. 	15
Figure 1.8: Pocket protein family members expression patterns during cell cycle.	18
Figure 1.9: Structure of pocket protein family members.	19
Figure 1.10: CDK phosphorylation sites of RB. 	22
Figure 1.11: DREAM complex binds and represses G1/S and G2/M genes during G0. 	
	27
Figure 1.12: CDK phosphorylation sites of p130. 	31

Chapter II
Table 2.1: Oligos used as primers for ChIP-qPCR.	58
Table 2.2: Oligos used as primers for RT-qPCR.	59
Figure 2.1. HFFs arrest in G0 with contact inhibition and serum starvation.	61 
Figure 2.2. HFFs enter S phase 24 hours after release from contact arrest.	62 
Figure 2.3. p130 is phosphorylated during cell cycle entry from quiescence.	63 
Figure 2.4: DREAM complex is disrupted in two steps during cell cycle entry.	65 
Figure 2.5: DREAM is disrupted from cell cycle promoters in two steps.	67 
Figure 2.6: Cyclin D-CDK4 promotes phosphorylation of p130 and DREAM complex 	
disruption.	69-70 
Figure 2.7: Cyclin D-CDK4 promotes cell cycle gene expression and cell cycle	
progression.	72 
Figure 2.8: Cyclin D-CDK4 promotes DREAM complex disruption by phosphorylation of	 
p130.	73 
Figure 2.9: CVT-313 is weakly active in HFFs and has off-target effects.	75 
Figure 2.10: Model of cooperative effect of DREAM and RB control of cell cycle gene	
expression during G0 and G1.	77 


Chapter III
Table 3.1: Oligos used as sgRNA sequences in pLenti-CRISPR-V2	87
Table 3.2: Oligos used as polymerase chain reaction primers to amplify genomic loci of	 
RB1 and RBL2	88 
Table 3.3: Oligos used as primers for Chromatin Immunoprecipitation-Polymerase Chain	
Reactions	91 
Table 3.4: Oligos used as primers for reverse transcriptase – quantitative polymerase	
chain reaction	93 
Figure 3.1: Generation and validation of RB and p130 knockout HFFs	95-96
Figure 3.2: HFFs lacking p130 and RB do not have altered cell proliferation kinetics	98
Figure 3.3: DREAM and RB cooperate to repress early and late cell cycle gene	 
expression in G0 and G1	99
Figure 3.4: p107 does not link E2F4 and MuvB strongly in sgRB1+sgP130 HFFs	101
Figure 3.5: p107 does not strongly contribute to repression of early cell cycle genes	 
when p130 and RB are lost	103-104
Figure 3.6: DREAM and RB repress an overlapping set of cell cycle genes	106 
Figure 3.7: p130 and RB contribute to sensitivity to palbociclib	108-109
Figure 3.8: DREAM and RB contribute to sensitivity to palbociclib in a non-small cell lung cancer cell line	111-112
Figure 3.9: A549 cells lacking RB and p130 do not have altered cell cycle proliferation	
kinetics	114
Figure 3.10: DREAM and RB contribute to sensitivity to palbociclib in a breast cancer	 
cell line	115-116

Chapter IV
Table 4.1: Oligos used as primers for RT-qPCR	129
Table 4.2: Oligos uses for siRNA mediated knockdown	131
Table 4.3: Antibodies used for immunoprecipitation and immunoblot	132
Figure 4.1: G1/S and G2/M cell cycle genes are repressed after p53 activation	134
Figure 4.2. G2/M cell cycle genes are repressed with p53 activation in SaOS-2 cells	
	135
Figure 4.3: G1/S and G2/M cell cycle genes are differentially regulated after DNA	 
damage in cells lacking RB or p53	136
Figure 4.4. G2/M genes are repressed in SaOS-2 cells with p21 induction measured by	 
RT-qPCR	137
Figure 4.5: G1/S genes are up regulated in senescent cells with RB knockdown	139 
Figure 4.6: Reduced levels of cell cycle genes after DNA damage is dependent on p53	 
and p21 in HFFs	140 
Figure 4.7: Reduced levels of cell cycle genes after DNA damage is dependent on p53	
in HFFs	141 
Figure 4.8: Reduced levels of cell cycle genes after DNA damage is dependent on p21	
in HFFs	143 
Figure 4.9: HFFs lacking p130 and RB induce p53 in response to DNA damage and	 
differentially repress MCM5 levels	144
Figure 4.10: Heatmap of pairwise analysis of HFFs treated with 350 nM doxorubicin	146
Figure 4.11: RB and DREAM repress G1/S cell cycle gene expression after DNA	 
Damage	147
Figure 4.12: Normalized counts of representative high stringency G1/S cell cycle genes 
with different patterns of gene expression after doxorubicin treatment in sgRB1+sgP130 
cells	148
Figure 4.13: RB and DREAM repress G1/S cell cycle gene expression after DNA	 
damage measured by RT-qPCR	149 
Figure 4.14: HFFs without p130 and RB induce p53 and cell cycle arrest similarly after	 
p53 activation	151
Figure 4.15: HFFs without p130 or RB have few differentially expressed genes 24 hours	 
after splitting from contact arrest	152 
Figure 4.16: HFFs with p130 and RB knockout treated with doxorubicin differentially	 
express G1/S and G2/M genes	153
Figure 4.17: RB is required to repress early cell cycle genes after MDM2 inhibition	154 
Figure 4.18: DREAM controls G2/M cell cycle genes after DNA damage	156
Figure 4.19: P107 contributes to shut down of G2/M cell cycle gene expression after	 
doxorubicin treatment in cells lacking p130	159
Figure 4.20: p107 represses expression of G2/M cell cycle genes in cells lacking p130	 	
and RB after DNA damage	160 
Figure 4.21: p107 represses expression of G2/M cell cycle genes in cells lacking p130	 
and RB in G0	161
Figure 4.22: Model for DREAM and RB repression of cell cycle gene expression after	 
p53 activation	165

Appendix:
Supplemental Table 1: High stringency early G1/S cell cycle genes	195
Supplemental Table 2: High stringency late G2/M cell cycle genes	196
Supplemental Table 3: Low stringency early G1/S cell cycle genes	197-198
Supplemental Table 4: Low stringency late G2/M cell cycle genes	199-200
Supplemental Table 5: Direct targets of p53 identified in Fischer et al., 2016	201-202


[bookmark: _Toc416501529][bookmark: _Toc416567118][bookmark: _Toc416741642][bookmark: _Toc416741690][bookmark: _Toc416743918][bookmark: _Toc416904594]Chapter I: Introduction
[bookmark: _Toc416501530][bookmark: _Toc416567119][bookmark: _Toc416741643][bookmark: _Toc416741691][bookmark: _Toc416743919][bookmark: _Toc416904595]The cell cycle is a series of events resulting in the generation of two daughter cells 
The most basic function of the cell cycle is to accurately duplicate the cellular DNA and segregate it into two genetically identical daughter cells. The cell cycle is composed of distinct phases, each with important biological processes (Figure 1.1). In G1, or the first Gap phase, cells integrate the signals from growth factors in their environments to prepare for S phase. In S phase, DNA synthesis occurs in which each chromosome is accurately duplicated to generate a doubling of DNA content. In G2, the second Gap phase, cells can repair errors from DNA replication and prepare for M phase. In M, cells undergo mitosis in which sister chromatids are aligned, separated, and segregated into two daughter cells by cytokinesis. 
Passage through the cell cycle is a tightly regulated process that ensures that cells do not prematurely enter into a new phase of the cycle when not biologically ready. For example, many cellular brakes prevent entry into mitosis until the cell has passed several checkpoints. Cells have mechanisms to sense progress through S phase such that mitosis does not occur until DNA duplication has completed to prevent cytokinesis with an incomplete set of chromosomes. Premature mitosis before DNA synthesis would result in aneuploidy in daughter cells, which could pose biological disadvantages including the inability to undergo another round of mitosis and changes in gene expression due to only one copy of each gene. 

[bookmark: _Toc416501531][bookmark: _Toc416567120][bookmark: _Toc416741644][bookmark: _Toc416741692][bookmark: _Toc416743920][bookmark: _Toc416904596]Loss of regulation of cells through the cell cycle is a hallmark of cancer. 
While normal cells depend on growth factor signaling to determine cell cycle progression, cancer cells progression through the cell cycle is often growth factor independent (Hanahan and Weinberg, 2011). Deregulated cell cycle regulation is a common trait among several hallmarks of cancer including sustained proliferative signaling in a growth factor independent fashion, evasion of growth suppressors, and increased replicative immortality 

Figure 1.1: The cell cycle is composed of five stages. 
Cells reversibly exit from G0 (quiescence) into gap phase 1 (G1). After G1, cells enter S phase and replication of the cellular DNA is completed. After S phase, cells enter gap phase 2 (G2) and cells prepare for mitosis. After G2, cells enter mitosis and cytokinesis in which one parental cell is separate into two daughter cells. After mitosis, the daughter cells enter into G1 and can enter G0. 

(Hanahan and Weinberg, 2011). Understanding the mechanisms of cell cycle progression in normal cells has led to the development of clinical therapeutics that seek to restore these functions in cancer cells to limit tumor growth. Yet, many aspects of the cell cycle remain obscured and much is to be done to understand how cellular proliferation is regulated in normal cells and deregulated in cancer cells.

Cells can reversibly exit the cell cycle into a nonreplicative state called quiescence
During G1, if cells sense withdrawal of growth factor signaling or an anti-proliferative signal from their environment, they can reversibly exit from the cell cycle into a phase called G0, or quiescence. During quiescence, cells are not actively dividing and have reduced metabolic and transcriptional activity. Although not actively dividing, the quiescent cell remains healthy and is able to carry out many cellular functions. In fact, quiescence is a common trait of differentiated cells in tissue that play important physiological roles (reviewed in (So and Cheung, 2018; van Velthoven and Rando, 2019)). Quiescent cells remain capable of responding to growth factor signaling and re-entering into the cell cycle first in G1 and then progressing through the later phases of the cycle. In addition to growth factor signaling, a variety of physiological stimuli can induce a quiescent cell to re-enter the cell cycle. For example, skeletal muscle satellite cells maintain quiescence until stimulated by injury and then enter the cell cycle to regenerate muscle cells (Rocheteau et al., 2015). 

[bookmark: _Toc416501533][bookmark: _Toc416567122][bookmark: _Toc416741646][bookmark: _Toc416741694][bookmark: _Toc416743922][bookmark: _Toc416904598]Entry into the cell cycle from quiescence requires passage through the Restriction Point.
	Entry into the cell cycle from G0 is governed by growth factor signaling that enables cells to enter G1 and later commit to cell cycle progression by passing the Restriction Point (Figure 1.2) (Zetterberg et al., 1995). The Restriction Point temporally separates G1 into two phases in which cells are either committed to cell cycle progression and will undergo DNA synthesis and 


Figure 1.2: The Restriction Point is in G1. During cell cycle progression from G0, cells require mitogenic signaling until passage beyond the restriction point. After cells pass the restriction point, they are committed to cell cycle progression and will pass through the phases normally even with mitogens are withdrawn. 
mitosis or are able to reenter quiescence or G0. The phenomena of the Restriction Point was first identified over 40 years ago by modeling the cell cycle progression of cells in culture with growth factor removal. The Restriction Point was determined by Arthur Pardee when he observed that cells stimulated to enter the cell cycle from G0 required continuous growth factor signaling for a distinct interval of time, but once cells passed the Restriction Point, they became insensitive to serum withdrawal or inhibition of protein synthesis (Pardee, 1974; Rossow et al., 1979). Pardee and colleagues later observed that this Restriction Point was perturbed in transformed cells, an early insight into the premise that tumor cells have alterations in cell cycle regulation (Campisi et al., 1982). 
Passage through the Restriction Point during G1 commits cells to progression through the cell cycle. The continuous growth factor treatment in culture required to pass the Restriction Point was later demonstrated to be integrated by the cell into two short pulses of growth factor signaling that are required for Restriction Point passage (Jones and Kazlauskas, 2001; Zwang et al., 2011). Importantly, the first pulse induces increased metabolic output and induces the p53 gating mechanism (Zwang et al., 2011). The second pulse induces PI3K/AKT signaling to dampen p53 activity and activate ERK signaling to enable passage through the Restriction Point. More recent data using computational modeling of cell cycle progression demonstrate the decision to pass the Restriction Point is even more complex than originally thought as cells integrate information from the previous cell cycle to determine requirements to pass the Restriction Point (Moser et al., 2018; Schwarz et al., 2018). 

[bookmark: _Toc416501534][bookmark: _Toc416567123][bookmark: _Toc416741647][bookmark: _Toc416741695][bookmark: _Toc416743923][bookmark: _Toc416904599]Cyclin-CDK complexes are temporally activated and promote cell cycle progression.	Cell cycle progression is regulated in part by Cyclins and Cyclin Dependent Kinases (CDKs). Cyclin binding to CDKs (Cyclin Dependent Kinases) activates the kinase to phosphorylate its substrates and contribute to substrate specificity. CDKs are proline directed serine/threonine kinases that have a preference for S/T-P-X-K/R motifs in which the S/T or is phosphorylated. Many CDKs have been identified and play roles in cell cycle progression and transcriptional regulation. CDKs positively promote cell cycle progression by phosphorylating a complex set of substrates. 

Cyclins activate different cyclin dependent kinases during the cell cycle.
	Expression of the cell cycle regulated cyclins A, B, D, and E have distinct patterns coinciding with different phases of the cell cycle (Figure 1.3) (Malumbres, 2014). Cyclin D is expressed in early G1 and is degraded in S phase. Cyclin E is expressed later in G1 than Cyclin D and is also degraded in S phase. Cyclin A2 is expressed in S and G2 and is degraded during mitosis. Cyclin B is expressed in G2 and degraded in late mitosis. 
[bookmark: _Toc416501535][bookmark: _Toc416567124][bookmark: _Toc416741648][bookmark: _Toc416741696][bookmark: _Toc416743924][bookmark: _Toc416904600]Cyclins have distinct preferences for different CDKs (Figure 1.4). In G0, expression of all four cyclin types are repressed and lowly expressed. During G1, Cyclin D1, D2, or D3 levels increase and bind to Cyclin Dependent Kinase 4 and Cyclin Dependent Kinase 6 (Cyclin D-CDK4/6). Later in G1, Cyclin E1 and Cyclin E2 levels increase and bind to Cyclin Dependent Kinase 2 (Cyclin E-CDK2). During S phase, Cyclin A levels increase and it binds to Cyclin Dependent Kinase 2 (Cyclin A-CDK2). In G2, Cyclin A2 binds to Cyclin Dependent Kinase 1 (Cyclin A-CDK1). In late G2 and the beginning of M, Cyclin B1 and Cyclin B2 bind to Cyclin Dependent Kinase 2. Expression of Cyclin D and Cyclin E is discussed more in depth in this section. Cyclin A and Cyclin B expression is driven by the B-Myb-MuvB-FOXM1 complex and is also discussed more in depth in this chapter (Fischer et al., 2016; Sadasivam et al., 2012; Sadasivam and DeCaprio, 2013).



Figure 1.3: Timing of expression of Cyclins throughout the cell cycle. Cyclin D is expressed in early G1 and is degraded in S. Cyclin E is expressed during G1 and is degraded in S phase. Cyclin A is expressed in S/G2 and is degraded in G2/M. Cyclin B is expressed in G2 and degraded in G2/M. 


Figure 1.4: Association of Cyclins with Cyclin Dependent Kinases during the cell cycle. Cyclin D associates with CDK4 and CDK6 in G1. Cyclin E associates with CDK2 in G1/S. Cyclin A associates with CDK2 in S phase and CDK1 in G2. Cyclin B associates with CDK2 in G2/M. 

[bookmark: _Toc416501536][bookmark: _Toc416567125][bookmark: _Toc416741649][bookmark: _Toc416741697][bookmark: _Toc416743925][bookmark: _Toc416904601]Cyclin D-CDK4/6
Expression of Cyclin D1 contributes to cells progressing through G1 towards S phase (Baldin et al., 1993; Ladha et al., 1998). Growth factor signaling is sensed by receptor tyrosine kinases (RTKs) at the cell surface, resulting in the activation of many pathways including the 
RAS pathway (Margolis and Skolnik, 1994). RTK signaling induces the activity of RAS, which activates RAF kinase activity, which activates MEK kinase activity, which activates ERK kinase activity to directly activate FOS and JUN transcription (Chang et al., 2003; McCubrey et al., 2007). FOS and JUN transcription factors directly induce Cyclin D expression (Balmanno and   Cook, 1999; Brown et al., 1998; Shaulian and Karin, 2001). Cyclin D1 levels increase throughout G1 and are degraded in S phase. Cyclin D1 turnover is dependent on phosphorylation of threonine 286 (T286) and threonine 288 (T288) (Diehl et al., 1997; Hammerle et al., 2011). Mutation of T286 or T288 to alanine results in increased protein stability in a proteasome dependent manner (Diehl et al., 1997; Hammerle et al., 2011). The candidate kinases for Cyclin D1-pT286 include GSK3, DYRK1A, or DYRK1B, although this is an active area of research (Ashford et al., 2014; Mukherji et al., 2008; Najas et al., 2015; Soppa et al., 2014; Takahashi-Yanaga and Sasaguri, 2008; Zou et al., 2004; Alao, 2007; Casanovas et al., 2000). Cyclin D has been reported to be degraded by several F-box proteins during S phase (Alao, 2007; Okabe et al., 2006; Yu et al., 1998). Although Cyclin D1 is degraded during S phase, there is some emerging evidence that an accumulation of Cyclin D1 by stabilization of its mRNA during G2 enables continued proliferation (Yang et al., 2006). 

Cyclin E-CDK2
	Expression of Cyclin E1 and Cyclin E2 during G1 is mitogen dependent and driven by activator E2F transcription factors (Geng et al., 1996). Cyclin E is degraded in an FBWX7 dependent manner (Koepp et al., 2001; Strohmaier et al., 2001). Cyclin E has two Cdc4-phosphodegrons that are autophosphorylated by CDK2 in the Cyclin E-CDK2 heterodimer (Clurman et al., 1996; Koepp et al., 2001; Strohmaier et al., 2001; Ye et al., 2004). GSK3β also phosphorylates T380, located in the C-terminal phosphodegron (Welcker et al., 2003). Cyclin E-CDK2 activity may be the responsible kinase for passage through the Restriction Point (Schwarz et al., 2018). 

[bookmark: _Toc416501537][bookmark: _Toc416567126][bookmark: _Toc416741650][bookmark: _Toc416741698][bookmark: _Toc416743926][bookmark: _Toc416904602]Passage through the cell cycle is dependent on two waves of gene expression
	The expression of genes required for distinct processes in phases of the cell cycle is tightly regulated. Many genes required for DNA synthesis or mitosis are not expressed in quiescent cells. Upon cell cycle entry from G0, cell cycle-dependent gene expression increases in two waves regulated by distinct sets of transcription factors (Figure 1.5). The first wave of gene expression occurs during late G1 and is required for entry into S phase and encodes many proteins involved in DNA replication. The second wave of gene expression occurs during G2 and encodes many proteins required for progression through M phase and cytokinesis. In this section, the mechanisms for regulation of cell cycle gene expression are discussed. How cells integrate complex cues from their environment to coordinate regulation of cell cycle genes is a key area of interest in this dissertation. 
 
[bookmark: _Toc416501538][bookmark: _Toc416567127][bookmark: _Toc416741651][bookmark: _Toc416741699][bookmark: _Toc416743927][bookmark: _Toc416904603]Early Cell Cycle genes are expressed in G1. 
[bookmark: _Toc416501539][bookmark: _Toc416501623][bookmark: _Toc416567128][bookmark: _Toc416741536][bookmark: _Toc416741652][bookmark: _Toc416741700][bookmark: _Toc416743928][bookmark: _Toc416744021][bookmark: _Toc416828791][bookmark: _Toc416878386][bookmark: _Toc416901808][bookmark: _Toc416904604]	Expression of early cell cycle genes occurs during G1. G1/S genes include genes required for entrance into S phase and genes involved in DNA replication among others (Grant and Cook, 2017). Expression of G1/S genes is activated by activator E2F proteins (Figure 1.6). E2F1, E2F2, and E2F3a with their dimerization partners (DP1, DP2) specifically bind to E2F elements (5’-TTGGCGC-3’) in the promoters of G1/S genes and transactivate gene expression (Araki et al., 2003; Lam and Watson, 1993). During G1, activator E2Fs promote G1/S gene expression to enable cells to pass through the Restriction Point and enter S phase (Chen et al., 

Figure 1.5: Cell Cycle gene expression occurs in two waves during cell cycle entry. The first wave termed “early” or “G1/S” are expressed at the end of G1 and through some part of S phase. Early genes include genes required for DNA synthesis such as mini-chromosome maintenance complex members and polymerases. The second wave termed “late” or “G2/M” cell cycle genes are expressed at the end of G2 and include genes required for mitosis such as kinetochore components and centromeric proteins. 


Figure 1.6: Activator E2Fs bind E2F elements in G1/S gene promoters. Activator E2F proteins E2F1, E2F2, and E2F3a bind to the promoters of G1/S genes through E2F elements and transactivate gene expression during late G1. 


[bookmark: _Toc416501540][bookmark: _Toc416567129][bookmark: _Toc416741653][bookmark: _Toc416741701][bookmark: _Toc416743929][bookmark: _Toc416904605]
2009; Fischer et al., 2016; Hallstrom et al., 2008; Kowalik et al., 1995). Among the G1/S genes required for entrance into S phase is Cyclin E (CCNE1, CCNE2), a key activator of CDK2 required to promote origin firing (Woo and Poon, 2003). Additional G1/S genes encode proteins that participate in DNA replication including members of the mini-chromosome maintenance complex, origin recognition complexes, and DNA polymerases (Fischer et al., 2016; Fischer and Müller, 2017; Fujita, 1999).

Late Cell Cycle genes are expressed in G2. 
	Expression of late cell cycle genes occurs during G2 and enables cells to enter and complete mitosis (Fischer et al., 2016; Sadasivam and DeCaprio, 2013). G2/M genes encode proteins required for both entry into mitosis and the cellular machinery that enables mitosis and cytokinesis.  
G2/M cell cycle genes are transactivated by FOXM1 bound to MuvB (multivulva class B) complex and to B-Myb (MMB-FOXM1 complex) (Figure 1.7). The MuvB core consists of five proteins: LIN9, LIN37, LIN54, RBBP4, and LIN52 (Litovchick et al., 2007). The MuvB complex binds in a sequence specific manner to CHR (cell cycle genes homology region) elements (5’-TTTGGA-3’) in the promoters of G2/M genes. During S/G2, MuvB recruits B-Myb to MYB binding sites and FOXM1 to Forkhead motifs (Sadasivam et al., 2012; Fischer et al., 2016b; Muller et al., 2012, 2014). The MMB-FOXM1 complex is activated by Cyclin-CDK phosphorylation when bound to G2/M promoters during S/G2 to promote the expression of G2/M cell cycle genes to enable entry into M phase (Esterlechner et al., 2013; Osterloh et al., 2007; Sadasivam et al., 2012).  Cyclin B1, a G2/M gene, is transactivated by the MMB-FOXM1 complex and is expressed in the second wave of cell cycle genes and is essential for entry into mitosis (Strauss et al., 2018). Furthermore, MMB-FOXM1 transactivates many other G2/M 


Figure 1.7: MMB-FOXM1 complex promotes G2/M gene expression. The B-myb-MuvB-FOXM1 complex binds to the promoters of G2/M genes during G2 to promote their expression. MuvB binds DNA through the LIN54 protein complex binding to CHR elements. 

[bookmark: _Toc416501543]genes including genes involved in the physical separation of cells in mitosis including cohesins, condensins, centromeric proteins, etc. (Fischer et al., 2013, p. 23, 2016; Schmit et al., 2009a).

E2F transcription factors regulate cell cycle genes. 
Oscillation of gene expression during cell cycle progression is regulated in part by the E2F family of transcription factors. The family of E2F transcription factors include E2F1, E2F2, E2F3a, E2F3b, E2F4, E2F5, E2F6, E2F7, and E2F8. 
E2F1-6 are considered classical E2Fs with one DNA binding domain that binds to E2F elements (5’-TTGGCGC-3’) in promoters of genes (Blake and Azizkhan, 1989; Hiebert et al., 1989). E2F1-6 require dimerization with DP1 or DP2 to bind to DNA (Cress and Nevins, 1996; Huber et al., 1993; Vidal et al., 1996). E2F1-3a are activators while E2F3b, E2F4-6 are repressors. E2F1, -2, and -3a are transcriptional activators that are essential for entry into S phase (Logan et al., 1995; Wu et al., 2001). E2F1-3 are repressed by RB during G1 (Henley and Dick, 2012; Hiebert et al., 1992). E2F4 and -5 are transcriptional repressors and bind RB, p130, and p107 during G0 and G1 (Litovchick et al., 2007). In contrast to the other repressor E2Fs, E2F6 does not bind RB protein family members. The role of RB repression of E2F1-3 and E2F4-5 role in DREAM complex is described in depth in this chapter. 
E2F7 and E2F8 are transcriptional repressors of cell cycle genes and inhibit cell cycle progression (de Bruin et al., 2003; Logan et al., 2004; Maiti et al., 2005; Westendorp et al., 2012). E2F7 and E2F8 are atypical E2Fs: they have two DNA binding domains, do not require dimerization with DP1 or DP2, and do not bind directly to pocket protein family members RB, p130, or p107 (Lammens et al., 2009; Li et al., 2008; Trimarchi and Lees, 2002). Modeling of E2F7 and E2F8 suggests that the paired DNA binding domains mimic the E2F1-DP1 heterodimer (Logan et al., 2004; Maiti et al., 2005). Indeed, expression of both domains is required for its repressive activity (Christensen et al., 2005; Logan et al., 2004). E2F7 and E2F8 
modulate the activity of other E2F transcription factors and may be responsible for shutting off E2F1 driven gene expression during S phase (Christensen et al., 2005; de Bruin et al., 2003; Westendorp et al., 2012). E2F7 and E2F8 likely function independently of RB, p130, or p107 repression because they do not have the typical pocket protein binding domain (Christensen et al., 2005; de Bruin et al., 2003). 
Since E2F proteins bind to DNA at E2F elements in the promoters of genes, there is some functional antagonism between them. The mechanism of transition from repressor E2F binding during G0 to activator E2F binding during G1 is not well understood.

[bookmark: _Toc416741654][bookmark: _Toc416741702][bookmark: _Toc416743930][bookmark: _Toc416904606]The pocket protein family represses cell cycle gene expression. 
	The pocket protein family of proteins is comprised of the Retinoblastoma protein (RB) and its two paralogs p130 and p107. RB, p130, and p107 function as repressors of cell cycle progression (Henley and Dick, 2012). The expression pattern of the pocket protein family members may contribute to the phases in which they function as repressors. Expression of RB, p130, and p107 varies throughout the cell cycle (Figure 1.8). In G0 and G1, p130 is strongly expressed and is degraded in S phase (Kiess et al., 1995; Moberg et al., 1996). RB is expressed strongly throughout the cell cycle with a small increase from G0 to G1 (Kiess et al., 1995). p107 is a G1/S cell cycle gene and is therefore poorly expressed in G0 and G1. p107 expression increases with similar kinetics to other G1/S cell cycle genes and is strongly expressed during S and G2 (Kiess et al., 1995; Sidle et al., 1996). 
The pocket protein family members have strong structural homology to each other (Figure 1.9). Each have a conserved C-terminal domain, a pocket domain with two cyclin folds, A and B, with a spacer linkage, and a N-terminal domain (Henley and Dick, 2012). The spacer linkage in p130 and p107 is much larger than in RB and may be important for protein-protein interactions. 


Figure 1.8: Pocket protein family members expression patterns during cell cycle. p130 is expressed strongly in G0 and G1 and is degraded in S phase. RB is consistently strongly expressed throughout the cell cycle. p107 is lowly expressed in G0 and is expressed at G1/S with persistent expression through S/G2/M. 

[bookmark: _Toc416567130]

Figure 1.9: Structure of pocket protein family members. RB, p130, and p107 have strong homology and have an N-terminus domain, pocket domain, and C-terminal domain. The pocket domain and C terminus are required for binding to E2F proteins. p130 and p107 contain kinase inhibitory domains in their N terminus. 



[bookmark: _Toc416741655][bookmark: _Toc416741703][bookmark: _Toc416743931][bookmark: _Toc416904607]Pocket proteins use their pocket domain and C-termini to bind LxCxE motifs and E2F proteins. In the next several sections of this chapter we will discuss the activity of RB, p130, and p107. 

RB is a tumor suppressor protein that controls cell cycle progression. 
	The retinoblastoma protein (RB) is a tumor suppressor protein that controls cell cycle arrest and cellular proliferation through its repression of cell cycle gene expression and other 
non-canonical functions. The most appreciated function of the RB protein is its inhibition of activator E2Fs transactivation of E2F driven expression of G1/S cell cycle genes. RB repression of E2Fs is relieved during cell cycle entry from G0 into S phase through phosphorylation by Cyclin-CDK complexes. However, emerging evidence indicates that RB may also control cellular proliferation in non-canonical mechanisms outside of its regulation of E2F. In this section, we will explore the binding partners of RB, its regulation by Cyclin-CDK complexes, its inhibition of E2F, its non-canonical functions, and its role in cancer.

[bookmark: _Toc416567131][bookmark: _Toc416741656][bookmark: _Toc416741704][bookmark: _Toc416743932][bookmark: _Toc416904608]The Retinoblastoma protein domains interact with many proteins
	The RB protein is comprised of three domains: N-terminal domain, pocket domain, C-terminal domain (Dick, 2007; Dick and Rubin, 2013) (Figure 1.9). The most well studied domain is the pocket domain as it was discovered to be the minimally required region for interaction with the viral oncoproteins SV40 large T antigen, adenovirus E1A, and human papillomavirus E7 protein (DeCaprio et al., 1988; Dyson et al., 1989b; Fattaey et al., 1993). RB uses different domains to bind other proteins to regulate many important processes related to cellular proliferation (Dick, 2007). In this chapter, we will focus on RB interaction with E2F proteins because this is the main mechanism of regulation of cell cycle gene expression by RB. 
	The pocket domain is referred to as such due to its conserved binding grooves that include binding to LxCxE motif containing proteins and the E2F transactivation domain. RB pocket is strongly conserved among the other two pocket proteins p130 and p107 (Classon and Dyson, 2001). The LxCxE binding cleft enables the interaction with proteins with LxCxE motifs where L is leucine, C is cysteine, E is glutamate, and X is any amino acid. The LxCxE motif is conserved in many viral oncoproteins and is required for viral protein binding to RB (Kim et al., 2001; Lee et al., 1998). This binding cleft also likely directly interacts with cellular proteins as well including chromatin remodeling complexes like histone deacetylases (Brehm and Kouzarides, 1999; Magnaghi-Jaulin et al., 1998). Cellular proteins with LxCxE may form direct 
contacts with other regions of the RB protein as well. Importantly, the RB pocket domain is required for the interaction of RB with the E2F transactivation domain. E2F proteins bind in an interface between the A and B cyclin folds in the pocket domain (Lee et al., 2002; Xiao et al., 2003). 
	The N-terminal and C-terminal domains of RB contain binding sites for several proteins. The C-terminus includes docking sites for Cyclin-CDK complexes including Cyclin D-CDK4 and Cyclin E-CDK2 (Adams et al., 1999; Hirschi et al., 2010; Pan et al., 2001). Furthermore, this region is also sufficient for interaction with the protein phosphatase PP1 (Hirschi et al., 2010). The C terminus also interacts with E2F proteins directly (Burke et al., 2010). The binding partners for the N-terminus are less well studied. However, a recent report demonstrated the N terminus is sufficient for binding to proteins involved in DNA replication including polymerases and helicases (Borysov et al., 2015). 

[bookmark: _Toc416567132][bookmark: _Toc416741657][bookmark: _Toc416741705][bookmark: _Toc416743933][bookmark: _Toc416904609]RB is negatively regulated by Cyclin-CDKs during G1
	RB is phosphorylated at 14 sites in vitro and in vivo (Figure 1.10). Hyperphosphorylated RB does not bind E2F proteins and thus phosphorylation of RB is the main mechanism by which 


Figure 1.10: CDK phosphorylation sites of RB. RB is phosphorylated by Cyclin-CDK complexes on 14 serine and threonine sites. Phosphorylation occurs at sites in each domain of the protein. 


RB is repressed during cell cycle entry. Loss of RB binding to E2F enables activator E2F to transactivate G1/S gene expression. 
	Cyclin-CDKs phosphorylate RB during cell cycle entry from G0. RB is thought to exist in three forms during cell cycle entry: an unphosphorylated RB found in G0, a hypophosphorylated 
form found in early G1, and a hyperphosphorylated form found in late G1 and is associated with passage through the Restriction Point. RB was found to be phosphorylated in cells with over expression of a variety of Cyclins and later to found to be phosphorylated by Cyclin D-CDK4/6 
More recent studies challenge this model. Using mutants of RB with all phosphorylation sites mutated to alanine except for one wild type amino acid, the Dowdy and colleagues argue that RB is exclusively mono-phosphorylated (as opposed to di- or tri-phosphorylation) by Cyclin D-CDK4 (Narasimha et al., 2014). Strikingly, the authors found that Cyclin D-CDK4 was capable of mono-phosphorylating any of the 14 CDK sites. However, the mechanism by which Cyclin D-CDK4 is then unable to phosphorylate another site is unclear. Furthermore, the authors found that mono-phosphorylated RB is competent for binding to E2F proteins, challenging the model that any CDK phosphorylation of RB is sufficient to inhibit its function. The finding that mono-phosphorylated RB binds E2Fs was strengthened by proteomics of the mono-phosphorylated RB proteins (Sanidas et al., 2019).  Strikingly, the mono-phosphorylated RB species had significantly reduced interaction with Cyclin D1, supporting a model that Cyclin D-CDK4 only phosphorylates RB once before losing affinity to the protein. The mechanism by which Cyclin D-CDK4 loses binding affinity to RB is not known. Cyclin E-CDK2 hyperphosphorylates RB at many sites during late G1. 
The specific mechanism of RB release from E2F has been challenging to study because it has many phosphorylation sites that may be redundant or dependent on each other. However, several structural studies of phosphorylated RB have given insights into specific mechanisms of phosphorylation dependent release of E2Fs. Phosphorylation of threonine 373 (RB-pT373) results in a conformational change in which the N-terminus docks against the E2F binding pocket of RB to exclude E2F from the pocket, resulting in decreased E2F binding (Burke et al., 2012, 2010). Phosphorylation of serine 608 (RB-pS608) results in the stabilization of an interaction of the pocket loop with the E2F binding groove, resulting in E2F exclusion (Burke et al., 2010). Furthermore, phosphorylation of threonine 821 (RB-pT821) results in a conformational change with the C-terminus of RB binding to the pocket and thereby excluding E2Fs (Rubin et al., 2005). A common theme among these studies is that the phosphorylation of RB results in conformational changes that relieve its binding to E2F. 

[bookmark: _Toc416567133][bookmark: _Toc416741658][bookmark: _Toc416741706][bookmark: _Toc416743934][bookmark: _Toc416904610]RB has several non-canonical functions.
	Outside of its ability to bind E2F proteins, RB has been reported to bind hundreds of other proteins through various contacts throughout the protein (Dick et al., 2018). RB has several transcriptional activities in addition to its ability to inhibit the transactivation activity of E2F proteins. RB has both transcriptional and non-transcriptional roles that affect cell cycle progression and cellular proliferation. RB binds to several chromatin remodeling complexes which may contribute to repression of gene expression at bound promoters (Dick and Rubin, 2013). An RB-EZH2 complex was shown to bind at repetitive DNA sequences and promote their silencing (Ishak et al., 2016). RB binds and inhibits RBP2 (KDM5A) to promote differentiation by histone H3K4 demethylation of genes involved in differentiation (Benevolenskaya et al., 2005). 
In addition, there are several reported non-transcriptional activities of the RB protein in promotion of cell cycle arrest. RB induces apoptosis in a BAX dependent manner by binding directly at the mitochondria (Hilgendorf et al., 2013). RB interferes with SKP2 directed degradation of p27, a cellular cyclin dependent kinase inhibitor, promoting cell cycle arrest (Ji et al., 2004). RB may also be directly involved in repair of damaged DNA by non-homologous end joining (Cook et al., 2015). RB loss results in metabolic changes including decreased mitochondrial oxidative phosphorylation through up-regulation of glycolytic genes (Nicolay et al., 2015; Takebayashi et al., 2015). RB control of metabolism may explain some changes of metabolism observed in cancer cells (Vander Heiden and DeBerardinis, 2017). A recent study completed proteomic analysis of RB proteins with every phosphorylation site mutated to alanine with one wild type residue added back at a time (Sanidas et al., 2019). This analysis showed that individually phosphorylated species of RB have distinct binding partners. There is much work to be done to study the effect of RB phosphorylation on interaction with these partners and the physiological importance of these partners in cancer cells with RB loss. 

[bookmark: _Toc416567134][bookmark: _Toc416741659][bookmark: _Toc416741707][bookmark: _Toc416743935][bookmark: _Toc416904611]RB is mutated or inactivated in cancer
RB is frequently mutated or inactivated in cancer. RB was first identified as a susceptibility gene to development of retinoblastoma in children. Loss of the RB1 gene is known to be the genetic driver of retinoblastoma tumors (Corson and Gallie, 2007; Knudsen et al., 2015). In cervical cancer, human papillomavirus E7 protein inactivation of RB is required for HPV-positive cervical cancers (Doorbar, 2006; McLaughlin-Drubin and Münger, 2009). RB is mutated or lost in nearly all cases of small cell lung cancer and mouse models have demonstrated loss of RB is required for tumorigenesis (George et al., 2015a; Meuwissen et al., 2003; Peifer et al., 2012; Schaffer et al., 2010). 
RB is likely inactivated in many cancer types with elevated Cyclin D-CDK4 activity or Cyclin E-CDK2 activity since it is negatively regulated by phosphorylation. Elevation of Cyclin D-CDK4 activity is observed by Cyclin D amplifications, loss of the cellular CDK4/6 inhibitor p16, and activating mutations in the RAF-Ras-MEK-ERK signaling cascade that result in increased Cyclin D expression (Margolis and Skolnik, 1994; McCubrey et al., 2007). Cyclin E amplifications are observed in some cancer types including gastric, ovarian, and breast cancer (Alsina et al., 2015; Kanska et al., 2016; Luhtala et al., 2016).  Furthermore, loss of p21 could result in increased Cyclin E-CDK2 activity since p21 inhibits its kinase activity. 
[bookmark: _Toc416501545][bookmark: _Toc416567135][bookmark: _Toc416741660][bookmark: _Toc416741708][bookmark: _Toc416743936][bookmark: _Toc416904612]The DREAM complex represses G1/S and G2/M gene expression in G0. 
	The DREAM complex is composed of the RB-like proteins p130 and p107, the repressor E2Fs including E2F4 and E2F5 and their dimerization partners DP1 and DP2, and the MuvB core complex composed of LIN9, LIN37, LIN52, LIN54, and RBBP4 (Figure 1.11)  (Litovchick et al., 2007). During G0, MuvB forms the DREAM complex with p130 and E2F4 and serves a link to G2/M gene promoters via LIN54 binding to CHR elements in these promoters (Müller et al., 2014; Schmit et al., 2009b). At some point between G0 and S phase, MuvB is released from the DREAM complex. During S phase, MuvB binding to G2/M promoters enables its recruitment of B-Myb and FOXM1 (MMB-FOXM1) to promote the expression of the genes (Sadasivam et al., 2012). The mechanism of disruption of MuvB as part of the DREAM complex as a repressor to MuvB as part of the MMB-FOXM1 complex was not understood. 
During G0, E2F4 and E2F5 in the DREAM complex enables its binding to G1/S promoters via interaction with E2F motifs also bound by activator E2F1 during late G1 (Araki et al., 2003; Lam and Watson, 1993). Thus, pocket protein family members RB and p130 both bind to G1/S promoters through interaction with E2F proteins. The mechanism by which E2F4 is substituted by E2F1 during cell cycle entry is not clear but may be due to loss of DREAM 
complex interaction with E2F4 since it is excluded to the nucleus when not bound to DNA (Gaubatz et al., 2001).
Although p130 and E2F4 proteins have been studied extensively, many of these reports were completed before the discovery that they participate in the DREAM complex in 2007. As such, the specific role of p130 and E2F4 in the repression of G2/M genes via its binding to the MuvB protein complex has not been well studied. Furthermore, since DREAM and RB are able to both bind to the promoters of G1/S genes, it was unclear if there were specific roles for these transcriptional repressors during normal cell cycles or during cellular stress responses. In the following sections, we will discuss what is currently known about components of the DREAM complex and highlight areas where more research is needed to understand DREAM biology. 

Figure 1.11: DREAM complex binds and represses G1/S and G2/M genes during G0. (A-B): DREAM complex is composed of p130 (RB-like), E2F4 (A) or E2F5 (B) and MuvB. MuvB is composed of LIn52, LIN9, RBBP4, LIN37 and LIN54 and binds to CHR elements in promoters of G2/M genes via LIN54. E2F4 or E2F5 enables DREAM binding to E2F elements in promoters of G1/S genes.





The DREAM complex is conserved.
[bookmark: _Toc416501546][bookmark: _Toc416567136]The DREAM complex is conserved in Drosophila and in C. elegans (van den Heuvel and Dyson, 2008). In Drosophila, the DREAM complex is called dREAM (Drosophila RBF, E2F and Myb-interacting proteins) and is well studied to repress genes involved in development (Korenjak et al., 2004; Lewis et al., 2004; Wen et al., 2008). The dREAM complex is also able to interact with complex chromatin structures including insulator looping, a key mechanism of gene regulation in flies (Ahanger et al., 2013; Korenjak et al., 2014). In C. elegans, the DREAM homolog is called DRM (DP/E2F, Retinoblastoma-like, and MuvB). The EFL-1 protein in C. elegans is closely related to the repressor E2Fs E2F4 and E2F5 in mammals (Ceol and Horvitz, 2001; Page et al., 2001). The sole RB family member in C. elegans is Lin35 and shows greater homology to p130 and p107 than to RB (Lu and Horvitz, 1998). Similarly to Drosophila, the DRM complex functions primarily to regulate the expression of developmental genes as opposed to cell cycle genes found in mammals (Ceol and Horvitz, 2001; Chi and Reinke, 2006; Kirienko and Fay, 2007). MuvB was first identified in C. elegans as a class of genes involved in a multi-vulva developmental defect (Cui et al., 2006; Ferguson et al., 1987). 

[bookmark: _Toc416741661][bookmark: _Toc416741709][bookmark: _Toc416743937][bookmark: _Toc416904613]The p130 protein has roles in cell cycle arrest dependent on cell cycle phase.
	p130 contributes to cell cycle arrest through its interaction with the DREAM complex. However, many initial studies regarding the role of p130 in cell cycle arrest were done before the discovery of DREAM by and focused on p130’s ability to bind E2F proteins. Importantly, although many have studied p130 activity in the context of E2F4 binding, the regulation of p130 binding to the MuvB complex as part of DREAM is less well studied. In this dissertation, we integrate the knowledge about p130-E2F4 biology to study the biology of the DREAM complex during cell cycle progression and during cell cycle arrest. In this section, the biology of p130 including its structural features, its activity during distinct cell cycle phases, and what is known about its regulation will be discussed.
[bookmark: _Toc416501547][bookmark: _Toc416567137][bookmark: _Toc416741662][bookmark: _Toc416741710][bookmark: _Toc416743938][bookmark: _Toc416904614]
The p130 protein has a conserved pocket domain used for protein-protein interaction. 
The structure of the p130 protein is conserved with the other pocket protein family members RB and p107 (Figure 1.9) (Henley and Dick, 2012). The small pocket domain is composed of A and B domains which are cyclin folds (Classon and Dyson, 2001). The pocket has two binding grooves that enable many of the functions of the p130 protein. The LxCxE binding groove is a shallow groove that enables a host of tumor viral and cellular proteins to specifically bind (Dick, 2007; Guiley et al., 2015; Lee et al., 1998). Also present in the pocket is the E2F binding domain that enables pocket proteins to bind to the transactivation domains of E2Fs and is necessary for its growth suppressive effects (Hiebert et al., 1992; Liban et al., 2016; Qin et al., 1992). Importantly, although viral oncoprotein binding at the LxCxE cleft does not directly bind to the E2F binding pocket, viral oncoprotein binding to the LxCxE occludes binding to E2Fs as well (Fattaey et al., 1993; Liu and Marmorstein, 2007; Sullivan et al., 2000). Furthermore, p130 contains a spacer domain between the A and B domains of the pocket that promote its stability during G0 (Canhoto et al., 2000; Litovchick et al., 2004). Finally, p130 and p107 have residues in the N-terminus and in the spacer domain between A and B domains of the pocket that enable binding to Cyclin-Cyclin Dependent Kinase complexes (Lacy and Whyte, 1997; Woo et al., 1997; Zhu et al., 1995). 

[bookmark: _Toc416501548][bookmark: _Toc416567138][bookmark: _Toc416741663][bookmark: _Toc416741711][bookmark: _Toc416743939][bookmark: _Toc416904615]p130 activity is limited to the G0 and G1 phases of the cell cycle. 
	p130 activity is cell cycle dependent: p130 protein level and activity is high during G0 and early G1, with reduced activity by S phase and protein turnover present in late S phase (Figure 1.8). Several lines of initial evidence pointed towards p130’s role in G0. p130 binding to the adenovirus E1A protein was higher in G0 cells compared to cycling cells (Cobrinik et al., 1993). p130 binding to E2F proteins was found to be much higher in terminally differentiated muscle cells compared to the muscle cell precursors (Kiess et al., 1995). Furthermore, p130 
[bookmark: _Toc416501549][bookmark: _Toc416567139][bookmark: _Toc416741664][bookmark: _Toc416741712][bookmark: _Toc416743940][bookmark: _Toc416904616]ability to bind to E2F4 is much higher in quiescent cells while E2F4 mostly associates with p107 and RB in cycling cells (Moberg et al., 1996).

Phosphorylation of p130 inhibits its activity. 
p130 activity is dependent on Cyclin-CDK phosphorylation although the extent and timing is less well understood (Figure 1.12). p130 is hypo-phosphorylated in G0 and becomes progressively phosphorylated during the transition from G0 into S phase, where it is recognized by ubiquitin E3 ligases and is degraded (Baldi et al., 1995). However, the extent and functional consequence of p130 phosphorylation is not well understood. Several lines of evidence suggest that p130 phosphorylation is required for cell cycle progression. First, overexpression of mutant p130 with all CDK S/T sites substituted to alanine (termed p130-mutPM19 henceforth) results in cell cycle arrest in U20S cells, although it is unclear if these cells are arrested in quiescence or competence (Hansen et al., 2001). Substitution of T401 and T417 to alanine, residues analogous to the hinge domain in pRB responsible for the loss of E2F binding, results in slower progression through S phase (Burke et al., 2014; Guiley et al., 2015). Additionally, expression or p130-mutPM19 results in reduced E2F transactivation in a luciferase reporter assay, suggesting that p130 phosphorylation is important for cell cycle gene expression (Hansen et al., 2001). However, not all phosphorylation sites on p130 affect its E2F activity. Phosphorylation of p130 by GSK3 promotes its stability and does not interfere with its ability to bind E2F proteins, SV40 large T antigen, or induce cell cycle arrest (Canhoto et al., 2000; Litovchick et al., 2004). 
Several lines of evidence suggest that p130 phosphorylation by CDKs results in release of E2F4. First, overexpression of p16, a potent cellular Cyclin D-CDK4/6 inhibitor, results in an increase of E2F4 co-immunoprecipitated with p130 (Hansen et al., 2001). Second, p130-mutPM19 co-immunoprecipitated more E2F4 than wild type p130, suggesting that phosphorylation of these sites regulate E2F4 binding (Hansen et al., 2001). Second, 

Figure 1.12: CDK phosphorylation sites of p130. p130 is phosphorylated by Cyclin-CDK complexes on 19 serine and threonine sites. Phosphorylation occurs at sites in each domain of the protein. 



[bookmark: _Toc416501550][bookmark: _Toc416567140][bookmark: _Toc416741665][bookmark: _Toc416741713][bookmark: _Toc416743941][bookmark: _Toc416904617]phosphatase treatment of phosphorylated purified p130 increases affinity to purified LIN52 3.5-fold (Guiley et al., 2015). In addition, CDK2 in vitro phosphorylation assay of purified p130 decreased affinity to purified LIN52 two-fold, indicating that p130 phosphorylation weakens LIN52 binding. p130 phosphorylation may result in a similar conformational change as seen in pRB, resulting in release of E2F4, although this has not been tested. While p130 phosphorylation has been associated with cell cycle progression, the functional consequence on DREAM complex disassembly has not been studied. Importantly, kinases responsible for specific phosphorylation events that regulate DREAM disassembly are not known. Identification of Cyclin D-CDK4/6 as responsible for phosphorylation (both the kinetics and extent) of p130 will elucidate its dual role in promoting the transition from quiescence to S phase. 

Mechanism of DREAM complex disruption is unknown.
	Many of the initial findings regarding p130 regulation were completed before the DREAM complex was discovered and therefore little is known about DREAM complex disruption. Clearly, the DREAM complex is disrupted during cell cycle progression as DREAM is found in quiescent cells and is lost in S/G2 when MuvB forms the MMB-FOXM1 complex. DREAM complex is sensitive to inhibition of CDK4/6 by palbociclib in a cancer cell line (Guiley et al., 2015). In this dissertation, the mechanism of DREAM complex disruption is described. Importantly, we evaluate the requirement for DREAM complex disruption for cell cycle gene expression and the effect of DREAM complex loss on resistance to palbociclib mediated cell cycle arrest in normal and cancer cell lines. 

[bookmark: _Toc416501551][bookmark: _Toc416567141][bookmark: _Toc416741666][bookmark: _Toc416741714][bookmark: _Toc416743942][bookmark: _Toc416904618]The specific roles of MuvB components are not well appreciated.
The MuvB complex functions during the cell cycle as both an activator and repressor. During G0, MuvB is a part of the DREAM complex and enables repression of G2/M gene expression by binding CHR elements present in these promoters. During late S phase and G2, MuvB binds B-Myb and FOXM1 as an activator to promote the expression of G2/M genes to enable passage through mitosis. The roles of individual MuvB components are not well understood but some studies demonstrating their specific roles are described in this section. 

[bookmark: _Toc416501552][bookmark: _Toc416567142][bookmark: _Toc416741667][bookmark: _Toc416741715][bookmark: _Toc416743943][bookmark: _Toc416904619]LIN52 enables MuvB binding to p130 as part of DREAM complex. 
Perhaps the most well understood component is LIN52, which is essential for the switch between MuvB as an activator and a repressor. LIN52 serves as the direct contact with p130 to form the repressor DREAM and B-Myb to form the activator MMB-FOXM1. LIN52 when phosphorylated at serine 28 (LIN52-pS28) is able to bind to the LxCxE binding cleft of p130 and in a proximal phosphate-binding groove near the cleft. Expression of LIN52 with serine mutated to alanine (LIN52-S28A) disrupted the ability to form DREAM and reduced senescence associated -galactosidase staining after expression of oncogenic Ras (Litovchick et al., 2011). Furthermore, X-ray crystallography revealed that LIN52 also serves to bind B-Myb through its 2 box to form the MMB complex (Guiley et al., 2018). Knockdown of LIN52 in proliferating cells resulted in cell cycle arrest in G2/M highlighting the importance of LIN52 to promotion of G2/M gene expression (Boichuk et al., 2013). 

[bookmark: _Toc416501553][bookmark: _Toc416567143][bookmark: _Toc416741668][bookmark: _Toc416741716][bookmark: _Toc416743944][bookmark: _Toc416904620]LIN9 is an important structural component of MuvB. 
LIN9 is an essential component of the MuvB complex. Biochemical studies have demonstrated that LIN9 interacts with LIN52 and RBBP4 through its C-terminus (Guiley et al., 2018; Schmit et al., 2009b). Recent crystallographic studies found LIN9 residues 349-466 interact with LIN52 and B-Myb to form the ternary complex (Guiley et al., 2018). Importantly, LIN9 is also required for MuvB interaction with FOXM1, highlighting its important structural role in both DREAM complex and the MMB-FOXM1 complex (Wiseman et al., 2015). Several key resides in LIN9 have been identified as potential essential points of interaction but the functional importance of these sites have not been studied yet (Guiley et al., 2018). Loss of LIN9 in quiescent versus proliferating cells has yielded diverse phenotypes. Knockdown of LIN9 in quiescent cells resulted in increased expression of G2/M cell cycle genes, a phenotype related due to its role in the DREAM complex during G0 (Litovchick et al., 2007; Sandoval et al., 2009, 2006). In contrast, in a proliferating cell context, LIN9 loss resulted in profound defects in G2/M gene expression and delays in mitosis (Eckerdt et al., 2014; Esterlechner et al., 2013; Knight et al., 2009; Pilkinton et al., 2007; Reichert et al., 2010; Wiseman et al., 2015). This defect is likely due to the inability for B-Myb-MuvB-FOXM1 to bind to the promoters of G2/M genes to promote their expression (Osterloh et al., 2007; Sadasivam et al., 2012). Importantly, mice with homozygous loss of LIN9 led to mitotic defects, early embryonic developmental delays, and lack of viable adult mice. Heterozygous LIN9 knockout mice displayed increased susceptibility to lung tumorigenesis driven by c-Raf expression (Reichert et al., 2010). Finally, knockdown of LIN9 resulted in increased anchorage-independent growth when combined with SV40 large T antigen (Hauser et al., 2012). These data demonstrate the dual role of LIN9 in both promoting mitosis and as a potential tumor suppressor protein.

[bookmark: _Toc416501554][bookmark: _Toc416567144][bookmark: _Toc416741669][bookmark: _Toc416741717][bookmark: _Toc416743945][bookmark: _Toc416904621]LIN54 enables MuvB binding to CHR elements in promoters of cell cycle genes. 
	LIN54 plays an essential role in DREAM complex formation as the only protein with a known DNA-binding domain. LIN54 directs the MuvB complex to promoters by binding CHR elements (Müller et al., 2014; Schmit et al., 2009b). CHR elements have a consensus sequence and are present in the promoters of G2/M genes (Muller et al., 2012). Structural studies revealed that LIN54 contains two tandem cysteine rich domains (CHC) with homology to the C. elegans DRM and enable direct and specific binding to DNA (Marceau et al., 2016; Tabuchi et al., 2011). The ability for LIN54 to bind DNA is functionally important as a LIN54 DNA binding domain mutant was localized to the cytoplasm and is unable to promote G2/M gene expression and cell cycle progression (Matsuo et al., 2012). Importantly, knockdown of LIN54 led to the reduced recruitment of B-Myb, FOXM1, and the rest of MuvB to the promoters of G2/M genes, resulting in loss of G2/M gene expression and cell cycle arrest (Sadasivam et al., 2012; Schmit et al., 2009).Together these data demonstrate the DNA binding domain of LIN54 plays an essential role in the recruitment of MuvB to cell cycle promoters with CHR elements present. 

[bookmark: _Toc416501555][bookmark: _Toc416567145][bookmark: _Toc416741670][bookmark: _Toc416741718][bookmark: _Toc416743946][bookmark: _Toc416904622]RBBP4 binds chromatin-modeling complexes but its role in MuvB is unclear. 
The RBBP4 protein, also called RbAp48 or RB-binding protein 4, was originally identified in yeast as an RB binding protein (Qian et al., 1993). The specific role of RBBP4 in MuvB is not well appreciated although many have shown it interacts strongly with histone 3 and histone 4 (Murzina et al., 2008; Zhang et al., 2013). Importantly, it has been shown to interact with several chromatin modifiers associated with decreased gene expression including histone deacetylase HDAC3 and the Nucleosome Remodeling and Deacetylase (NuRD) complex (Alqarni et al., 2014; Nicolas et al., 2000). The specific mechanism for how DREAM promotes repression of cell cycle gene expression is not known, however, RBBP4 is a likely candidate. Whether cell cycle genes are deacetylated when bound by DREAM and whether RBBP4 recruits histone deacetylase complexes to cell cycle genes has yet to be experimentally tested. 

[bookmark: _Toc416501556][bookmark: _Toc416567146][bookmark: _Toc416741671][bookmark: _Toc416741719][bookmark: _Toc416743947][bookmark: _Toc416904623]LIN37 function in MuvB is not well established. 
The functional role of LIN37 is not well understood and only a few studies have been published interrogating LIN37 activity. LIN37 is amplified in some high-grade serous ovarian cancers (Iness and Litovchick, 2018). A recent study found knockout of LIN37 did not interfere with DREAM assembly at cell cycle promoters but did result in de-repression of cell cycle genes in quiescence (Mages et al., 2017). When LIN37 was knocked out in combination with RB, they found additive increase in cell cycle gene expression. The functional role of LIN37 in DREAM and B-Myb-MuvB-FOXM1 complexes has yet to be determined. 
[bookmark: _Toc416501557][bookmark: _Toc416567147][bookmark: _Toc416741672][bookmark: _Toc416741720][bookmark: _Toc416743948][bookmark: _Toc416904624]The p107 protein is related to p130 and RB yet has few defined roles. 
	The p107 protein is structurally quite similar to the p130 protein. Initial studies often linked p130 and p107 protein activity as functionally redundant. Expression of p107 is increased when p130 or RB are lost alone or in combination (Lara et al., 2008; Mayhew et al., 2005; Ruiz et al., 2004). p130 and p107 may compensate for each other during mouse development, as double knockout (p130-\-, p107-\-) mice display several developmental defects and delays while single knockouts of either p130 or p107 are viable and fertile (Cobrinik et al., 1996; Lee et al., 1996; Ruiz et al., 2003; Yeh et al., 2007).
Similarly to p130, p107 cell cycle dependent phosphorylation impairs its ability to bind to E2F proteins (Farkas et al., 2002; Kiess et al., 1995). However, p107 and p130 likely have differential roles since they are expressed at different stages of the cell cycle, an observation not initially recognized when using cancer cell lines (Takahashi et al., 2000). While p130 is strongly expressed in G0 and degraded in S phase, p107 is a target of E2F and is expressed during S and G2 phases. In contrast to p130 binding to E2F proteins in differentiated cells, p107 is found to bind repressor E2Fs in proliferating cells (Kiess et al., 1995; Zini et al., 2001). However, since p107 is often phosphorylated in the S and G2 phases of the cell cycle, it has little functional activity then since it cannot bind E2Fs (Farkas et al., 2002; Henley and Dick, 2012). 
The specific role for p107 during the cell cycle has not been well appreciated. Some have postulated that perhaps p107 is present during S and G2 to help initiate cell cycle arrest in a cell that undergoes genotoxic stress and should not go through mitosis until DNA is repaired. In Chapter IV, we identify a functional role for p107 in a DREAM-like complex that functions both during the normal cell cycle and after DNA damage. 

[bookmark: _Toc416567148][bookmark: _Toc416741673][bookmark: _Toc416741721][bookmark: _Toc416743949][bookmark: _Toc416904625]RB does not bind MuvB and cannot form the DREAM complex.
In contrast to the p130 in the DREAM complex, RB does not associate with the MuvB protein complex. The ability for MuvB to bind p130 is dependent on DYRK1A phosphorylation of LIN52 at serine 28 (LIN52-pS28) (Litovchick et al., 2011). Crystal structures of p130/p107 bound to LIN52-pS28 revealed that LIN52 has a LxCxE-like motif (LxSxE) that binds in the LxCxE binding cleft of p130 and the phosphorylation of S28 increases binding affinity (Guiley et al., 2015). Importantly, the phosphate-binding pocket of p130 that binds phosphorylated S28 is not present in RB (Guiley et al., 2015). Thus, the RB protein has very low binding affinity to the MuvB complex in vitro and has not been detected in cell-based assays. Although RB cannot bind MuvB, it does associate with the repressor E2F proteins (Liban et al., 2017, 2016; Trimarchi and Lees, 2002). However, since RB does not bind MuvB, it cannot bind to G2/M cell cycle promoters and does not form DREAM. 
[bookmark: _Toc416501541][bookmark: _Toc416567149][bookmark: _Toc416741674][bookmark: _Toc416741722][bookmark: _Toc416743950][bookmark: _Toc416904626]
Meta-analysis of genome binding and expression profiling yields lists of high confidence cell cycle genes. 
To create a genome wide view of DREAM, RB, and MMB-FOXM1 regulated genes, our lab recently published a meta-analysis of TP53 and cell cycle-regulated genome-wide expression profiles to identify high confidence cell cycle regulated genes (Fischer et al., 2016). These target genes were then compared to ChIP-seq studies for TP53, RB1, E2F1, DREAM, B-MYB, and FOXM1 to generate target gene maps for DREAM, P53, RB-E2F, and MMB-FOXM1.
Additionally, because p53 activation results in shut down of cell cycle gene expression through DREAM and RB, a comprehensive list of p53 targets was generated. The more negative the p53 expression score, the more RNA profiling experiments found it to be repressed by p53 activation. To be called a DREAM target gene, be found as a DREAM target in at least 4 of 9 ChIP-seq datasets AND called as cell cycle regulated in at least 2 of 5 cell cycle RNA profiling experiments OR have a p53 expression score ≤ -5. To be called a RB-E2F target gene, be found as a RB target in at least 3 of 5 ChIP-seq datasets, AND be called as cell cycle regulated in at least 2 of 5 cell cycle RNA profiling experiments OR have a p53 expression score ≤ -5 AND. With these standards, there are 971 DREAM and 506 RB-E2F target genes.

[bookmark: _Toc416501558][bookmark: _Toc416567150][bookmark: _Toc416741675][bookmark: _Toc416741723][bookmark: _Toc416743951][bookmark: _Toc416904627]Inhibitors of Cyclin-CDKs are used clinically to treat a variety of cancer types
	Because deregulation of the cell cycle is a common hallmark of cancer, there is interest in mechanisms that can restore normal cell cycle regulation and decreased cellular proliferation. Because of the central role of Cyclin-CDK complexes in the progression of the cell cycle, several inhibitors of this class of enzyme have been generated with some clinical benefit. The requirements for sensitivity to CDK inhibition and mechanisms of resistance to CDK inhibitors are an active area of research. Although DREAM complex members are not commonly mutated in cancer, DREAM may be inactivated in these cells due to increased Cyclin-CDK activity driven by mutations in growth factor sensing pathways or by loss of cellular CDK inhibitors such as p16. In this section, the current state of CDK inhibitors in the clinic is discussed and some mechanisms of resistance to these drugs. 

[bookmark: _Toc416501559][bookmark: _Toc416567151][bookmark: _Toc416741676][bookmark: _Toc416741724][bookmark: _Toc416743952][bookmark: _Toc416904628]Inhibitors of CDK1 and CDK2 are not selective and have low clinical activity
Because of their role in promoting cell cycle progression, there has been interest in development of inhibitors of Cyclin-CDK complexes to treat a wide diversity of cancer types. Clinically available inhibitors for CDK1 and CDK2 are still in development. Some early inhibitors of CDK1/2 showed early promise including roscovitine and flavopiridol, but later were shown to have inhibitory activity on CDK7 and CDK9, key enzymes involved in transcription (Bose et al., 2013; Sedlacek et al., 1996; Shapiro, 2006; Whittaker et al., 2004). Despite strong activity in vitro, these compounds did not have strong in vivo activity, likely due to toxicity related to its inhibition of transcription (Bose et al., 2013; Le Tourneau et al., 2010). Other CDK1/2 inhibitors tested clinically have also been disappointing including dinaciclib and AT7519 (Boss et al., 2010; Nemunaitis et al., 2013; Parry et al., 2010; Stephenson et al., 2014). Further research is needed to identify why CDK1/2 inhibitors have failed clinically. One possibility is that lack of selectivity of the inhibitors results in dose-limiting toxicities and thus development of selective CDK1 or CDK2 inhibitors is necessary. 

[bookmark: _Toc416501560][bookmark: _Toc416567152][bookmark: _Toc416741677][bookmark: _Toc416741725][bookmark: _Toc416743953][bookmark: _Toc416904629]Inhibitors of CDK4 and CDK6 are selective and promote therapeutic benefit
Perhaps the most success for development for clinically active CDK inhibitor has been for Cyclin D-CDK4 and Cyclin D-CDK6 (Cyclin D-CDK4/6). The first FDA approval for a Cyclin D-CDK4/6 inhibitor came from Pfizer in the drug PD0332991 which eventually became Palbociclib (Fry et al., 2004; Toogood et al., 2005). Currently, there are three FDA-approved inhibitors of Cyclin D-CDK4: palbociclib from Pfizer, ribociclib from Novartis (LEE011), and abemaciclib from Eli Lilly (LY2835219) (Gelbert et al., 2014; Kim et al., 2013; Toogood et al., 2005). All three inhibitors have strong specificity for Cyclin D-CDK4 and Cyclin D-CDK6 with significantly lower efficacy for other CDKs including CDK1, CDK2, and CDK9 (Sherr et al., 2016). CDK4 and CDK6 inhibitors alone or in combination with other drugs are used clinically in a variety of cancer types including breast and mantle cell lymphomas among others (DeMichele et al., 2015; Finn et al., 2015; Guo et al., 2019; Leonard et al., 2012; Sherr et al., 2016).

[bookmark: _Toc416501561][bookmark: _Toc416567153][bookmark: _Toc416741678][bookmark: _Toc416741726][bookmark: _Toc416743954][bookmark: _Toc416904630]Mechanisms of resistance to CDK4 inhibitors
Although CDK4/6 inhibitors have had great success clinically, most tumors develop therapeutic resistance after a period of a clinical response (Pandey et al., 2018). Many members of the cell cycle are mutated in CDK4/6 treatment resistant tumors (O’Leary et al., 2016). Amplifications of CDK6, Cyclin E, and CDK2 are all common mechanisms of resistance that likely reduce the cellular dependency on CDK4/6 activity by compensating with the downstream kinase activity of CDK2 (Herrera-Abreu et al., 2016; Taylor-Harding et al., 2015; Yang et al., 2017). Amplification of CDK6, Cyclin E, and CDK2 all likely result in functional inactivation of the RB protein. However, whether these mutations also affect the composition of the DREAM complex or DREAM complex mediated repression of cell cycle genes has not been formally tested in CDK4/6 inhibitor resistant cancer cell lines. 
In addition, loss of the RB gene via truncating mutations is a common mechanism of resistance because loss of RB allows E2F gene expression even in the presence of CDK4/6 inhibitor (Guarducci et al., 2017; Wiedemeyer et al., 2010). In contrast, few reports have identified members of the DREAM complex as mutated in resistant tumors. The ability for the DREAM complex to function to repress cell cycle gene expression in cancer cell lines with sensitivity to CDK4/6 inhibitions or with RB loss was unknown. In this dissertation, we test the effect of CDK4/6 inhibition on the DREAM complex and determine whether cell lines with palbociclib sensitivity or with RB loss have intact DREAM complex competent for promotion of growth arrest.

[bookmark: _Toc416501562][bookmark: _Toc416567154][bookmark: _Toc416741679][bookmark: _Toc416741727][bookmark: _Toc416743955][bookmark: _Toc416904631]P53 is a tumor suppressor protein that initiates growth arrest
	The p53 protein is a tumor suppressor protein involved in the regulation of cellular growth and proliferation in response to cellular stress. p53 protein levels are tightly regulated in a normal cell cycle, but are rapidly increased in an active form in response to a variety of cellular and genotoxic stresses (Kaiser and Attardi, 2018; Suh et al., 2011). p53 activation can result in a variety of phenotypes and the specific mechanisms for the decision to undergo which pathway is an area of active research p53 activation can induce cell death via the apoptosis pathway (Aubrey et al., 2018). Expression of wild type p53 in colon cancer and lymphoma cell lines resulted in apoptosis (Ramqvist et al., 1993; Shaw et al., 1992). Activation of apoptosis by p53 is mediated by the expression of its direct targets PUMA and NOXA that inhibit BCL-2 driven induction of apoptosis (Jeffers et al., 2003; Nakano and Vousden, 2001; Oda et al., 2000). In contrast, p53 activation can also induce cellular senescence, an irreversible exit from the cell cycle characterized more clearly later in this chapter (Rufini et al., 2013). Additionally, It is well established that p53 activation can induce a potent yet transient cell cycle arrest in response to genotoxic stress that allows cells the time to repair their DNA before passage into the next phase of the cell cycle (Brugarolas et al., 1995; Kaiser and Attardi, 2018; Kastan et al., 1991; Lane, 1992). In this dissertation, we will examine the effect of p53 activation on the initiation of cell cycle arrest and specifically determine the effect of DREAM and RB repression of cell cycle genes. 

[bookmark: _Toc416501563][bookmark: _Toc416567155][bookmark: _Toc416741680][bookmark: _Toc416741728][bookmark: _Toc416743956][bookmark: _Toc416904632]TP53 mutations are frequently found in cancer
	p53 is the proto-typical tumor suppressor protein and is one of the most frequently mutated genes (TP53) found in cancer. More than 50% of human cancers have mutations in the p53 gene with 80% of those mutations being missense mutations (Hollstein et al., 1996, 1994). Furthermore, germline mutation in one allele of p53 causes Li Fraumeni Syndrome which increases familial susceptibility to cancer (Kamihara et al., 2014; Mai et al., 2012). 
p53 is a transcription factor with a DNA binding domain and a C-terminal oligomerization domain required for its transactivation activity. Mutations in the DNA binding domain of p53 are most frequent as the ability to affect transcription of downstream genes is a key tumor suppressive function of the gene (Freed-Pastor and Prives, 2012; Muller and Vousden, 2013). Most commonly, mutations are found to be loss of function alleles that affect the DNA binding ability of the protein resulting in defects in initiation of cell cycle arrest and genome instability (Giacomelli et al., 2018; Hanel and Moll, 2012). These mono-allelic missense mutations act as dominant negative proteins that inhibit wild type protein activity (Brosh and Rotter, 2009; Goh et al., 2011). Since p53 functions as a tetramer, mutant p53 proteins create heterotetramers with wild type protein resulting in decreased activity of wild type p53 as well (Kern et al., 1992; Milner and Medcalf, 1991). Expression of mutant p53 in cells with wild type p53 results in decreased p53 recruitment to chromatin, transactivation of gene expression, and cell cycle arrest (Kern et al., 1992; Willis et al., 2004). 
Some evidence that some mutant forms of p53 are gain-of-function alleles and have atypical functions in addition to wild type p53 exists, although this is an open area of investigation (Giacomelli et al., 2018; Kim and Lozano, 2018). Some early studies argued that some hotspot mutations of p53 have increased binding affinity to DNA or gained the ability to bind to other transcription factors like SP1 (Bargonetti et al., 1997; Chicas et al., 2000; Goh et al., 2011). Additionally, some mutant forms of p53 have been associated with the promotion of expression of new targets including PCNA, c-Myc, and VEGF (Deb et al., 1992; Frazier et al., 1998; Khromova et al., 2009). Although there is some evidence for gain-of-function mutations for p53, there are ongoing efforts to use small molecule inhibitors of p53 to rescue activity of point substitution mutants back to wild type function. 

[bookmark: _Toc416501564][bookmark: _Toc416567156][bookmark: _Toc416741681][bookmark: _Toc416741729][bookmark: _Toc416743957][bookmark: _Toc416904633]P53 activity is negatively regulated by MDM2 that can be inhibited pharmacologically 
	The p53 protein is degraded by MDM2, the E3 ubiquitin ligase for p53. Importantly, the MDM2 promoter is directly bound by p53, causing a feedback loop in which increased p53 activity results in the expression of its negative regulator (Freedman et al., 1999, 1997). Since p53 is a tumor suppressor protein, there has been significant interest in using inhibitors of MDM2 to promote increased p53 protein level and potential growth arrest or cell death in tumor cells. Several drugs inhibiting MDM2 driven degradation of p53 have been developed as tool compounds and some are used clinically in tumors with wild type p53 (Ding et al., 2013, p. 2; Grasberger et al., 2005; Issaeva et al., 2004; Vassilev et al., 2004). MDM2 forms a heterodimer 
with the related MDM4. More recently, inhibitors of the related MDM4 protein have been used in some cancer types (Espadinha et al., 2018; Lemos et al., 2016; Park et al, 2019; Tisato et al., 2017). 

[bookmark: _Toc416501565][bookmark: _Toc416567157][bookmark: _Toc416741682][bookmark: _Toc416741730][bookmark: _Toc416743958][bookmark: _Toc416904634]Cellular senescence is an irreversible exit from the cell cycle
In contrast to quiescence, senescence is an irreversible exit from the cell cycle. Senescent cells are not dead, but rather have lost the ability to proliferate even in the presence of mitogens sensed from their environment (Kuilman et al., 2010; Sherwood et al., 1988). Senescence is largely governed by the p53 tumor suppressor protein and decreased cell cycle gene expression. However, the specific requirement for RB and DREAM control of cell cycle genes after p53 mediated entrance into senescence has not been well studied. In this section, the phenotypic changes associated with senescence and the role of DREAM and RB in control of senescence is discussed. Importantly, lessons from control of senescence can inform rationale for understanding control of quiescence and cell cycle entry from G0. 

[bookmark: _Toc416501566][bookmark: _Toc416567158][bookmark: _Toc416741683][bookmark: _Toc416741731][bookmark: _Toc416743959][bookmark: _Toc416904635]Senescent cells a phenotypically and morphologically distinct from quiescent or proliferating cells.
There are many biomarkers of senescent cells that distinguish them from apoptotic or quiescent cells. Senescent cells undergo dramatic morphological changes including a flat shape associated with increased cell size in diverse cell types and drivers of senescence (Chen and Ames, 1994; Denoyelle et al., 2006; Parrinello et al., 2003; Serrano et al., 1997). -galactosidase activity detected a pH 6.0 is increased in senescent cells (Debacq-Chainiaux et al., 2009; Dimri et al., 1995). Also, senescent cells have increased senescence associated heterochromatic foci, resulting in reduced gene expression of both wide gene sets and E2F specific genes (Kuilman et al., 2010; Narita et al., 2003).

[bookmark: _Toc416501567][bookmark: _Toc416567159][bookmark: _Toc416741684][bookmark: _Toc416741732][bookmark: _Toc416743960][bookmark: _Toc416904636]Senescent cells have reduced cell cycle gene expression associated with RB and DREAM.
Cell cycle gene expression is reduced in senescent cells in a RB and DREAM dependent manner. RB, p130, and p107 proteins are found to accumulate in a hypo-phosphorylated, active, state in senescent cells (Stein et al., 1990). Furthermore, RB loss allows cells to escape from oncogene-induced-senescence (Chicas et al., 2010). Loss of all three RB, p130, and p107 is required to enable maximal expression of G1/S cell cycle genes in senescent fibroblasts (Chicas et al., 2010). Furthermore, p130, p107, and RB triple knockout cells have reduced ability to enter senescence after gamma-irradiation and undergo apoptosis instead (Lehmann et al., 2008). Also, cells lacking p130, p107, and RB are unable to enter senescence or repress G2/M cell cycle gene expression during doxorubicin induced senescence (Jackson and Pereira-Smith, 2006). Increased pocket protein activity in senescent cells is likely due to reduced Cyclin-CDK activity. Cyclin-CDK activity is reduced in diverse cell types through the high levels of cellular cyclin dependent kinase inhibitors p16 and p53 mediated expression of p21 (Alcorta et al., 1996; Gray-Schopfer et al., 2006; Kuilman et al., 2010; te Poele et al., 2002). 

[bookmark: _Toc416501568][bookmark: _Toc416567160][bookmark: _Toc416741685][bookmark: _Toc416741733][bookmark: _Toc416743961][bookmark: _Toc416904637]Cell Cycle Gene Expression is Repressed by p53 activation
DNA damage typically results in cell cycle arrest and reduced levels of cell cycle gene expression. DNA damage is sensed by the p53 protein, which activates the expression of many genes and indirectly represses cell cycle genes (Fischer et al, 2014, 2013). p53 mediated down-regulation of cell cycle genes after DNA damage is well conserved in human and mouse cells (Fischer, 2019). Activation of the p53 response results in p53 dependent expression of genes and indirect repression of cell cycle genes (Fischer et al., 2016, 2016b, 2014, 2013). P53 
directly activates the expression of E2F7, a repressor E2F protein described earlier in this chapter (Fischer et al, 2016). p53 activation can induce expression of p21, a cellular CDK inhibitor (CKI) and can repress Cyclin E-CDK2 complexes to promote G1/S arrest. p21 induction of cell cycle arrest is achieved through its inhibition of Cyclin-CDK2 complexes, resulting in the hypo-phosphorylation of pocket proteins that results in restriction of cell cycle gene expression required for commitment to enter S phase. Additionally, p21 inhibition of PCNA contributes to stalled replication forks and cell cycle arrest in RB null SaOS-2 cells that results in DNA damage (Galanos et al., 2016a, 2016b). The repression of G2/M genes observed after p21 induction in SaOS-2 cells may be due to loss of CDK2 phosphorylation of DREAM complex components resulting in restoration of DREAM repression. However, the repression of genes may also be due to reduced CDK2 activation of B-MYB, a transcription factor that promotes expression of G2/M genes during late S and G2 phases.
[bookmark: _Toc416501569][bookmark: _Toc416567161][bookmark: _Toc416741686][bookmark: _Toc416741734][bookmark: _Toc416743962][bookmark: _Toc416904638]Several lines of evidence indicate that DREAM and RB are required for the repression of cell cycle genes after p53 activation. The DREAM complex is stabilized and bound to the early G1/S and late G2/M cell cycle gene promoters when p21 is activated by p53 (Calvisi et al., 2011; Mannefeld et al., 2009; Quaas et al., 2012). p53 dependent down-regulation of many cell cycle genes has also been shown to be dependent on RB (Barsotti and Prives, 2009; Flatt et al., 2000; Gottifredi et al., 2001; Jackson and Pereira-Smith, 2006; Jackson et al., 2005; Schvartzman et al., 2011). However, whether DREAM and RB coordinate their efforts to repress cell cycle genes in response to p53 activation of p21 is not known. Furthermore, whether DREAM and RB differentially regulate the early G1/S and late G2/M cell cycle genes is not known.

DNA Tumor Viruses inactivate RB, p130, and p107.
DNA tumor viruses including Simian Virus 40 (SV40), Human Papillomavirus (HPV), and Adenovirus are capable of inducing cellular transformation. Many of the initial insights into mechanism of control of the cell cycle were made after studying the activity of these tumor viruses in cell-based assays. Because SV40 was found as a contaminant in the polio vaccine administered to hundreds of millions of people worldwide, there was significant interest in determining if it had any potential detrimental outcomes in humans (Sweet and Hilleman, 1960). Interest was intensified when SV40 and another DNA tumor virus, adenovirus, were shown to induce transformation in small animal models and in cell based assays using human cells (Eddy et al., 1958; Kobayashi et al., 1982; Mukai et al., 1980; Rabson and Kirschstein, 1962). Scientists sought to determine the mechanism of transformation by SV40 and to determine if the virus could cause cancer in humans. Although most evidence suggests SV40 does not cause an increase in incidence in humans, the discovery of this virus enabled scientists to carefully investigate the complex mechanisms of cell cycle control in human cells (Shah, 2007). Many cellular factors were found to be inhibited by DNA tumor viruses and this is still an active area of research. In this section, the initial observations of DNA tumor virus interaction with RB, p130, and p107 are discussed. 

[bookmark: _Toc416501570][bookmark: _Toc416567162][bookmark: _Toc416741687][bookmark: _Toc416741735][bookmark: _Toc416743963][bookmark: _Toc416904639]Studies of viral oncoproteins enabled initial observations about RB biology. 
The function of the RB protein was first identified by scientists seeking to determine the mechanism of transformation of simian virus 40 (SV40) large T antigen (LT) and adenovirus E1A protein (E1A). Soon after RB was identified as a phosphoprotein that was approximately 110 kDa, scientists discovered that the adenovirus E1A protein strongly bound it in infected cells (Harlow et al., 1986; Lee et al., 1987). Soon afterwards, it was discovered that SV40 LT and HPV E7 oncoproteins bound RB (DeCaprio et al., 1988; Dyson et al., 1989a, 1989b; Münger et al., 1989). The transforming activity of SV40 was found to be dependent on its LxCxE domain after a mutation of the glutamine to lysine (E107K) resulted in loss of interaction with RB and loss of cellular transformation (Kalderon and Smith, 1984). Furthermore, it was determined that LT binds under phosphorylated forms of RB during G0 and G1, suggesting that binding of RB is associated with its transformation activity and hinted that RB control of the cell cycle was associated with prevention of transformation during G0 and G1 (Ludlow et al., 1989). The conservation of the LxCxE motif amongst DNA tumor viruses highlights the importance of inhibition of RB in promotion of cell survival. 

[bookmark: _Toc416501571][bookmark: _Toc416567163][bookmark: _Toc416741688][bookmark: _Toc416741736][bookmark: _Toc416743964][bookmark: _Toc416904640]Studies of viral oncoproteins enabled initial observations about p130 and p107 biology. 
	Much of our understanding of the p130 protein was initially discovered by scientists studying the activity of viral oncoproteins including Human Papillomavirus E7 protein, Simian Virus 40 Large T antigen, and Adenovirus E1A protein. p130 was initially identified after scientists sought to find other proteins besides RB that bind to the Adenovirus E1A protein and SV40 large T antigen (Hannon et al., 1993; Mayol et al., 1993). Additionally, p130 was found to be bound to E1A in G0 and p107 in S phase, an early hint that p130 functions primarily during quiescence (Cobrinik et al., 1993). The growth suppressive activity of p130 was studied by using mutants of SV40 large T antigen that lost their LxCxE motif or the enzymatic activity of the J domain (DeCaprio, 1999). Loss of LxCxE motif or J domain resulted in loss of p130 and p107 phosphorylation and decreased transformation in RB null fibroblasts, suggesting that p130 can promote growth arrest in the absence of RB (Stubdal et al., 1997, 1996; Zalvide and DeCaprio, 1995). 

[bookmark: _Toc416741689][bookmark: _Toc416741737][bookmark: _Toc416743965][bookmark: _Toc416904641]Mechanisms of RB and DREAM cooperation of repression of cell cycle gene expression. 
	In this dissertation, we examine the roles of DREAM and RB in regulation of cell cycle 
gene expression during G0 and G1 and after p53 activation. We find the mechanism of DREAM complex disruption. We sought to determine if there were functionally independent roles for DREAM complex and RB in the regulation of cell cycle gene expression. We show that DREAM and RB cooperate to repress cell cycle gene expression during G0 and early G1 and after p53 activation. 
In Chapter II, we study the mechanism of DREAM complex disruption during cell cycle entry. Although Cyclin-CDK complexes have been implicated in p130 phosphorylation, the specific effect on DREAM activity was unclear. We determined that Cyclin D-CDK4 phosphorylates p130, resulting in its loss of interaction with E2F4 and coinciding with reduced chromatin binding. Inhibition of Cyclin D-CDK4 could reduce p130 phosphorylation and prevent DREAM complex disruption in cells stimulated to reenter the cell cycle. We demonstrate that DREAM complex disruption happens in two steps during cell cycle entry. In the first step, p130 is phosphorylated and loses binding to E2F4 and promoters while staying bound to MuvB. In the second step, E2F4 loses its interaction with chromatin and p130 loses its interaction with MuvB. This finding is novel because it demonstrates Cyclin D-CDK4 activity is required for DREAM disruption and is surprising because phosphorylated p130 maintains its interaction with MuvB. The possible functions of a phospho-p130-MuvB complex are discussed in Chapter V.
In Chapter III, we study the specific roles of DREAM and RB in promotion of cell cycle gene expression and sensitivity to CDK4 inhibition by generating knockout cells lacking p130, RB, or both. We found DREAM and RB cooperate to repress G1/S gene expression in G0 and G1. DREAM activity in RB null cells contributes to sensitivity to palbociclib, a potent Cyclin D-CDK4/6 inhibitor. We demonstrate the DREAM complex can be restored in cancer cell lines with palbociclib treatment and knockout of DREAM and RB in combination results in significant loss of sensitivity to palbociclib. 
In Chapter IV, we study the mechanism of repression of cell cycle gene expression after DNA damage. We found shut down of cell cycle gene expression after DNA damage or MDM2 inhibition was dependent on p53 and p21 in many cell lines including primary HFFs and cancer cell lines. Since DREAM and RB cooperate to repress G1/S genes during G0, we hypothesized that they would after p53 activation. We found loss of RB in combination of p130 resulted in loss of shut down of G1/S genes after DNA damage. This finding was significant because it demonstrated that DREAM has a functional role outside of quiescence and cooperates with RB to promote cell cycle arrest. Furthermore, we found p130 and p107 directly repress the expression of G2/M genes after p53 activation. p107 contributes to the repression of G2/M genes and mitosis in cells lacking RB and p130. This finding was novel because it demonstrated a specific role for the p107 protein in a DREAM-like complex. Furthermore, we demonstrate that G1/S and G2/M cell cycle genes are differentially expressed after p53 activation. 
	Our findings are significant because they show a specific and non-redundant role for DREAM independent of RB. Our findings demonstrate a potential role for DREAM as a tumor suppressor protein in some cancer cells. RB is often mutated in cancer while DREAM may be inactivated by increased Cyclin D-CDK4 activity achieved through loss of p16, Cyclin D amplification, Ras/Raf mutations, RTK mutations, etc. In both cases, DREAM seems to play an important functional role in the regulation of cellular proliferation in cancer cells.


[bookmark: _Toc416501572][bookmark: _Toc416743966][bookmark: _Toc416904642]Chapter II: The DREAM complex is disrupted by Cyclin D-CDK4 in two steps during cell cycle entry from G0.
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[bookmark: _Toc416501574][bookmark: _Toc416743968][bookmark: _Toc416904644]ABSTRACT

Cells reversibly exit the cell cycle into quiescence (G0) when growth factor signaling is lost. p130, a pocket protein family member (pRB, p107, p130), plays a direct role in establishing G0 by forming the DREAM complex (DP, RB-like, E2F4, and MuvB) that binds to and represses cell cycle-regulated promoters. MuvB is a five-protein complex that includes LIN9, LIN37, LIN52, LIN54, and RBBP4.  Quiescent cells can reenter the cell cycle in response to growth factor signaling and pass the Restriction Point to commit to S phase entry. The DREAM complex dissociates from DNA before S phase, releasing p130 from E2F4/DP1 and MuvB, thereby enabling cell cycle dependent gene expression and S phase entry. However, the events and their timing required for DREAM disassembly and cell cycle reentry are unknown. Cyclin/CDK complexes regulate pocket protein binding to E2Fs and have low activity in G0 that increases through S phase. Although Cyclin D/CDK4 phosphorylation of RB is important for progression through G1, the effect of Cyclin D/CDK4 on the DREAM complex is unknown.  In this chapter, we found Cyclin D-CDK4 phosphorylates p130 to promote DREAM complex disruption, cell cycle gene expression, and cell cycle progression.  We provide novel insight into the mechanism of DREAM complex disassembly in that it is a temporally distinct two step process in which E2F4 becomes dissociated from p130 and MuvB that persist as a sub-complex into late G1. We showed that phosphorylated p130 interacts with MuvB , but not E2F4 in late G1. We also showed that p130 and LIN9 dissociate from G1/S early and G2/M late promoters in early G1 but that E2F4 persists longer. We propose a model in which p130 and MuvB first dissociate from chromatin and have weakened interaction with E2F4. In late G1, E2F4 has reduced occupancy at promoters that is further reduced in S phase. 




[bookmark: _Toc416501575][bookmark: _Toc416743969][bookmark: _Toc416904645]INTRODUCTION

The DREAM (DP, RB-like, E2F and MuvB) complex is comprised of the retinoblastoma (RB)-like protein p130 (RBL2), a repressor E2F (E2F4 or E2F5) and dimerization partner DP (DP1 or DP2), and the MuvB (synthetic multivulva class B) core containing LIN9, LIN37, LIN52, LIN54, and RBBP4(Litovchick et al., 2007; M. Pilkinton et al., 2007). The intact DREAM complex is present during the quiescent phase (G0) of the cell cycle and contributes to repression of genes required for entry into the cell cycle(Litovchick et al., 2007). DREAM binds and represses the promoters of two sets of genes during G0: G1/S cell cycle genes required for DNA synthesis with peak expression during late G1 and early S phase and G2/M cell cycle genes required for progression through mitosis with peak expression during G2 and M phase(Sadasivam et al., 2012; Schmit et al., 2007). During S phase, the MuvB core recruits B-MYB (MYBL2) and FOXM1 (MMB-FOXM1 complex) to activate G2/M cell cycle gene expression(Osterloh et al., 2007; Sadasivam et al., 2012). During quiescence, the LIN54 component of MuvB binds specifically to CHR elements found in G2/M cell cycle gene promoters while the E2F4-DP1 heterodimer binds to E2F elements contained in G1/S cell cycle gene promoters(Araki et al., 2003; Marceau et al., 2016; Muller et al., 2014, 2012; Schmit et al., 2009b). Together, E2F4 and MuvB enable DREAM complex binding to promoters containing E2F and CHR elements to repress G1/S and G2/M gene expression during G0. 
Cyclin-CDK complexes promote cell cycle progression by phosphorylating RB family members during G1. Growth factor dependent expression of Cyclin D leads to CDK4 (and CDK6) dependent phosphorylation of RB and at least partial relief of binding to the activator E2Fs and G1/S cell cycle gene expression(Dick and Rubin, 2013; Hitomi and Stacey, 1999; Narasimha et al., 2014). Subsequently, E2F1 activation leads to increased levels of Cyclin E leading to CDK2-dependent hyper-phosphorylation of RB(Brown et al., 1998; Lew et al., 1991; Ohtsubo and Roberts, 1993). Hyper-phosphorylated RB undergoes a conformational change and release from E2F1 leading to transactivation of E2F-dependent genes and entry into S phase(Burke et al., 2014; Narasimha et al., 2014). Similarly, hyper-phosphorylated p130 has reduced binding affinity to E2F4 and MuvB in vitro(Canhoto et al., 2000; Farkas et al., 2002; Guiley et al., 2015). However, the specific contribution of Cyclin D-CDK4 to inactivation of p130 and DREAM remains unclear.
In this chapter, we characterize the mechanism of DREAM complex disruption during cell cycle entry from G0. While p130 phosphorylation has been associated with cell cycle progression, the functional consequence on DREAM complex disassembly has not been studied. Importantly, kinases responsible for specific phosphorylation events that regulate DREAM disassembly are unknown. Identification of Cyclin D-CDK4/6 as responsible for phosphorylation (both the kinetics and extent) of p130 elucidated its dual role in promoting the transition from quiescence to G1. 


[bookmark: _Toc416501576][bookmark: _Toc416743970][bookmark: _Toc416904646]MATERIALS AND METHODS
Human foreskin fibroblasts: Fibroblasts were isolated from de-identified natal foreskin specimens and cultured in DMEM (Cellgro) containing 15% fetal bovine serum supplemented with 1% Pen Strep (GIBCO), and 1% Glutamax (GIBCO), and incubated at 37°C with 5% CO2. Fibroblasts were cultured and passage 4 cells were cryopreserved. Fibroblasts were passaged until passage 15 at which point new cells were thawed and used. Cells were treated with Palbociclib (PD-0332991) (SelleckChem # S1116) dissolved in sterile water or with CVT-313 (Santa Cruz Biotechnology, sc-221445) dissolved in DMSO by direct addition to media. 

Protein Analysis: Whole cell lysates were prepared in Extraction Buffer C (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% NP-40, 1: 10,000 β mercaptoethanol, 0.5 mM EDTA) with phosphatase inhibitor cocktail set I (Calbiochem) and protease inhibitor cocktail set I (Calbiochem). Protein extracts were boiled in SDS sample buffer (Boston BioProducts) before SDS-polyacrylamide gel electrophoresis (Criterion TGX precast gels, Bio-Rad). Resolved proteins were transferred to nitrocellulose membranes (Bio-Rad) with 75V for 1 hour. Membranes were blocked with 5% milk in Tris Buffered Saline with 0.5% Tween-20 before incubation with primary antibodies overnight at 4°C. Antibody detection was performed with horseradish peroxidase-conjugated secondary antibodies (Rockland) developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and imaged with G:BOX Chemi detection system (Syngene).
To perform immunoprecipitations, whole cell lysates were incubated with antibody and magnetic Protein A/G beads (Pierce) overnight with end-over-end agitation at 4°C. Beads were separated by magnet and washed with EBC lysis buffer 5 times before proteins were eluted by boiling in SDS sample buffer (Boston BioProducts) for 5 minutes. To perform cellular fractionation, cells were resuspended in cytoplasmic extraction buffer (10 mM Tris-HCl pH 7.9, 1.5 mM MgCl2, 10mM KCl, 0.5 mM DTT). The nuclear pellet was then lysed with nuclear extraction buffer (20mM Tris-HCl, 25% glycerol, 1.5 mM MgCl2, 240 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT). Supernatants from both steps were treated with benzonase (1:1000, Sigma Aldrich) before analysis by immunoblot. 

Antibodies: The following commercial antibodies were used for immunoprecipitation and immunoblot analysis: -actin (D6A8, Cell Signaling), Cyclin D1 (2922S, Cell Signaling), Cyclin E (HE12, Santa Cruz), E2F4 (C-20, Santa Cruz), IgG (2729, Cell Signaling), LIN9 (BL2981, Bethyl), MCM5 (ab17967, Abcam), p130 (C-20, Santa Cruz), p130-pS672 (ab76255, Abcam), RB (554136, BD Pharmingen), RB-pT821 (ab32015, Abcam), Vinculin (H-10, Santa Cruz), p130-pS952 (EP2387AY, Abcam), LIN54 (A303-799A, Bethyl), GAPDH (sc-47724, Santa Cruz), Lamin A/C (4C11 #4777, Cell Signaling), CDK4 (C-22 sc-260, Santa Cruz), CDK6 (sc-177 C-21 Santa Cruz), E2F1 (C-20 #K2415, Santa Cruz). The following antibodies were used for ChIP: E2F4 (C-20, Santa Cruz), IgG (2729, Cell Signaling), LIN9 (BL2981, Bethyl), p130 (C-20, Santa Cruz). 

Validation of phospho-antibodies with phosphatase: Cells were lysed using 10X cell pellet volume of EBC lysis buffer with protease inhibitor (Calbiochem). Lysate was incubated with/without phosphatase inhibitor (Calbiochem) with lambda phosphatase (New England BioLabs) at 30°C for 1 hour and analyzed by immunoblot. Detailed protocol in Appendix.

Cell cycle analysis: Cells were incubated with 3 μg/mL BrdU (Sigma Aldrich) for 1 hour before harvesting via trypsin digestion and fixation with cold 70% ethanol. Cells were permeabilized with 2N HCl and blocked Super Block Buffer (Thermo Scientific) before incubation with anti-BrdU-FITC (Fisher Scientific) overnight. Cells were washed with PBS-T and incubated with 1 mg/mL Propidium Iodide (Sigma) with 0.5 mg/mL RNase (Sigma) before analysis by flow cytometry (BD FACS Canto II). Detailed protocol in Appendix. 

Crystal Violet Staining: 5x104 cells were seeded into 6 well plates and harvested by staining with 5% Crystal Violet stain in PBS (Sigma Aldrich) at 25°C for 20 minutes and destained with ddH2O. Crystal violet was solubilized with methanol and absorbance was measured with spectrophotometer at 570 nM. Detailed protocol in Appendix.

Chromatin Immunoprecipitation-qPCR: Digested chromatin was prepared using SimpleChIP enzymatic Chromatin IP Kit (Cell Signaling Technologies) and incubated overnight with antibodies and magnetic ChIP Grade Protein A/G beads (Cell Signaling). Eluted chromatin was purified using QIAquick PCR Purification Kit (Qiagen) and analyzed by qPCR. Fold change occupancy was calculated by normalizing percent input values at 0 hour. ChIP-qPCR primers used are listed in Table 2.1.

RNA analysis by RT-qPCR: Total RNA was isolated using Qiagen RNeasy plus mini kit. cDNA was synthesized with a High-Capacity Reverse Transcription kit (Thermo Fisher). qPCR was performed using Brilliant III SYBR Master Mix using Aria Mx3000 or AriaMx real time PCR machines (Agilent Genomics). Raw Ct values were normalized to geometric mean of ACTB and B2M transcripts before normalization to experimental control indicated. Primers used are listed in Table 2.2. Detailed protocol for validation of primers is in Appendix. 



Table 2.1: Oligos used as primers for ChIP-qPCR.
	 
	Forward primer 5'-3'
	Reverse primer 5'-3'

	MCM5 
	CTTGAGCCAAGAGGTTGAG
	AGGACGCCTTTAGGTGGTTT

	RAD54L 
	CACTATTCCCGCCTCTTCCT
	CCAGCACCTCTCTCTCAACC

	CCNB2 
	AGCCAATGAGAGTGCGAGAG
	GGGACGCGGACTGAAAAG



[bookmark: _Toc416335192][bookmark: _Toc416335246][bookmark: _Toc416336614][bookmark: _Toc416336738]Table 2.2: Oligos used as primers for RT-qPCR.
	 
	Forward primer 5'-3'
	Reverse primer 5'-3'

	CCND1 
	5’CCTCTAAGATGAAGGAGACCA
	AAATGAACTTCACATCTGTGGC

	CCNE2 
	AGGAATCAGCCCTTGCATTATC
	CCCAGCTTAAATCTGGCAGAG

	CDC6 
	GAATGGTCCCCCTCACTCA
	GCAAGTGCCTTCTTGCTTG

	MCM5 
	CCCATTGGGGTATACACGTC 
	ACGGTCATCTTCTCGCATCT

	RAD54L 
	TAGCAGCCCCCTCTACAGAT
	TAGGAGTCACTAGGCCAGGTT

	MDM4 
	ACATCAATTTCAGGGCTTCATTG
	GTGGGCCATTCACTCTTCTT

	JAG1 
	ACTGCTCACACCTGAAAGAC
	CCACAGACGTTGGAGGAAATA

	CK1 
	GCTAGCATCAATGCACATCTTG
	CATGGCAGGCTGGTTCTATTA

	ACTB 
	GGACTTCGAGCAAGAGATGG
	AGCACTGTGTTGGCGTACAG

	B2M 
	TGCTGTCTCCATGTTTGATGTATCT
	TCTCTGCTCCCCACCTCTAAGT



[bookmark: _Toc416501577][bookmark: _Toc416743971][bookmark: _Toc416904647]RESULTS
[bookmark: _Toc416501578][bookmark: _Toc416743972][bookmark: _Toc416904648]DREAM complex is disrupted in two steps during cell cycle entry from G0. 
To study the role of DREAM in cell cycle regulation, we first sought to determine the mechanism of DREAM disruption during cell cycle entry from G0. We used primary early passage natal human foreskin fibroblast cells (HFFs) that grow well in standard media and reliably arrest in response to contact inhibition and serum starvation (Davis et al., 2001; Tobey et al., 1988). We characterized the proliferation kinetics of a pooled population of HFFs and observed that HFFs had significantly reduced levels of DNA synthesis as assessed by BrdU incorporation when serum starved and contact arrested compared to asynchronous cells or cultures split 24 hours earlier (Figure 2.1A). In addition, serum starvation of contact arrested cells led to significantly reduced levels of Cyclin D1 (CCND1) transcript and protein as well as transcripts of cell cycle genes CDC6 and MCM5 compared to contact arrested cells in media with 15% serum (Figures 2.1B, 2.1C). Using these parameters, we studied the DREAM complex in cells entering into the cell cycle when released from contact arrest compared to confluent cells that were serum starved for an additional 48 hours (Figure 2.2A). We referred to the serum starved, contact inhibited, quiescent HFFs as 0 hours. DNA synthesis did not occur until 12 hours after release from contact arrest with peak levels occurring at 24 hours (Figure 2.2B-C).
To determine the fate of the DREAM complex during cell cycle entry, we prepared lysates from cells harvested at intervals during the initial 12 hours of cell cycle entry when cells are predominately in G1 (2N DNA, BrdU-) (Figure 2.3A). Although no DNA synthesis occurred during the initial 12 hours, we found substantial changes in p130 phosphorylation. Phosphorylation of p130 was initially detected at 6 hours after splitting with peak levels occurring at 10 and 12 hours. Total p130 levels declined at 24 hours after splitting when many cells were in S phase, consistent with prior reports of p130 protein degradation during S phase 



Figure 2.1. HFFs arrest in G0 with contact inhibition and serum starvation. (A –B) HFFs were grown asynchronously (async), or harvested at 0 or 24 hours after splitting from contact arrest. BrdU incorporation and DNA content was measured by flow cytometry or analyzed by immunoblot (3 biological replicates). (C) mRNA abundance was measured by qPCR in HFFs cultured to confluency grown in 0% or 15% FBS for 48 hours normalized to 15% FBS (3 biological replicates).


Figure 2.2. HFFs enter S phase 24 hours after release from contact arrest. (A) Schematic of cell cycle entry experimental design. (B) HFFs were split from contact arrest and S phase levels were measured by BrdU incorporation after 24 hours (3 biological replicates).  (C) Representative flow plots for data shown in Figure 2.2B. S phase cells were determined by BrdU+ and 2N<X<4N DNA content. antibodies. Significance was determined Student’s T-test. P values are indicated as * for <0.05, ** for <0.01.


Figure 2.3. p130 is phosphorylated during cell cycle entry from quiescence. (A) HFFs were induced to enter the cell cycle and lysates were prepared at times indicated and analyzed by immunoblot. (B) Lysates were prepared from HFFs 12 hours after split and treated with λ phosphatase with protease and/or phosphatase inhibitors and analyzed by immunoblot. (C) Lysates were prepared from asynchronous, confluent and 48-hour serum starved, or confluent 72-hour serum starved HFFs and subjected to immunoblot. (D) Population 2 of HFFs were re-seeded to induce cell cycle reentry and harvested at 0, 6, 12, or 24 hours and analyzed by immunoblot.

(Figure 2.3A) (Bhattacharya et al., 2003). Cyclin D1, a key modulator of cell cycle progression from G0, was detected at low levels at 0 hours and increased with time after release from contact arrest. The specificity of the p130-pS672 antibody was confirmed with λ phosphatase and prolonged serum starvation (Figure 2.3B-C). Similar kinetics of p130-pS672 phosphorylation and expression of Cyclin D1 were observed in independently prepared populations of HFFs (Figure 2.3D).
Phosphorylation of p130 has been reported to reduce its interaction with E2F4 (Farkas et al., 2002; Hansen et al., 2001). Since p130 phosphorylation was detected at 6 hours of cell cycle entry (early G1) with peak levels at 12 hours, we suspected that this change might perturb the DREAM complex. To assess the state of the DREAM complex, we performed immunoprecipitation with antibodies to p130, MuvB component LIN9, and E2F4 using lysates prepared from cells at 0, 6, 12, and 24 hours (Figure 2.4A). An immunoprecipitation for total p130 was blotted for p130-pS672 and showed strong signal at 12 and 24 hours, similar to levels of p130-pS672 in input. Total p130 co-precipitated E2F4 at 0 hour, with a slight reduction in levels at 6 hours and a strong reduction at 12 and 24 hours (Figure 2.4A). In contrast, p130 co-precipitated MuvB components LIN54 and LIN9 at 0, 6 and 12 hours, with reduced interaction found at 24 hours. The interaction between LIN9 and p130 at 12 hours was weak but consistently detected. Similarly, LIN9 co-precipitated p130 at 0, 6 and 12 hours but co-precipitated E2F4 only at 0 and 6 hours. These data indicate that p130 had reduced binding to E2F4 after 6 hours but retained binding to MuvB components LIN9 and LIN54 up to at least 12 hours after cell cycle entry. Consistent with this finding, p130-pS672 was able to interact with LIN9 and LIN54 at 12 hours (Figure 2.4B-C). In contrast, E2F4 co-precipitated LIN9 strongly at 0 hours, weakly at 6 hours, and not at 12 hours (Figure 2.4D). We were unable to detect p130-pS672 interaction with E2F4 (Figure 2.4E). These results indicate that p130 and MuvB binding to E2F4 was restricted to the initial 6 hours before p130 phosphorylation while p130 retained binding to MuvB for at least 12 hours after cell cycle entry.



Figure 2.4: DREAM complex is disrupted in two steps during cell cycle entry. (A-E) HFFs were induced to enter cell cycle and were analyzed by immunoprecipitation and immunoblot using indicated antibodies. Arrow indicates on-target band. Different exposures are included for some antibodies with blot including IgG having darkest exposure. Samples were run in a single gel except for D and E in which two gels were run and blotted identically.

Given the dissociation of E2F4 from MuvB and p130 after 6 hours of cell cycle entry, we tested the impact on specific binding to promoters of cell cycle regulated genes by chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) (Figure 2.5A-C). To measure the effect of cell cycle entry on chromatin occupancy, we determined fold change occupancy by normalizing percent input values to 0 hr. In serum-starved, quiescent cells (0 hr), p130, LIN9, and E2F4 bound to the promoters of the G1/S cell cycle genes MCM5 and RAD54L and the G2/M cell cycle gene CCNB2. However, by 6 hours of cell cycle entry, p130 and LIN9 had significantly reduced binding to these promoters that continued to decrease further at 12 and 24 hours (Figure 2.5A-B). The relative level of LIN9 binding to MCM5, RAD54L, and CCNB2 promoters was reduced to approximately 50% at 6 hours (Figure 2.5B). In contrast, E2F4 binding to these promoters did not change during the initial 6 hours compared to 0 hours but was significantly reduced by 12 hours (Figure 2.5C). The persistence of E2F4 binding to chromatin with reduced levels of p130 and LIN9 after 6 hours was consistent with the release of p130 and MuvB from E2F4 observed by immunoprecipitation (Figure 2.4B-D). We observed that E2F4 persisted in the nuclear fraction during the initial 12 hours after cell cycle entry, while p130 nuclear levels declined after 6 hours, consistent with reports that E2F4 persists in the nucleus throughout G1 (Figure 2.5D) (Gaubatz et al., 2001). 
Together, these data indicate that phosphorylated p130 and MuvB lose interaction with chromatin but continue to bind each other between 6 and 12 hours after cell cycle entry, while E2F4 retains binding to cell cycle genes promoters during this time. At 12 hours after cell cycle entry, E2F4 was lost from chromatin and p130 and MuvB remained bound to each other. Loss of interaction of phosphorylated p130 from MuvB was observed at 24 hours when many cells are in S phase.



Figure 2.5: DREAM is disrupted from cell cycle promoters in two steps. (A – C) Chromatin occupancy of p130, LIN9, and E2F4 on G1/S and G2/M cell cycle promoters in HFFs was measured by Chromatin Immunoprecipitation (ChIP)-qPCR using p130 (6 biological replicates, A), LIN9 (6 biological replicates, B), and E2F4 (3 biological replicates, C) antibodies. Significance was determined Student’s T-test. P values are indicated as * for <0.05, ** for <0.01, *** for <0.001, and ****<0.0001. (D) Cell fractionation of HFFs was performed at 0, 6, 12, and 24 hours after splitting. Whole cell lysates (WCL), cytoplasmic (Cyto) and nuclear fractions were immunoblotted.

[bookmark: _Toc416501579][bookmark: _Toc416743973][bookmark: _Toc416904649]Cyclin D-CDK4 inhibition blocks HFF cell cycle progression. 
Since phosphorylation of p130 occurred when p130 and MuvB dissociated from E2F4, we asked if Cyclin D-CDK4 kinase activity contributed to the process of DREAM complex 
disassembly. First, we determined if Cyclin D-CDK4 activity was required for HFFs to enter S phase after release from contact arrest using palbociclib, an inhibitor of Cyclin D-CDK4 activity (Fry et al., 2004; Toogood et al., 2005). Addition of palbociclib when cells were split from confluence resulted in a dose dependent decrease in the fraction of cells in S phase when measured 24 hours later, with 200 nM reducing S phase levels to less than 5% (Figure 2.6A). Furthermore, palbociclib treatment reduced S phase entry if added at any time during initial 12 hours of cell cycle entry, while addition after 12 hours had a reduced effect, indicating that Cyclin D-CDK4 activity was required during the initial 12 hours to enable cell cycle entry (Figure 2.6B). Palbociclib treatment reduced levels of phosphorylated p130 and RB in a dose dependent manner (Figure 2.6C).
To determine if palbociclib-mediated inhibition of cell cycle progression was dependent on CDK4 activity in HFFs, we utilized a mutant allele of CDK4 (I12A) that is partially resistant to palbociclib (personal communication, Nicole Persky and Cory Johannessen, Broad Institute). We generated HFFs expressing pLenti-E1Fα-CDK4 (untagged) with wild type (WT), kinase dead (K35M), or the I12A allele using lentiviral transduction. We detected a stronger CDK4 signal at approximately 38 kDa in HFFs expressing pLenti-E1Fa-CDK4 compared to parental HFFs without change in CDK6 levels (Figure 2.6D). Palbociclib treatment led to decreased p130 phosphorylation in CDK4-WT and CDK4-K35M cells while CDK4-I12A cells contained phosphorylated p130 even at higher doses (Figure 2.6E). Consistent with this effect on p130 phosphorylation, CDK4-I12A cells had a reduction of MuvB interaction with p130 after palbociclib treatment (Figure 2.6F-G). These data indicate expression of CDK4-I12A reduces palbociclib-mediated retention of DREAM complex during cell cycle entry from G0.  

Figure 2.6: Cyclin D-CDK4 promotes phosphorylation of p130 and DREAM complex disruption. (A) HFFs were split into media with palbociclib and BrdU incorporation was measured in cells harvested after 24 hours (3 biological replicates). Student’s T test was calculated compared to 0 nM. (B) 200 nM palbociclib was added at times after split and BrdU incorporation was measured in cells harvested at 24 hours post split (2 biological replicates). Student’s T-test was calculated compared to 0 hr. (C) HFFs were split into palbociclib and harvested at indicated times and analyzed by immunoblot. * indicates nonspecific band.  (D) Parental HFFs were transduced with pLenti-E1Fa-CDK4 WT, K35M, and I12A and contact arrested before harvested for immunoblot. Arrow indicates on-target band.  (E) CDK4 expressing HFFs were released from contact arrest into palbociclib and harvested after 24 hours and analyzed by immunoblot. (F) CDK4 expressing HFFs were split into palbociclib and harvested after 24 hours. Lysates were immunoprecipitated and analyzed by immunoblot using indicated antibodies. Different exposures of same membrane shown for LIN9 and LIN54. 

Figure 2.6: (Continued).  (G) Quantification of bands in F using ImageJ. Bands were normalized to background then to relative LIN9 IP for each immunoblot. Fold change co-IP was then calculated comparing 0 nM to 200 nM palbociclib treated cells. P values are indicated as * for <0.05, and ** for <0.01, *** for <0.001. 

CDK4-I12A cells persistently expressed G1/S cell cycle genes CDC6 and MCM5 while CDK4-WT or CDK4-K35M cells showed a significant reduction in expression while treatment 
with palbociclib (Figure 2.7A). CDK4-I12A cells had significantly higher S phase or relative cell density compared to WT and K35M expressing cells in the presence of palbociclib (Figure 2.7B-C). These data demonstrate that palbociclib treatment inhibits cell cycle progression of HFFs, at least in part, by specifically inhibiting CDK4 kinase activity.

[bookmark: _Toc416501580][bookmark: _Toc416743974][bookmark: _Toc416904650]Cyclin D-CDK4 promotes DREAM complex disruption by phosphorylation of p130. 
Since palbociclib sensitivity was limited to the initial 12 hours of cell cycle entry and led to reduced cell cycle gene expression, we reasoned that sustained palbociclib treatment could maintain an intact DREAM complex after cell cycle entry. To determine if continued Cyclin D-CDK4 activity was required to maintain p130 phosphorylation, cells were released from contact arrest and treated with palbociclib for 2-hour intervals just prior to harvest (Figure 2.8A). Cells harvested at 6 hours of cell cycle entry (lane 3; 6-) contained phosphorylated p130 but when cells were treated with palbociclib from 6 to 8 hours, (lane 4; 8+), levels of p130-pS672 detection were reduced. Similarly, reduced phosphorylation levels were observed at 10+ palbociclib hours compared to 8 and at 12+ hours, although with less efficacy at 12+ hours (Figure 2.8A). Phosphorylated RB (pT821) was also reduced at 12+ hours compared to untreated cells at 10 hours. These data indicate that p130 phosphorylation is rapidly turned over during G1 and continuous CDK4 activity is required for maintenance of p130 phosphorylation.
To determine if the transient reduction of p130 and RB phosphorylation with the 2 hour treatment of palbociclib affected cell cycle gene levels, we performed RT-qPCR (Figure 2.8B). We observed a significant reduction in CCNE2 (Cyclin E2), MCM5, and CDC6 mRNA levels when cells were treated with palbociclib from 6 to 8 and from 8 to 10 hours, with reduced effect of treatment from 10 to 12 hours. Reduced levels of MCM5 protein was also observed when 


Figure 2.7: Cyclin D-CDK4 promotes cell cycle gene expression and cell cycle progression. (A) CDK4 expressing HFFs were released from contact arrest into palbociclib and transcript level of CDC6 and MCM5 was measured by RT-qPCR (3 biological replicates). Student’s T-test was calculated by comparing to 0 nM. (B) CDK4 expressing HFFs were released from contact arrest into palbociclib and S phase was measured by BrdU incorporation after 24 hours. Statistics comparing curves was completed by two-way ANOVA (3 biological replicates). (C) HFFs were split into palbociclib and relative cell density was measured after 96 hr by crystal violet staining (5 biological replicates). Student’s T-test compared I12A to WT for each dose. Statistics comparing curves was completed by two-way ANOVA.  P values are indicated as * for <0.05, and ** for <0.01, *** for <0.001.


Figure 2.8: Cyclin D-CDK4 promotes DREAM complex disruption by phosphorylation of p130. (A) HFFs were split into drug free media and 200 nM palbociclib was added to media 2 hours before harvesting. Lysates were prepared and analyzed by immunoblot. (B) mRNA abundance was measured by RT-qPCR from cells treated as in A (3 biological replicates). Statistics calculated using Student’s T-test. P values as indicated *<0.05. (C) HFFs were split and harvested after 0, 6, or 12 hours. Cells were untreated, or treated with 200 nM palbociclib for 12 hours or the last 6 hours before harvest at 12 hours. Lysates were subjected to immunoprecipitation using p130, LIN9, or IgG antibodies and analyzed by immunoblot. * indicates heavy chain. 



comparing lysates from 8 hr untreated to 10 hr with 200 nM (lane 5, lane 6) as measured by immunoblot (Figure 2.8A). Since Cyclin D-CDK4 activity was required to promote p130 
phosphorylation and expression of DREAM-repressed cell cycle genes, we suspected that palbociclib could maintain an intact DREAM complex during cell cycle entry (Figure 2.8C). We observed that treatment with palbociclib between 6 and 12 hours after release or during the entire 12 hours after release led to increased levels of p130, E2F4 and LIN9 co-immunoprecipitation at 12 hours compared to untreated samples as measured by IP and immunoblot. These data indicate that CDK4 inhibition maintains the intact DREAM complex during cell cycle entry.
Since CDK2 also phosphorylates p130, we reasoned CDK2 could also promote DREAM complex disruption. However, we were unable to perform similar experiments since no potent and selective CDK2 inhibitor is currently available (Jorda et al., 2018). For example, CVT-313, a commonly used CDK2 inhibitor, had low potency and required at least 6-8 hours of treatment to affect changes in p130 and RB phosphorylation (Figure 2.9A-C). Furthermore, CVT-313 treatment in cells lacking p130 and RB resulted in significantly reduced levels of genes unrelated to the cell cycle, suggesting off target effects on transcription by CVT-313 (Figure 2.9D). Although we cannot rule out an additional role for CDK2, the effects of palbociclib indicate an important role of Cyclin D-CDK4 in DREAM complex disruption. 


Figure 2.9: CVT-313 is weakly active in HFFs and has off-target effects. (A) HFFs were split into CVT-313 and harvested after 24 hours and assessed by immunoblot using indicated antibodies. (B) HFFs were split into CVT-313 and BrdU incorporation was measured after 24 hours (2 biological replicates). (C) Cells were split from contact arrest and harvested after 12 hours. Cells were treated with DMSO or palbociclib for 12 hours. CVT-313 was administered at times during cell cycle entry such that treatment was during end of time course – for example 2 hours of CVT-313 means the drug was given from 10 – 12 hours. (D) sgRB1+sgP130 cells were contact arrested and serum starved for 48 hours in DMSO, palbociclib (200 nM), or CVT-313 (10 μM) before assessment of transcript level by RT-qPCR(2 biological replicates). Student’s T-test between indicated samples. P values as indicated *<0.05, **<0.01. NS=non-significant.
[bookmark: _Toc416501581][bookmark: _Toc416743975][bookmark: _Toc416904651]DISCUSSION
These data provide insight into the fundamental mechanism that underlies how cells are able to reenter the cell cycle through dissociation of the DREAM complex by Cyclin D-CDK4 complexes. Our model is that the DREAM complex containing DP, p130, E2F4, and MuvB represses the expression of G1/S cell cycle genes during G0 and early G1 (Figure 2.10). Midway through G1, Cyclin D expression leads to activation of CDK4 leading to phosphorylation of p130 and the first step of DREAM complex disruption with release of p130 and MuvB from E2F4 and reduced binding of p130 and MuvB to cell cycle regulated promoters. We showed that phosphorylated p130 interacts with MuvB , but not E2F4 in late G1. We also showed that p130 and LIN9 dissociate from G1/S and G2/M promoters in early G1 but that E2F4 persists longer. After 12 hours of cell cycle entry in late G1, it is likely that Cyclin E-CDK2 activity contributes to release of p130 from the MuvB core when maximum G1/S cell cycle gene expression occurs to push cells through the Restriction Point and into S phase (Odajima et al., 2016).
We identified Cyclin D-CDK4 as necessary for DREAM complex disruption during cell cycle entry from G0. Inhibition of CDK4 activity with palbociclib prevented the disruption of DREAM complex during cell cycle entry. While Cyclin D-CDK4 phosphorylation disrupted the p130-E2F4 interaction, it was not sufficient to disrupt p130 binding to MuvB. It was recently reported that continuous treatment of T98G cells with palbociclib for 16 hour after release from quiescence maintained the interaction of p130 with LIN37 (MuvB component) (Guiley et al., 2015). This result likely reflected maintenance of p130 interaction with E2F4 as well as MuvB. Phosphorylation of RB at S608, the analogous site to p130-S672, results in a conformational change in RB that inhibits E2F binding (Burke et al., 2014). If a similar structural mechanism exists in p130, this could explain the mechanism of p130-MuvB release from E2F4 during cell cycle entry. 
This model poses several interesting questions that could be addressed in future

Figure 2.10: Model of cooperative effect of DREAM and RB control of cell cycle gene expression during G0 and G1. In G0, RB and DREAM bind and repress G1/S cell cycle promoters. In Early G1, Cyclin D-CDK4 phosphorylates RB promoting some relief of repression of G1/S genes. Cyclin D-CDK4 phosphorylation of p130 promotes its loss of interaction with E2F4 and with cell cycle promoters. In Late G1, Cyclin E-CDK2 hyperphosphorylates RB, promoting its loss of interaction with E2F1 and maximal G1/S gene expression. Cyclin E-CDK2 likely phosphorylates p130 as well, promoting its loss of interaction with MuvB. 
experiments. The two-step loss of DREAM at cell cycle promoters may have a biological importance where the p130-MuvB sub-complex may persist to allow for rapid assembly of
DREAM on chromatin in the event of some anti-proliferative signal such as DNA damage. This model is further strengthened by the recent report that LIN52 phosphorylated on S28 (LIN52-pS28) is both required for its binding to p130 and serves as a phospho-degron (Iness et al., 2019). During a normal cell cycle, when p130 is no longer bound to LIN52-pS28, it is degraded. The continued binding of p130 to LIN52-pS28 even when E2F4 is not present could be a mechanism for retention of LIN52-pS28 until a cell has passed the Restriction Point. 
Additionally, the mechanism of further disassembly of the p130-MuvB sub-complex is unknown. Post-translational modifications on DREAM complex members that are temporally regulated during cell cycle reentry may be responsible for the loss of p130-MuvB interaction. Use of analog sensitive CDK2 alleles could directly test the role of Cyclin E-CDK2 in the loss of p130 interaction with MuvB since no CDK2 inhibitors exist. Cyclin E-CDK2 activity is required to completely inactive the RB protein during G1 and similar mechanism may be true for p130 loss of interaction with MuvB. Using phospho-proteomics and phospho-mutants of p130, one could determine which sites are required for loss of p130 interaction with MuvB or with E2F4. 
The mechanism of loss of E2F4 from promoters is unknown but our data suggests that it is not dependent on its interaction with p130 and MuvB. Cyclin-CDK phosphorylation of E2F4 may affect binding to DNA. Phosphorylation of E2F1 by Cyclin A-CDK2 complexes reduces its ability to bind to DNA and transactivate gene expression during S/G2 (Dynlacht et al., 1994, 1992; Xu et al., 1994). The effect of Cyclin-CDK phosphorylation of E2F4 has not been tested, although several of the CDK consensus sites found in E2F1 are conserved in E2F4. Furthermore, it is possible that E2F1 has stronger binding affinity for G1/S cell cycle promoters than E2F4 and once it is expressed in G1, it is simply able to out-compete E2F4 for binding. The binding affinity of E2F1 and E2F4 and the effect of Cyclin-CDK on binding competition 


112

could be tested using both in vitro biochemical assays and synchronized cell culture experiments using the approach detailed in this chapter. 
To our knowledge, these experiments are the first to analyze the regulation of DREAM complex dissociation in normal human cells. We have been able to elucidate the regulation of the DREAM complex and found that the disassembly is a temporally distinct two-step process. 

[bookmark: _Toc416501582][bookmark: _Toc416743976][bookmark: _Toc416904652]Chapter III: DREAM and RB cooperative repression of cell cycle gene expression contributes to palbociclib sensitivity. 
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[bookmark: _Toc416501584][bookmark: _Toc416743978][bookmark: _Toc416904654]ABSTRACT
The DREAM complex (DP, RB-like p130/p107, repressor E2F4/5, and MuvB) establishes quiescence (G0) by binding and repressing cell cycle-regulated promoters (Litovchick et al., 2007). RB, a protein related to p130, controls E2F-dependent genes at the G1/S boundary by inhibiting activator E2Fs promoter of G1/S early cell cycle gene expression (Dyson, 2016). Although both RB and DREAM bind and repress an overlapping set of E2F dependent gene promoters, it remains unclear if they cooperate to restrict cell cycle entry. To test the specific contributions of RB and DREAM, we generated RB and p130 knockout cells in primary human fibroblasts. Knockout of both p130 and RB yielded higher levels of cell cycle gene expression in G0 and G1 cells compared to cells with knockout of RB alone, indicating a role for DREAM and RB in repression of cell cycle genes. We observed that RB played a dominant role in E2F dependent gene repression during mid to late G1 while DREAM activity was more prominant during G0 and early G1. In addition, sensitivity to CDK4 inhibition was dependent on RB and an intact DREAM complex in both normal cells as well as in palbociclib-sensitive cancer cell lines. Although RB knockout cells were partially resistant to CDK4 inhibition, RB and p130 double knockout cells were significantly more resistant to palbociclib treatment. These results indicate that DREAM cooperates with RB in repressing E2F dependent gene expression and cell cycle entry and supports a role for DREAM as a therapeutic target in cancer. Understanding the functional differences between DREAM and RB cell cycle control will give insight into how normal cells transition from quiescence to a proliferative state and bring greater insight to the roles of DREAM and RB as tumor suppressors. 

[bookmark: _Toc416501585][bookmark: _Toc416743979][bookmark: _Toc416904655]INTRODUCTION
p130, a pocket protein family member, plays a direct role in establishing the quiescent state by forming the DREAM (DP, RB-like p130/p107, repressor E2F4/5, and MuvB) protein complex which represses cell cycle gene expression by binding directly to their promoters in G1 (Litovchick et al., 2007). DREAM complex formation is a defining molecular feature of quiescence. MuvB is a five-protein complex composes of LIN9, LIN37, LIN52, LIN54, and RBBP4 and is known to bind with BMYB and FOXM1 in S phase to promote expression of late cell cycle or G2/M regulated gene expression (Sadasivam et al., 2012). The DREAM complex is bound to chromatin and represses cell cycle gene expression during G0, but repression is lost during early G1 by Cyclin D-CDK4 driven phosphorylation of p130. 
RB, a protein highly related to p130, is also associated with the transition from G0 to G1 and through the Restriction Point. RB binds and inhibits the activator E2Fs (E2F1, E2F2, E2F3a) that function to promote G1/S cell cycle gene expression and entry into S phase (Araki et al., 2003). RB associates and inhibits E2F dependent gene expression when hypo-phosphorylated by during early G1 (Dick and Rubin, 2013; Narasimha et al., 2014). With the accumulation of active Cyclin D-CDK4/6 and CDK2-Cyclin E complexes during G1, RB becomes hyper-phosphorylated, which relieves RB inhibition of E2F dependent transcription and transition through the Restriction Point. 
An emerging model proposes that DREAM and RB bind and repress an overlapping set of G1/S cell cycle genes (Fischer and Müller, 2017a). RB and DREAM chromatin occupancy differ: RB is found at G1/S gene promoters while DREAM is found at both G1/S and G2/M gene promoters. By binding activator E2F proteins, RB associates at G1/S promoters via E2F DNA elements. While RB can also bind to the repressor E2F4, it is unable to bind to the MuvB core and does not form a DREAM complex (Guiley et al., 2015). DREAM is also able to bind G1/S promoters through the repressor E2F4 which bind identical DNA elements as activator E2Fs. DREAM is also able to bind to the promoters of late (G2/M) cell cycle genes through LIN54, a component of MuvB, which binds to CHR elements in promoters( Fischer and Müller, 2017). Many G1/S gene promoters contain E2F and CHR elements (Fischer et al., 2016). Since DREAM and RB both interact with G1/S cell cycle promoters via E2F elements, we hypothesized that the two complexes would be able to bind an overlapping set of cell cycle genes – RB binding G1/S genes via E2F elements and DREAM binding G1/S and G2/M genes via E2F and CHR elements. However, the distinction between DREAM and RB control of G1/S cell cycle gene expression during G0 and G1 remains unclear. In fact, since Cyclin D-CDK4/6 activity is often elevated in cancer, both DREAM and RB may be functionally inactivated.
We found in Chapter II that Cyclin D-CDK4 promoted DREAM complex disruption and reduced cell cycle gene expression. Since Cyclin D-CDK4 also phosphorylates and inhibits RB, palbociclib treatment likely also restored RB inhibitory activity. Thus, the specific role of DREAM complex on cell cycle gene expression in a palbociclib treated cell was impossible to test since we could not control for restored RB activity as well. To more directly test the role of DREAM and RB on cell cycle gene expression and sensitivity to palbociclib, we generated HFF cells with RB and/or p130 knockout using CRISPR-Cas9 genome editing technology. This enabled us to directly test the role of the two transcriptional repressor complexes in primary cells with no other genetic alteration that could impair their activity such as RTK mutation or hTERT expression that would lower basal cellular stress levels. 
Whether DREAM and RB have functionally non-redundant roles in the regulation of cellular proliferation is unknown. Genetic loss of RB1 is one of the most common mutations in cancer (reviewed in (Burkhart and Sage, 2008)), while loss of DREAM complex members is infrequent (NCI Genomic Data Commons Data Portal: https://portal.gdc.cancer.gov). Inhibitors of Cyclin D-CDK4 are used clinically for treatment of cancers containing wild type RB (Sherr et al., 2016; Toogood et al., 2005). If Cyclin D-CDK4 similarly regulates DREAM and RB, then CDK4 inhibitors may remain functional in RB-null cells with intact DREAM complex able to repress cellular proliferation. Here, we test the specific contributions of DREAM and RB in the repression of cell cycle genes during G0 and G1. We determine the contribution of Cyclin D-CDK4 activity to DREAM complex disruption and demonstrate that DREAM and RB both contribute to cell cycle arrest in normal and cancer cells.


[bookmark: _Toc416501586][bookmark: _Toc416743980][bookmark: _Toc416904656]MATERIALS AND METHODS
Human foreskin fibroblasts: Fibroblasts were isolated from de-identified natal foreskin specimens and grown in DMEM (Cellgro) containing 15% fetal bovine serum supplemented with 1% Pen Strep (GIBCO), and 1% Glutamax (GIBCO), and incubated at 37°C with 5% CO2. Cells were treated with palbociclib (PD-0332991) (SelleckChem # S1116) dissolved in sterile water or with CVT-313 (Santa Cruz Biotechnology, sc-221445) dissolved in DMSO by direct addition to media. 

Cell lines: A549 and T47D cells were obtained from ATCC. 

Lentiviral sgRNA expression vectors: The pLenti-CRISPR V2 sgRNA expression vectors that express Cas9 and either a puromycin-resistance gene (Addgene #52961) or a G418 resistance gene were used (Sanjana et al., 2014). sgRNA sequences were designed using the Broad Institute sgRNA designer and cross-referenced for the fewest off-target effects using the MIT CRISPR design site. Oligonucleotides were synthesized containing 5’ and 3’ BsmBI sites to facilitate ligation into vector. The sgRNA oligos (including BsmBI sites) are reported in Table 3.1. 

Amplicon sequencing of RB1, RBL2 loci: Genomic DNA was isolated using Qiagen DNeasy Blood & Tissue kit and subjected to nested PCR using Pfu Ultra DNA polymerase. Genomic DNA was used a template to create larger fragment using primers centered on sgRNA target. The larger fragment was purified and used as template in subsequent PCR reaction. Smaller fragments were purified and sequenced by Next Generation Sequencing at Massachusetts General Hospital Center for Computational & Integrative Biology. Oligos used as PCR primers are listed in Table 3.2. 

[bookmark: _Toc416335193][bookmark: _Toc416335247][bookmark: _Toc416336615][bookmark: _Toc416336739]Table 3.1: Oligos used as sgRNA sequences in pLenti-CRISPR-V2. 
	sgRNA sequences (with BsmBI sites)

	Gene
	Forward
	Reverse

	RB1
	CACCGCGGTGGCGGCCGTTTTTCGG
	AAACCCGAAAAACGGCCGCCACCGC

	RBL2
	GTTAGCATGTGCCTTATATG
	CACCGGTTAGCATGTGCCTTATATG

	Control
	CACCGGGAGGCTAAGCGTCGCAA
	AAACTTGCGACGCTTAGCCTCCC




[bookmark: _Toc416335194][bookmark: _Toc416335248][bookmark: _Toc416336616][bookmark: _Toc416336740]Table 3.2: Oligos used as polymerase chain reaction primers to amplify genomic loci of RB1 and RBL2. 
	CRISPR amplicon sequencing

	Gene
	Forward
	Reverse

	RB1-1st round PCR
	GCCAGGTTTCCCAGTTTAATTC
	AAGAACCCAGAATCCTGTCAC

	RB1-2nd round PCR
	GGGCGGAAGTGACGTTT
	TCACCTGACGAGAGGCA

	RBL2-1st round PCR
	CAGTGGCTCACACCTGTAAT
	TAGCCATACTCTACTTGTCAAACTC

	RBL2-2nd round PCR
	CTGGGTGACAGAGCAAGATT
	TCCACTGTCCCTTTGCTTAC



RNAi knockdown of RBL1: 1.0x106 cells were seeded in 60 mm dishes and transfected with 5 pmol of siControl (Non-Targeting siRNA #1, D-001210-01-05) or siRBL1 (SMARTpool, M-003298-02-0005) from GE-Dharmacon using Lipofectamine RNAiMAX Transfection Reagent (Life Technologies, 13778030). Cells were harvested 48 hours after transfection. 

Protein Analysis: Whole cell lysates were prepared in EBC buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% NP-40, 1: 10,000 β mercaptoethanol, 0.5 mM EDTA) with phosphatase inhibitor cocktail set I (Calbiochem) and protease inhibitor cocktail set I (Calbiochem). Protein extracts were boiled in SDS sample buffer (Boston BioProducts) before SDS-polyacrylamide gel electrophoresis (Criterion TGX precast gels, Bio-Rad). Resolved proteins were transferred to nitrocellulose membranes (Bio-Rad) with 75V for 1 hour. Membranes were blocked with 5% milk in Tris Buffered Saline with 0.5% Tween-20 before incubation with primary antibodies overnight at 4°C. Antibody detection was performed with horseradish peroxidase-conjugated secondary antibodies (Rockland) developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and imaged with G:BOX Chemi detection system (Syngene).To perform immunoprecipitations, whole cell lysates were incubated with antibody and magnetic Protein A/G beads (Pierce) overnight with end-over-end agitation at 4°C. Beads were separated by magnet and washed with EBC lysis buffer 5 times before proteins were eluted by boiling in SDS sample buffer (Boston BioProducts) for 5 minutes. 

Antibodies: The following commercial antibodies were used for IP and immunoblot analysis: -actin (D6A8, Cell Signaling), Cyclin E (HE12, Santa Cruz), E2F4 (C-20, Santa Cruz), IgG (2729, Cell Signaling), LIN9 (BL2981, Bethyl), MCM5 (ab17967, Abcam), p107 (C-18, Santa Cruz), p130 (C-20, Santa Cruz), p130-pS672 (ab76255, Abcam), RB (554136, BD Pharmingen), RB-pT821 (ab32015, Abcam), Vinculin (H-10, Santa Cruz). The following antibodies were used for ChIP: E2F4 (C-20, Santa Cruz), IgG (2729, Cell Signaling), LIN9 (BL2981, Bethyl), p130 (C-20, Santa Cruz). 

Cell cycle analysis: Cells were incubated with 3 μg/mL BrdU (Sigma Aldrich) for 1 hour before harvesting via trypsin digestion and fixation with cold 70% ethanol. Cells were permeabilized with 2N HCl and blocked Super Block Buffer (Thermo Scientific) before incubation with anti-BrdU-FITC (Fischer Scientific) overnight. Cells were washed with PBS-T and incubated with 1 mg/mL Propidium Iodide (Sigma) with 0.5 mg/mL RNase (Sigma) before analysis by flow cytometry (BD FACS Canto II). Detailed protocol in Appendix.

Crystal Violet Staining: 5x104 cells were seeded into 6 well plates and harvested by staining with 5% Crystal Violet stain in PBS (Sigma Aldrich) at 25°C for 20 minutes and destained with ddH2O. Crystal violet was solubilized with methanol and absorbance was measured with spectrophotometer at 570 nM. Detailed protocol in Appendix.

Chromatin Immunoprecipitation-qPCR: Digested chromatin was prepared using SimpleChIP enzymatic Chromatin IP Kit (Cell Signaling Technologies) and incubated overnight with antibodies and magnetic ChIP Grade Protein A/G beads (Cell Signaling). Eluted chromatin was purified using QIAquick PCR Purification Kit (Qiagen) and analyzed by qPCR. Primers used for ChIP-qPCR are listed in Table 3.3 

RNA analysis by RT-qPCR: Total RNA was isolated using Qiagen RNeasy plus mini kit. cDNA was synthesized with a High-Capacity Reverse Transcription kit (Thermo Fischer). qPCR was performed using Brilliant III SYBR Master Mix using Aria Mx3000 or AriaMx real time PCR machines (Agilent Genomics). Raw Ct values were normalized to geometric mean of ACTB and 

[bookmark: _Toc416335195][bookmark: _Toc416335249][bookmark: _Toc416336617][bookmark: _Toc416336741]Table 3.3: Oligos used as primers for Chromatin Immunoprecipitation-Polymerase Chain Reactions. 
	ChIP-qPCR

	Gene
	Forward
	Reverse

	CCNE2
	ACTTCCCAGCCACCCTAT
	CTTCCTCCCACTGCAACTC

	DONSON
	AGGACCTGGCAGAAGCG
	GGTTCCGAGCGGAGCAT

	GAPDHS
	AGACCAGCCTGAGCAAAAGA
	CTAGGCTGGAGTGCAGTGGT



B2M transcripts before normalization to experimental control indicated. The primers used for RT-qPCR are listed in Table 3.4.  Detailed protocol for validation of primers is in Appendix.



[bookmark: _Toc416335196][bookmark: _Toc416335250][bookmark: _Toc416336618][bookmark: _Toc416336742] Table 3.4: Oligos used as primers for reverse transcriptase – quantitative polymerase chain reaction. 
	RT-qPCR

	Gene
	Forward
	Reverse

	ACTB
	GGACTTCGAGCAAGAGATGG
	AGCACTGTGTTGGCGTACAG

	B2M
	TGCTGTCTCCATGTTTGATGTATCT
	TCTCTGCTCCCCACCTCTAAGT

	BMYB
	CATCTCGGACCCTCATCTT
	AGGTCACCTGAAGACTCTC

	BUB1
	AGCCAATGAGAGTGCGAGAG
	GGGACGCGGACTGAAAAG

	CCNB1
	GATGGAGCTGATCCAAACC
	GGATGGCTCTCATGTTTCC

	CCNE2
	AGGAATCAGCCCTTGCATTATC
	CCCAGCTTAAATCTGGCAGAG

	CDC6
	GAATGGTCCCCCTCACTCA
	GCAAGTGCCTTCTTGCTTG

	CHAF1B
	GAGGATTCCGTGCTTCTGTATG 
	GTCACTGAGGGTGTGGTAATG

	DONSON
	CATTCTCCGAGCCTGATATTCC
	CCAGGTAAAGGGTTGAGAAGAG

	E2F1
	GCCATCCAGGAAAAGGTGT
	CAGCCACTGGATGTGGTTC

	KIF23
	ACTAACCGGACCAGAGCAGA
	TGGTTCTCTCTTAGGACATCCAT

	MCM5
	CCCATTGGGGTATACACGTC
	ACGGTCATCTTCTCGCATCT

	MCMBP
	CCTTCCGTGCTGAACAAATTC
	CCGCATTTCCACAAAGTCATC

	ORC1
	TACCCCACAAGGCTGAAGAC
	CGGTGGAACAACCTTCTGTT

	PLK4
	CCACAGACAACAATGCCAAC
	GCAGATTCCCAAACCACTGT

	RBL1
	CTCTTTGCCTATAGCTCACCTC
	GCGGATCACCACCTCAATAA

	RBL2
	GGGACAGTGGAAGGAAACTATG
	GCCATGTCTTCCCACTTCTT





[bookmark: _Toc416501587][bookmark: _Toc416743981][bookmark: _Toc416904657]RESULTS
[bookmark: _Toc416501588][bookmark: _Toc416743982][bookmark: _Toc416904658]DREAM and RB cooperate to repress G1/S and G2/M cell cycle gene expression in G0 and G1. 
To distinguish the contribution of p130 (RBL2) and RB (RB1) in cell cycle gene expression and sensitivity to palbociclib, we generated RB1 and p130 knockout HFFs using CRISPR-Cas9 mediated gene editing (Ran et al., 2013). HFFs were transduced with pLenti-CRISPR V2-puromycin against RB1 or control (sgControl-P) and selected with puromycin (Figure 3.1A). Knockout of p130 was accomplished using pLenti-CRISPR V2-neomycin followed by selection in G418 (Figure 3.1B). Double RB and p130 knockout HFFs were generated with two rounds of transduction and selection, creating Control (sgControl-P, sgControl-N), sgP130 (sgControl-P, sgP130-N), sgRB1 (sgRB1-P, sgControl-N), and sgRB1+sgP130 (sgRB1-P, sgP130-N) cell lines. Knockout of p130 and RB was confirmed by immunoblot of lysates of cells under serum starvation and contact arrest conditions (Figure 3.1C). 
To assess the efficiency of RB1 and p130 knockout in CRISPR edited HFFs, we performed next generation sequencing on an amplicon generated by nested PCR centered on the PAM site of the corresponding sgRNA at the p130 (RBL2) and RB (RB1) genetic loci. gDNA was isolated from HFFs four passages after antibiotic selection was complete. We found diverse editing of the RB1 gene in all reads with the four highest represented reads shown in Figure 3.1D. A frameshift mutation in the p130 locus was observed in 100% of reads from the sgP130 and the sgRB1+sgP130 cells resulting in a fragment containing the N-terminal 90 residues (Figure 3.1D-F). Since HFFs were unable to tolerate single cell cloning, we maintained the knockout cells as a population. We cannot exclude the possibility of a small fraction of knockout cells retaining a WT p130 or RB allele in our population. 
[bookmark: _Toc416335197][bookmark: _Toc416335251][bookmark: _Toc416336619][bookmark: _Toc416336743]


Figure 3.1: Generation and validation of RB and p130 knockout HFFs (Continued).
(A) HFFs were transduced with pLenti-CRISPR-Puromycin with sgRNAs against control (sgCTL) or RB1 (sgRB1). (B) HFFs were transduced with pLenti-CRISPR-Neomycin with sgRNAs against control (sgCTL) or 4 independent sgRNA against the first exon of p130. Lysates were prepared from cells grown to confluency and serum starved for 48 hours and analyzed by immunoblot. (C) Knockout of RB, p130 was measured by immunoblot from serum starved and contact arrested HFFs expressing sgRNA against control (sgCTL), RB (sgRB1), p130 (sgP130), or RB and p130 (sgRB1+sgP130).  (D) Summary of highest frequency reads aligned to reference gene for p130 and RB1 loci. (E) Summary of editing frequency found in reads per cell line. (F) Schematic of potential frameshift mutation induced p130 proteins in cells with sgP130.

Figure 3.1: (Continued). 


To measure the effect of RB and p130 loss on cell proliferation kinetics, we measured BrdU incorporation in cells contact arrested and serum starved for 48 hours or cells released and harvested after 24 hours (Figure 3.2A). No difference in rates of BrdU incorporation was measured in contact arrested or 24 hr released cells (Figure 3.2A). Furthermore, no change in growth rate in low serum conditions was observed when p130 or RB were lost compared to the other HFF derivatives, consistent with reports on the effect of loss of RB in other human cell lines (Figure 3.2B-C) (Chicas et al., 2010). The double knockout sgRB1+sgP130 cells enter S phase with slightly quicker kinetics (21 hours versus 24 hours) but at 24 hours all four cell lines have similar levels of BrdU incorporation (Figure 3.2D). 
To test the effect of RB and p130 loss on cell cycle gene expression during G0 and G1, transcript levels of G1/S and G2/M cell cycle genes were measured by RT-qPCR under serum starved and contact inhibited conditions (Figure 3.3A). Loss of p130 (sgP130) did not have a significant effect on levels of cell cycle gene expression compared to control cells under quiescent conditions (Figure 3.3A). In contrast, loss of RB alone (sgRB1) led to a significant increase in levels of E2F1, MYBL2, and BUB1 in quiescent conditions. Furthermore, when RB and p130 were lost in combination (sgRB1 + sgP130), we observed significantly higher levels of G1/S and G2/M cell cycle genes compared to cells with RB knockout alone. These data indicate that DREAM and RB cooperate to repress the expression of G1/S and G2/M cell cycle genes during G0 under serum starvation and contact arrest conditions.
We next tested the effect of DREAM and RB on expression of G1/S cell cycle genes during cell cycle entry (Figure 3.3B). CCNE2 transcript levels were unaffected in quiescent cells (0 hours) with p130 loss but were significantly increased in cells with RB loss, similar to reports using mouse cell lines (Chicas et al., 2010). CCNE2 levels further increased when p130 and RB were both lost, indicating a cooperative effect of DREAM and RB to repress levels of CCNE2 in quiescent cells. We tested the effect on gene expression at 8 and 10 hours after release from quiescence. Again, we observed no effect of p130 loss alone compared to control cells while

Figure 3.2: HFFs lacking p130 and RB do not have altered cell proliferation kinetics. (A) S phase levels were measured by BrdU incorporation in HFFs in contact arrest and serum starvation (3 bio rep) or 24 hour split conditions (6 bio rep). (B) HFFs were split into 15% FBS growth medium and relative cell density was measured every day for 4 days (3 bio rep). No significant differences determined by Student’s T-test. (C) Growth kinetics were determined by splitting HFFs into range of FBS% and measuring relative cell density by crystal violet staining after 4 days (4 bio rep). No significant differences determined by Student’s T-test. (D) HFFs were released from contact arrest and BrdU incorporation was measured at times indicated (1 bio rep). Statistics calculated using Student’s T-test.

Figure 3.3: DREAM and RB cooperate to repress G1/S and G2/M cell cycle gene expression in G0 and G1. (A) Relative mRNA abundance of E2F1, CCNB1, MYBL2, and BUB1 was measured by RT-qPCR in contact arrested, serum starved HFFs (4 bio rep). (B) HFFs were harvested after splitting and mRNA abundance of CCNE2, MCM5 and CDC6 was measured by RT-qPCR (4 bio rep). (C) HFFs were released from contact arrest and harvested after 24 hours. Cell cycle gene expression was measured by RT-qPCR using indicated primers (3 bio rep). No significant differences determined by Student’s T-test. Statistics calculated using Student’s T-test. P values as indicated *<0.05, **<0.01.



RB1 knockout cells had significantly increased levels at 8 and 10 hours after release compared to control cells. Furthermore, combined knockout of p130 and RB led to significantly increased levels of CCNE2 at 8 and 10 hours after release. The cooperative effect of DREAM and RB to repress CCNE2 at 0, 8 and 10 hours was also observed for CDC6 and MCM5. No significant differences in cell cycle gene expression were found in cells harvested at 24 hours even when RB and p130 was lost, consistent with our finding that sgRB1+sgP130 cells have similar S phase levels to control cells at 24 hours (Figure 3.3C). These data indicate that DREAM and RB cooperate to repress cell cycle gene expression during progression from G0 into G1 and that loss of RB and p130 is not sufficient to alter the proliferation rate of primary cells. 

[bookmark: _Toc416501589][bookmark: _Toc416743983][bookmark: _Toc416904659]p107 does not form DREAM complex or repress G1/S cell cycle genes during G1. 
The RB-related protein p107 is a cell cycle regulated gene and, as expected, higher levels of p107 were observed in sgP130 and sgRB1 cells (Figure 3.1B-C). We asked if p107 could substitute for p130 and form a DREAM-like complex in the knockout cells. Lysates were prepared from confluent cells and blotted (Input) or immunoprecipitated with p107 and LIN9 antibodies (Figure 3.4). Antibodies to p107 co-precipitated E2F4 in sgRB1, sgP130, and sgRB1+ sgP130 cells (Figure 3.4). In addition, p107 co-precipitated LIN9 in sgP130 and sgRB1+ sgP130 cells, but not in control or sgRB1 HFFs. The interaction between LIN9 and E2F4 in cells lacking p130 was substantially reduced compared to control or sgRB1 cells, indicating that p107 was unable to form a strong link between MuvB and E2F4 and unable to form a complete DREAM-like complex.
To test if p107 contributed to repression of cell cycle gene expression in sgP130, sgRB1, or sgRB1+ sgP130 HFFs, we knocked down p107 with siRNA (siRBL1). siRBL1 transfection led to knockdown of p107 and not p130 in each cell line compared to siControl when measured by 


Figure 3.4: p107 does not link E2F4 and MuvB strongly in sgRB1+sgP130 HFFs. HFFs were contact arrested and serum starved and lysates were subjected to immunoprecipitation using p107, LIN9, and IgG antibodies and analyzed by immunoblot. Different exposures of same membrane shown for LIN9. Arrow indicates on target band. 

protein and mRNA levels (Figure 3.5A, 3.5B, 3,5F). Knockdown of p107 did not consistently lead to de-repression of G1/S cell cycle genes MCM5, CDC6, and E2F1 (Figure 3.5C-E). Since Cyclin D-CDK4 activity drives the separation of MuvB and E2F4, we tested if inhibition of CDK4 activity could promote DREAM complex assembly with p107 when p130 is lost. Inhibition of Cyclin D-CDK4/6 did not lead to increased levels of E2F4-MuvB interaction in sgRB1+sgP130 cells (Figure 3.5G). These data indicate that although p107 can bind E2F4 or MuvB when p130 was absent, knockdown of p107 did not significantly or consistently repress G1/S cell cycle gene expression during G1. 

[bookmark: _Toc416501590][bookmark: _Toc416743984][bookmark: _Toc416904660]RB and DREAM regulate an overlapping set of G1/S cell cycle genes. 
Combined loss of p130 and RB led to higher levels of several cell cycle genes when compared to loss of RB alone in quiescent cells and during early G1 cell cycle entry. This raised the question of whether all RB regulated genes were also regulated by the DREAM complex or whether there are genes uniquely regulated by RB and not by DREAM. To address this question, we utilized a published meta-analysis of TP53 and cell cycle-regulated genome-wide expression and ChIP-seq studies to generate high confidence target gene maps for DREAM, p53, RB-E2F, and MMB-FOXM1 (Fischer et al., 2016). Briefly, cell cycle regulated genes were identified by analysis of gene expression profiling of cells arrested in different phases of the cell cycle. These cell cycle genes were then compared to ChIP-seq studies for TP53, RB1, E2F1, DREAM, B-MYB, and FOXM1 to generate target gene maps for DREAM, P53, RB-E2F, and MMB-FOXM1. Additionally, because p53 activation results in shut down of cell cycle gene expression, a comprehensive list of p53 targets was generated. The more negative the p53 expression score, the more RNA profiling experiments found it to be repressed by p53 activation (Fischer et al., 2016, 2016b). To be called a DREAM target gene, a gene must be found as a DREAM target in at least 4 of 9 ChIP-seq datasets AND called as cell cycle 
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Figure 3.5: p107 does not strongly contribute to repression of G1/S cell cycle genes when p130 and RB are lost.
(A-E) Control, sgP130, sgRB1, and sgRB1+sgP130 HFFs were transfected with siControl or siRBL1 and harvested for RT-qPCR for RBL1 (A), p130 (B), MCM5 (C), CDC6 (D), and E2F1 (E) (4 bio rep). (F) Same as A-E, but cells were harvested for immunoblot. (G) sgRB1+sgP130 HFFs were contact arrested and serum starved for 48 hours and treated with palbociclib (200nM) for the last 6 hours before lysates were immunoprecipitated analyzed by immunoblot. Statistical significance calculated using Student’s T-test. P values are indicated by *<0.05, **<0.01, ***<0.001.

Figure 3.5: (Continued). 
regulated in at least 2 of 5 cell cycle RNA profiling experiments OR have a p53 expression score ≤ -5. To be called a RB-E2F target gene, be found as a RB target in at least 3 of 5 ChIP-seq datasets, AND be called as cell cycle regulated in at least 2 of 5 cell cycle RNA profiling experiments OR have a p53 expression score ≤ -5 AND. With these standards, there are 971 DREAM and 506 RB-E2F target genes. 
To determine if any cell cycle regulated genes were exclusively repressed by RB-E2F (referenced as RB-only genes) and not repressed by DREAM, we compared the list of DREAM and RB-E2F targets (Figure 3.6A). We identified a strong overlap of DREAM and RB target genes, with 419 of 506 (82.81%) RB-E2F genes also bound by DREAM in various ChIP-seq studies. In addition, there were 552 DREAM-only genes not bound by RB, but these were primarily G2/M or G2/M cell cycle genes without E2F elements and containing CHR elements in their promoters. There were 86 genes classified as bound by RB and not by DREAM. To test if 
these 86 genes could also be regulated by DREAM, we re-evaluated the data that led to their exclusion (Figure 3.6B). We excluded genes lacking an E2F or CHR element (unlikely to bind specifically to RB or DREAM), those containing a CHR element (likely to bind to MuvB), and genes with evidence for p130, B-MYB, or FOXM1 binding in at least 1 ChIP-seq dataset. This re-analysis reduced the list of 86 to 18 potential RB-only genes. Next, we ranked the 18 potential RB-only genes by their p53 expression score since genes with lower p53 expression scores were more likely to be cell cycle regulated (by p21 inhibition of CDK activity) and annotated whether they had been identified in E2F4, RB, and E2F1 ChIP-seq datasets. We identified CCNE2, CHAF1B, DONSON, and MCMBP to be the top four ranked genes most likely to be a true RB-only gene. To test if these candidate genes were regulated by RB-only and not DREAM, we prepared chromatin from contact arrested HFFs that were serum starved for 48 hours. We observed significant enrichment of LIN9 and E2F4 at the CCNE2 promoter and significant enrichment of p130, E2F4, and LIN9 at the DONSON promoter (Figure 3.6C). These data indicate that DREAM can bind specifically to these candidate RB-only genes, despite 


Figure 3.6: DREAM and RB repress an overlapping set of cell cycle genes. (A) Venn diagram of DREAM and RB-E2F targets identified in Fischer et al 2016. (B) Schematic of exclusion “RB-E2F” genes from final potential RB-only list. (C) Chromatin occupancy of p130 (8 bio rep), E2F4 (6 bio rep), and LIN9 (8 bio rep) on CCNE2, DONSON, and GAPDHS promoters was measured by ChIP-qPCR using chromatin isolated from contact arrested and serum starved HFFs. (D) Relative mRNA levels of CHAF1B, DONSON, and MCMBP in contact arrested and serum starved HFFs was measured by RT-qPCR (6 bio rep). Statistics calculated using Student’s T-test. P values as indicated *<0.05, **<0.01, ***<0.001. 

missing the stringent cutoff set in the published meta-analysis. We also measured contribution of p130 and RB to expression of CHAF1B (Figure 3.6D), DONSON (Figure 3.6D), MCMBP (Figure 3.6D) and CCNE2 mRNA (Figure 3.3B) and observed an increase in gene expression when RB and p130 were lost in combination when compared to loss of RB alone. Together, the data demonstrated cooperation of DREAM and RB to repress the expression of the top 4 candidate RB-only genes, indicating that these genes were falsely identified as RB-only genes and were also repressed by DREAM.

[bookmark: _Toc416501591][bookmark: _Toc416743985][bookmark: _Toc416904661]p130 and RB contribute to sensitivity to palbociclib. 
	Since palbociclib treatment inhibits CDK4 activity and maintains the DREAM complex and RB inhibition during cell cycle entry, we tested if DREAM or RB were required for sensitivity to palbociclib. We measured S phase levels of cells split into palbociclib and found control and sgP130 cells were similarly sensitive to increasing concentrations of palbociclib while sgRB1 HFFs had reduced sensitivity compared to control cells at 200 nM (Figure 3.7A). Combined loss of p130 and RB led to a significant increase in resistance to palbociclib compared to RB loss alone. Increase in resistance of sgRB1+sgP130 cells to palbociclib was also observed using crystal violet as a measure of relative cell density (Figure 3.7B).
To test the impact of palbociclib on cell cycle gene expression in cells with RB and p130 loss, we treated control, sgRB1, sgP130, or sgRB1+sgP130 HFF cells with palbociclib for two 
hours prior to harvesting during cell cycle entry (Figure 3.7C-D, compare 10+ to 8 and 10-). Significantly reduced levels of CDC6 and MCM5 gene expression was observed in control cells 
and p130 knockout cells containing an intact RB. In contrast, palbociclib treatment did not reduce MDM5 or CDC6 levels in sgRB1 cells despite reduction of p130 phosphorylation (Figure 3.7C-E). These data indicate that although palbociclib can block disruption of the DREAM complex during cell cycle entry during the initial 6 hours of cell cycle entry, reduced levels of cell cycle genes after 8 hours by palbociclib was only dependent on RB status. Thus, DREAM is 


Figure 3.7: p130 and RB contribute to sensitivity to palbociclib. (A) HFFs were split from confluency into palbociclib and BrdU incorporation was measured in cells harvested after 24 hours (3 bio rep). Student’s T-test calculated compared to control cells. Two-way ANOVA used to compare curves. (B) Relative cell density was measured by crystal violent for cells seeded into palbociclib and harvested after 4 days (3 bio rep). Significance calculated as in A (C, D)
Figure 3.7: (Continued). mRNA abundance was measured by RT-qPCR at 8 or 10 hours after splitting. 10+ cells were treated with 200 nM palbociclib for 2 hours prior to harvest (5 bio rep). 
(E) Same as (C,D), but lysates were analyzed by immunoblot. P values are as indicated *<0.05, **<0.01, ***<0.001, ****<0.0001, NS= not significant. 
active and can repress gene expression during G0 and early G1, but after disruption of p130 from E2F4 by Cyclin D-CDK4 activity, DREAM was unable to reduce G1/S cell cycle gene levels.

[bookmark: _Toc416501592][bookmark: _Toc416743986][bookmark: _Toc416904662]DREAM contributes to palbociclib sensitivity in cancer cell lines. 
Next, we tested if DREAM contributed to palbociclib sensitivity in palbociclib-sensitive cancer cell lines. A549 is a non-small cell lung cancer cell line with wild type DREAM, RB, and
p53 pathways (Barretina et al., 2012). To test if palbociclib treatment could regulate the DREAM complex in A549 cells during cell cycle entry, lysates were collected before and after 24 hours release into the cell cycle in the presence of 500 nM palbociclib (Figure 3.8A). The DREAM complex was intact as determined by LIN9 co-precipitation with p130 and E2F4 in cells treated with palbociclib (Figure 3.8A).
To determine if DREAM and RB status contributes to palbociclib sensitivity in the A549 cells, we generated control, sgP130, sgRB1, and sgRB1+sgP130 derivative cell lines and assessed for knockout of RB and p130 by blotting lysates prepared from cells obtained 24 hours after release from contact arrest (Figure 3.8B). Loss of p130 or RB individually resulted in a significant increase in S phase levels after palbociclib treatment (Figure 3.8C). Notably, loss of RB and p130 together resulted in further significant increase in S phase levels compared cells with loss of p130 or RB alone as measured by ANOVA or Student’s T-test comparison for each concentration (Figure 3.8C-H). A549 sgRB1 cells had approximately 70% of the S phase levels compared to sgRB1+sgP130 cells (Figure 3.8I). Level of resistance to palbociclib was also assessed by crystal violet staining after 4 days treatment (Figure 3.8J). Again, double knockout of RB and p130 led to higher rates of proliferation while treated with palbociclib compared to cells with loss of RB1 alone. Reduced levels of the G1/S cell cycle gene CDC6 after palbociclib treatment was dependent on p130 and RB status with sgRB1+sgP130 cells demonstrating significantly higher expression than all others (Figure 3.8K). CCNE1 levels were not affected by
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Figure 3.8: DREAM and RB contribute to sensitivity to palbociclib in a non-small cell lung cancer cell line. (A) Parental A549 cells were harvested after 0 or 24 hours of cell cycle entry with palbociclib (500 nM) and immunoprecipitated with LIN9 and IgG antibodies. (B) Knockout of 

Figure 3.8: (Continued). RB, p130 was measured by immunoblot from A549 cells expressing sgRNA against control (sgCTL), RB (sgRB1), p130 (sgP130), or RB and p130 (sgRB1+sgP130). Cells were split from confluency and harvested after 24 hours. (C) A549 cells were split into palbociclib and S phase was measured after 24 hours by BrdU incorporation and PI staining (4 bio rep). Statistical significance was calculated by two-way ANOVA test. (D-H) Same data as shown in Figure 3.8C, but Student’s T-test was used to measure statistical significance at each drug concentration. (I) Same data as 3.8C, but relative S phase levels in 500 nM treated cells were calculated in relation to sgRB1+sgP130 cells. (J) Cells were split into range of palbociclib and relative cell density was measured after 4 days by crystal violet stain (7 bio rep). (K) A549 cells were split palbociclib (500 nM) and transcript levels were measured by RT-qPCR after 24 hours (3 bio rep). Significance calculated by Student’s T-test. P values are indicated as * for <0.05, and ** for <0.01, *** for <0.001, and **** for <0.0001.
loss of p130 in palbociclib treated cells, which may be due to other cell specific increase of CCNE1 levels. Resistance to palbociclib was not an indirect effect of increased growth kinetics since all knockout cells grew at relatively the same rate (Figure 3.9A-C). These data indicate that intact DREAM and RB status contributes to sensitivity to palbociclib treatment in A549 cells.
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To test if p130 contributed to palbociclib sensitivity in other cancer cell lines, we used the palbociclib sensitive T47D breast cancer cell line that is ER-positive with wild type RB1 and DREAM complex(Aka et al., 2012; Finn et al., 2015). Palbociclib treatment induced DREAM complex formation in T47D cells as measured by LIN9 co-precipitation of p130 and E2F4 (Figure 3.10A). To test the contribution of DREAM and RB to palbociclib-dependent cell cycle arrest in T47D cells, we generated p130 and RB knockouts (Figure 3.10B). We tested the effect of p130 and RB knockout on T47D cell sensitivity to palbociclib by measuring S phase levels by BrdU incorporation after 24 hours (Figure 3.10C). We observed that control and sgP130 cells were strongly sensitive to palbociclib at low doses while loss of RB alone resulted in a significant increase in S phase levels. Similar to HFFs and A549s, combined loss of p130 and RB (sgRB1+sgP130) led to significant increased S phase levels compared to sgRB1-only palbociclib treated T47D cells. We observed that sgRB1 cells had approximately 70% of the S phase levels compared to sgRB1+sgP130 cells, indicating that loss of p130 in combination with RB contributes to approximately 30% increase in S phase levels with palbociclib treatment (Figure 3.10D). These data demonstrate DREAM and RB contribute to CDK4 inhibition induced cell cycle arrest in two different cancer cell lines.
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Figure 3.9: A549 cells lacking RB and p130 do not have altered cell cycle proliferation kinetics. (A) A549 Control, sgP130, sgRB1, and sgRB1+sgP130 cells were split from confluency and harvested after 24 hours. Cell cycle status was determined by PI staining and flow cytometry. (B) A549 Control, sgP130, sgRB1, and sgRB1+sgP130 cells were grown to confluency and serum starved for 72 hours and cell cycle status was determined by PI staining and flow cytometry (D) A549 Control, sgP130, sgRB1, and sgRB1+sgP130 cells were split from confluency into range of %FBS and harvested by crystal violet staining after 4 days (3 bio rep). No statistical differences measured by paired Student’s T-test. 



Figure 3.10: DREAM and RB contribute to sensitivity to palbociclib in a breast cancer cell line. (A) T47D cells were split into palbociclib and harvested after 24 hours and analyzed by immunoprecipitation and immunoblot using indicated antibodies (B) Knockout of RB, p130 

Figure 3.10: (Continued).  measured by immunoblot in T47D cells expressing sgRNA against control (sgCTL), RB (sgRB1), p130 (sgP130) or RB and p130 (sgRB1+sgP130). * indicates nonspecific band. (C) T47D cells were split into palbociclib and BrdU incorporation was measured after 24 hours (3 bio rep). (D) Same data as 3.10C but relative S phase levels in 200 nM treated cells were calculated in relation to sgRB1+sgP130 cells. Statistical test completed using two-way ANOVA. P values are indicated as * for <0.05, and ** for <0.01, *** for <0.001, and **** for <0.0001. 

[bookmark: _Toc416501593][bookmark: _Toc416743987][bookmark: _Toc416904663]DISCUSSION
We observed that loss of RB alone, but not p130, resulted in a significant increase in levels of cell cycle genes during quiescence and in G1. However, p130 loss combined with RB1 loss consistently led to a significant increase in cell cycle gene levels compared to RB1 loss alone. These data indicate RB plays a dominant role in the repression of cell cycle genes while DREAM contributes to repression in the absence of RB. Our results are consistent with a recent report that found LIN37 knockout (a MuvB component) in combination with RB resulted in increased levels of gene expression in G0 (Mages et al., 2017). However, our approach of knocking out p130 uniquely affected the DREAM complex while knockout of LIN37 could also impair activation of the MMB-FOXM1 complex in S/G2. 
In addition, we found no evidence for cell cycle regulated genes that were exclusively regulated by RB and not by DREAM. Our meta-analysis identified DREAM and RB target gene lists with 82.81% of RB1 target genes being called as DREAM target genes as well. Upon further investigation, we found that the remaining 86 genes that were called as potential RB-only genes likely were also targets of DREAM as measured by at least 1 ChIP-seq datasets or measured experimentally as being co-repressed by DREAM and RB and its promoter bound by DREAM in G0. Together, these data suggest that there is no evidence of genes exclusively regulated by RB. Thus, DREAM and RB cooperate to repress cell cycle gene expression in G1.
It is unlikely that RB directly compensates for p130 loss by forming a DREAM complex since RB does not have the capability to bind to the MuvB complex (Guiley et al., 2015; Litovchick et al., 2007). Furthermore, p130 likely does not act to repress activator E2Fs in the absence of RB since p130 has a strong specificity for repressor E2F4-5 and does not bind E2F1-3 (Liban et al., 2016; Trimarchi and Lees, 2002). Our model is that RB is able to control expression of G1/S cell cycle genes through its direct repression of transcriptional activation by activator E2Fs, so the de-repression by loss of DREAM does not result in increased gene expression. However, in a RB null cell, DREAM can weakly maintain repression of some cell cycle gene that can be overwhelmed by de-repressed activator E2Fs, resulting in increased cell cycle gene expression and S phase entry. The activity of DREAM in RB null cells seems to be restricted to the initial 6 hours of cell cycle entry as two-hour palbociclib treatment at 10 hours in RB null cells did not reduce cell cycle gene expression. In a RB and p130 null cell, lack of DREAM repression of cell cycle gene expression and lack of RB repression of activator E2Fs results in a further increase in cell cycle gene expression and near complete loss of repression of cell cycle genes. This dominant effect of RB activity was also observed in a mouse model of small cell lung cancer in which loss of p130 in combination with RB and p53 results in more aggressive tumors than RB and p53 loss alone (Ho et al., 2009; Bethany E. Schaffer et al., 2010).
The specific role of the RB-like protein p107 is less studied in the context of a normal cell cycle. We found levels of p107 were increased in HFFs lacking p130 or RB, consistent with previous reports (Lara et al., 2008; Mayhew et al., 2005; Ruiz et al., 2004). Although p107 could strongly interact with either E2F4 or LIN9, we were unable to detect significant levels of LIN9 binding to E2F4 in the absence of p130. Treatment with Cyclin D-CDK4/6 inhibitor does not restore p107-DREAM, suggesting that residual Cyclin D-CDK4/6 in serum starved and contact arrested cells activity does not contribute to lack of p107-DREAM. Furthermore, reduced levels of p107 by siRNA did not result in a consistent change in G1/S cell cycle gene expression in the p130 and RB knockout cells. Our data indicate that p130 and RB play significant roles in repression of G1/S cell cycle gene expression during G1 and p107 does not appear to provide any additional activity. 
[Type text]	[Type text]	[Type text]



Our findings reveal a potential role for DREAM as a tumor suppressor. We found that DREAM contributes to palbociclib sensitivity in normal and cancer cells which is novel and important since CDK4 inhibitors such as palbociclib are currently used clinically to treat a variety of tumor types alone and in combination with other drugs that reduce Cyclin D protein levels
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(Corona and Generali, 2018; Finn et al., 2015; Sherr et al., 2016). The DREAM complex could be inactivated by upstream mutations that increase Cyclin D levels, such as receptor tyrosine kinases (RTKs) or oncogenic H-Ras (Junk et al., 2013; Samatar and Poulikakos, 2014). Importantly, certain cancer types with RTK activating mutations are able to restore the DREAM complex under cellular stress and reenter G0 (Boichuk et al., 2013). Mutations of RB are often concurrently found with loss of function mutations of TP53, an important regulator of cellular proliferation (Sherr and McCormick, 2002). TP53 promotes DREAM activity through its activation of p21, a cellular CDK inhibitor(Fischer et al., 2015). Despite the low frequency of p130 mutations in cancer, functional inactivation of RB by overexpression of Cyclin D1 or reduced levels of the CDK4 inhibitor, p16 (CDKN2A), are likely to also inactivate DREAM(Ortiz et al., 2017; Tang et al., 2015). Similarly, viral oncogenes such as E7 in human papillomavirus and Large T antigen in Merkel cell polyomavirus induced cancers are likely to inactivate both RB and DREAM (Hesbacher et al., 2016; Nor Rashid et al., 2016). Importantly, the DREAM complex contributed to reduced cellular proliferation in a gastrointestinal stromal tumor cell line treated with imatinib and in ovarian cancer(Boichuk et al., 2013; MacDonald et al., 2017). In some tumor types such as small cell lung cancer (SCLC), genetic loss of p130 (RBL2 gene) has been reported (George et al., 2015). In a mouse model of SCLC with RB and p53 loss, loss of p130 accelerates the rate of tumor formation (George et al., 2015; Ho et al., 2009; Schaffer et al., 2010). Therefore, DREAM is likely to complement RB’s role in regulating proliferation of cancer cells.  Because DREAM represses gene expression independently of RB, the use of palbocicilb to restore DREAM function in transformed cells is a potential therapeutic strategy to promote cell cycle exit in tumor cells.


[bookmark: _Toc416501594][bookmark: _Toc416743988][bookmark: _Toc416904664]Chapter IV: G1/S and G2/M Genes are Differentially Repressed by RB and DREAM after p53 activation.
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ABSTRACT:
The Retinoblastoma protein (RB) and DREAM complex (DP, RB-like p130, E2F4, and MuvB) cooperate to repress cell cycle gene expression during G0 and G1. DNA damage can block cell cycle progression at the G1/S checkpoint by activation of p53 and increased levels of p21. By integrating analyses of published gene expression datasets with newly generated gene expression profiles from primary human fibroblasts, we demonstrate that the early G1/S and G2/M cell cycle genes are differentially regulated by p53. When p53 was activated by MDM2 inhibition or DNA damage from doxorubicin treatment, DREAM and RB cooperated to repress the early cell cycle or G1/S genes. In contrast, p130 alone or in combination with p107 contribute to repression of the late cell cycle or G2/M genes after doxorubicin treatment. Furthermore, p107 and p130 contribute to inhibition of entry into mitosis. Our data advances the emerging model that p53 activation promotes cell cycle arrest through p21 induction to reduce levels of cell cycle genes and demonstrates specific roles for RB, p130-DREAM, and p107. Our findings have clinical implications for tumors with an intact p53 but inactivated RB and DREAM complex when treated with DNA damaging agents.
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Cell cycle dependent gene expression occurs in two distinct waves (Sadasivam and DeCaprio, 2013). The early or G1/S wave begins during late G1 and consists of genes encoding factors required for DNA replication. The late or G2/M wave of cell cycle genes begins during G2 and encodes factors required for mitosis(Fischer et al., 2016; Sadasivam and DeCaprio, 2013). The two waves of cell cycle genes comprise distinct sets of genes controlled by different sets of transcription factors. The G1/S genes are regulated by the E2F transcription factors that bind to E2F DNA elements in the G1/S gene promoters(Araki et al., 2003; Lam and Watson, 1993). Activator E2Fs (E2F1, E2F2, and E2F3a) and their dimerization partners (DP1 and DP2) transactivate G1/S cell cycle genes during late G1, enabling cells to pass through the restriction point and enter into S phase(Chen et al., 2009; Fischer et al., 2016; Hallstrom et al., 2008; Kowalik et al., 1995). The retinoblastoma protein (RB) encoded by the RB1 tumor suppressor gene binds and represses the activator E2Fs during G0 and G1 and inhibits expression of the G1/S cell cycle genes (Dyson, 2016).
In contrast, the G2/M cell cycle genes are transactivated by B-Myb (MYBL2) and FOXM1 in association with the MuvB (multivulva class B) core. The MuvB core consists of 5 proteins that include LIN9, LIN37, LIN52, LIN54, and RBBP4. Although the MuvB core remains intact throughout the cell cycle, it changes binding partners at several points. The MuvB core binds to the CHR elements in the G2/M gene promoters and sequentially recruits B-Myb to MYB bindings sites and then FOXM1 to Forkhead motifs (Fischer et al., 2016b; Müller et al., 2012; Muller et al., 2014). The MYB-MuvB (MMB)-FOXM1 complex is assembled on the G2/M cell cycle gene promoters during S phase and is activated by CDK phosphorylation (Esterlechner et al., 2013; Osterloh et al., 2007; Sadasivam et al., 2012).
During G0 or the quiescent phase of the cell cycle, the MuvB core binds to the RB-like protein p130 (RBL2) to form the DREAM complex (DP, RB-like, E2F, and MuvB). DREAM binds and represses the promoters of both G1/S and G2/M cell cycle genes during quiescence (Litovchick et al., 2011, 2007). The repressor E2F4 component of DREAM binds to the E2F sites in the G1/S gene promoters while the MuvB component binds to the CHR promoter elements in the G2/M gene promoters (Litovchick et al., 2011; Mages et al., 2017; Müller et al., 2017; Schade et al., 2019). DREAM and RB cooperate to repress G1/S cell cycle genes during quiescence and early G1. Upon cell cycle entry from G0, both DREAM and RB repression is relieved through phosphorylation by Cyclin D-CDK4/6 and Cyclin E-CDK2(Dick and Rubin, 2013; Guiley et al., 2015; Schade et al., 2019). 
	p53 is a tumor suppressor protein that regulates cell fate in response to cellular stress by contributing to cell cycle arrest, senescence, apoptosis, and DNA damage repair (reviewed in (Hafner et al., 2019)). p53 mediated down-regulation of cell cycle genes after DNA damage is well conserved in human and mouse cells and supports a key role for p53 in cell cycle arrest. Emerging evidence indicates that p53 acts solely as an activator of gene expression and indirectly represses the cell cycle genes (Fischer, 2019, 2016; Fischer et al., 2014). Cellular stresses that induce DNA damage can block cell cycle progression at the G1/S checkpoint. DNA damage activates p53 that leads to increased levels of the CDK inhibitor (CKI) p21 (CDKN1A). p21 can inhibit Cyclin E-CDK2 kinase activity resulting in a cell cycle arrest at the G1/S checkpoint or senescence, an irreversible exit from the cell cycle characterized by reduced cell cycle gene expression (Ben-Porath and Weinberg, 2005; Chang et al., 2000). The DREAM complex is stabilized and bound to the early G1/S and late G2/M cell cycle gene promoters when p21 is activated by p53 (Calvisi et al., 2011; Mannefeld et al., 2009; Quaas et al., 2012). In addition to DREAM, RB is also important for p53 dependent down-regulation of many cell cycle genes (Barsotti and Prives, 2009; Flatt et al., 2000; Gottifredi et al., 2001; Jackson and Pereira-Smith, 2006; Jackson et al., 2005; Schvartzman et al., 2011) However, whether DREAM and RB coordinate their efforts to repress cell cycle genes in response to p53 activation of p21 is not known. Furthermore, whether DREAM and RB differentially regulate the early G1/S and late G2/M cell cycle genes is not known. Here, we sought to determine the specific roles of DREAM and RB in regulating cell cycle gene levels upon DNA damage.
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Cell culture
HFFs were grown in DMEM supplemented with 15% fetal bovine serum, 1% Pen/Strep (Gibco), and 1% GlutaMAX (Gibco) at 37C in 5% CO2. SaOS-2 cells with inducible p21 were a gift from Panagiotis Galanos and grown in DMEM supplemented with 10% fetal bovine serum, 1% pen/strep (Gibco), and 1% GlutaMAX (Gibco) (Galanos et al., 2016b). Cells were treated with 350nM doxorubicin (Cell Signaling), 250nM RG7388, or 1µg/ml doxycycline (Sigma-Aldrich). 

RNA sequencing and analysis
Total RNA was isolated from HFFs using Qiagen RNeasy plus kit, treated with DNase (Turbo DNA-free, Life Technologies), and quality control checked using Qubit, TapeStation, and qPCR. Libraries were prepared using Kappa stranded mRNA Hyper Prep and single-end sequenced using Illumina NS500. SaOS-2 total RNA was isolated using Qiagen RNAeasy plus kit, quality checked and quantified using the Agilent Bioanalyzer 2100 in combination with the RNA 6000 Nano Kit (Agilent Technologies). Libraries were constructed from 500ng of total RNA using TruSeq stranded mRNA Library Preparation Kit (Illumina) following the manufacturer’s description. Quantification and quality check of libraries was performed using the Agilent Bioanalyzer 2100 in combination with the DNA 7500 Kit. Libraries were pooled and sequenced in one lane on a HiSeq2500 in 51cycle/single-end/high-output mode. Reads were mapped to the Hg19 genome by STAR (Dobin et al., 2013). HTseq was used to generate count file with gene names(Anders et al., 2015). R package DESeq2 was used to normalize counts (mean-ratio method), calculate total reads, and determine differential gene expression(Love et al., 2014, p. 2). MA plots were generated to display differentially expressed genes. Principal component analysis showed sufficient clustering of biological replicates. Volcano plots were generated using R package EnhancedVolcano (Blighe, 2018). Heatmaps were generated using R package ggplot2 function heatmap.2 (Wickham, 2016). 

Publicly available gene expression profiles
Differential expression data of cell cycle genes for Nutlin-3a treated IMR90 and U2OS cells and doxorubicin treated MCF7 and U2OS cells were extracted from an earlier meta-analysis(Fischer et al., 2016). The expression data of Chicas et al. from shRB treated senescent IMR90 cells was retrieved from the GEO depository GSE19864 (Chicas et al., 2010). The data was curated using GEO2R (Clough and Barrett, 2016) for GSM496115 and GSM496116 against GSM496113 and GSM496114. The expression data of Takebayashi et al. from siRB treated senescent IMR90 cells was retrieved from the GEO depository GSE60652(Takebayashi et al., 2015). The data was curated using GEO2R for GSM1484213 and GSM1484214 against GSM1484211 and GSM1484212.

Cell Cycle Gene Lists
Predicted early (G1/S) and late (G2/M) cell cycle genes were extracted from an earlier meta-analysis (Fischer et al., 2016). A subset of ‘high-confidence’ G1/S and G2/M cell cycle genes displayed peak expression in G1/S or G2/M in at least 3 out of 5 cell cycle datasets. Gene lists are reported in the Appendix. 

RT-qPCR
For RT-qPCR in HFF samples, total RNA was isolated using Qiagen RNeasy plus kit. cDNA was synthesized using High-Capacity reverse transcription kit (Thermo). qPCR was performed using Brilliant III SYBR Master Mix using Aria Mx3000 real time PCR machine (Agilent Genomics). Ct values were normalized to ACTB and B2M. For RT-qPCR in SaOS-2 p21 samples, RT-qPCR was performed on a Quantstudio 5 (ThermoFisher) using the Power SYBR 
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	RT-qPCR primers

	Gene
	Forward
	Reverse

	ACTB
	GGACTTCGAGCAAGAGATGG
	AGCACTGTGTTGGCGTACAG

	B2M
	TGCTGTCTCCATGTTTGATGTATCT
	TCTCTGCTCCCCACCTCTAAGT

	BUB1
	CCTTTGGAGAACGCTCTGTC
	TGTGAAGTCTCCTGGGCTCT

	CCNB1
	GATGGAGCTGATCCAAACC
	GGATGGCTCTCATGTTTCC

	CDC6
	GAATGGTCCCCCTCACTCA
	GCAAGTGCCTTCTTGCTTG

	CDKN1A
	GGAAGACCATGTGGACCTGT
	GGATTAGGGCTTCCTCTTGG

	E2F1
	GCCATCCAGGAAAAGGTGT
	CAGCCACTGGATGTGGTTC

	KIF23
	ACTAACCGGACCAGAGCAGA
	TGGTTCTCTCTTAGGACATCCAT

	MCM5
	CCCATTGGGGTATACACGTC
	ACGGTCATCTTCTCGCATCT

	MYBL2
	CAGCAATGCCAGTACAGGTG
	CTCAGGGTTGAGGTGGTTGT

	ORC1
	TACCCCACAAGGCTGAAGAC
	CGGTGGAACAACCTTCTGTT

	PLK4
	CCACAGACAACAATGCCAAC
	GCAGATTCCCAAACCACTGT

	RBL1
	CTCTTTGCCTATAGCTCACCTC
	GCGGATCACCACCTCAATAA

	TP53
	GGAAGAGAATCTCCGCAAGAA
	CACGGATCTGAAGGGTGAAATA

	U6
	AACGCTTCACGAATTTGCGT
	CTCGCTTCGGCAGCACA



Green RNA-to-CT 1-Step Kit (ThermoFisher). Ct values were normalized to U6. Primer sequences are reported in Table 4.1. Detailed protocol for validation of primers is in Appendix.

Cell Cycle Analysis
To measure S phase, cells were incubated with 3 μg/mL BrdU (Sigma) for 1 hour before harvesting and fixation in 70% cold ethanol. Cells were permeabilized with 2N HCl and blocked with Super Block Buffer (Thermo) in 0.1 M sodium borate for incubation with anti-BrdU-FITC antibody (Fischer Scientific) and propidium iodide with RNase I before analysis by flow cytometry (BD FACS Canto II). To measure mitosis, cells were harvested and fixed in 4% formaldehyde and then 70% cold ethanol. Cells were incubated with anti-phospho-H3-Alexa488 antibody (Cell Signaling) and propidium iodide with RNase I before flow cytometry. Detailed protocol in Appendix.

siRNA knockdown
Cells were transfected with 5 pmol siRNA using Lipofectamine RNAiMAX Transfection Reagent (Life Technologies). Specific siRNA oligos are reported in Table 4.2. 

Protein Analysis
Whole cell lysates were prepared in EBC lysis buffer, resolved by SDS-PAGE, and immunoblotted on nitrocellulose membranes as previously described(Schade et al., 2019). To preform immunoprecipitations, whole cell lysates were incubated with antibody and magnetic Protein A/C beads overnight at 4°C. Beads were washed 5x with EBC lysis buffer and analyzed by immunoblot. Antibodies are reported in Table 4.3. 
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	siRNA oligos

	Target
	Company
	Catalog #

	Non-targeting
	GE-Dharmacon
	D-001210-01-05

	RBL1-pool
	GE-Dharmacon
	M-003298-02-0005

	RBL1-05
	GE-Dharmacon
	D-003298-05

	RBL1-06
	GE-Dharmacon
	D-003298-06

	TP53
	GE-Dharmacon
	L-003329-00-0005 

	CDKN1A
	GE-Dharmacon
	M-003471-00-0005
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	Antibodies

	Protein
	Company
	Catalog #

	Cyclin E
	Santa-Cruz Biotechnology
	HE-12

	E2F4
	Santa-Cruz Biotechnology
	C-20

	GAPDH
	Santa-Cruz Biotechnology
	sc-47724

	IgG
	Cell Signaling
	2729

	LIN9
	Bethyl 
	BL-2981

	MCM5
	Abcam
	ab17967

	p107
	Santa-Cruz Biotechnology
	C-18

	p130
	Santa-Cruz Biotechnology
	C-20

	p130-pS672
	Abcam
	ab76255

	p21
	Cell Signalling
	2946

	p53
	Thermo Scientific
	DO-1

	RB
	BD Pharmigen
	554136

	Vinculin
	Santa-Cruz Biotechnology
	H-10
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To determine if RB and p53 differentially affect levels of the early (G1/S) and late (G2/M) cell cycle genes, we first analyzed several publicly available gene expression data sets. We examined studies that assessed genome-wide changes in cell cycle gene levels before and after p53 was activated. We assembled lists of high confidence G1/S and G2/M cell cycle genes with peak levels occurring during the G1/S or G2/M phases respectively in at least three of five previously reported cell cycle datasets (Supplemental Tables 1, 2) (Bar-Joseph et al., 2008; Fischer et al., 2016; Grant et al., 2013; Peña-Diaz et al., 2013; Sadasivam et al., 2012; Whitfield et al., 2002). Activation of p53 by Nutlin-3a in cells with wild-type RB and p53, e.g. IMR90 and U2OS cells, led to the down-regulation of both G1/S and G2/M cell cycle genes (Figure 4.1A-B). Similarly, activation of p53 by the DNA damaging agent doxorubicin led to down-regulation of G1/S and G2/M cell cycle genes in MCF-7 and U2OS cells (Figure 4.1C-D).
We analyzed another study that assessed differential gene expression after expressing wild type p53 in SaOS-2, an osteosarcoma cell line that lacks functional p53 and RB (Schlereth et al., 2013). Increased levels of wild type p53 in SaOS-2 cells led to reduced levels of G2/M but not G1/S cell cycle genes (Figure 4.2). To determine if p21 would have a similar effect as p53 on cell cycle gene expression, we performed RNA-seq with SaOS-2 cells previously engineered to have doxycycline-inducible p21 (Galanos et al., 2016b). RNA was collected from SaOS-2 cells before and after p21 induction (Figure 4.3A-D, 4.4). As expected, induction of p21 led to increased levels of p21 transcript but no increases in other p53 response genes including MDM2, BAX, and PMAIP1 (Figure 4.3A-B). However, similar to the effect observed with p53 expression, expression of p21 in SaOS-2 cells led to reduced levels of G2/M but not G/S cell cycle genes (Figure 4.3B-D). 
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Figure 4.1: G1/S and G2/M cell cycle genes are repressed after p53 activation. (A-B) Differential expression of high confidence G1/S and G2/M cell cycle genes in IMR90 (A) or U2OS (B) cells treated with Nutlin-3a. Statistical analysis performed using Mann-Whitney test. (C-D) Changes in cell cycle gene expression in MCF-7 (C) or U2OS (D) cells treated with doxorubicin. P values indicated by * <0.05, **<0.01, and ***<0.001, NS = not significant. 
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Figure 4.2. G2/M cell cycle genes are repressed with p53 activation in SaOS-2 cells. Changes in levels of high confidence G1/S and G2/M cell cycle genes with inducible p53 in SaOS-2 cells. Statistical analysis performed using Mann-Whitney test. P values indicated by * <0.05, **<0.01, and ***<0.001, NS = not significant. 
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Figure 4.3: G1/S and G2/M cell cycle genes are differentially regulated after DNA damage in cells lacking RB or p53. (A) Normalized counts of p53 target genes in SaOS-2 cells with inducible p21. Statistical analysis performed using Student’s T-test comparing p21 OFF and ON samples. (B) Changes in levels of high confidence G1/S and G2/M cell cycle genes with p21 induction in SaOS-2 cells. Statistical analysis performed using Mann-Whitney test. (C-D) Normalized counts of G1/S (C) and G2/M (D) genes after p21 induction in SaOS-2 cells. Statistical analysis performed using Student’s T-test comparing p21 OFF and ON samples. P values indicated by * <0.05, **<0.01, and ***<0.001, NS = not significant. 


Figure 4.4. G2/M genes are repressed in SaOS-2 cells with p21 induction measured by RT-qPCR. RT-qPCR validation of p21 induction in SaOS-2 cells for indicated transcripts. Statistical analysis was performed using Student’s T-test. P values are as indicated as * for <.05, ** for <.01. NS indicates p value >.05.


To assess the specific contribution of RB on cell cycle gene levels after DNA damage conditions, we evaluated two independently performed and published datasets obtained from 
senescent IMR90 cells (Chicas et al., 2010; Takebayashi et al., 2015). When RB was knocked down in these cells using small hairpin RNA (shRNA) or small interfering RNA (siRNA), levels of G1/S but not G2/M cell cycle genes were increased compared to control RNAi treated cells (Figure 4.5A-B). Overall, these studies indicate that RB was required for p53 and p21 mediated down-regulation of G1/S cell cycle genes. Thus, in several immortalized and cancer cell types, we observed that RB was required to repress the G1/S cell cycle genes in a p53 and p21 dependent manner. In contrast, RB was not required to reduce levels of G2/M genes.

[bookmark: _Toc416501600][bookmark: _Toc416743994][bookmark: _Toc416904670]Reduced levels of cell cycle genes after DNA damage is dependent on p53 and p21 in HFFs.
	To assess the role of the RB, DREAM, and p53 on cell cycle gene expression in response to DNA damage in primary normal cells, we used human foreskin fibroblasts (HFFs). HFFs reliably enter into quiescence with decreased levels of cell cycle genes in response to reduced levels of serum and confluent cell culture conditions. Conversely, they reliably enter into the cell cycle after splitting a confluent plate of cells and replating in complete media. We recently reported that Cyclin D-CDK4 mediated phosphorylation of p130 is required to disrupt the DREAM complex in HFFs during cell cycle entry from mid-to-late G1 (18). 
To determine the role of p53 and p21 in regulating cell cycle gene expression, HFFs were transfected with siRNA against TP53, CDKN1A (p21), or a control siRNA for 48 hours, then split into fresh media containing doxorubicin and harvested 24 hours later (Figure 4.6A). Doxorubicin treatment led to increased levels of p53 and p21 protein and mRNA in control cells (Figure 4.6B, 4.7A). Doxorubicin treatment of control cells led to a significant reduction in levels of several early G1/S genes (CDC6, E2F1, MCM5, and ORC1) and late G2/M cell cycle genes (BUB1, KIF23, and PLK4) (Figure 4.7B-C). In contrast, when p53 was knocked down, we observed significantly increased levels of G1/S genes and no change in levels of G2/M genes in response to doxorubicin. Similarly, in cells with p21 knockdown, doxorubicin treatment led to increased 


Figure 4.5: G1/S genes are up-regulated in senescent cells with RB knockdown. (A-B) G1/S or G2/M gene expression after RB knockdown by shRNA(A) or siRNA(B) in senescent IMR90 cells. Statistical analysis performed using Mann-Whitney test. P values indicated by * <0.05, **<0.01, and ***<0.001, NS = not significant. 


Figure 4.6: Reduced levels of cell cycle genes after DNA damage is dependent on p53 and p21 in HFFs. (A) Schematic of experimental design for 4.6B, 4.7, 4.8. (B) Parental HFFs transfected with indicated siRNA were released from contact arrest into 350 nM doxorubicin and assessed by immunoblot after 24 hr.  



Figure 4.7: Reduced levels of cell cycle genes after DNA damage is dependent on p53 in HFFs. (A-C) Parental HFFs transfected with indicated siRNA were released from contact arrest into 350 nM doxorubicin and assessed by RT-qPCR after 24 hr for p53 target (A), G1/S (B) or G2/M (C) cell cycle genes. Student’s T-test was used to measure significance between indicated samples. P values are as indicated as * for <.05, ** for <.01, and *** for <.001. NS indicates p value >.05. 

levels of the G1/S genes CDC6 and E2F1 compared to control siRNA cells (Figure 4.8A-B). Levels of MCM5 and ORC1 were also significantly higher in the p21 knockdown cells compared to the control cells in response to doxorubicin. Levels of several G2/M genes were also higher in the p21 knockdown cells compared to control knockdown cells in response to doxorubicin (Figure 4.8C). These data indicate that repression of G1/S and G2/M cell cycle genes in HFFs after DNA damage was dependent on p53 and p21. 

[bookmark: _Toc416501601][bookmark: _Toc416743995][bookmark: _Toc416904671]G1/S Cell Cycle genes are deregulated after DNA damage in cells lacking RB.
While RB can repress G1/S cell cycle genes by inhibiting E2Fs, more recent data suggests a contributing role for the p130-containing DREAM complex in repression of G1/S genes during G0 and early G1 (Mages et al., 2017; Schade et al., 2019). To specifically test the roles of RB and p130 in response to DNA damage, we utilized primary HFFs with CRISPR-Cas9 mediated knockout of the RB1 (RB) or RBL2 (p130) genes. Disruption of the RB1 and RBL2 was confirmed by sequencing and reduced levels of protein by immunoblot of lysates from contact-arrested, serum-starved, quiescent cells (Figure 4.9A) (Schade et al., 2019). Increased levels of p107 (RBL1) and Cyclin E, early G1/S cell cycle genes, were consistently observed in the quiescent single knockout sgRB1 and double knockout sgRB1+sgP130 knockout cells compared to Control cells. Increased protein levels of p107 were also detected in the single knockout sgP130 cells (Figure 4.9A).
To determine if the presence or absence of p130 and RB affected levels of G1/S cell cycle genes after DNA damage, we split contact arrested knockout HFFs into increasing concentrations of doxorubicin and cultured for 24 hours before harvesting (Figure 4.9B). We observed a dose dependent increase in p53 and p21 levels with doxorubicin treatment in each cell line, indicating that loss of p130 or RB did not affect p53 activation (Figure 4.9B). Notably, levels of G1/S gene MCM5 protein were similarly decreased in Control and sgP130 cells after 



Figure 4.8: Reduced levels of cell cycle genes after DNA damage is dependent on p21 in HFFs. (A-C) Parental HFFs transfected with indicated siRNA were released from contact arrest into 350 nM doxorubicin and assessed by RT-qPCR after 24 hr for p53 target (A), G1/S (B) or G2/M (C) cell cycle genes. Student’s T-test was used to measure significance between indicated samples. P values are as indicated as * for <.05, ** for <.01, and *** for <.001. NS indicates p value >.05. 



Figure 4.9: HFFs lacking p130 and RB induce p53 in response to DNA damage and differentially repress MCM5 levels. (A) Immunoblot of HFFs with CRISPR-Cas9 mediated knockout of p130 and/or RB in contact arrest and serum starvation conditions. (B) Immunoblot of Control, sgP130, sgRB1, or sgRB1+sgP130 cells split into doxorubicin and harvested after 24 hours.

doxorubicin treatment but were not reduced in cells lacking RB alone or both RB and p130 (Figure 4.9B).
To measure the overall effect of RB and p130 loss on levels of G1/S and G2/M genes after DNA damage, we performed RNA-seq of sgP130, sgRB1, sgRB1+sgP130, and Control cells treated with doxorubicin. We performed pairwise analysis of each cell line in the presence or absence of doxorubicin and measured the log2 fold change for the early G1/S cell cycle genes (Figure 4.10A-D). Doxorubicin treatment significantly reduced the expression of the G1/S cell cycle genes in the Control and single sgP130 knockout cells (Figure 4.11A). In contrast, loss of RB alone reduced the effect of doxorubicin on G1/S cell cycle gene levels while the combined loss of RB and p130 nearly completely eliminated the response. Consistent with these striking differences in the G1/S cell cycle genes response, the number of G1/S cell cycle genes that showed differential expression was altered in the pairwise analysis (Figure 4.11B). The Control, sgP130, and sgRB1 cells revealed similar numbers (>300) of differentially expressed G1/S genes, while only 59 of 573 G1/S cell cycle genes changed significantly in response to doxorubicin in sgRB1+sgP130 cells. Similar results were observed when normalized RNAseq counts were compared (Figure 4.12A-G). To validate these observations, we performed RT-qPCR for several G1/S cell cycle genes (Figure 4.13A-D). Levels of G1/S cell cycle genes MCM5, CDC6, and E2F1 were significantly reduced in the Control and sgP130 cells, unchanged in the sgRB1 cells, but were significantly increased in the sgRB1+sgP130 knockout lines in response to doxorubicin treatment. The double sgRB1+sgP130 knockout cells consistently showed increased levels of G1/S genes compared to cells lacking RB or p130 alone in response to doxorubicin (Figure 4.12D-G). These results indicate that the double knockout sgRB1+sgP130 cells had impaired control of G1/S cell cycle genes after DNA damage compared to that observed in cells with loss of RB or p130 alone.

Figure 4.10: Heatmap of pairwise analysis of HFFs treated with 350 nM doxorubicin. (A-D) Heat-map of top 250 differentially expressed genes after doxorubicin treatment in indicated cell line. Identity as G1/S or G2/M gene from low stringency list of cell cycle genes (Supplemental Tables 3, 4). P53 target genes listed in Supplemental Table 5. 


Figure 4.11: RB and DREAM repress G1/S cell cycle gene expression after DNA damage. (A) Log2 fold change of high confidence G1/S genes measured by differential gene expression analysis comparing 0 nM to 350 nM doxorubicin treated samples for each cell line. Statistical analysis performed using Wilcoxon matched-pairs signed rank test. (B) Number of G1/S genes differentially expressed in pairwise differential gene expression analysis.


Figure 4.12: Normalized counts of representative high stringency G1/S cell cycle genes with different patterns of gene expression after doxorubicin treatment in sgRB1+sgP130 cells. (A-C): Category 1 genes are genes with increased expression in sgRB1+sgP130 cells in the presence of doxorubicin. (D-E): Category 2 genes are genes with unchanged gene expression in sgRB1+sg130 cells with doxorubicin. (F) Category 3 genes are significantly reduced in sgRB1+sgP130 cells although to a reduced level compared to Control. Statistical analysis using Student’s T-test between indicated samples. P values indicated as *<0.05, **<0.01, NS – non significant.


Figure 4.13: RB and DREAM repress G1/S cell cycle gene expression after DNA damage measured by RT-qPCR. (A-D) RT-qPCR analysis of G1/S cell cycle genes using same approach as C. Statistical analysis performed using student’s T-test. Statistical analysis performed using Student’s T-test. P values indicated as *<0.05, **<0.01, ***<0.001, ****<0.0001, NS – non significant. 
Differences in levels of G1/S cell cycle genes were not due to the changes in the cell cycle status after doxorubicin treatment or magnitude of p53 activation (Figure 4.14A-C, Supplemental Table 5). Furthermore, there were few differences in the overall gene expression pattern in untreated samples enriched for S phase when collected 24 hours after splitting confluent plates of cells and reseeding (Figure 4.15A-B). This result is consistent with our prior finding that the RB and p130 knockout HFFs have similar S phase levels and cell cycle gene expression levels at 24 hours after release from confluency (Schade et al., 2019).
To determine which genes were differentially expressed amongst doxorubicin treated cells, we performed To measure the overall effect of p130 and RB loss on levels of cell cycle genes in response to doxorubicin, differential gene expression analysis was performed in doxorubicin treated cells (Figure 4.16A). We generated a heat-map of the top 250 differentially expressed genes from all four cell lines treated with doxorubicin. Many (75) of the top 250 differentially expressed genes were early G1/S cell cycle genes (Figure 4.16A). A volcano plot comparing log2 fold change and adjusted p value revealed that the most significantly up-regulated genes were G1/S cell cycle genes including MCM5, CDT1, FAM111B, and E2F1. In contrast, the most significantly down-regulated genes were not predominately cell cycle regulated (Figure 4.16B). As expected, very few direct p53 target genes were differentially expressed consistent with the observation that p53 was activated to similar levels in response to doxorubicin in each of the cell lines when compared by pairwise analysis (Figure 4.15A-B). These data demonstrate that RB and p130 cooperate to control expression of G1/S cell cycle genes after DNA damage.

[bookmark: _Toc399370752][bookmark: _Toc416501602][bookmark: _Toc416743996][bookmark: _Toc416904672]RB is required to repress G1/S cell cycle genes after MDM2 inhibition. 
To test if the requirement for RB to repress G1/S cell cycle gene expression was intrinsic to doxorubicin treatment, we used an MDM2 inhibitor as an alternative method to activate p53 (Figure 4.17A-D). Parental HFFs were split into RG7388, a potent inhibitor of MDM2, and assessed for p53 response after 24 hours (Figure 4.17A) (Ding et al., 2013). We observed a 


Figure 4.14: HFFs without p130 and RB induce p53 and cell cycle arrest similarly after p53 activation. (A) BrdU positive single cells in indicated cell lines split into doxorubicin and harvested after 24 hours. Statistical analysis using Student’s T-test between indicated samples. (B) Log2 fold change of p53 direct target genes after doxorubicin treatment in pairwise analysis. (C) RT-qPCR of p21 transcript after indicated HFFs were split from contact arrest into doxorubicin and harvested after 24 hours. Statistical analysis using Student’s T-test between indicated samples P values indicated as *<0.05, **<0.01, ***<0.001, ****<0.0001, NS – non significant.


Figure 4.15: HFFs without p130 or RB have few differentially expressed genes 24 hours after splitting from contact arrest. (A) MA plot of differentially expressed genes in Control, sgP130, sgRB1, sgRB1+sgP130 cells split from contact arrest and harvested after 24 hours with no treatment with doxorubicin. (B) Volcano plot of differentially expressed genes in A. 

Figure 4.16: HFFs with p130 and RB knockout treated with doxorubicin differentially express G1/S and G2/M genes. (A): Heatmap comparing top 250 differentially expressed genes amongst doxorubicin treated samples for each cell line with G1/S, G2/M or p53 target gene categorization indicated. (B) Volcano plot of differentially expressed genes from (A) with cut off of log2 fold change of 1.5 and adjusted p value of 10-16. 


Figure 4.17: RB is required to repress G1/S cell cycle genes after MDM2 inhibition. (A) Parental HFFs were split from contact arrest into range of RG7388 and assessed after 24 hours by immunoblot using indicated antibodies. (B-C) RT-qPCR of p21(B) or MCM5 (C) from Control, sgP130, sgRB1, and sgRB1+sgP130 cells were split from contact arrest into doxorubicin.  (D) Same as B, but BrdU incorporation was measured by flow cytometry. Student’s T-test was used to measure significance between indicated samples. P values are as indicated as * for <.05, ** for <.01, *** for <.001, and **** for <.0001. NS indicates p value >.05. 

dose dependent increase in p53 and p21 protein levels in response to RG7388. MDM2 inhibition led to similar levels of p53 activation as measured by the increase in p21 mRNA levels 
regardless of RB or p130 status (Figure 4.17B). Similar to the doxorubicin treated cells, MDM2 inhibitor treated control and p130 knockout cells showed a significant reduction in the levels of the early G1/S gene MCM5 (Figure 4.17C). However, in cells lacking RB alone (sgRB1) or both RB and p130 (sgRB1+sgP130), a decreased response of MCM5 to MDM2 inhibition was evident (Figure 4.17C). Differences in gene expression were not due to alterations in the cell cycle status (Figure 4.17D). These data indicate that RB was required for reduced levels of G1/S cell cycle genes after p53 activation by either doxorubicin or MDM2 inhibition. Furthermore, while loss of p130 alone did not affect the response of G1/S genes to p53 activation, combined loss of p130 and RB consistently led to a near complete lack of response.

[bookmark: _Toc399370753][bookmark: _Toc416501603][bookmark: _Toc416743997][bookmark: _Toc416904673]P130 contributes to the repression of G2/M cell cycle gene expression after p53 activation. 
We observed that some G2/M cell cycle genes were differentially regulated in cells lacking p130 alone, or in combination with RB loss after doxorubicin treatment (Figure 4.16A). To compare the effect of p130 and RB on G2/M cell cycle genes after doxorubicin treatment, we determined the log2 fold change of high confidence G2/M cell cycle genes in response to doxorubicin treatment in each cell line analyzed pairwise (Figure 4.18A). Levels of G2/M cell cycle genes were significantly reduced after doxorubicin treatment in all cell types tested although the levels were less repressed in the double RB-p130 knockout cells compared to RB or p130 alone knockout cells (Figure 4.18A). In contrast to the lack of response of the early cell cycle G1/S genes, the late cell cycle G2/M genes were sensitive to the loss of p130 alone. In addition, loss of both RB and p130 led to even further loss of repression of the G2/M genes. Notably, more than 225 of 433 G2/M genes were differentially expressed after doxorubicin treatment of Control, sgP130, and sgRB1 cells. In contrast, less than half of these genes were 


Figure 4.18: DREAM controls G2/M cell cycle genes after DNA damage. (A) Log2 fold change of high confidence G2/M genes measured by differential gene expression analysis comparing 0 nM to 350 nM doxorubicin treated samples for each cell line. Statistical analysis performed using Wilcoxon matched-pairs signed rank test. (B) Number of G2/M genes differentially expressed in pairwise differential gene expression analysis. (C-E)  Normalized counts of CCNF (C), PLK4 (D), and NUSAP1 (E) after doxorubicin treatment. Statistical analysis performed using student’s T-test. (F) Immunoblot of lysates prepared from p130, LIN9, and IgG immunoprecipitations using lysates from HFFs split into doxorubicin and harvested after 24 hours. (G-H) RT-qPCR of G2/M cell cycle genes in HFFs serum starved, contact arrested, and treated with RG7388 (250 nM) for 48 hours.  Statistical analysis performed using student’s T-test. P values indicated as *<0.05, **<0.01, ***<0.001, ****<0.0001, NS – non significant.
differentially expressed in the sgRB1+sgP130 cells (Figure 4.18B). The normalized counts of CCNF, PLK4, and NUSAP1, three G2/M late cell cycle genes, were significantly higher in the sgRB1+sgP130 doxorubicin-treated cells compared to p130 and RB knockout cells (Figure 4.18C-E).
We recently reported that Cyclin D-CDK4 mediated phosphorylation of p130 is required to disrupt the DREAM complex in HFFs during cell cycle entry from mid-to-late G1 (Schade et al., 2019). To determine the effect of doxorubicin on the DREAM complex, we prepared lysates from parental HFFs before or after treatment with doxorubicin. Doxorubicin treatment led to reduced levels of p130-pS672, a marker of cyclin D-CDK4 activity (Figure 4.18F). In addition, doxorubicin treatment led to increased levels of co-precipitation by unphosphorylated p130 and the MuvB component LIN9. Furthermore, p130 and LIN9 more efficiently co-precipitated E2F4 and LIN54, another MuvB component, after doxorubicin treatment (Figure 4.18F).
To assess the contribution of p130 and RB to repression of G2/M cell cycle genes during quiescence and p53 activation conditions, Control, sgP130, sgRB1, and sgRB1+sgP130 cells were cultured to confluency, serum starved for an additional 48 hours, and then treated with the MDM2 inhibitor RG7388. The p130 knockout cells showed a small but significant increase in levels of PLK4 and KIF23, two G2/M cell cycle genes, compared to control cells in response to these conditions (Figure 4.18G – H).

[bookmark: _Toc399370754][bookmark: _Toc416501604][bookmark: _Toc416743998][bookmark: _Toc416904674]P107 contributes to the repression of G2/M cell cycle gene expression in G0 and after DNA damage.
Given the effect of p130 on the levels of the G2/M cell cycle genes in response to doxorubicin and MDM2 inhibition (Figure 4.18E-G) and the increase in p107 protein levels in p130 knockout cells (Figure 4.9A), we suspected that p107 could contribute to repression of the G2/M cell cycle genes in response to p53 activation. Of note, we reported that p107 can bind to MuvB in sgRB1+sgP130 cells but was unable to contribute to repression of G1/S genes (Schade et al., 2019). To test if p107 contributed to repression of G2/M genes after p53 activation, sgP130 and sgRB1+sgP130 cells were transfected with siRNA against p107 or a control sequence, released from contact arrest by splitting, and treated with doxorubicin for 24 hours. Knockdown of p107 in either sgP130 or sgRB1+sgP130 cells led to a significant increase in expression of several G2/M cell cycle genes compared to control cells when treated with doxorubicin (Figure 4.19A-D). Knockdown of p107 using a pool of five siRNAs or two independent siRNAs did not affect the increase in levels of p21 in response to doxorubicin (Figures 4.20A-C). However, knockdown of p107 led to a significantly reduced level of down-regulation of three G2/M cell cycle genes (BUB1, PLK4, and KIF23) compared to control siRNA after doxorubicin treatment (Figure 4.20D-F). 
Given the apparent contribution of p107 to repressing G2/M late genes under DNA damage conditions, we asked if p107 could also contribute to repression of the G2/M genes in quiescent cells (Figure 4.21A-C). Knockdown of p107 in cells lacking p130 alone or lacking both p130 and RB led to a significant increase in levels of several G2/M cell cycle genes. Conversely, to test if p107 contributed to cell cycle progression, sgRB1+sgP130 cells were transfected with siControl or siP107 and treated with nocodazole to accumulate cells in mitosis and analyzed by flow cytometry (Figure 4.210D-E). Knockdown of p107 led to a significant increase in the mitotic index particularly in cells lacking p130 and RB. This data provides a specific role for p107 as a repressor of the late, G2/M, cell cycle genes during cellular quiescence, progression to mitosis and in response to DNA damage. 



Figure 4.19: P107 contributes to shut down of G2/M cell cycle gene expression after doxorubicin treatment in cells lacking p130. (A-D) sgP130 or sgRB1+sgP130 HFFs were seeded at 70% density, transfected 24 hours later with siRNA against RBL1 or Control sequence, and split from contact arrest after 48 hours into doxorubicin (350 nM). Cells were collected 24 hours after release and assessed using primers for indicated transcript. Statistical analysis using Student’s T-test between indicated samples. P values indicated as *<0.05, **<0.01, NS – non significant. 

Figure 4.20: p107 represses expression of G2/M cell cycle genes in cells lacking p130 and RB after DNA damage. (A) Immunoblot of sgRB1+sgP130 HFFs transfected with siRNA and harvested after 48 hours of contact arrest. (B) RT-qPCR of sgRB1+sgP130 cells transfected with siRNA and after 48 hr split into doxorubicin for 24 hours. Data normalized to siControl. (C-F) Same as B but data are normalized to 0nM for each siRNA condition. Student’s T-test was used to measure significance between indicated samples. P values are as indicated as * for <.05, ** for <.01, and *** for <.001. NS indicates p value >.05. 

[image: ]
Figure 4.21: p107 represses expression of G2/M cell cycle genes in cells lacking p130 and RB in G0. (A-C) RT-qPCR of HFFs with indicated genotype transfected with siRNA and harvested after 48 hours of contact arrest. (D) Same as A, but cells were split into nocodazole and harvested at 30 hours and analyzed by flow cytometry using antibody against phospho-H3 and propidium iodide. (E) Quantification of pH3+ cells in D.  Student’s T-test was used to measure significance between indicated samples. P values are as indicated as * for <.05, ** for <.01, and *** for <.001. NS indicates p value >.05.

[bookmark: _Toc416501605][bookmark: _Toc416743999][bookmark: _Toc416904675]DISCUSSION
Here, we demonstrated that G1/S and G2/M cell cycle genes are differentially regulated in a p53 and p21 dependent manner. RB is required for reduced levels of G1/S cell cycle genes after p53 activation and p130-DREAM contributes to this RB mediated effect on the repression of G1/S genes. By comparing the responses of knockout HFF lines, we observed that RB and p130 cooperate to repress G1/S cell cycle gene expression after p53 activation. Our finding is consistent with previous reports that DREAM and RB cooperate to repress G1/S cell cycle genes during the normal cell cycle (Mages et al., 2017; Schade et al., 2019). In both examples, RB had a dominant role in reducing levels of the early G1/S cell cycle genes. While p130 loss alone had little effect on the G1/S genes during normal cell cycle progression or in response to DNA damage, when p130 loss was accompanied by RB loss, then the G1/S genes had nearly no response to the p53 and p21 response to DNA damage. In contrast, loss of p130 alone, or when combined with loss of p107, led to significant de-repression of the G2/M late cell cycle genes in quiescence and in response to DNA damage.
Our study further demonstrates that p53 mediated down-regulation of cell cycle genes can be functionally separated into the direct repression of G1/S genes by DREAM and RB and direct repression of G2/M genes by p130 and p107. This functional difference in regulation of G1/S and G2/M cell cycle genes expression has important implications in cancer. While RB is frequently mutated in cancer, p130 and p107 typically remain intact and could contribute to selective repression of the G2/M cell cycle genes when p53 is activated. RB loss would specifically deregulate the G1/S genes in response to DNA damage. Cancer cells with an intact p53 and p21 response but inactive RB may respond differently to DNA damaging agents. 
We provide evidence for a specific and previously unappreciated role for p107. We observed that knockdown of p107 in cells lacking p130 and RB led to a substantial increase in G2/M cell cycle gene expression in quiescent cells. Since p107 is an G1/S cell cycle gene, its expression peaks during S phase when p130 is inactivated and degraded(Cobrinik et al., 1996; Hurford et al., 1997). p130 and p107 function to compensate for each other during mouse development, as double knockout mice displayed severe developmental defects and delays while single knockouts of either p130 or p107 were viable and fertile (Cobrinik et al., 1996; Lee et al., 1996; Ruiz et al., 2003; Yeh et al., 2007).  Notably, p107 is not expressed during G0 and G1 when DREAM is active. However, in cells lacking p130, p107 levels increased and contribute to repression of G2/M cell cycle genes in quiescence and in response to doxorubicin. It is also possible that p107 contributes to repression of G2/M cell cycle genes during the G2/M phase. We observed, that depletion of p107 led to an increased tendency of sgRB1+sgP130 cells to progress to mitosis. Importantly, p107 has been shown to interact with MuvB in cells and in vitro although no specific role has been attributed to p107 previously (Guiley et al., 2015; Mark Pilkinton et al., 2007; Schade et al., 2019; Schmit et al., 2007). Given our previously reported observation that p107 interacts with MuvB in HFF cells lacking p130 , we propose that p107 forms a DREAM-like complex to repress G2/M cell cycle genes(18)(1–4) (Schade et al., 2019).  This role of p107 in the repression of G2/M cell cycle genes when p130 levels are reduced may operate in cells undergoing a DNA damage response. 
Activation of p53 mediated induction of p21 may also result in reduced activation of the MMB-FOXM1 complex. Cyclin A-CDK phosphorylation of B-MYB contributes to its ability to trans-activate G2/M cell cycle genes (Bessa et al., 2001; Lane et al., 1997). Since p21 inhibits Cyclin A-CDK2, p53 activation may also result in the repression of G2/M cell cycle genes by reduced levels of B-MYB phosphorylation. B-MYB binding to MuvB facilitates interaction with CHR elements in the G2/M cell cycle gene promoters (Mannefeld et al., 2009; Marceau et al., 2016, p. 54; Müller et al., 2012). It has been reported that B-MYB has reduced binding to the MuvB core in DNA damage conditions. These effects of p53 and p21 on CDK activity and the MMB-FOXM1 complex may explain why loss of RB, p130, and p107 did not completely restore G2/M cell cycle gene levels in doxorubicin treated cells (Figure 4.20D-F). 
In conclusion, we demonstrate that G1/S and G2/M cell cycle genes are differentially regulated during activation of p53 and p21 (Figure 4.22). p53 activation by DNA damage or MDM2 inhibition leads to increased levels of p21 that subsequently inhibits CDK activity leading to decreased levels of phosphorylated RB and p130 and repression of E2F activity and reduced
levels of the G1/S early cell cycle genes. p53 activation of p21 promotes the formation of an intact DREAM complex containing p130 with E2F4 and MuvB and a DREAM-like complex containing p107 and MuvB. P130-DREAM contributes to reduced levels of G2/M cell cycle genes and p107 can perform a similar function when p130 is lost. Together, our results support a model of control of cell cycle gene expression by p53 where RB and DREAM cooperate to repress G1/S cell cycle genes while DREAM and p107 represses G2/M cell cycle genes. 



Figure 4.22: Model for DREAM and RB repression of cell cycle gene expression after p53 activation. p53 activation by DNA damage or inhibition of MDM2 results in increased expression of p21 and inhibition of Cyclin E-CDK2. Decreased CDK2 activity results in restoration of RB and DREAM mediated repression of G1/S cell cycle gene expression. Furthermore, DREAM and p107-DREAM are able to bind and repress G2/M cell cycle genes, promoting cell cycle arrest.

[bookmark: _Toc416501606][bookmark: _Toc416744000][bookmark: _Toc416904676]Chapter V: Discussion and Conclusions

[bookmark: _Toc416904677]Summary of findings
	In this dissertation, we sought to determine the mechanisms of DREAM and RB control of cell cycle gene expression during G0 and G1 as well as during p53 mediated cell cycle arrest. In particular, we determined the mechanism of DREAM complex disruption during cell cycle entry. In addition, we demonstrated the cooperative ability of DREAM and RB to repress cell cycle gene expression and respond to CDK4 inhibition with palbociclib, as well as the differential ability to repress G1/S and G2/M genes after p53 activation. 
In Chapter II, we show that the DREAM complex is disrupted in two steps during cell cycle entry from G0. To pursue this goal, we established a system for measuring cell cycle entry in primary human foreskin fibroblast cells (HFFs) (Figure 2.1-2). HFFs reliably enter in quiescence after contact arrest and serum starvation and can be stimulated to enter S phase by splitting and allowing the cells to reattach to tissue culture dishes and progress into the cell cycle. Using this method, we were able to measure changes during cell cycle entry from G0, early G1, and late G1 over the course of the initial 12 hours after release. Since p130 becomes phosphorylated during entry from G0 and p130 phosphorylation is associated with its inactivation, we hypothesized that DREAM complex would be disrupted during the initial 12 hours of cell cycle entry (Figure 2.3-4). We found DREAM complex was disrupted in two steps during cell cycle entry. p130 becomes phosphorylated and loses its interaction with E2F4 but maintains its interaction with MuvB. In late G1, phosphorylated p130 continues to bind MuvB components LIN9 and LIN54 (Figure 2.4). This loss of interaction with E2F4 coincides with p130 and MuvB loss of promoter occupancy at both G1/S and G2/M cell cycle genes (Figure 2.5). During G1, p130 is phosphorylated in a Cyclin D-CDK4 dependent manner (Figure 2.6). Treatment with an inhibitor of Cyclin D-CDK4 is sufficient to reduce cell cycle gene expression and p130 phosphorylation using an antibody to p130-pS672 (Figure 2.6). Furthermore, Cyclin D-CDK4 inhibition prevents DREAM complex disruption during cell cycle entry, even when the inhibitor is given after 6 hours of cell cycle entry (Figure 2.9). We propose a model in which p130 and MuvB first dissociate from chromatin and have weakened interaction with E2F4. In late G1, E2F4 has reduced occupancy at promoters that is further reduced in S phase. 
	In Chapter III, we demonstrate that DREAM and RB cooperate to control cell cycle gene expression during G0 and G1, reflective of the functionally independent roles of DREAM and RB. We extended the use of HFFs by generating derivatives with p130 knockout, RB knockout, and p130 and RB double knockout (Figure 3.1). Although these cells all had similar cell cycle profiles and proliferation kinetics, cells lacking both p130 and RB have significant increase in G1/S gene expression compared to cells lacking p130 or RB alone (Figure 3.2-3). Surprisingly, despite high levels of p107 after RB and p130 loss, we did not find evidence for simultaneous binding of p107 to E2F4 and MuvB to form a complete p107-DREAM complex (Figure 3.4). Instead, we observed that p107 forms a DREAM-like complex composed of either p107-MuvB or p107-E2F4. Despite the presence of an intact p107-E2F4 interaction in RB+p130 double knockout cells, knockdown of p107 in these cells did not result in robust changes in G1/S cell cycle gene expression. This result indicates that p107 does not strongly contribute to the repression of G1/S genes in the absence of p130 and RB (Figure 3.5).
Building on the meta-analysis of DREAM and RB target genes, we found that there was no evidence of genes solely repressed by RB that were not also repressed by the DREAM complex (Figure 3.6). Since p130 and RB are both negatively regulated by Cyclin D-CDK4 and p130 and RB cooperate to repress cell cycle gene expression and cell cycle progression, we hypothesized that cells lacking p130 and RB would show reduced sensitivity to CDK4 inhibition (Figure 3.7). Indeed, we found HFFs lacking both p130 and RB showed significant loss of sensitivity to palbociclib compared to RB loss alone. These results were extended when we tested DREAM and RB activity in two palbociclib-sensitive cancer cell lines (Figure 3.9-10). We found that DREAM and RB status contribute to palbociclib sensitivity in normal and certain cancer cell lines. These findings demonstrate tumor suppressor role of DREAM. 
	In Chapter IV, we sought to determine the role of DREAM and RB in the repression of G1/S and G2/M cell cycle genes after p53 activation in cancer and normal cell lines. Since p53 activation results in cell cycle arrest in a p21 dependent manner, we hypothesized that p21 expression could restore DREAM and RB activity since p21 inhibits Cyclin-CDK complexes. We found that p53 activation of p21 expression reduces levels of G1/S and G2/M cell cycle genes in a variety of normal and cancer cell lines (Figure 4.1, 4.6-8). By analyzing publically available datasets, we observed that despite restoration of p53 activity in SaOS-2 cells (RB and p53 null), it was unable to reduce G1/S cell cycle gene expression, suggesting a potential role for RB in repression of G1/S genes (Figure 4.2-4). Using RB and p130 knockout HFFs, we found that RB and p130 cooperate to repress G1/S cell cycle genes after DNA damage by doxorubicin treatment in cells with active p53 (Figure 4.9-17). In contrast, we found that p130 cooperates with p107 to repress G2/M gene expression after doxorubicin treatment (Figure 4.17-20). We also observed a specific role of p107 to repress G2/M gene expression and entry into mitosis in HFFs lacking RB and p130 (Figure 4.21). Our data advances the emerging model that p53 activation promotes cell cycle arrest through p21 induction to reduce levels of cell cycle genes and demonstrates specific roles for RB, p130-DREAM, and p107. Furthermore, we demonstrate that G1/S and G2/M genes are differentially regulated after p53 activation. 

[bookmark: _Toc416904678]Mechanism of DREAM complex disruption during cell cycle entry.
The data described in this manuscript are some of the first to specifically and temporally measure DREAM complex disruption during cell cycle entry. Our findings provide insight into the fundamental mechanism that underlies how cells are able to reenter the cell cycle through dissociation of the DREAM complex by Cyclin-CDK complexes. We provide novel insight into the mechanism of DREAM complex disassembly in that it is a temporally distinct two step process in which E2F4 becomes dissociated from p130 and LIN9 which persist as a sub-complex into late G1. We showed that phosphorylated p130 interacts with MuvB, but not E2F4 in late G1. We also showed that p130 and LIN9 dissociate from G1/S and G2/M promoters in early G1 but that E2F4 persists longer. It was recently reported that continuous treatment (16 hr) with palbociclib increased p130 interaction with LIN37 (MuvB component) in T98G cells (Guiley et al., 2015). This result may be an indirect effect in that palbociclib treatment could arrest the cells earlier in G1 where p130-MuvB interaction is more likely. We propose a model in which p130 and MuvB first dissociate from chromatin and have weakened interaction with E2F4. In late G1, E2F4 has reduced occupancy at promoters that is further reduced in S phase. 
The functional importance of phosphorylated p130 bound to MuvB is not immediately clear from the data. The p130-MuvB sub-complex may persist to allow for rapid assembly of DREAM on chromatin in the event of some anti-proliferative signal such as DNA damage. This hypothesis is bolstered by the observation that LIN52-pS28 has low protein stability when not bound to p130 (Iness et al., 2019). A reasonable hypothesis would be that phosphorylated p130 binds MuvB throughout G1 even when not bound to DNA to protect LIN52 from proteasomal degradation. 
Phosphorylation of p130 during early G1 resulted in loss of interaction with E2F4 but not with MuvB. The finding that this phosphorylation interfered with E2F4 binding is supported by initial studies demonstrating that Cyclin-CDK treated purified p130 protein had reduced binding to E2F4 (Hansen et al., 2001). Also, p130 phosphorylation in a Cyclin D-CDK4/6 dependent manner was observed to reduce E2F4 binding affinity in cell based assays (Farkas et al., 2002; Hansen et al., 2001). Although we studied the phosphorylation of p130 primarily though a p130-pS672 specific antibody, we cannot make the conclusion that this site specifically plays any role in disruption of the DREAM complex. It is likely that other Cyclin-CDK sites are also phosphorylated at the same time. Alternatively, the finding that p130-pS672 interacts with MuvB may not be generalizable to all phospho-p130 species. Regardless, it is clear that phosphorylation of p130 regulates its binding to both E2F4 during early G1 and likely MuvB sometime between late G1 and mid S phase when the 24 hour time point is taken. 
With these points recognized, phosphorylation of p130 on S672 may be functionally important for its interaction with E2F4. Phosphorylation of RB at S608, the analogous site to p130-S672, results in a conformational change in RB that blocks E2F binding. If a similar structural mechanism exists in p130, this could explain lack of p130-pS672- E2F4 interaction in late G1 (Burke et al., 2014). Further analysis of p130 phosphorylation during cell cycle entry is may uncover the mechanism of p130-MuvB dissociation. A set of single phosphorylation site mutants analogous to those created for RB could be created in p130 to specifically test the role of each phosphorylation site in DREAM complex disruption (Narasimha et al., 2014; Sanidas et al., 2019). 
Mono-phosphorylation of RB by Cyclin D-CDK4/6 results in significant changes in binding partners and transcriptional networks (Sanidas et al., 2019). Since p130 has 19 CDK sites and is regulated in a similar manner to RB, a reasonable hypothesis would be that mono-phosphorylated forms of p130 could have distinct binding partners or ability to bind E2F4 and MuvB. Alternatively, the phosphorylation of p130 may play a more sequential role previously attributed to RB in which early phosphorylation of p130 results in release of E2F4 and late phosphorylation fully inactivates p130 and MuvB is released. Also, phosphorylation of p130 promotes its degradation in S phase (Bhattacharya et al., 2003). Phosphorylation of serine 672 (p130-pS672) is recognized by SKP2 and is required for its degradation (Bhattacharya et al., 2003). The functional importance of p130 phosphorylation sites should be studied experimentally as it would provide insight into the mechanism of DREAM complex repression of cell cycle gene expression. 

[bookmark: _Toc416904679]Role of Cyclin E-CDK2 in DREAM complex disruption is unknown.
	In this dissertation, we showed that DREAM complex disruption was inhibited when cells were treated with Cyclin D-CDK4 inhibitor palbociclib. p130 contains 19 CDK consensus sequence sites (S/T-P) and can be phosphorylated by both Cyclin D-CDK4/6 and Cyclin E-CDK2 in vitro (Farkas et al., 2002; Hansen et al., 2001). Cyclin-CDK phosphorylation promotes loss of p130-E2F4 interaction as shown by mutation of CDK consensus sites or overexpression of p16, a cellular CDK4/6 inhibitor (Farkas et al., 2002; Hansen et al., 2001). However, because no specific inhibitor of CDK2 is available, we were unable to measure the role of Cyclin E-CDK2 activity in DREAM complex disruption. CVT-313 is tool compound used for repression of Cyclin E-CDK2 activity (Brooks et al., 1997). However, we and others found that CVT-313 has potent inhibitory activity against other CDKs including those that regulate transcription (Jorda et al., 2018; Schade et al., 2019). Since we were testing the role of a transcriptional repressor, use of this compound was not suitable since we could not distinguish the effects of RB and DREAM repression of cell cycle gene expression from broad repression of transcriptional CDKs by CVT-313. Unfortunately, all other published CDK2 inhibitors also have poor selectivity for the CDK2 kinase (Jorda et al., 2018).
	Cyclin E-CDK2 may contribute to the loss of p130-MuvB interaction in S phase. We observed that Cyclin D-CDK4/6 dependent phosphorylation of p130 contributes to release of E2F4, but not MuvB. We also observed that continuous Cyclin D-CDK4/6 activity was required to maintain p130 phosphorylation during G1, even after Cyclin E levels increased. Cyclin D-CDK4/6 sufficiency to disrupt the DREAM complex will be a paradigm shift since Cyclin D-CDK4/6 is not thought to be sufficient to fully inactivate the RB protein (Narasimha et al., 2014). We could test if Cyclin D-CDK4/6 activity is sufficient to disrupt DREAM by inhibting CDK2 activity. We could use a chemical genetics approach by introducing an analog sensitive mutation into the ATP binding pocket of CDK2 to sensitize it to adenine analog inhibitors with bulky adducts (Lopez et al., 2014; Wohlbold et al., 2012). Using the analog sensitive CDK2 mutant, we could use labeled bulky ATP analogs that would specifically label direct targets. Some evidence exists for Cyclin-CDK phosphorylation of MuvB components, although their specific roles during cell cycle entry are unknown (Odajima et al., 2016). Using HFFs with CDK2-analog sensitive mutation during cell cycle entry could unveil the mechanism of loss of p130-MuvB interaction during the passage from late G1 to S phase. 

[bookmark: _Toc416904680]Mechanism of DREAM complex repression of gene expression is unclear.
	The mechanism by which DREAM binding to G1/S and G2/M cell cycle gene promoters represses the expression of those genes is not well understood. Although RB has been reported to associate with chromatin modifiers directly, the modifiers DREAM may recruit remain opaque (Brehm and Kouzarides, 1999; Narita et al., 2003). One recent paper showed an association of the DREAM complex with SIN3B/HDAC1, a histone deacetylase whose activity is associated with repression of gene expression (Bainor et al., 2018).
	One potential mechanism of repression of gene expression is by RBBP4. RBBP4 is a chromatin binding protein that binds both histone 3 and histone 4 (Murzina et al., 2008; Zhang et al., 2013). RBBP4 interacts with many chromatin writers and readers that promote repression of gene expression including HDAC3 and the NuRD complex (Alqarni et al., 2014; Nicolas et al., 2000; Sanidas et al., 2019). Whether RBBP4 could recruit additional chromating modifiers to the DREAM complex is not known. The specific requirement for RBBP4 for DREAM repression of cell cycle genes has also not been tested. 
The addition of repressive or activating marks on histones at promoters and enhancers of cell cycle genes may regulate their expression. To understand the landscape of cell cycle gene expression after RB and p130 loss, it would be interesting to perform ChIP-seq experiments for a variety of histone variants associated with repression and activation. We could compare the differences of histone modifications at G1/S and G2/M cell cycle genes in sgRB1, sgP130, and sgRB1+sgP130 HFFs. To assess changes in chromatin accessibility around cell cycle gene promoters and enhancers, we could complete ATAC-seq and compare in cells lacking RB, p130, or both. We could also complete these experiments in cells lacking RBBP4 or mutants of RBBP4 that cannot bind NuRD or HDAC3 complexes.
	Understanding how DREAM represses gene expression is an essential question that distinguishes DREAM from RB. RB repression of gene expression is by physically restraining the transactivation domain of activator E2F proteins to prevent the expression of the bound promoters (Burke et al., 2014, 2010; Rubin et al., 2005). In contrast, DREAM uses repressor E2Fs to bind to the G1/S cell cycle promoters. What molecularly distinguishes activator and repressor E2Fs is not immediately clear. In fact, E2F1-5 show remarkably plasticity during normal mouse development in which E2F1 can function as a repressor in differentiated cells (Chong et al., 2009; Kusek et al., 2000). Furthermore, the distinct roles of E2F1-3 as activators and E2F4-5 as repressors does not seem to hold up in all tissue specific contexts (Ebelt et al., 2005; Leone et al., 2001; Wu et al., 2001). 
	Further analysis of DREAM complex mechanism of repression of gene expression will lead to interesting insights into the process by which cells maintain a resting non-proliferative state during quiescence. The chromatin landscape of cell cycle genes in quiescent, senescent, and cycling cells will likely be different and will determine the expression of cell cycle genes. 

[bookmark: _Toc416904681]Mechanism of E2F4 loss of chromatin binding in G1 may be Cyclin E-CDK2 dependent. 
	DREAM complex is disrupted in two steps during cell cycle entry from G0. Surprisingly, we found that although p130 and MuvB lose interaction with chromatin after 6 hours of cell cycle entry, E2F4 persistently binds at time points it has weakened interaction with p130 and MuvB. By 12 hours in late G1, E2F4 loses its interaction with cell cycle promoters. One unresolved question from this data is the mechanism of E2F4 loss of interaction with chromatin. To determine the mechanism of loss of E2F4 from cell cycle promoters during G1, I would propose several experiments.
	It would be essential to demonstrate that the promoter occupancy kinetics we observed in Chapter II are generalizable to a large set of G1/S and G2/M cell cycle promoters. I propose to determine p130, E2F4, MuvB and E2F1 occupancy at DREAM regulated promoters during cell cycle reentry using an unbiased approach of ChIP-seq. ChIP-seq will enable an unbiased and global view of chromatin association kinetics of DREAM members and E2F1 during G1. Furthermore, use of primary HFFs will allow the temporal resolution of events during G1 that were impossible to distinguish using transformed cells synchronized in G0 or S phase (Litovchick et al., 2007). We could analyze the kinetics of DREAM complex components occupancy at G1/S and G2/M cell cycle promoters. We would obtain a global and unbiased view of promoter occupancy of p130, LIN9, E2F4, and E2F1 during cell cycle reentry from G0. We expect that p130 and LIN9 will lose occupancy from cell cycle regulated promoters early during G1 while E2F4 persists longer. We expect that E2F1 will gain occupancy at these promoters during mid to late G1. Analysis of promoter occupancy kinetics of DREAM and E2F1 in the same study would allow the first direct comparison of activating and repressive E2Fs, giving mechanistic insight to their relationship during G1(Chen et al., 2009). We would learn about how cell cycle regulated genes are co-regulated by similar proteins in a cell cycle status dependent manner. 
	The mechanism of loss of E2F4 from promoters is unknown but our data in Chapter II suggests that it is not dependent on its interaction with p130 and MuvB. One possible mechanism of E2F4 loss of interaction with chromatin is that it is exported from the nucleus. E2F4 subcellular localization is known to be dependent on cell cycle status. Our ChIP-qPCR and subcellular fractionation experiments suggest that E2F4 export from the nucleus is not exclusively dependent on its association with the DREAM complex. E2F4 contains two nuclear export signals that result in its export into the cytoplasm in S phase in a CRM-1 dependent manner (Gaubatz et al., 2001). Our observation that E2F4 persists in the nucleus during G1 after release from p130-MuvB is consistent with prior reports that used exogenously expressed E2F4 and immunofluorescence experiments to measure subcellular localization (Lindeman et al., 1997; Verona et al., 1997). While it has been speculated that E2F4 nuclear localization is dependent on binding to pocket proteins, our data suggests E2F4 persists in the nucleus on chromatin even when not bound to p130. The persistence of E2F4 in the nucleus without the rest of DREAM complex may be through its binding to DP-2 which is able to promote E2F4 nuclear localization through its nuclear localization signal (Lindeman et al., 1997; Magae et al., 1996).
	Another possible mechanism of E2F4 loss of promoter occupancy could be Cyclin E-CDK2 phosphorylation. Cyclin-CDK phosphorylation of E2F4 may affect binding to DNA. Phosphorylation of E2F1 by Cyclin A-CDK2 complexes reduces its ability to bind to DNA and transactivate gene expression during S/G2 (Dynlacht et al., 1994, 1992; Xu et al., 1994). The effect of Cyclin-CDK phosphorylation of E2F4 has not been tested, although several of the CDK consensus sites found in E2F1 are conserved in E2F4. The effect of Cyclin D-CDK4/6 or Cyclin E-CDK2 phosphorylation of E2F4 on promoter binding affinity could be tested experimentally in vitro and in cell-based assays. 
	Alternatively, E2F4 could lose interaction with cell cycle promoters due to E2F1 competition to E2F sites on G1/S promoters. Since E2F1 is expressed at low levels in G0 and E2F4 is expressed at high levels in G0, E2F4 may be able to occupy DNA at a higher level than E2F1. However, when E2F1 becomes strongly expressed during cell cycle entry due to E2F driven gene expression, E2F1 concentration in the nucleus may overcome E2F4 binding to promoter elements. Of course, these two mechanisms are not mutually exclusive: E2F1 could have a higher binding affinity to cell cycle promoters than phosphorylated E2F4. These experiments would elucidate the functional antagonism of activator and repressor E2Fs which has clear implications for understanding cell cycle control in development and disease.

[bookmark: _Toc416904682]DREAM and RB cooperative repression of cell cycle genes determines sensitivity to palbociclib.
To test the specific contributions of DREAM and RB to cell cycle gene expression during G1, we created RB1 and p130 knockout HFFs using CRISPR-Cas9 genome editing. Although there is no significant increase in S phase levels in knockout cells, we found a significant increase of G1/S and G2/M cell cycle gene expression in sgRB1 HFFs with a further significant increase of gene expression in sgRB1+sgP130 HFFs, suggesting that p130 and RB cooperate to repress cell cycle gene expression during G0 and G1. Additionally, we found p130 and RB status contribute to sensitivity to palbociclib where loss of both p130 and RB is required for resistance to palbociclib induced cell cycle arrest and repression of cell cycle gene expression during G1.
	RB plays a dominant role relative to DREAM in repression of G1/S cell cycle genes during cell cycle entry. Knockout of p130 alone resulted in no change or very modest changes in cell cycle gene expression and sensitivity to palbociclib. However, when p130 was knocked out in combination with RB in sgRB1+sgP130 cells, we observed significant changes in cell cycle gene expression and palbociclib sensitivity compared to RB loss alone. These data indicate that RB plays a dominant role in the repression of cell cycle genes as RB is able to repress G1/S genes in the absence of p130. Conversely, p130 continues to repress G1/S genes in RB null cells. RB likely does not compensate for p130 loss by forming the DREAM complex since it is not able to bind to MuvB (Guiley et al., 2015). However, a RB null cell will have deregulated E2F gene expression that DREAM is not sufficient to repress. p130 is not likely to repress activator E2Fs directly since it has low binding affinity to these proteins in vitro and in cell-based assays (Liban et al., 2016). This finding supports a hypothesis that activator E2Fs are able to counteract repressor E2Fs with DREAM. This hypothesis could be tested experimentally using purified proteins and in cell based assays. The conclusion that RB plays a dominant role in repression of cell cycle gene expression is bolstered by the observation that RB is commonly mutated with small cell lung cancer, retinoblastoma, and prostate cancer while p130 is not commonly mutated, indicating that RB plays an important role in prevention of tumor growth or initiation (George et al., 2015; Kobayashi et al., 1982; Ku et al., 2017; Kubota et al., 1995). 
	An independent group recently came to a similar conclusion that DREAM and RB cooperate to repress G1/S cell cycle genes by knocking out LIN37, a component of the MuvB complex. By knocking out RB, LIN37, or the combination, the authors argue that DREAM and RB cooperate to repress G1/S cell cycle gene expression. However, because LIN37 is a key component of MuvB that functions with B-Myb and FOXM1 during G2 to promote G2/M cell cycle gene expression, it is difficult to interpret their results. Loss of LIN37 in MuvB could result in changes in DREAM repression of genes and/or changes in MMB-FOXM1 activation of G2/M genes. By knocking out p130, a unique component of the DREAM complex, we were more specifically able to test the role of p130 in regulation of cell cycle gene expression and sensitivity to palbociclib.
	DREAM and RB cooperate to repress an overlapping set of cell cycle genes. Our meta-analysis identified DREAM and RB target gene lists with 82.81% of RB1 target genes being called as DREAM target genes as well. Upon further investigation, we found that the remaining 86 genes that were called as potential RB-only genes likely were also targets of DREAM as measured by at least 1 ChIP-seq datasets or measured experimentally as being co-repressed by DREAM and RB and its promoter bound by DREAM in G0. Together, these data suggest that there was no evidence of cell cycle genes exclusively regulated by RB. These data are important because they advance the model that DREAM and RB have some redundancies but functionally have independent roles in the repression of cell cycle genes.   
DREAM and RB may be differently regulated in mouse and human cells. In contrast to our results in human cells, p130 and p107 may compensate for each other during mouse development, as double knockout (p130-\-, p107-\-) mice display developmental defects while single knockouts of either p130 or p107 were viable and fertile (Cobrinik et al., 1996; Lee et al., 1996; Ruiz et al., 2003; Yeh et al., 2007). In addition, knockout of LIN37 (MuvB component) in mouse NIH3T3 cells was reported to de-repress G1/S cell cycle genes (Mages et al., 2017). Loss of LIN37 in combination with RB resulted in further loss of regulation of gene expression (Mages et al., 2017). In contrast, our data showed that loss of DREAM complex (via loss of p130) alone did not result in increased G1/S gene expression. This discrepancy may be due to cell type or a unique role for LIN37. More functional analysis is necessary to determine if the independent role of DREAM is generalizable across mammalian cell types. 

[bookmark: _Toc416904683]Loss of G2/M gene expression after DNA damage could be dependent on decreased MMB-FOXM1 activity. 
	G2/M cell cycle genes are repressed by p130 and p107 through the DREAM complex after p53 activation by DNA damage. Indeed, knockdown of p107 in cells lacking p130 and RB resulted in significant loss of repression of G2/M gene expression. However, loss of all three pocket proteins did not completely rescue the loss of gene expression of G2/M genes after p53 activation by doxorubicin treatment. An additional mechanism of repression of G2/M genes may at play in this condition. 
One possible mechanism of continued repression of G2/M genes after p53 activation in cells lacking p130, p107, and RB could be loss of MMB-FOXM1 activation at G2/M cell cycle promoters. Cyclin A-CDK2 and Cyclin B-CDK1 phosphorylation of B-Myb and FOXM1 is required for its full transactivation of G2/M cell cycle gene expression. Since G2/M genes including Cyclin A and Cyclin B are repressed in doxorubicin treated cells, B-Myb and FOXM1 phosphorylation is also likely reduced. The role of loss of activation of B-Myb and FOXM1 after p53 activation could be tested experimentally. Phosphorylation status of B-Myb and FOXM1 as a marker of MMB-FOXM1 activation should be measured after doxorubicin treatment to determine whether p53 activation reduces MMB-FOXM1 activity. Furthermore, the ability for MMB-FOXM1 to transactivate gene expression could be measured in vitro. An alternative mechanism could be that because doxorubicin treated cells are arrested in G1, some other factor required for G2/M gene expression is not present due to the cell cycle status. It would be interesting to test if DREAM loss and/or loss of MMB-FOXM1 phosphorylation are required for repression of G2/M genes after DNA damage when cells are in S phase. 
The regulation of G2/M genes is governed by the DREAM complex repressive activity and by the activation of the MMB-FOXM1 activator activity. MuvB is present in both the DREAM complex and in MMB-FOXM1 and the changing of binding partners during cell cycle entry affects its overall function. However, alterations of the MuvB complex itself are also possible and have not been tested in depth. Understanding the regulation of G2/M genes during normal cell cycles and during cellular stress has implications for our understanding of development and cancer. 

[bookmark: _Toc416904684]p107 represses G2/M gene expression when p130 and RB are lost.
	In Chapters III and IV, we observed that p107 contributes to the repression of G2/M but not G1/S cell cycle genes in HFFs lacking RB and p130. Furthermore, p107 forms DREAM-like complexes composed of either p107-MuvB or p107-E2F4. The data from this dissertation provide insight into the functional role of p107 in control of cell cycle gene expression. In this section, we will discuss the role of DREAM-like complexes in regulation of cell cycle gene expression and mitosis.  

[bookmark: _Toc416904685]p107 compensates for p130 loss in cells and during development. 
	p107 compensates for developmental defects during mouse development when p130 and RB are lost (Cobrinik et al., 1996; Lee et al., 1996; Ruiz et al., 2003; Yeh et al., 2007). Loss of p107 or p130 alone does not result in developmental defects (Cobrinik et al., 1996; Lipinski and Jacks, 1999). This is in contrast to loss of RB, which results in severe developmental defects and embryonic lethality between day 13 and 15 post coitus (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992). Loss of p130 and p107 in combination results in mice that die shortly after birth and have defects in chondrocyte development (Cobrinik et al., 1996). Loss of p130 with RB or p107 with RB results in similar defects observed in RB loss alone, although the embryos die earlier, suggesting that p130 and p107 contribute in RB null cells (Lee et al., 1996; Lipinski and Jacks, 1999). p107 compensation for p130 loss is likely through DREAM complex. Mice with p130 knockout and a mutant allele of p107 that cannot bind MuvB have a similar defect in chondrocyte development to p130/p107 double knockouts (Forristal et al., 2014). These data demonstrate that p107 compensation for p130 loss in mouse development is through its participation in the DREAM complex. 
p107 levels increase when p130 and RB are lost. The increase in p107 levels with RB loss is likely through the de-repression of E2F driven gene expression as p107 is a G1/S cell cycle gene (Fischer et al., 2016; Fischer and Müller, 2017b). However, the molecular mechanism of increased p107 when p130 is lost is not known. Increased p107 in p130 null cells could be due to DREAM repression of p107 gene expression is more potent than for other G1/S cell cycle genes and loss of p130 specifically deregulates this promoter. We could test this experimentally by measuring DREAM complex chromatin occupancy at the p107 promoter in cells lacking p130 and RB by ChIP. Alternatively, p130 could control the protein stability of the p107 protein that is lowly expressed in a normally quiescent cell. We could test this hypothesis by measuring the half-life of p107 in cells lacking p130, RB, or both in combination. 

[bookmark: _Toc416904686]p107 forms DREAM-like complexes.
	p107 has long been known to interact with DNA tumor virus oncoproteins due to its conserved LxCxE binding groove (Dyson et al., 1989a; Mayol et al., 1993; Stubdal et al., 1997). Furthermore, p107 has been shown to interact with E2F4 in cycling cells in contrast to p130 binding to E2F4 in arrested cells (Kiess et al., 1995; Sidle et al., 1996). Biochemical data indicates that p107 is competent to bind to MuvB as the structure of p107 binding LIN52-pS28 has been solved (Guiley et al., 2015). Similar to p130, p107 interaction with MuvB in vitro is dependent on LIN52 phosphorylation at serine 28 (LIN52-pS28) (Guiley et al., 2015; Litovchick et al., 2007). 
	Despite biochemical data showing p107-MuvB interaction, there is limited data showing p107 association with DREAM during a normal cell cycle. Although loss of p130 can result in increased recruitment of p107 to MuvB, a p107-E2F4-MuvB complex has not been shown (Forristal et al., 2014; Litovchick et al., 2007). The lack of p107 in the DREAM complex may be a result of cell cycle kinetics. p130 forms the DREAM complex during quiescence, a phase with high p130 protein expression and low p107 expression (Kiess et al., 1995). During cell cycle entry, p107 becomes more expressed, but this also coincides with p130-DREAM complex disruption via Cyclin D-CDK4 driven phopshorylation. Thus, the lack of p107-DREAM complex is likely because p107 is highly expressed only in S phase, a time when it is phosphorylated and unable to bind to E2F4. 
	In Chapter III, we observed that in cells lacking p130, p107 forms DREAM-like complexes during quiescence. p107 binds more E2F4 in cells lacking p130 and RB compared to cells with the single knockout. Importantly, p107 does not interact with E2F4 in normal HFFs, likely due to its low expression during G0. Despite p107 interaction with E2F4 and MuvB in cells lacking p130, p107 does not form a complete DREAM complex. By completing the LIN9 immunoprecipitation, we were able to observe that MuvB has significantly less interaction with E2F4 in cells lacking p130 versus cells with WT p130. Even though p107 co-immunoprecipitates both E2F4 and MuvB, it is not likely to be in the same complex. The difference in binding affinity is not likely due to differential Cyclin-CDK phosphorylation as the experiment was completed in serum starved and contact arrested conditions and treatment with Cyclin D-CDK4/6 inhibitors could not restore E2F4-MuvB binding in sgP130 or sgRB1+sgP130 cells. 
The mechanism for why E2F4, MuvB, and p107 could not be detected in the same complex is unclear. It is possible that p130 is required to correctly orient E2F4 and MuvB to form the DREAM complex and that p107 lacks this ability. Since p107 activity is restricted to cells with altered cell cycle gene expression (sgP130, sgRB1, sgRB1+sgP130 HFFs), it is possible that post-translational modifications on p107, E2F4, and MuvB could reduce the binding affinity of these proteins to each other. We hypothesized that lack of E2F4-MuvB binding could be due to increased Cyclin-CDK activity in sgP130 and sgRB1+sgP130 cells, however treatment with Cyclin D-CDK4/6 inhibitor palbociclib did not restore E2F4-MuvB binding in this context. Development of cells with CDK2 with an analog sensitive mutation (described above) could enable analysis of whether CDK2 activity prevents E2F4-MuvB interaction in these cells. 
LIN9 preferentially binds to p130 compared to p107 even in cells with high p107. In cells lacking p130 (sgP130, sgRB1+sgP130), LIN9 pulled down p107. However, despite high levels of p107 in sgRB1 cells, antibodies to LIN9 co-immunoprecipitated primarily p130 and significantly less p107 compared to sgP130 or sgRB1+sgP130 cells. The mechanism for why MuvB has a preference for p130 binding compared to p107 even in cells with high levels of both p130 and p107 is not clear. MuvB preference for p130 binding over p107 may be due to other post-translational modifications of p130 and p107, protein stability of p130 and p107, or modifications of MuvB that specifically affect p107 but not p130 binding. As one example, p107 binds Cyclin A-CDK2 through its N-terminal domain, which may occlude its ability to recruit both MuvB and E2F4 into one complex. These hypotheses could be tested experimentally by completing proteomic analysis of DREAM complex members in cells lacking RB and/or p130. The preference of LIN9 for p130 over p107 may be due to the lack of E2F4 in this complex. It is reasonable to suggest that p130-MuvB binding could stabilize the interaction with E2F4 as well. Since MuvB and E2F4 do not strongly interact in sgP130 cells, the stabilizing effect of MuvB-E2F4 binding is lost. Therefore in cells with high p130 and p107 levels (sgRB1), the p130-E2F4-MuvB complex is stabilized compared to p107-E2F4 or p107-MuvB. 
DREAM-like complexes including p107 are likely to be able to bind DNA, although this should be tested experimentally. The p107-E2F4 complex may retain its ability to bind E2F elements in G1/S cell cycle gene promoters and p107-MuvB DREAM-like complex may retain its ability to bind CHR elements in G2/M cell cycle gene promoters. p107-E2F4 complex is not likely to have strong functional activity as knockout of p107 in sgRB1+sgP130 cells did not result in robust changes in G1/S cell cycle gene expression. In contrast, p107-MuvB does seem to retain functional activity as knockdown of p107 in sgRB1+sgP130 cells resulted in significant increase in G2/M cell cycle gene expression and entry into mitosis. Further studies could examine the function of DREAM-like complexes by generating p107 knockout cells and measuring changes in chromatin dynamics and DREAM complex binding to G2/M cell cycle promoters. 

[bookmark: _Toc416904687]p107 compensation for p130 may explain low occurance of p130 mutations in cancer. 
p107 compensation for p130 loss could explain the low occurance of p130 mutations in cancer. Since loss of p130 does not strongly affect G1/S gene expression, but loss of p130 and p107 in combination resulted in significant increase of G2/M gene expression and mitosis, loss of p130 alone may not provide a significant fitness advance to tumor cells. Amplification of Cyclin-CDK4/6 activity would likely inactivate p107 DREAM-like complexes since p107 is also heavily phosphorylated by Cyclin D-CDK4/6 and Cyclin E-CDK2 (Farkas et al., 2002; Hansen et al., 2001). It would be interesting to test if p107 loss would significantly reduce sensitivity to palbociclib treatment in cells lacking RB and p130. 

[bookmark: _Toc416904688]Role of p107 in normal S and G2 phases is unclear.
	In this dissertation, we have examined the role of p107 in cells lacking RB and p130. p107 protein levels are low during quiescence and are expressed with similar kinetics to other G1/S cell cycle genes. As such, p107 is highly expressed during S phase in normal cells. It would be interesting to test if the gene expression and protein level pattern of p107 would change with cell cycle progression in cells lacking RB and p130 since other G1/S genes are deregulated in these cells. 
	The role for p107 during S phase is unclear since p107 is heavily phosphorylated and inactivated during S phase (Farkas et al., 2002; Hansen et al., 2001). One possible function of p107 during S phase and G2 is the ability to form the DREAM complex to promote cell cycle arrest if cellular stress is experienced during S phase. For example, when cells experience high levels of DNA damage, they enter into quiescence or senescence. If this damage occurs during S phase or G2, it is reasonable to hypothesize that p107 DREAM-like complexes could promote repression of cell cycle gene expression until either repair is complete, or permanently in senescence. However, whether cell cycle gene expression is reduced after DNA damage during S phase is unknown. 
	To test the role of p107 during a normal cell cycle in cells with competent RB and p130, I propose several experiments. We could knockout the p107 gene alone or in combination with p130 and RB in cells and then measure the ability to repress gene expression after DNA damage sustained in S phase. Also, we could also measure the binding partners of p107 and phosphorylation status in a normal S phase or G2 or in the presence of  DNA damage or oxidative stress. Understanding the role of p107 in a normal cell cycle would provide insight into the role of p107 in regulation of cell cycle progression and cell cycle arrest. 

[bookmark: _Toc416904689]Increased G1/S gene expression is not sufficient to drive proliferation of primary cells.
	We observed that increased G1/S cell cycle gene expression was not sufficient to result in increased S phase or increased cellular proliferation rate in several conditions. In Chapter III, we showed that cells lacking p130 and RB in combination had significantly increased levels of G1/S cell cycle genes compared to cells lacking p130 or RB alone. However, the level of S phase after 24 hours was not altered in these cell lines. Importantly, growth kinetics were not altered when measured in a variety of conditions including in low serum conditions. In Chapter IV, we showed that although sgRB1+sgP130 cells have increased G1/S cell cycle gene expression when treated with doxorubicin compared to untreated control, Control, sgP130, sgRB1, and sgRB1+sgP130 cell lines arrested similarly in G1 in response to doxorubicin. This finding shows that even when G1/S gene expression was increased, it is not sufficient to drive cells into S phase, indicating an additional gating mechanism restricts cells from entering S phase even when G1/S cell cycle gene expession is high. 
	p53 activation of p21 is likely the additional gating mechanism that prevents increased S phase despite increased G1/S gene expression. In the case of DNA damage, p53 activation of p21 is required for cell cycle arrest. Importantly, p21 inhibition of Cyclin E-CDK2 results in replication fork stalling and lack of origin firing (Galanos et al., 2016b, 2016a). Therefore, p21 inhibition of Cyclin E-CDK2 phosphorylation of origin complexes in sgRB1+sgP130 cells could explain lack of BrdU incorporation in doxorubicin treated cells. Furthermore, the increased expression of G1/S genes in sgRB1+sgP130 cells with doxorubicin compared to control treated cells could be due to a positive feedback loop promoting expression of E2F promoters due to lack of DREAM and RB repression. However, since cells are not able to begin replicating DNA, they continue to express G1/S genes and the eventual downregulation of G1/S genes is not achieved since they do not progress through S phase. 
	p53 activity during a normal cell cycle may also regulate sgRB1+sgP130 cells progression through G0 into G1 and S phase. A paper characterizing growth factor signaling requirements for normal cells entering S phase from G0 found that a second wave of growth factor signaling late in G1 was required to dampen p53 activation in an AKT dependent mechanism (Zwang et al., 2011). Since dampening of p53 was required for cells to pass the Restriction Point, p53 activity may prevent premature S phase entry in sgRB1+sgP130 HFFs until the second wave of growth factor dependent transcription occurs.  To test this, we could test if p53 prevents premature S phase entry by pretreating cells with siRNA against p53 before split from contact arrest and measure S phase entry kinetics. We would test if lack of early AKT signaling restricts sgRB1+sgP130 from entering S phase earlier than other cell lines by pretreating cells with ATK inhibitor and measure S phase entry kinetics by BrdU incorporation. 
	The lack of increased S phase in cells with increased G1/S gene expression in RB and DREAM null cells is highlighted by the fact that most cancer cells acquire multiple oncogenic mutations before becoming transformed. Lack of regulation of cell cycle gene expression may prime cells to become transformed by other oncogenic mutations. Alternatively, loss of RB and DREAM may allow tumor cells to subvert entry into senescence during transformation. These data support the conclusion that loss of RB is not sufficient to pass through the Restriction Point. 

[bookmark: _Toc416904690]DREAM may function as a tumor suppressor and therapeutic target in cancer. 
[bookmark: _Toc416904691]DREAM is likely inactivated in cancer
	DREAM complex members are often not mutated in cancer with the exception of p130 in small cell lung cancer (discussed below). However, our finding that DREAM complex is disrupted by Cyclin D-CDK4/6 during cell cycle entry is important because it suggests that DREAM complex is likely inactivated in cancers with increased Cyclin D-CDK4/6 activity. Increased Cyclin D-CDK4/6 activity is achieved frequently by Cyclin D amplifications, loss of p16 (cellular inhibitor of CDK4/6), activating mutations in RAF, activating mutations in RAS, loss of GEFs that inactivate RAS activity, and activating mutations in receptor tyrosine kinases present at the surfaces of cells (Margolis and Skolnik, 1994; McCubrey et al., 2007). Alternatively, Cyclin E amplification is common in some cancers including breast, gastric, and ovarian cancer, which also might functionally inactivate the DREAM complex (Alsina et al., 2015; Kanska et al., 2016; Luhtala et al., 2016).
	Functional inactivation of DREAM complex in cancer may be reversed by inhibition of Cyclin D-CDK4/6 activity. Indeed, we showed in Chapter III cancer and normal cell lines that DREAM loss in RB null cells resulted in significant increase in resistance to palbociclib (Schade et al., 2019). DREAM complex may be functionally activated in cells treated with inhibitors of the upstream pathway including RAF, MEK, and ERK inhibitors. Recently, palbociclib has been used in combination with letrozole or fulvestrant to reduce Cyclin D levels in ER positive breast cancers (Chirila et al., 2017; Verma et al., 2016). Whether treatment with these drugs in combination could restore DREAM function and cell cycle arrest in cancer cell lines would be interesting to test experimentally. Initial resistance to palbociclib in some cancer cell lines could be due to high levels of Cyclin D activity and therefore inactivated DREAM complex. Moving forward, the DREAM status of tumors should be addressed to predict response to inhibitors of Cyclin D-CDK4/6.

[bookmark: _Toc416904692]Tumor virus oncoprotein disruption of RB and DREAM. 
DNA tumor viruses including Simian Virus 40 (SV40), Merkel Cell Polyomavirus (MCPyV), Human papillomavirus (HPV), and Adenovirus promote cellular transformation in part by inactivating the pocket protein family members RB, p130, and p107. Polyomaviruses SV40 and MCPyV use large T antigens to bind to pocket proteins (Borchert et al., 2014; DeCaprio et al., 1988; Hesbacher et al., 2016; Stubdal et al., 1996). Adenovirus uses its E1A to bind to RB, p130, and p107 (Dyson et al., 1989a; Mayol et al., 1993; Whyte et al., 1988). Finally HPV uses its E7 protein to bind to pocket protein family members (Lee et al., 1998; Nor Rashid et al., 2016). Studies of these viral oncoproteins were essential to the initial studies identifying key mechanisms of cell cycle control in mammalian cells. 
DNA tumor viruses inactivate RB, p130, and p107 through a conserved LxCxE motif. The finding that these divergent viruses have developed similar mechanisms for interacting with the same protein highlights the importance of the pocket proteins in the cell cycle and in the viral lifecycle. Importantly, the LxCxE motif enables binding to all three pocket proteins, suggesting that these viruses have selective pressure to maintain this inactivation mechanism. Whether loss of DREAM complex is required for growth in virally induced cancers has yet to be examined. 

[bookmark: _Toc416904693]Tumor suppressor activity of DREAM should be tested experimentally.
The findings from this dissertation indicate that the DREAM complex is a tumor suppressor. A hypothesis could be that disruption of DREAM is required for cellular transformation of HFFs because DREAM disruption is required for cell cycle gene expression. To test this hypothesis, many experiments could be completed. We would determine if transformation of HFFs is dependent on disruption of the DREAM complex. Human fibroblasts can be transformed in vitro by expression of oncogenes and inactivation of tumor suppressors commonly found in human cancers. Primary human cell types can be transformed by disrupting RB, p53 and PTEN tumor suppressor activity combined with oncogene expression (Boehm et al., 2005). We could assess the transformed phenotype of HFFs with the expression of hTERT, p53 DD (dominant negative), C-Myc, H-Ras, and PTEN knockdown via RNAi (Boehm et al., 2005). We would compare transformation efficiency of sgRB1, sgP130, and sgRB1+sgP130 HFFs with various combinations of the cooperating oncogenes listed to determine if DREAM loss can substitute for RB loss for transformation and if loss of RB and DREAM together can increase transformation efficiency. We would test cellular transformation by measuring anchorage independent growth, growth in reduced serum conditions, and growth of cells as a xenografts in immune-compromised mice. Also, we could test if transformed sgRB1, sgP130, and sgRB1+sgP130 HFFs were sensitive to CDK4/6 inhibition. Together, these experiments would formally test if the DREAM complex is a tumor suppressor.

[bookmark: _Toc416904694]DREAM may repress growth in small cell lung cancer. 
	RB and p53 are lost in nearly all cases of small cell lung cancer (George et al., 2015b). Although most members of the DREAM complex have not been reported to be mutated in small cell lung cancer, p130 is mutated in approximately 5% of tumors tested. Since we showed in this dissertation that DREAM and RB cooperate to repress cell cycle gene expression, it is possible that loss of p130 in small cell lung cancer promotes tumorigenesis by further deregulating G1/S cell cycle gene expression. 
p130 may function as a tumor suppressor as part of the DREAM complex in small cell lung cancer. In a mouse model of small cell lung cancer (RB and p53 loss), loss of p130 accelerates tumor development and results in increased tumor aggressiveness (Ho et al., 2009; Schaffer et al., 2010). Additionally, overexpression of p130 results in cell cycle arrest and suppression of tumor growth in vivo (Claudio et al., 2000). Interestingly, small cell lung cancer cell lines express high levels of p27, a cellular inhibitor of Cyclin D-CDK4/6 during cell cycle arrest induced by nutrient withdrawal (Hung et al., 2000; Masuda et al., 2001; Stacey, 2010). Despite loss of RB, a key target of Cyclin D-CDK4/6, small cell lung cancer cell lines are dependent on p27 to prevent apoptosis (Masuda et al., 2001). Dependence on p27 with loss of RB indicates that cells need to inhibit Cyclin D-CDK4/6 phosphorylation of another substrate. Simultaneous loss of p130 and p27 would likely result in increased apoptosis of small cell lung cancer cells cultured nutrient poor conditions.
Since we showed Cyclin D-CDK4/6 disrupts DREAM complex during cell cycle entry and others have shown DREAM is required for senescence, we hypothesize that the requirement of small cell lung cancer cells for p27 during nutrient withdrawal is due to a dependence on DREAM complex activity. This hypothesis could be tested experimentally several ways after confirming that DREAM complex could be formed in small cell lung cancer. Using small cell lung cancer cell lines, we could knockout p130 and/or p107 to determine if DREAM is required for growth arrest in small cell lung cancer cell lines after nutrient withdrawal. Using palbociclib, we could determine if Cyclin D-CDK4/6 drives DREAM complex disruption and whether DREAM status determines sensitivity to palbociclib in small cell lung cancer. 
The finding that p130 loss accelerates the development of a mouse model of small cell lung cancer (RB, p53 null) suggests that DREAM has a tumor suppressive role. To directly test this hypothesis, we could knock-in mutants of LIN52 that are unable to bind to p130 (LIN52-S28A) or have increased affinity for p130 (LIN52-S20C). LIN52-S28A has reduced binding affinity to both p130 and p107 (Guiley et al., 2015). Since we found in Chapter IV that p107 contributes to repression of G2/M cell cycle genes and represses entry into mitosis, it would be interesting if LIN52-S28A expression resulted in increased tumorigenesis compared to p130 knockout alone. These experiments would test if the role of p130 in suppression of small cell lung cancer is due to its activity in the DREAM complex. 
If DREAM is a tumor suppressor in small cell lung cancer, our findings about DREAM regulation by palbociclib may be therapeutically important. We showed in Chapter III that cell lines with loss of RB in addition to p130 had significantly lower sensitivity to palbociclib compared to cells with RB loss alone. If DREAM functions in small cell lung cancer as well, palbociclib treatment may help improve treatment in the future. Since no targeted therapies exist for small cell lung cancer, understanding the mechanisms of tumorigenesis and potential therapeutic vulnerabilities is essential. 

[bookmark: _Toc416904695]DREAM-induced quiescence may be a resistance mechanism in cancer.
Somewhat counter intuitively, inhibitors of DYRK1A are emerging as potential therapeutics in cancer. Since DYRK1A is required for DREAM complex formation, treatment with a DYRK1A inhibitor prevents cells from entering into quiescence or senescence (Litovchick et al., 2011). However, quiescence is sometimes a mechanism of resistance to chemotherapeutics or targeted therapies that induce apoptosis. Here we will discuss the implication of this in ovarian and gastrointestinal stromal tumors. We will also will discuss how our finding that palbociclib can induce DREAM complex formation should influence clinical trial design. 
Inhibition of DYRK kinases in ovarian cancer is an emerging method for cell death in spheroids. DYRK1B, a related kinase to DYRK1A that is required for DREAM complex formation, is frequently amplified in ovarian cancer (Hu et al., 2013).  Ovarian cancer cells often form spheroids that allow metastasis typically through ascites (Liao et al., 2014). Spheroids contain cells that are typically in a quiescent state in G0 and therefore often have resistance to chemotherapeutics (Becker, 2018; MacDonald et al., 2017). DYRK1B inhibition of patient derived spheroids reduced spheroid volume, cell number, increased apoptosis, with the remaining cells grow as single cells (Deng et al., 2014; Hu et al., 2013). Surprisingly, inhibition of DREAM complex formation by RNAi of key components of the complex resulted in loss of spheroid viability (MacDonald et al., 2017). B-Myb, a key component of the MMB-FOXM1 complex is overexpressed in ovarian cancer and can inhibit the formation of the DREAM complex (Iness et al., 2019). However, more work must be done to demonstrate that the mechanism of cell death observed after DYRK1A inhibition in some cancer cell lines was due to prevention of DREAM complex formation. Furthermore, vulnerability to DYRK1A inhibition in ovarian cancer should be tested using various in vitro approaches including patient derived xenografts and genetically engineered mouse models. 
Entry into quiescence is a mechanism of resistance to imatinib in gastrointestinal stromal tumors (GIST) (Boichuk et al., 2013; DeCaprio and Duensing, 2014). Treatment with imatinib resulted in quiescence in GIST cell lines. However, knockdown of DYRK1A in combination with imatinib resulted in induction of apoptosis. Furthermore, levels of DREAM complex may be altered in gastric cancer when LIN52 levels are altered by expression of microRNA-146a (Luo et al., 2017). Expression of microRNA-146a is lowly expressed in advanced gastric cancer cells compared to normal surrounding tissues (Luo et al., 2017). Low levels of expression of microRNA-146a in gastric tumor cells is associated with increased LIN52 protein levels. Furthermore, sensitivity to chemotherapy was lower in tumors with low levels of microRNA-146a, indicating that high levels of LIN52 may confer resistance to chemotherapy. DREAM dependent entry into quiescence may be a mechanism of resistance to receptor tyrosine kinase inhibitors.
Our finding that palbociclib can prevent DREAM complex disruption in cycling cells has implications for treatment of tumors that enter into quiescence as a resistance mechanism to targeted therapies that induce apoptosis. CDK4/6 inhibitors including palbociclib, ribociclib, and abemaciclib are in clinical trials for many cancer types in combination with many other targeted drugs. Our finding that palbociclib induces DREAM complex and quiescence could influence clinical trial decisions and rationale for inclusion of patients into these trials. For example, a patient with wild type DREAM complex components may experience different levels of therapeutic benefit and means of resistance when treated with drugs that promote replication stress or apoptosis. 

[bookmark: _Toc416904696]Conclusion
In conclusion, this dissertation provides mechanistic insight into the cooperative roles of DREAM and RB in the regulation of cell cycle gene expression. Importantly, we identify the mechanism of disruption of the DREAM complex as dependent on Cyclin D-CDK4/6 activity. We show that DREAM and RB cooperate to repress cell cycle gene expression during G0 and G1 and that this repression determines sensitivity to inhibition of Cyclin D-CDK4/6. We further demonstrated that DREAM and RB cooperate to control G1/S and G2/M cell cycle genes after p53 activation. Finally, we showed that p107 participates in a DREAM-like complex to repress G2/M gene expression and prevents mitosis. Our findings have important implications for development of therapeutics for tumors with and without functional DREAM complex and support a potential role for the DREAM complex as a tumor suppressor.
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Supplemental Table 1: High Stringency Early G1/S Cell Cycle genes. 


	UNG
	BLM

	E2F1
	NPAT

	SLBP
	ZMYND19

	MCM5
	E2F2

	POLD3
	BRCA1

	PCNA
	HIST1H2AM

	RFC4
	RAD51

	CDC6
	MCM10

	CCNE2
	CASP2

	HSPB8
	FEN1

	EXO1
	CASP8AP2

	TRIM45
	INSR

	CHAF1A
	ATAD2

	CCNE1
	MSH2

	MSH6
	NEDD9

	CDC25A
	GINS2

	BARD1
	PASK

	RBBP8
	HELLS

	CLSPN
	MCM3

	MCM2
	TCF19

	PRIM1
	TREX1

	CHAF1B
	 

	MCM6
	

	DTL
	

	SLC25A27
	

	HIST3H2A
	

	E2F7
	

	DNAJC3
	

	ADAMTS1
	

	TNS2
	

	PLCXD1
	

	HIST1H4B
	

	IVNS1ABP
	

	CTGF
	

	SLC38A2
	

	CTPS1
	

	LIPH
	

	MAN1A2
	

	ZBTB14
	

	SP1
	






Supplemental Table 2: High Stringency Late G2/M Cell Cycle genes.

	TACC3
	MAD2L1
	BUB1B

	CENPF
	HMGB3
	LBR

	BRD8
	NDC80
	BIRC3

	ZNF207
	FAM83D
	KIFC1

	ZNF165
	ASPM
	ADGRG6

	ADGRE5
	WEE1
	HMGB2

	CDKN2D
	NUSAP1
	BUB1

	PIF1
	ARHGEF39
	TTK

	ESPL1
	CEMIP
	UBE2C

	TGIF1
	UBE2S
	GTSE1

	HN1
	GAS2L3
	CDCA3

	DNAJB1
	NDE1
	CENPA

	KNSTRN
	WSB1
	CENPE

	CEP55
	TROAP
	CDC25C

	DZIP3
	CDCA2
	CDCA8

	SMTN
	CKS2
	TOP2A

	CDC27
	E2F5
	CCNA2

	CIT
	AURKB
	KIF2C

	RSBN1
	NEK2
	KIF23

	AURKA
	KPNA2
	DEPDC1

	SGOL2
	KIF14
	CCNF

	CDR2
	TUBD1
	KIF11

	CTNND1
	PLK1
	CKAP2

	CKAP5
	ZMYM1
	GPSM2

	CKS1B
	ECT2
	 

	CCNB1
	PSRC1
	

	CDKN1B
	TPX2
	

	CCNB2
	ANP32E
	

	RACGAP1
	CDC25B
	

	STK17B
	SFPQ
	

	KIF18A
	ARHGAP19
	

	HMMR
	H2AFX
	

	BUB3
	SHCBP1
	

	CKAP2L
	MKI67
	

	NEIL3
	ARHGAP11A
	

	FAM64A
	DEPDC1B
	

	PBK
	SPAG5
	

	METTL4
	KIF22
	

	BTG1
	ANLN
	

	PRC1
	FZR1
	





Supplemental Table 3: Low Stringency Early G1/S Cell Cycle genes.

	CCNE2
	CASP8AP2
	TLE3
	COL4A4
	ICMT
	POLA2

	CDC6
	CDCA7
	TMEM243
	CYR61
	IGF1R
	POLE

	E2F1
	CENPU
	TNS2
	DCLRE1A
	IL27RA
	POLE2

	HIST1H4C
	CNNM3
	TREX1
	DCLRE1B
	INSIG2
	PRKD1

	MCM5
	CTGF
	ZBTB14
	DLGAP1
	JUND
	PSD3

	PASK
	CTPS1
	ZMYND19
	DNAJC6
	KLF11
	PTGS2

	PCNA
	DHFR
	ZNF217
	DSCC1
	KLF5
	RABIF

	POLD3
	DNAJC3
	ZNFX1
	DUSP10
	KLRK1
	RAD1

	PRIM1
	DONSON
	ABCA5
	EAF2
	LCMT2
	RECQL4

	RFC4
	E2F2
	ABHD10
	EZH2
	MAGEL2
	REEP1

	SLBP
	E2F7
	ABHD4
	FAM111B
	MAP2K6
	RFXAP

	UNG
	EFHC1
	ACACB
	FAM129B
	MASTL
	RGS7

	AHI1
	FBXO32
	ACYP1
	FANCE
	MATN1
	RHOBTB3

	BARD1
	FEN1
	ADCK2
	FANCG
	MBNL2
	RIMKLB

	CCNE1
	GINS2
	ADCY6
	FBXL20
	MITF
	RMI1

	CDC25A
	GLI3
	AEN
	FBXO11
	MNS1
	RNPC3

	CHAF1A
	HELLS
	AKAP5
	FOSB
	MNT
	RNPS1

	CHAF1B
	HIST1H2AC
	AMIGO2
	FOSL2
	MNX1
	ROR2

	CLSPN
	HIST1H2AM
	ANK3
	FRAT2
	MOAP1
	RPA2

	DTL
	HIST1H4B
	ANKRA2
	FST
	MRC2
	RPS6KA5

	E2F8
	HIST2H2BE
	AP3M2
	GABPB2
	MSH5-SAPCD1
	RRH

	EXO1
	HIST3H2A
	ARGLU1
	GCLC
	MYB
	RRM1

	HSPB8
	INSR
	ARID5B
	GDF15
	MYO1E
	SERPINH1

	MCM10
	IVNS1ABP
	ARL6IP6
	GK
	NASP
	SLC25A36

	MCM2
	KIAA0101
	ASPH
	GLCCI1
	NCOA7
	SMPD1

	MCM6
	LIPH
	BAIAP2
	GMNN
	NR4A3
	SPIN3

	MDM1
	MAN1A2
	BCL2L11
	GOLGA8A
	NUDT7
	SSBP2

	MSH6
	MCM3
	BFAR
	GOLGA8B
	OARD1
	SVIP

	RBBP8
	MCM4
	BRIP1
	HIST1H2AD
	OGT
	TAF15

	RFC2
	MSH2
	C1GALT1
	HIST1H2AG
	OPCML
	TENM3

	RRM2
	NEDD9
	C8orf4
	HIST1H2AH
	OSBPL6
	TIFA

	SLC38A2
	NPAT
	CCND3
	HIST1H2BC
	OSGIN2
	TIPIN

	TRIM45
	PKMYT1
	CDC7
	HIST1H2BD
	PANK2
	TLR3

	ADAMTS1
	PLCXD1
	CDH10
	HIST1H2BL
	PAQR4
	TLR6

	ASF1B
	RAD51
	CDH24
	HIST1H3B
	PARP14
	TMCC1

	ATAD2
	RAD54L
	CDK2
	HIST1H4D
	PEX11B
	TNS1

	BBX
	SDC1
	CDT1
	HIST1H4E
	PEX13
	TOPBP1

	BLM
	SLC25A27
	CENPQ
	HIST1H4H
	PLSCR4
	TP53INP1

	BRCA1
	SP1
	CHD7
	HIST2H2AB
	PMAIP1
	TTLL7

	CASP2
	TCF19
	CHEK1
	HIST2H2AC
	PNN
	TXNRD1





Supplemental Table 3: (Continued). 

	UBE2D3
	FBXO4
	PARP2
	AK2
	DDX20

	UBR7
	FIGNL1
	PBX3
	ANKRD32
	DDX21

	UBTF
	GINS3
	PHTF2
	ANO6
	DDX46

	UHRF1
	GMPS
	PPRC1
	APITD1
	DDX55

	USP1
	GPD2
	PRIM2
	ARRB2
	DEK

	USP18
	GPRC5B
	PRKAA1
	ATAD3A
	DHX15

	USP37
	GRPEL2
	PSMC3IP
	ATAD3B
	DIAPH1

	USP53
	GTPBP2
	RAD18
	AZIN1
	DLEU1

	WBP5
	HIST1H1B
	RAD51AP1
	BAZ1B
	DNAJC9

	WDHD1
	HIST1H2AB
	RAD54B
	BCS1L
	DNMT1

	WDR76
	HIST1H2AJ
	RBL1
	BEND3
	DPYSL2

	YEATS4
	HIST1H2AK
	RFC1
	BRIX1
	ELP5

	ZBTB11
	HIST1H2BH
	RFC3
	C19orf48
	EMP2

	ZNF367
	HIST1H2BM
	RFC5
	C1orf112
	ERLIN1

	ZNF594
	HIST1H2BO
	RIBC2
	C1orf174
	EXOSC2

	ZRANB2
	HIST1H3H
	RNASEH2A
	CAD
	FAM111A

	ACACA
	HIST1H3J
	RNF219
	CAPRIN1
	FAM161A

	ACD
	HIST1H4A
	RTKN2
	CARHSP1
	FAM178A

	AHCTF1
	HIST1H4I
	SF1
	CBX1
	FAM76B

	ALG10
	HIST1H4L
	SIVA1
	CCDC18
	FANCC

	BRCA2
	HSPD1
	SKP2
	CCHCR1
	FKBPL

	C16orf59
	INTS7
	SLC1A5
	CCT5
	FOXRED1

	C5orf24
	KANK2
	SLC25A19
	CDC45
	FUS

	CCDC14
	KIAA1715
	SLC29A1
	CDKAL1
	GART

	CDCA7L
	KLHL23
	SLFN11
	CENPH
	 

	CENPM
	KNTC1
	SSH2
	CENPK
	

	CEP295
	LRIG3
	STAG1
	CEP152
	

	CREBZF
	LYRM7
	SUPT16H
	CEP57
	

	DDIAS
	MAP3K5
	TFDP1
	CEP78
	

	DDX11
	MBOAT1
	TMEM97
	CHCHD3
	

	DGCR8
	MCM8
	TOP3A
	CHRAC1
	

	DNA2
	MEIS2
	UCK2
	CISD2
	

	DSN1
	MTHFD1
	WHSC1L1
	CLIC4
	

	DUT
	NAPEPLD
	XRCC2
	CLUH
	

	DYRK1A
	NFIC
	ZGRF1
	CNP
	

	ESCO2
	NOC3L
	ZWINT
	CNTLN
	

	EXOSC9
	NUP43
	ABCE1
	COLGALT1
	

	FAF1
	NUP62
	ACP1
	CTDSPL2
	

	FANCI
	ORC1
	ACTL6A
	DCK
	

	FANCL
	OSBPL10
	AFMID
	DCPS
	





Supplemental Table 4: Low Stringency Late G2/M Cell Cycle genes.

	ARHGAP19
	ANLN
	TACC3
	KIF20A
	ZNF165
	DCP2

	BIRC5
	ANP32E
	TUBD1
	KIF4A
	ZNF207
	DLGAP5

	BRD8
	ARHGAP11A
	VANGL1
	KLF6
	ZNF267
	DNAJB4

	BUB1
	ASPM
	WSB1
	KLF9
	AC004381.6
	DR1

	BUB1B
	AURKB
	ZMYM1
	LDLR
	ACSL3
	DSP

	CCNA2
	BIRC3
	AMD1
	LMNB1
	ACSL4
	DUSP4

	CCNB1
	BUB3
	ARHGEF39
	MAD2L1
	AKAP13
	DYNLL1

	CCNB2
	CDC20
	ARL6IP1
	METTL4
	ANXA3
	DYRK2

	CCNF
	CDCA2
	ATF7IP
	MKNK2
	AP2B1
	EIF2AK3

	CDC25B
	CDKN1B
	AURKA
	NCOA3
	APOBEC3B
	ELK3

	CDC25C
	CDKN2C
	BAG3
	NDC80
	ARHGAP11B
	EMP1

	CDCA3
	CDKN3
	BTG1
	NEIL3
	ARL4A
	EVI2A

	CDCA8
	CENPF
	CDC27
	NFE2L2
	ATF7IP2
	EVI5

	CENPA
	CIT
	CDKN2D
	NFIA
	BCAR3
	FAM110A

	CENPE
	CKS1B
	CDR2
	NFYB
	BMP2
	FAM3C

	CKAP2
	DEPDC1B
	CEMIP
	NIPBL
	BRD4
	FNBP4

	CKS2
	E2F5
	CEP55
	NOTCH2
	BTBD3
	FOXM1

	DEPDC1
	ECT2
	CEP70
	NUF2
	BTN3A2
	FYN

	ESPL1
	FAM64A
	CKAP2L
	NUP35
	CABYR
	FZD7

	GPSM2
	FZR1
	CKAP5
	NUP37
	CASC5
	G2E3

	GTSE1
	GAS2L3
	CLK4
	NUP98
	CCSAP
	GIT2

	HMGB2
	H1F0
	CTNND1
	NUSAP1
	CDC42EP1
	H2AFV

	HMMR
	H2AFX
	DCLRE1C
	OIP5
	CDC42EP4
	HJURP

	KIF11
	HMGB3
	DDX10
	OLR1
	CDK1
	HMGA2

	KIF23
	KIF14
	DNAJA1
	PBK
	CDK7
	HOXA9

	KIF2C
	KIF18A
	DNAJB1
	PCF11
	CDKL5
	HP1BP3

	MKI67
	KIF22
	DNAJB6
	PIF1
	CDYL
	ID2

	NDE1
	KIFC1
	DZIP3
	PTP4A1
	CENPL
	IFNAR1

	NEK2
	KNSTRN
	EIF4E
	RANGAP1
	CEP350
	INCENP

	PLK1
	KPNA2
	FAM83D
	RCOR1
	CFLAR
	IQGAP3

	PTTG1
	LBR
	FBXO5
	RNF26
	CHEK2
	KATNA1

	SFPQ
	PRC1
	GOT1
	RUNX1
	CLPX
	KCTD9

	TOP2A
	PSRC1
	HMG20B
	SAP30
	CNTROB
	KDM5B

	TPX2
	RACGAP1
	HMGCR
	SLC7A11
	CSNK1D
	KDM6A

	TROAP
	RSBN1
	HN1
	SNAPC1
	CSPG4
	KIAA1524

	TTK
	SGOL2
	HSPA1A
	SUV420H1
	CTNNA1
	KIF15

	UBE2C
	SHCBP1
	HSPA1L
	TBC1D31
	CTR9
	KIF18B

	UBE2S
	SMTN
	IFIT1
	TGIF1
	CYP1A1
	KIF20B

	ADGRE5
	SPAG5
	JADE2
	TM4SF1
	DBF4
	KIF5B

	ADGRG6
	STK17B
	KIAA0586
	WEE1
	DBF4B
	KIN





Supplemental Table 4: (Continued).

	KLF3
	PVRL2

	KMT2D
	RAD21

	LAMC1
	RAD51C

	LARP7
	RAN

	LMNA
	RAP2C

	LRRC17
	RBM8A

	LRRFIP1
	RDH11

	LTBP3
	REEP4

	MAP2K3
	RERE

	MAT2A
	RGS3

	MELK
	RIN2

	MGAT2
	RNF4

	MID1
	RRS1

	MPHOSPH9
	SACS

	MTMR6
	SAPCD2

	MYO10
	SERTAD3

	NAV2
	SGOL1

	NCAPD2
	SIX4

	NCAPH
	SLC25A24

	NDC1
	SLCO1B3

	NEDD4L
	SMAD3

	NET1
	SNAP23

	NIF3L1
	SPA17

	NRF1
	SRGAP2

	NUDT4
	SS18

	NUMB
	STARD8

	NUP50
	STAT1

	ODF2
	STIL

	PDGFA
	SURF6

	PKNOX1
	SVIL

	PLAU
	TAF1A

	PLEKHA5
	TAF4

	PLK2
	TAF7

	PLK4
	 

	PNRC2
	

	POLQ
	

	PPP1R10
	

	PPP2R5C
	

	PPP3CB
	

	PSMD11
	





Supplemental Table 5: Direct Targets of p53 identified in (Fischer et al., 2016).
	BLOC1S2
	PPM1D
	FCHO2
	DUSP14
	ETV7
	CPSF4

	CDKN1A
	FAM198B
	MGRN1
	SERPINB5
	MAP3K12
	IER3

	SESN1
	FBXW7
	NKAIN4
	IGFBP7
	MRPL49
	KIAA0430

	C12orf5
	SERTAD1
	TRIM32
	MAST4
	CFLAR
	LNPEP

	FBXO22
	TRAF4
	C17orf82
	MCC
	KIAA1217
	POU2F2

	MDM2
	PHPT1
	PADI4
	ACER2
	LRPAP1
	RAB1A

	RPS27L
	NTPCR
	APOBEC3H
	TNFRSF10A
	SMAD3
	SOCS4

	TNFRSF10B
	ZNF219
	RAD51C
	NHLH2
	TCAIM
	TNFAIP8

	DDB2
	ABCA12
	PMAIP1
	TUBB6
	TLR3
	CHST14

	RRM2B
	DHRS3
	TSKU
	ARHGAP42
	RETSAT
	GNAS

	DCP1B
	NUPR1
	CYSRT1
	SARS
	PSTPIP2
	RCBTB1

	PLK3
	PDE4C
	GPX1
	ABCB6
	STAT3
	TET2

	FAS
	ZNF337
	TGS1
	ALDH1A3
	APOBEC3C
	DGKA

	GADD45A
	SLC30A1
	SPATA18
	TRIP6
	EPHA2
	ANXA4

	PTP4A1
	PIDD1
	AMZ2
	C10orf32
	TNFRSF10D
	WDR63

	ACTA2
	ASTN2
	SFN
	PARD6B
	CSNK1G1
	SLC4A11

	BBC3
	EPS8L2
	VWCE
	RGMA
	ITPKC
	RGL1

	TRIAP1
	ZNF561
	SRA1
	GNAI1
	RALGAPB
	TMEM63B

	PLK2
	TM7SF3
	GPC1
	TSPAN11
	TMEM131
	ATF3

	SLC12A4
	TMEM68
	LRP1
	MLF2
	CLP1
	BTBD10

	PRDM1
	RABGGTA
	NYNRIN
	TANC1
	MFGE8
	BRMS1L

	AEN
	DRAM1
	ISCU
	TMEM64
	TRIM35
	FAM98C

	BAX
	ANKRA2
	TP53I3
	AK3
	ARFGEF2
	HHAT

	EDA2R
	SUSD6
	GRHL3
	DYRK3
	KCTD1
	CD82

	RAP2B
	SESN2
	IKBIP
	LCE1E
	SYNC
	RFK

	C17orf89
	PRKAB1
	PANK1
	MFAP3L
	TNFRSF10C
	RNF144B

	BTG2
	ORAI3
	APAF1
	SERPINE1
	IRF2BPL
	COBLL1

	TP53INP1
	ZNF79
	HSPA4L
	POU3F1
	SEMA3B
	HRAS

	ZMAT3
	NINJ1
	SLC25A45
	PTEN
	BBS2
	ZNF37A

	ASCC3
	E2F7
	SDPR
	SAC3D1
	KLHL12
	FLRT2

	CCNG1
	ENTHD2
	GBE1
	FDXR
	SCRIB
	IER5

	PHLDA3
	REV3L
	CCDC90B
	COL7A1
	FBN2
	LPXN

	PLXNB2
	SMEK1
	CMBL
	DDR1
	CDC42SE1
	8-Mar

	TRIM22
	PCNA
	CROT
	EI24
	EFCAB10
	MRPL39

	GPR87
	RPS19
	NADSYN1
	CDIP1
	RIN1
	USP15

	CPEB2
	S100A2
	SULF2
	FAM212B
	UQCC1
	AGBL5

	LIF
	TYMSOS
	CSF1
	CEL
	ZC3HAV1
	BHLHE40

	POLH
	EDN2
	RNF19B
	IGDCC4
	ZNF423
	GABARAPL2

	XPC
	LMNA
	PRKAB2
	ARAP1
	BCL9L
	GSS

	GDF15
	KCNN4
	FAM210B
	EPM2AIP1
	CNOT6
	HEXIM1





Supplemental Table 5: (Continued).
	NEFL

	PPP1R3C

	KRT8

	SCN2A

	TRIB1

	UTP3

	VCAN

	CDH8

	F5

	FCHSD2

	MUC2

	NDUFV3

	TP53

	YAP1

	CYFIP2

	STX6

	BLCAP

	EML2

	ADCK3

	EFNB1

	MON2

	BTG1

	C12orf45

	PARD6G

	SYTL1

	ZNF385A

	CLCA2

	KRT15

	BCL2L1

	DNAJB5

	MICALL1

	PML

	RRAD

	TEAD3

	WDR81

	EID2B





[bookmark: _Toc416744003][bookmark: _Toc416904699]Protocol: Validation of phospho-specific antibodies with lambda phosphatase activity

Add EBC lysis buffer (5-10X cell pellet volume) with 1X protease inhibitor without phosphastase inhibitors for 10 minutes on ice.
Spin down at max speed for 20 minutes at 4°C.
Collect supernatant into new tube and discard pellet. 
Determine protein concentration via Bradford Assay. 
Complete lambda phosphatase assay with appropriate controls: Condition 1: 10X phosphatase inhibitor, no lambda phosphatase; Condition 2: no phosphatase inhibitor, add lambda phosphatase; Condition 3: 10X phosphatase inhibitor, add lambda phosphatase. 

Purpose of 3 conditions:
Condition 1 – whole cell lysate with phosphatase inhibitors added. This will determine the detection of phospho-protein without treatment.
Condition 2 – whole cell lysate with lambda phosphatase and no phosphatase inhibitors. This is your treated sample – if your antibody is specific to phosphorylated protein, then you will see a decrease in detection. You may also see migration pattern change with a total protein antibody.
Condition 3 – whole cell lysate with phosphatase and phosphatase inhibitor. If loss of detection in condition 2 was due to phosphatase activity of lambda phosphatase, then you will see a rescue of detection with phospho-antibody similar to condition 1. 

Note: Use 10X more phosphatase inhibitor than normally added to lysis buffer; lower concentrations are not sufficient to inhibit concentrated lambda phosphatase activity. 
Per reaction include: 50 g whole cell lysate, 3 L NEB Buffer 10X, 3 L MnCl2, phosphatase inhibitor dependent on reaction. 0.5   phosphatase, up to 30 L EBC lysis buffer. 
Incubate at 30°C for 1 hour. 
Analyze by SDS-PAGE and immunoblot. 


[bookmark: _Toc416744004][bookmark: _Toc416904700]Protocol: Harvesting Cells by Crystal Violet Staining

Previous to harvesting: Seed 50,000 cells into 6 well plate with 2 mL media. Harvest as early as 1 day after seeding, depending on experimental design. 

Staining:
Carefully aspirate media off of plate, making sure to not aspirate any cells.
Wash cells by adding 1 mL PBS. Aspirate PBS. 
Add 1 mL 50% Crystal Violet Stain in PBS. Incubate at room temperature on rocker for 20 minutes.
Aspirate Crystal Violet Stain. 
Dunk plates into 4L beaker of DI-H20. Continue to refresh water until it is clear and no longer has purple tint (refresh water 4-5 times).
Remove water from beaker. Take plates and let air dry overnight.

Quantification of Crystal Violet Stain:
Add 500 L 100% methanol to air-dried wells. 
Incubate for at room temperature on rocker for 10 minutes.
Collect methanol + crystal violet supernatant into eppendorf tubes.
Transfer supernatant to 96 well flat bottom plate. Use 100 L per well, with 3 technical replicates per sample. 
Measure absorbance at 570 nM. 
Calculate relative absorbance depending on experimental question. 


[bookmark: _Toc416744005][bookmark: _Toc416904701]Protocol: Labeling cells with anti-BrdU and propidum iodide for flow cytometry

Note – if desired, it is possible to only stain with propidum iodide. To complete this, follow protocol for “harvesting and fixing cells for flow cytometry analysis” and skip directly to “staining cells with propidum iodide.”

Reagents:
PBS, Phosphate Buffered Saline
PBST, PBS + 0.05% Tween 20
Blocking solution, Superblock Pierce #37545 + 0.05% Tween 20 (v/v))
BrdU stock solution, 10 mg/mL (3000X)
FITC conjugated to anti-BrdU, Thermo Fischer Scientific # BDB556028
Propidium iodide, 50 μg/mL in PBS (10X stock), store at 4°C
2N HCl
70% Ethanol, store at -20°C
0.5 M sodium tetraborate, pH 8.5
RNAse, Sigma R6513

Harvesting and fixing cells for flow cytometry analysis
Add BrdU to culture medium to achieve final concentration of 10 μM. Place cells into incubator at 37°C for 30 minutes – 1 hour (depending on cell line). 
Harvest cells via trypsin if adherent (scraping can affect cell shape and throw off flow cytometry)
Remove media from plate
Wash plate with 1X PBS and remove PBS
Add 0.5 mL Trypsin (0.25%) to cells and watch for cells coming off of plate
Add 0.5 mL FBS containing media and collect cells in tube by centrifugation (500xG for 3 minutes).
Wash cells with PBS. Collect cells by centrifugation (500 xG for 3 minutes). Remove supernatant. 
Resuspend cells in 1 mL ice cold 70% ethanol. Store at -20°C for 2 hours to 2 weeks. 

Staining cells with anti-BrdU-FITC
Add 1 mL PBST and mix by inversion. Collect cells by centrifugation (2000xG for 8 minutes). Remove supernatant.
Resuspend pellet in 0.2 mL 2N HCl. Incubate at room temperature for 15 minutes. 
Add 1 mL PBST and mix by inversion. Collect cells by centrifugation (2000xG for 8 minutes). Remove supernatant.
During centrifugation, prepare Sodium Tetraborate-Blocking Solution
Make 0.1M sodium tetraborate, pH 8.5 using blocking solution as diluent. 
Resuspend pellet in 1 mL of sodium tetraborate-blocking solution. Incubate at room temperature for 30 minutes. 
 Collect cells by centrifugation (2000xG for 8 minutes). Remove supernatant.
Resuspend pellet in 220 μL anti-BrdU FITC conjugate in blocking solution (20 μL anti-BrdU-FITC with 200 μL Blocking Solution per sample). 
Incubate in dark at 4°C for 30 minutes. Can stop here overnight. It’s essential to store samples in dark to prevent bleaching of FITC conjugate. 
Add 1 mL Blocking Solution and mix by inversion. Collect cells by centrifugation (2000xG for 8 minutes). Remove supernatant.

Staining cells with propidum iodide
Add 1 mL PBST and mix by inversion. Collect cells by centrifugation (2000xG for 8 minutes). Remove supernatant.
Resuspend cells in 0.5 – 1.0 1X PI stain in PBS (final concentration should be 5 μg/mL propidium iodide with 100 μg/mL RNAse). 
Incubate 30 minutes at room temperature.
Analyze by flow cytometry. 


[bookmark: _Toc416744006][bookmark: _Toc416904702]Protocol: Validation of primers for RT-qPCR

To validate primers for RT-qPCR, you should complete a standard curve dilution using one sample. The sample can be cDNA generated from RNA isolated from cells you expect your gene should be expressed in. Alternatively, a plasmid with the cDNA included can be used. Primers should meet each of the qualifications described below to used for experiments. 

Qualifications for validation of primer sets:
No amplification present in no template control.
Use H2O instead of cDNA or plasmid as input.
This tests whether primers alone can cause SYBR signal. If signal is detected, this is often due to primer dimers. 
No amplification present in No Reverse Transcriptase Control 
Use RNA used for generation of cDNA as input.
This tests whether primers can amplify genomic DNA contaminants.
Dissociation curve shows one peak or agarose gel of product shows one band
Complete this on each well. 
Dissociation curves tell you how many products are present in your samples – different products will melt at temperature according to their size. This test is a proxy measurement for single product of primer amplification.
Efficiency within 80-120% range. 
Efficiency = 10(-1/slope)-1
This measures how efficient primers are at producing more product when given more input.
Efficiency within 80-120% is ideal. If efficiency is too high or too low, you cannot make conclusions about fold change, etc.
Low efficiency can be due to: PCR inhibitors present in your samples, inaccurate pipetting, and/or poor optimization of primers.
Ct Value Range within 20-30 range. 
Too low (<15) means you have very little range between positive and negative samples and you will have more variability
Too high (>32) increases that chance of false positives and negatives. This means you need 32 cycles to detect amplification.








[bookmark: _Toc416904703][bookmark: _Toc416501609][bookmark: _Toc416744007]Peer Reviewed Publications
Schade,A.E., Oser,M.G., Nicholson,H.E. and DeCaprio,J.A. (2019) Cyclin D–CDK4 relieves cooperative repression of proliferation and cell cycle gene expression by DREAM and RB. Oncogene, 10.1038/s41388-019-0767-9.

Schade, A.E., DeCaprio, J.A., Fischer, M., “G1/S and G2/M Cell Cycle Genes are Differentially Repressed by RB and DREAM after p53 activation.” under review. 

Jong Wook Kim, Christian B. Berrios, Miju Kim, Guillaume Adelmant, Amy E. Schade, Huwate Yeerna7, Mahmhoud Ghandi, Emily Damato, Amanda Balboni Iniguez, Kim Stegmaier, Nathaniel S. Gray, Pablo Tamayo, Ole Gjoerup, Jarrod A. Marto, James A. DeCaprio, William C. Hahn, “STRIPAK directs PP2A activity to promote oncogenic transformation.” Manuscript in preparation. 
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