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Abstract of the Dissertation
The role of human ORC?2 in DNA replication, mitosis and organization of the nucleus

by

Hsiang-Chen Chou

Doctor of Philosophy
in

Molecular and Cellular Biology
(MCB)
Stony Brook University

2021

In eukaryotic cells, the entire genome is duplicated only once each cell division cycle
during S-phase and is followed by segregation of the sister chromatids to the two daughter cells.
A pre-Replication Complex (pre-RC) is assembled at every origin prior to replication initiation
and is assembled in a stepwise manner. It begins with the hexameric Origin Recognition
Complex (ORC) 1-6 subunits binding to replication origins. Unlike yeast Saccharomyces
cerevisiae ORC that remains a stable complex throughout the entire cell division cycle, in human
cells the ORC complex dissociates soon after the pre-RC is activated at the beginning of S phase
and the ORC1 subunit is degraded. Reports in the literature suggest that ORC1 and ORC2 in
human cells are not entirely essential, however, CRISPR/Cas9 screens with guide RNAs that
target the entire open reading frame of ORC1-6, CDC6, CDT1 and MCM2-7 showed that these
proteins are all essential to cell survival. Indeed, the CRISPR/Cas9 screening points to essential

domains in each of these proteins.

Previous studies showed depletion of ORC2 or ORC3 in human cells using siRNA

caused defects in S-phase and also during mitosis, however, depletion of these proteins using

il



siRNA is a slow process. Here I used the auxin regulated mAID degron system to construct cell
lines in which ORC2 or ORC3 were removed from cells and the resulting cell cycle phenotypes
investigated. First, human cells were transduced with LTR-mAID-ORC2, which is resistant to a
specific CRISPR-mediated single guide RNA (sgRNA) via retrovirus transduction into cell lines
expressing the OsTIR1 protein, a ubiquitin ligase from rice that promotes degradation of proteins
linked to an auxin inducible domain (mAID). Then the endogenous ORC?2 gene was mutated
using a CRISPR/Cas9 with a sgRNA that inactivates the gene. The primary defects in the
absence of ORC2 were cells encountering difficulty in initiating DNA replication or progressing
through the cell division cycle due to reduced MCM2-7 loading onto chromatin in G1 phase.
This abnormal cell division phenotype then persists through mitosis causing abnormal
chromosome segregation including the presence of lagging chromosomes, micronuclei and
eventually apoptosis. The nuclei of ORC2 deficient cells were also large, with decompacted
heterochromatin. ORC1 knockout cells also demonstrated extremely slow cell proliferation and
abnormal cell and nuclear morphology. Thus, ORC proteins and CDC6 are indispensable for
normal cellular proliferation and contribute to DNA replication, chromosomes segregation and

nuclear organization.

Y



Dedication Page

I dedicate this thesis to my parents who have always supported me throughout my

education. I am truly grateful for their support and belief in me.



Table of Contents

List of Figures

List of Tables

List of Abbreviations
Acknowledgements

Publications

Chapter One: Background

1. Pre-RC complex and DNA replication
2. ORC and gene silencing and heterochromatin structure
3. Other functions of ORC

Chapter Two: Materials and methods

Chapter Three: The human Origin Recognition Complex is essential for pre-RC
assembly, mitosis and maintenance of nuclear structure.

1. Introduction
2. Results
2.1. ORCI1-6 and CDC6 are essential for cell survival
2.2. Rapid ORC2 removal in cancer cells impedes cell growth and
causes DNA damage
2.3. Loss of ORC2 results in heterochromatin decompaction and
abnormal nuclear morphology
2.4. ORC2 is essential for initiation of DNA replication
2.5. An MCM complex loading and pre-RC assembly defect in ORC2
depleted cells
2.6. ORC2 depletion in cells leads to aberrant mitosis
2.7. Characterization of previously published ORC1-/- and ORC2-/-
cell lines
3. Discussion

Chapter Four: Additional results

Anti-ORC2 antibody mAb920 cross-reacts with CENP-E
IP-MS with anti-ORC?2 rabbit polyclonal CS205 antibody
Additional Cell cycle analysis of ORC2 H-2 cells

Rapid ORC2 depletion in CMV-mAID-ORC2gr cell lines
CRISPR/Cas9 depletion of endogenous ORC3 in TO-HCT116
and U20S TRex cell lines

Nk W=

vi

viil
X1
Xil
XVii

Xviii

O\ —

14

37
38
41
40
68

78
84

88
93

97
108

112
112
115
123
129

132



Chapter Five: Discussion and future directions

1. What happened to the prolonged-arrested cells in auxin-

containing medium

2. How to further investigate the function of ORC in mitosis
3. The possible role of ORC in heterochromatin organization

4. Concluding remarks

Cited literatures

vii

136

136
138
140
143

145



List of Figures

Figure 1-1. Cartoon illustrating stepwise eukaryotic DNA replication initiation.
Figure 3-1. DepMap analyses of ORCI1 data.

Figure 3-2. Tiling-sgRNA CRISPR screen data and controls.

Figure 3-3. ORCI1 is essential to HCT116 and RPE-1 cell lines.

Figure 3-4. ORC2 is essential in HCT116 and RPE-1 by tiling-sgRNA.
Figure 3-5. Tiling-sgRNA CRISPR screen data contd.

Figure 3-6. Tiling-sgRNA CRISPR screen data contd.

Figure 3-7. Tiling-sgRNA CRISPR screen data contd.

Figure 3-8. Tiling-sgRNA CRISPR screen data contd.

Figure 3-9. DepMap analyses of ORCI1 data.

Figure 3-10. Table listing guide RNA sequences.

Figure 3-11. Guide RNAs targeting annotated domains show a higher
negative selection phenotype.

Figure 3-12. Analysis of ORC1-6, CDC6 tiling-sgRNA CRISPR screens.
Figure 3-13. Identification of CKHS regions in ORC1 using Protiler.
Figure 3-14. Identification of CKHS regions in ORC2 using Protiler.

Figure 3-15. Identification of CKHS regions in ORC3 using Protiler.

Figure 3-16. Identification of CKHS regions in ORC4 and ORCS using Protiler.

Figure 3-17. Identification of CKHS regions in ORC6 using Protiler.
Figure 3-18. Identification of CKHS regions CDC6 using Protiler.

Figure 3-19. Validation of CRISPR/Cas9 knockout in ORC2_H-2 cell line.

viii

42

44

46

47

49

50

52

54

56

57

58

60

62

63

64

65

66

67

72



Figure 3-20. Characterization of CRISPR/Cas9 ORC2 knockout and
complementation with sgRNA resistant ORC2.

Figure 3-21. Cell cycle analysis after dox and auxin treatment in TO-HCT116,
ORC2 H-2, ORC2 H-4, and ORC2_H-5 cell lines.

Figure 3-22. DNA damage checkpoint is activated in auxin-treated ORC2_ H-2,
ORC2 H-4, and ORC2_H-5 cell lines.

Figure 3-23. Auxin-treated ORC2_H2, H-4, and H-5 cells have abnormal nuclear

phenotypes.
Figure 3-24. Quantification of CENP-C foci.

Figure 3-25. Centromeric foci and heterochromatin are decondensed in ORC2
depleted ORC2_H-2 and H-5 cells.

Figure 3-26. Palbociclib synchronization of TO-HCT116 and ORC2_H-2 cell lines.

Figure 3-27. ORC2_H-2 cells show abnormal cell cycle progression after
mAID-ORC2¢" depletion.

Figure 3-28. Double thymidine block and release in TO-HCT116 and ORC2 H-2

cell lines.
Figure 3-29. Flow cytometry gating strategy for Figure 3-30.

Figure 3-30. Depletion of mAID-ORC2¢" in ORC2_H-2 and H-5 cells results in
decreased DNA-loaded MCM.

Figure 3-31. Chromatin-loaded MCM2 decrease after mAID-ORC2¢" depletion.
Figure 3-32. ORC2_H-2 cells have aberrant mitosis after auxin treatment.
Figure 3-33. Flow cytometry gating strategy for Figure 3-32a.

Figure 3-34. Characterization of previously published ORC1”- and ORC2"
cell lines.

Figure 3-35. ORC3 exists in ORC2"" cell line.

Figure 3-36. Real time quantitative PCR fold change represented as bar plot for
Figure 3-34e.

Figure 3-37. Copy number analysis of the genomes of four cell lines using the

X

73

75

76

80

81

82

83

86

87

90

91

92

95

96

100

102

103



SMASH method.
Figure 3-38. ONT PromethION long reads analysis.
Figure 3-39. Confocal Microscopy images of HCT116 cell lines.

Figure 3-40. Confocal (a-c) and Transmission electron microscopy (TEM) (d-f)
images of HCT116 cell lines.

Figure 4-1. ORC2 mouse monoclonal mAb#920 antibody cross-reacts with
CENP-E.

Figure 4-2. ORC2 immunoprecipitation in interphase (G2) and mitotic cells.

Figure 4-3. Cell cycle profile of TO-HCT116 and ORC2_H-2 cells after
thymidine-nocodazole arrest and release.

Figure 4-4. Cell cycle profile of TO-HCT116 and C2 after a double
thymidine block and released into nocodazole.

Figure 4-5. Detection of mAID-ORC2¢" fusion protein and cell cycle profile
of C4 after auxin treatment.

Figure 4-6. ORC3¢-mAID-mCherry fusion protein partially rescues endogenous
ORC3 knockout by sgRNA but not ORC3&(AMIR)-mAID-mCherry or
ORC3#(Acoiled-coil)-mAID-mCherry protein.

Figure 4-7. ORC3&-mAID-mCherry can be knockdown upon adding auxin and
doxycycline in TO-HCT116 but not in TO-U20S TRex cell line.

Figure 5-1. ORC2_H-2 cells showed abnormal morphologies after growing in
the medium containing doxycycline and auxin for 0, 72, 96, and 120 hr.

104

105

106

107

114

117

125

127

131

134

135

144



List of Tables

Table 2-1. Reagents Table 28

Table 4-1. ORC2-interacting proteins in G2 phase analyzed by iTRAQ. 118
Table 4-2. ORC2-interacting proteins in M phase analyzed by iTRAQ. 120
Table 4-3. ORC2-interacting proteins enriched in M phase analyzed by iTRAQ. 122

Xi



Abs
ACS

AD
ANOVA
ARS

ATAC-seq

ATM
ATP
ATR
BAH
BiFC
BiolD
bp
BSA
BUBIB

BUB3
BUBRI1
CaCl,
CAF-1
Cas9
CCNE1
CD
Cdc45s
Cdc5
CDC6
CDK
CDT
CENP-C

List of Abbreviations

antibodies

ARS consensus sequence

annotated domain

analysis of variance

autonomously replicating sequences

assay for transposase accessible chromatin with high-
throughput sequencing
Ataxia telangiectasia mutated

Adenosine triphosphate

Ataxia telangiectasia and RAD3-related
bromo-adjacent homology

bimolecular fluorescence molecular complementation
biotin identification

base pair

bovine serum albumin

mitotic checkpoint serine/threonine-protein kinase BUB1
beta
Mitotic checkpoint protein BUB3

Mitotic spindle checkpoint protein BUBR1
calcium chloride

chromatin assembly factor 1
CRISPR associated protein 9
G1/S-specific cyclin-E1
chromodomain

cell division control protein 45
cell division cycle 5

cell division control 6

cyclin dependent kinase

DNA replication factor Cdtl

Centromere protein C

Xil



CENP-E
ChIP
CHK1
CHK2
Chp2
CKHS
CNVs
CRISPR
CSD

Ct

CTE
DAPI
DDK
DMEM
DNA
Dox
Dpbl1
DSB
dsDNA
E2F1
EDTA
EdU

EGTA

EtOH
FACS
FC
FC
FSC
GFP
GINS

centrosome-associated protein E
chromatin Immunoprecipitation
checkpoint kinase 1
Serine/threonine-protein kinase Chk2
Calcineurin B homologous protein 2
CRISPR Knockout Hypersensitive
copy number variations

clustered regularly interspaced short palindromic repeats
chromoshadow domain

cycle threshold

C-terminal extension
4',6-diamidino-2-phenylindole

Dbf4 dependent kinase

Dulbecco's Modified Eagle Medium
deoxyribonucleic acid

doxycycline

DNA replication regulator DPB11
double strand break

double strand DNA

E2F Transcription Factor 1
ethylenediaminetetraacetic acid
5-Ethynyl-2'-deoxyuridine

ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid
ethanol

fluorescence-activated cell sorting
fold change

fluorescent protein

forward scatter

green fluorescent protein

go-ichi-ni-san

Xiii



GTP
HCI
HEPES
HP1
IDR
IgG
INPPL1
1P
IPTG
iTRAQ
KAP-1
KCl
KOH
LFC
LRWDI1
Mad?2
mAID
MCM
Mecl
MgCl,
MGS
MIR
MNase
MOI
MS
MUMs
NaCl
NAD
NGS
NTE

guanosine-5'-triphosphate

hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
heterochromatin protein 1

intrinsic disordered region

immunoglobulin G

phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase
immunoprecipitation

Isopropyl B- d-1-thiogalactopyranoside

Isobaric tags for relative and absolute quantitation
KRAB-associated protein 1

potassium chloride

potassium hydroxide

log fold change

Leucine-rich repeat and WD repeat-containing protein 1
mitotic spindle checkpoint component MAD2

mini auxin-inducible degron

minichromosome maintenance
Serine/threonine-protein kinase MEC1

magnesium chloride

Meier—Gorlin syndrome

MOD/1-interacting region

micrococcal nuclease

multiplicity of infection

mass spectrometry

maximal unique matches

sodium chloride

non-annotated domain

normal goat serum

N-terminal extension

X1V



OCCM
ONT
ORC
0sO4
OsTIR1
P
PACT
PAM
PBS
PCR
PFA
PGP
PI3K
PLK1
PP1
Pre-RC

PTPMTI

Rad53
RB
RBBP5
RNAIi

RT-PCR
SA-B-gal
Scc2
SDS
SEPT2
sgRNA
SIPS

Sir

ORC-Cdc6-Cdt1-MCM

Oxford Nanopore Technologies

origin recognition complex

osmium tetraoxide

Oryza sativa transport inhibitor response 1
pellet

pericentrin-AKAP450 centrosomal targeting
protospacer adjacent motif
Phosphate-buffered saline

Polymerase chain reaction
paraformaldehyde

P-Glycoprotein

phosphoinositide 3-kinase

Polo-like kinase 1

protein phosphatase 1

pre-replicative complex

Phosphatidylglycerophosphatase and protein-tyrosine
phosphatase 1
Serine/threonine-protein kinase RADS53

retinoblastoma
retinoblastoma-binding protein
ribonucleic acid interference
revolutions per minute

reverse transcription polymerase chain reaction
senescence-associated B-galactosidase
sister chromatid cohesion protein 2
sodium dodecyl sulfate

Septin-2

single guide RNA

stress-induced premature senescence

silent information regulator

XV



siRNA
SLiMs
SMASH
SNP
SSC

sup
SUV39HI1
SVs
TEM
TFIIB
TFRC
TGUH
TRF2
WHD

small interfering RNA

short linear protein motifs

short multiply aggregated sequence homologies
Single nucleotide polymorphism

side scatter

supernatant

suppressor of variegation 3-9 homolog 1
structural variations

transmission electron microscopy
transcription initiation factor IIB
transferrin receptor protein 1
Tail-Greedy Unbalanced Haar
telomeric repeat-binding factor 2

winged helix domain

XVi



Acknowledgments

When I first came to the US in 2013 to pursue my PhD degree, I’d never thought of how
it will totally change my life, both personally and professionally. I received so much guidance,
support and company from people that I couldn’t imagine going through the journey without
them. I would like to take this opportunity to thank all of them.

First of all, I want to express my deepest gratitude and utmost respect to my dissertation
advisor, Dr. Bruce Stillman, for his constant guidance and support, and always taking time out of
his busy schedule to discuss about the experiments and projects. At the beginning I often felt
frustrated because things hadn’t work for a period of time, but he kept encouraging me, giving
insightful suggestions and directed me to explore new possibilities. His wealth of knowledge and
the passion for research has always inspired me to become a better scientist. It would not have
been possible to finish this thesis and acquire the Ph.D. without his guidance.

I also want to thank my committee members, Dr. Ed Luk, Dr. Leemor Joshua-Tor, and
Dr. Rob Martienssen for spending time to discuss my research with me and providing me with
constructive and invaluable advice to make sure that I was on the right track. I feel honored to
have a committee composed of members who are respectable scientists in different fields and
have helped me improve my research along the way.

I would also like to thank all Stillman lab members, Yi-Jun Sheu, Manzar Hossain,
Kuhulika Bhalla, Mike Tramantano, Elaine Hu, Farhana Nasrin, Meng Ouyang, Jenn Shapp,
Narges Zali, and Carol Link for their generous help, discussion, and friendships. I want to
especially thank Kuhulika, who led the pre-RC CRIPSR screening projects and allowed me to
integrate the data into my dissertation. I also want to thank my classmates, Dongyan Song and
Zhumin Liu, who accompanied me on the way to CSHL from SBU when I just got the license.
Those trips were filled with scientific discussion and unforgettable happiness. I sincerely
cherished our friendships.

Last but not least, I want to thank my family for their endless support and belief in me.
My parents have taught me and given me the strength to face any challenges in life. My sister,
Lori, has always been there when I needed someone to talk to. I also want to share my deepest
appreciation to my husband, Peter, for always being by my side and also encouraging me to try
different things no matter at work or daily life. I’'m also thankful for my son, Ollie, who brings
the most happiness in my life, and also keeps reminding me of that world is a wonderful place
and I should make every effort to become a better person and contribute my skills to improve
human’s health.

I am beyond grateful for all of the support I had throughout my Ph.D. and without them,
all of this would not have happened.

Xvil



Publications

Chou H-C, Bhalla K, El Demerdesh O, Klingbeil O, Hanington K, Aganezov S, Andrews P,
Alsudani H, Chang K, Vakoc CR, Schatz MC, McCombie WR, Stillman B. 2021. The human
Origin Recognition Complex is essential for pre-RC assembly, mitosis and maintenance of

nuclear structure. Elife 10:¢61797. doi:10.7554/¢elife.61797

Data availability:

DNA sequencing data including Tiling-sgRNA CRISPR screen, CNV analysis by SMASH and

ONT Nanopore long-read sequencing are available in the Dryad database.

Chou H-C., Bhalla K., El Demerdesh O., Klingbeil O., Hanington K., Aganezov S., Andrews P.,
Alsudani H., Chang K., Vakoc C. R., Schatz M., McCombie W. R., and Stillman B. (2020)
Dryad Digital Repository Data from: The human Origin Recognition Complex is essential for
pre-RC assembly, mitosis and maintenance of nuclear structure.

https://doi.org/10.5061/dryad.59zw3r25f

Xviii



Chapter One- Background

1. Pre-RC complex and DNA replication

Cell division requires DNA to be synthesized once and only once in the cell cycle, and
the process is complex and highly regulated by multiple proteins. In budding yeast S. cerevisiae,
in which the mechanism and regulation of DNA replication has been characterized most in
depth, origin firing has also been reconstituted in vitro with purified proteins (Yeeles et al., 2015)
(Figure 1-1). It begins with the Origin Recognition Complex ORC1-6 hexamer binding to every
potential origin. ORC acts as a landing pad and recruits Cdc6, Cdtl, and the Mcm2-7 helicase,
forming the ORC-Cdc6-Cdt1-MCM (OCCM) intermediate. Next, upon ATP hydrolysis and
release of Cdtl, an ORC-MCM (OM) intermediate is formed, and a second Cdc6 and Cdtl-
Mcm2-7 complex is recruited to assemble the two Mcm2-7 hexamers in a head-to-head double
hexamer (Evrin et al., 2009; Fernandez-Cid et al., 2013; Miller et al., 2019; Remus et al., 2009;
Ticau et al., 2015). This multi-protein complex, also termed the pre-replicative complex (pre-
RC), is an inactive helicase (Donovan and Diffley, 1996; Remus et al., 2009; Rowley et al.,
1995; Siddiqui et al., 2013). Activation of DNA helicase requires binding and loading of other
proteins and the activation of two conserved protein kinases, Cyclin dependent kinase (CDK)
and Dbf4 dependent Cdc7 kinase (DDK), both of which play essential and critical roles in this
process. The assembly of pre-replicative complex happens following exit from mitosis and into
G1 phase and when the CDK activity is low (Amin et al., 2019; Diffley, 1996; Weinreich et al.,
1999). CDK phosphorylation of ORC, Cdc6, and MCM subunits prevent pre-RC assembly
outside of G1 and DNA re-replication (Nguyen et al., 2001). With the onset of S phase, MCM is
phosphorylated by DDK, which recruits Sld3/7 and Cdc45. CDK-dependent phosphorylation of
S1d2 and S1d3 further recruit SId2, Dpb11, GINS, pol € and Mcm10 to form the active CMG
(Cdc45-MCM-GINS) helicase (Araki et al., 2009; Mailand and Diffley, 2005; Muramatsu et al.,
2010; Tak et al., 2006; Yeeles et al., 2015). The single strand DNA is stabilized by RPA protein,
thereby allowing the salt-stable CMG complexes to move along efficiently, forming bi-
directional forks, unwinding DNA, and allowing DNA polymerase to bind and initiate

replication (Kose et al., 2019).
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Figure 1-1. Cartoon illustrating stepwise eukaryotic DNA replication initiation. The figure
was adapted from (Yeeles et al., 2015).



Although the mechanism and the proteins involved in DNA replication initiation are
highly conserved in eukaryotes, the DNA sequences where ORC binds are not. In yeast, there are
about 350-400 DNA origins throughout the genome, whereas in human there are about 40,000-
80,000 origins in order for the large genome to be replicated in a timely manner. In budding
yeast S. cerevisiae, replication origins are determined by specific DNA sequence motifs. These
DNA sequence elements, also termed autonomously replicating sequences (ARSs), consist of
about 150 bp of DNA and can maintain extrachromosomal replication when put in a plasmid and
transformed into yeast (Stinchcomb et al., 1979). The ARS is composed of an A element that
contains the essential ~11 bp AT-rich ARS consensus sequence (ACS) and three B elements, B1,
B2, and B3, and ORC binds to A and B1 elements in yeast (Broach et al., 1983; Marahrens and
Stillman, 1992; Newlon and Theis, 1993; Palzkill et al., 1986; Rao and Stillman, 1995; Rowley
et al., 1995; Shirahige et al., 1993; Theis and Newlon, 1997). In addition, the replication origins
are mostly found in nucleosome-free regions, making it more accessible for other replication
initiation factors to join (Eaton et al., 2010). In several structural studies, an Orc4 a-helix and
Orc2 loop are shown to contact with DNA and are necessary for origin specificity (Hu et al.,
2020; Li et al., 2018; Yuan et al., 2017). A structure of the S. cerevisiae pre-RC intermediate
complex ORC-Cdc6-Cdt1-MCM (OCCM) determined at 3.9-A-resolution has revealed that an
Orc2 loop inserts into the DNA minor groove, and an Orc4 a-helix inserts into the DNA major
groove (Yuan et al., 2017). Recent studies in S. cerevisiae ORC have found that the Orc4 a-helix
is essential for origin recognition specificity and Orc2 loop is essential for replication initiation
(Hu et al., 2020; Lee et al., 2021). Loss of the Orc4 a-helix or Orc2 loop is lethal, and the Orc4
a-helix mutations in yeast lead to different levels of growth defects and alter the genome-wide
origin firing map (Hu et al., 2020). The a-helix within Orc4 is absent in other budding yeast, S.
pombe, plants, human and other eukaryotes. In fission yeast S. pombe, no specific sequence, but
several A-T rich sequences ranging from 20 to 50 bp were found to be important for origin
function (Clyne and Kelly, 1995). Binding of ORC to origins in S. Pombe is mediated via the
AT-hook located in the N-terminal domain of Orc4 DNA, but this is only found in some fungi
and thus how origins are specified in most eukaryotes is not known (Chuang and Kelly, 1999).

In other eukaryotes, including plants, animals, and human, replication origins also show

no sequence specificity. In fact, in human cells, any fragment of DNA that has sufficient length
3



can initiate replication (Vashee, 2003). Similar to yeast, not all origins activate at the same time
in S phase or have the same efficiency (O’Keefe et al., 1992), and only a subset of origins fire
during each cell cycle, depending on the genomic loci, cell type, development and environmental
stress, etc. Time-lapse live imaging microscopy revealed that ORC1, being the first ORC subunit
binding to the DNA replication origins, localizes to mitotic chromosomes during early mitosis,
showing different chromatin binding patterns at different times during G1 and acts as a
nucleating center for recruiting other ORC subunits and the assembly of pre-RC (Kara et al.,
2015; Okuno et al., 2001). ORC selectively binds to nucleosome depleted regions such as active
promoters at transcription start sites, GC-rich DNA, CpG islands, and are also found at cohesion
binding sites (Blin et al., 2019; Karnani et al., 2010; MacAlpine et al., 2009; Miotto et al., 2016).
ORC tends to localize to open chromatin enriched with H3.3, H2A.Z, or active chromatin marks
(Hossain and Stillman, 2016; Kuo et al., 2012; Long et al., 2019; MacAlpine et al., 2009). Active
chromatin enriched with acetylation of histone H3 at lysine 27 (H3K27ac) and di-methylation of
histone H3 at lysine 4 (H3K4me2) are correlated with ORC-associated DNA origins (Miotto et
al., 2016). ORC1, CDT1 and MCM?2 also bind to the MYST family histone acetyltransferase
HBO1 (KAT?7) which is responsible for acetylation of H3K 14 and H4 (Burke et al., 2001; lizuka
and Stillman, 1999; Kueh et al., 2019; Miotto and Struhl, 2008). The methylated histone H4
lysine 20 mark (H4K20) enriched at replication origins also binds specifically to ORC and can
potentially stabilize the ORC-chromatin interaction. The histone H4K20 have three states of
methylation: mono, di, and tri-methylation, and each state is catalyzed by different enzymes
(Jorgensen et al., 2013). ORC1 preferentially binds to H4K20me2 which is catalyzed by Suv4-
20H1, and mutation in the ORC1 BAH domain disrupts the binding of ORC1 to H4K20me2, and
therefore diminishing ORC occupancy at the origins (Kuo et al., 2012).

In eukaryotes, protein sequence analysis of ORC suggests that ORC1-5 subunits contain
a AAA+ or a AAA+-like domain and a winged helix domain responsible for DNA binding
(Bleichert et al., 2017; Chen et al., 2008; Li et al., 2018; Tocilj et al., 2017). A classical AAA+
domain consists of a RecA-fold which contains Walker-A and Walker-B motifs, but ORC2 and
ORC3 have diverged RecA-folds and are therefore considered AAA+-like (Jaremko et al., 2020;
Lietal., 2018; Tocilj et al., 2017; Yuan et al., 2017). Although the AAA+ domain exists in

ORC1-5 subunits, ATP hydrolysis occurs only at the ORC1-ORC4 ATP-binding site (Bell and
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Stillman, 1992; Bowers et al., 2004; Speck et al., 2005). ORC1 has an N-terminal bromo-
adjacent homology domain (BAH) which recognizes and interacts with histone modifications,
such as H3K9me3, H3K27me3, and H4K20me2, and a pericentrin-AKAP450 centrosomal
targeting PACT domain (768—851 amino acids) at the C-terminus that targets ORC1 to
centrosomes to regulate centriole duplication (Hossain and Stillman, 2012; Kuo et al., 2012;
Miiller et al., 2010; Noguchi et al., 2006). ORC1 has an intrinsic disordered region (IDR; amino
acids 180-480) which contains multiple short linear protein motifs (SLiMs) that mediate nuclear
localization and other regulatory functions (Davey et al., 2011, 2007; Hossain et al., 2021).
During late G1 phase Cyclin A-CDK2 binds to a motif within the IDR and recruits the SCFSXF2
ubiquitin ligase that modifies ORCI1 for degradation. Separately, Cyclin A-CDK2 phosphorylates
ORCI1 when it is resynthesized just before mitosis and during mitotic exit. Protein phosphatase 1
(PP1) binds to a motif within the ORC1 IDR and de-phosphorylates ORC1 as well as promotes
pre-RC assembly (Hossain et al., 2021). A SLiM in the ORC1 IDR that overlaps with the cyclin-
binding motif (Cy motif) binds to CDC6 and also mediates the ORC1 intra- and inter-molecular
interactions (Hossain et al., 2021). The ORC1 IDR is also involved in DNA-dependent liquid
phase separation (Parker et al., 2019). ORC2 also harbors a predicted intrinsic disordered region
within the N-terminus but is not required for phase separation (Parker et al., 2019). ORC6 is
poorly conserved in eukaryotes and lacks the AAA+ domain. ORC6 contains two transcription
initiation factor-I1IB-like domains and a C-terminal domain which is essential for chromosome
segregation and cytokinesis in metazoans (Balasov et al., 2009; Chesnokov et al., 2009, 2003;
Liu et al., 2011; Prasanth et al., 2002; Semple et al., 2006). CDC6, which is closely related in
amino acid sequence to ORCI, also has an AAA+ domain that binds to ATP and a C-terminal
winged helix domain. ATP hydrolysis in CDC6 is not required for binding to DNA but is
required for dissociating from the pre-RC complex to prevent re-replication (Chang et al., 2015;
Perkins and Diffley, 1998; Randell et al., 2006; Tiengwe et al., 2012; Weinreich et al., 1999).
CDC6 also has a predicted IDR and potentially involved in DNA-dependent liquid-liquid phase
separation (Parker et al., 2019), although, unlike ORC1, CDC6 cannot phase separate on its own
(Hossain et al., 2021).

In human cells, the initiation of replication is similar to that in budding yeast, however

some differences exist. Yeast ORC forms a stable hexamer and associates with chromatin at all
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times during the cell division cycle (Bell and Stillman, 1992; Diffley, 1994). Yeast Cdc6 is
degraded from the G1-S boundary until mitosis via SCF®%* mediated proteolysis controlled by
Clb/Cdk28 kinases (Perkins et al., 2001; Piatti et al., 1996). In contrast, human ORC2-5 form a
core complex, and ORC1 and ORC6 binds to the core complex transiently during the G1 phase
of the cell cycle. One or more human ORC subunits dissociate from the DNA after pre-RC
assembly. In human cells, the largest ORC1 subunit is targeted for degradation at G1/S transition
by SCFS%P2_mediated ubiquitination, and is re-synthesized in late G2, and then binds to mitotic
chromosomes during mitosis (DePamphilis, 2004; Kara et al., 2015; Méndez et al., 2002; Ohta et
al., 2003; Tatsumi et al., 2003). Human CDC6 undergoes proteasome degradation during late
mitosis via SCFY°!i"F and during early G1 phase by the anaphase-promoting complex/cyclosome
(APC/C)/Cdh1 complex and is stabilized during mid-G1 by Cyclin E-CDK2 dependent
phosphorylation (Duursma and Agami, 2005; Mailand and Diffley, 2005; Petersen et al., 2000;
Walter et al., 2016). Later during S phase CDC6 is phosphorylated by CyclinA-CDK2 and is
exported from the nucleus (Jiang et al., 1999; Petersen et al., 1999; Saha et al., 1998). Human
ORC2 and ORC3 form stable heterodimers in the cells (Dhar et al., 2001; Jaremko et al., 2020;
Vashee, 2003). In human cells, localization of ORC and CDC6 to the nucleus or cytoplasm is
regulated by their phosphorylation. Geminin also plays a critical role in regulating replication by
targeting CDT1, and loss of this protein results in re-replication (Ballabeni et al., 2013; McGarry
and Kirschner, 1998; Wohlschlegel et al., 2000).

2. ORC and gene silencing and heterochromatin structure

The human genome contains two copies of about 3 billion base pairs that are arranged
into a linear DNA that is packaged into 23 chromosome pairs and a mitochondria genome. To fit
all this genetic material in the nucleus and retain its ability to replicate and transcribe correctly,

DNA condenses and wraps around histone proteins to form chromatin. Interphase chromatin is
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classified into two groups, euchromatin and heterochromatin. Euchromatin if straightened looks
like beads on a string under the microscope, and these beads are the nucleosomes which contain
DNA and histones. Each nucleosome consists of eight histones (two copies of each histone core
H2A, H2B, H3, and H4) with 147 bps of DNA wrapping around them. Nucleosomal wrapping in

euchromatin is loose, resulting in a more accessible and transcriptionally active chromatin.

Heterochromatin was first discovered by Emil Heitz in 1928 by the cytological staining
pattern of mitotic chromosomes in liverworts Marchantia polymorpha. Heterochromatin is a
more condensed form of chromatin with tightly packed nucleosomes, making it less accessible
and mostly transcriptionally silent. There are two types of heterochromatin, facultative
heterochromatin and constitutive heterochromatin. The former is able to change its structural
conformation during the cell cycle and has the potential for gene expression during development.
The latter remains condensed throughout the cell cycle and contains highly repetitive DNA
sequences called satellite DNA that is mostly found at the centromeres and telomeres.
Constitutive heterochromatin plays a role in chromosome organization, chromosome
segregation, telomere protection, and it also prevent genome instability (Allshire and Madhani,
2018; Canudas et al., 2011; Cheutin et al., 2003; Fanti et al., 1998; Grewal and Jia, 2007; Janssen
et al., 2018; Perrini et al., 2004; Zeng et al., 2010). Heterochromatin is usually found near the
nuclear membrane in the nucleus and localizes to pericentromeric and telomeric regions of
chromosomes (Canudas et al., 2011; Frydrychova et al., 2008; Kumar and Kono, 2020;
Luijsterburg et al., 2009; Nielsen et al., 2001; Perrini et al., 2004; Prasanth et al., 2010; Yi et al.,
2018; Zeng et al., 2010). In mammals, the telomere capping Shelterin protein recruits ORC
subunits to telomeric replication origins, and one of the Shelterin subunits, protein telomeric
repeat-binding factor 2 (TRF2), directly binds and recruits ORC1 and ORC2 (Atanasiu et al.,
2006; Deng et al., 2009, 2007; Higa et al., 2017; Tatsumi et al., 2008). Cells expressing a TRF2
mutant that is unable to bind ORC results in loss of telomeric repeats and leads to telomeric

dysfunction (Drosopoulos et al., 2020).

Heterochromatin is enriched for satellite DNA and marked with di- and trimethylated
histone H3 lysine 9 (H3K9me2 and H3K9me3) which is catalyzed by SUV39
methyltransferases. It is also enriched for heterochromatin protein 1 (HP1) (Eymery et al., 2009;
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Saksouk et al., 2015; Schueler and Sullivan, 2006). HP1 protein is evolutionarily conserved in
most eukaryotes from yeast, plants to humans, and they play important roles not only in
maintenance of heterochromatic structure, but also in genome stability, gene silencing, DNA
replication and repair, sister chromatid cohesion, heterochromatin and telomere maintenance
(Canudas et al., 2011; Cheutin et al., 2003; Chow et al., 2018; Fanti et al., 1998; Frydrychova et
al., 2008; Inoue et al., 2008; Kang et al., 2011; Maison and Almouzni, 2004; Perrini et al., 2004;
Singh et al., 1991; Yi et al., 2018). In fission yeast, there are two HP1 paralogs, Swi6 and Chp2
(Canzio et al., 2014). Mammalian cell HP1 has three homologs, HP1a, HP1p, and HP1y (Jones
et al., 2000). These three isoforms show strong redundancy in terms of their functions in
heterochromatic organization and structure, but each of these also has different localization in
chromatin, binding partners, and functions in genome stability (Kwon and Workman, 2011;
Maison and Almouzni, 2004; Minc et al., 1999). All isoforms localize to the pericentric
heterochromatin, and HP1P and HP1y also localize to euchromatin. During mitosis, HP1a and

HP1p localize to the centromere region while HP 1y localizes to the chromosome arms.

The structure of HP1 consists of the N-terminal extension (NTE), the chromodomain
(CD) that binds to H3K9me?2/3, the connecting disordered hinge region (HR) that binds to
nucleic acids, the chromoshadow domain (CSD) that mediates protein-protein interactions as
well as self-dimerization, and the C-terminal extension (CTE) (Aasland et al., 1995; Bannister et
al., 2001; Lachner et al., 2001; Maison and Almouzni, 2004; Meehan et al., 2003; Nielsen et al.,
2001; Nishibuchi and Nakayama, 2014; Paro and Hogness, 1991; Ye et al., 1997). During
mitosis, replicated DNA is evenly transmitted into two daughter cells and the chromatin structure
is also propagated to pass on epigenetic information (Groth et al., 2007). This process is
facilitated by the binding of HP1 to SUV39H1 methyltransferase and methylated DNA,
H3K9me3 and histone deacetylases (Aagaard et al., 1999; Bannister et al., 2001; Fischer et al.,
2009; Lachner et al., 2001; Motamedi et al., 2008). By recursive HP1 and SUV39H1 binding,
histone methylation and deacetylation, the heterochromatin begins to form on DNA. HP1 also
interacts with the PxVxL motif-containing chromatin assembly factor 1 (CAF-1) protein via HP1
chromoshadow domain for the assembly of nucleosomes after DNA synthesis (Huang et al.,

2010; Quivy et al., 2004, 2008; Richart et al., 2012; Thiru et al., 2004; Yan et al., 2018).



DNA methylation and histone post translational modifications are two key players for
maintaining chromatin structure, and it is very important that this information can be passed on
to newly synthesized cells when cells replicate. Chromatin organization is coupled with DNA
replication when cells duplicate, but how ORC is involved in heterochromatin organization still
remains unclear. ORC in budding yeast directly binds to silencer sequences and the large ORC
subunit Orcl binds directly to the Silent Information Regulator protein Sirl protein, bringing it
to the mating type loci HMR and HML where SIR-mediated silencing takes place (Bell et al.,
1993; Foss et al., 1993; Fox et al., 1995; Gardner and Fox, 2001; Hou et al., 2005; Triolo and
Sternglanz, 1996). ORC-Sirl then recruits and stabilizes the remaining SIR complex including
the histone deacetylase Sir2 which is essential for gene silencing. The ORC-Sir-mediated
transcriptional gene silencing pathway is not present in most other eukaryotes such as S. pombe,
Drosophila, plants and human, but these species have acquired RNA1 for gene silencing and also
obtain HP1 protein (Castel et al., 2014; Drinnenberg et al., 2009; Ellahi and Rine, 2016; Hu et
al., 2020; Martienssen and Moazed, 2015).

Human, Drosophila and Xenopus ORC bind to HP1 and plays an important role in gene
regulation and heterochromatin maintenance (Chou et al., 2021; Pak et al., 1997; Pflumm and
Botchan, 2001; Prasanth et al., 2010, 2004; Shen and Prasanth, 2012). Human ORC1, ORC2,
ORC3 and ORCS localize to heterochromatin foci in G1 and early S phase, and ORC1 and
ORC3 subunits directly interact with the HP1 chromoshadow domain (Prasanth et al., 2010).
HP1 binds to ORCI1 via an N-terminal region and binds to ORC3 through the N-terminal coiled-
coil domain and the MOD1-interacting region (MIR; 213-218 aa). Depletion of ORC1 or ORC5
with siRNA led to re-distribution of the HP1 protein, which then localized to the periphery of the
nucleoli (Prasanth et al., 2010). During G2 and M phase, ORC2 and ORC3 localize
predominantly to the centromeric region of the sister chromatids. Disruption of the ORC2
subunits results in defects in HP1 localization, decompaction of heterochromatic foci and
chromosome 9 a-satellite repeats DNA, and large nuclei, although the mechanism is yet to be
further investigated (Chou et al., 2021; Giri et al., 2016; Prasanth et al., 2010, 2004). It was also
shown that rapid ORC2 depletion in G1-phase for 16 hr did not result in abnormal
heterochromatic phenotypes, and therefore the heterochromatic defects could be cell cycle

dependent, or the outcome of a failure to load cohesion during S phase (Zheng et al., 2018).
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Fluorescence recovery after photobleaching (FRAP) analysis showed that ORC2, ORC3, and
HP1 have similar fluorescence recovery rates suggesting that their interaction with
heterochromatin is highly dynamic (Prasanth et al., 2010). On the other hand, ORCI1 has a slow
and incomplete fluorescence recovery, suggesting that ORC1 binds to heterochromatin in a more
stable manner. ORC1 also binds to RB and SUV39H1 methyltransferase which tri-methylates
histone H3K9 to repress E2F1-dependent transcription of the CCNEI gene which encodes Cyclin
E (Hossain and Stillman, 2016). HP1 is also involved in liquid-liquid phase-separation to form
heterochromatin structure and can form liquid droplets in vitro (Larson et al., 2017; Strom et al.,
2017). This compact and phase-separated environment can potentially maintain the association
of heterochromatin structure with nuclear lamina and protect the significant amounts of repetitive
sequences present within the heterochromatin (Janssen et al., 2018; Strom et al., 2017). Recent
studies showed that in the presence of DNA, Drosophila ORC1 and CDC6 undergoes liquid-
liquid phase separation (LLPS) (Parker et al., 2019). In human cells, it was also shown that
ORCI can phase separate with or without DNA, while CDC6 can phase separate only in
presence of DNA-bound ORC1 (Hossain et al., 2021). The function of ORC undergoing phase
separation is not clear, but it could be related to regulation of ORC protein level in nucleus
(Hossain et al., 2021), or be involved in heterochromatin and nuclear organization since ORC

subunits colocalize with HP1 protein in vivo.

3. Additional functions of ORC

In metazoan species, in addition to its function in DNA replication initiation, ORC subunits
are also involved in various processes during the cell cycle in addition to its well-studied role in
DNA replication initiation. ORC subunits localize to kinetochores, centromeres, centrosomes,
heterochromatin, and the ORC6 subunit localizes to the cytokinesis cleavage furrows (Bernal
and Venkitaraman, 2011; Chesnokov et al., 2009, 2003; Gillingham and Munro, 2000; Hemerly
et al., 2009; Pflumm and Botchan, 2001; Popova et al., 2018; Prasanth et al., 2010, 2004, 2002;

Shimada and Gasser, 2007). ORC subunits are found to be important in several mitotic phase
10



events, including chromosome condensation, kinetochore-microtubule alignments, sister-
chromatid cohesin-mediated pairing, chromosome congression and cytokinesis (Chesnokov,
2007; Craig et al., 2003; Hossain and Stillman, 2012; Popova et al., 2018; Prasanth et al., 2010,
2004; Sasaki and Gilbert, 2007; Zheng et al., 2018). Mutations in ORC1, ORC4, ORC6, CDT1,
and CDC6 are found in Meier—Gorlin syndrome (MGS) patients. MGS is an autosomal recessive
microcephalic primordial dwarfism syndrome in which patients have small ears, short stature,
and absent or very small patellae, but usually for microcephalic syndromes have near normal

intelligence (Bicknell et al., 2011a; Sonja A. de Munnik et al., 2012; Munnik et al., 2015).

Centrosomes are organizing centers that nucleate microtubules that bind to centromeres
to ensure correct chromosome segregation and are an important organelle required for efficient
and symmetric cell division in animals and for signal transduction. Ablating one centrosome
during early mitosis in mammalian cells could still create a bipolar spindle and normal anaphase,
however the cells have higher failure rate in cytokinesis (Khodjakov et al., 2000; Khodjakov and
Rieder, 2001). Many animal oocytes that naturally do not have centrosomes or somatic cells that
are depleted of centrosomes by manipulation show formation of anastral spindles and
asymmetric cell division (Bonaccorsi et al., 1998; Khodjakov and Rieder, 2001; Matthies et al.,
1996; Megraw et al., 2001). Human ORC1 and ORC?2 localize to centrosomes. During G1 phase
in human cells, binding of Cyclin A to the Cy motif in ORC1 promotes ORC1 localization to
centrosomes via centrosome-targeting domain PACT, and also prevents Cyclin E-CDK2
dependent re-duplication of centrioles (Hemerly et al., 2009; Hossain and Stillman, 2012).
Several mutations associated with MGS were found in Cyclin E binding sites within ORC1 BAH
domain, and overexpressing these MGS ORC1 mutant proteins in cells results in re-duplication
of centrioles and centrosomes (Bicknell et al., 2011b; Hossain and Stillman, 2012; Kuo et al.,

2012; Munnik et al., 2015; Sonja A de Munnik et al., 2012).

ORC subunits in yeast Saccharomyces cerevisiae may have functional roles in mitosis
besides initiation of DNA replication (Dillin and Rine, 1998). Temperature-sensitive haploid
Orc5 mutants arrest with 2C DNA content in early M phase (Dillin and Rine, 1998). When
synchronizing the Orc5 mutants in G2/M phase with nocodazole, switching to a non-permissive

temperature and then released cells from the block, cells could exit mitosis normally but arrested
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in G1/S phase (Dillin and Rine, 1998). Moreover, expressing wild type Orc5 in G1 did not let
cells recover from the G1/S arrest. This study shows that ORC is required for pre-RC formation
during late mitosis to G1 and is required for the onset of normal M phase, but when cells are
already in M phase, ORC is not required for mitosis exit. Later, it was shown that in budding
yeast, depleting Orc2 following the complete formation of pre-RC impairs sister-chromatid
cohesion, resulting in both DNA damage and Mad2-spindle checkpoint activation in mitosis
(Shimada and Gasser, 2007). In a normal cell cycle, Securin binds and inhibits separase protease
which is responsible for cleaving the sister chromatid cohesin rings until the onset of anaphase
(Hornig et al., 2002; Nasmyth, 2001; Uhlmann, 2001). Orc2 depletion in yeast results in DNA
damage that activates the checkpoint kinase Mec1-Ddc2, and thus phosphorylates its effector
kinase Chk1, which, in turn, phosphorylates and stabilizes Securin and prevents mitotic exit
(Chen et al., 2009). Mec1 also phosphorylates a second effector kinase Rad53, which prevents
anaphase entry by targeting Polo-like kinase Cdc5 (Liang and Wang, 2007; Schleker et al.,
2010). Incorrect kinetochore-microtubule attachment triggers the Mad2-spindle checkpoint and
inhibits Cdc20, resulting in stabilization of Securin, and arrest at the metaphase to anaphase
transition (Clarke and Giménez-Abian, 2000; Sanchez et al., 1999). In Drosophila, ORC
subunits localize to centromeric heterochromatin in mitosis, and Orc2 and Orc5 mutants died at
late larval stages with cells arrested in G1 and mitosis (Pflumm and Botchan, 2001). Those
mitotic arrest mutant cells had short and disorganized chromosomes that could not align

correctly at the metaphase plate and also showed impaired sister chromatids cohesion.

In human, ORC2 and ORC3 bind to centromeres or kinetochores of the sister chromatids
in mitosis (Craig et al., 2003; Prasanth et al., 2010, 2004). Small interfering RNA (siRNA)
knockdown of ORC2 or ORC3 results in cells arresting in both G1 and M phase (Prasanth et al.,
2004). ORC2 depleted cells have slow S phase and significantly less PCNA loading on
chromatin. The rounded cells arrested in mitosis were mostly in early M phase with multipolar or
asymmetric asters and multiple centrosomes, and the metaphase spread showed thick short
chromosomes, possibly due to a defect in condensin. These findings suggested that ORC
subunits might play a role in spindle organization, centrosome duplication, sister chromatid
condensation, and chromosome segregation in mitosis. However, these abnormal phenotypes

were observed in cells treated with ORC2 siRNA for 72 hr, and therefore some phenotypes
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might not have been direct outcomes of ORC2 depletion but rather a secondary effect due to
incomplete replication or activation of cell cycle checkpoints. My thesis work utilized the auxin-
induced degradation system to rapidly knockdown ORC2 in 4 hr and demonstrated that ORC2
depleted cells arrested in late S/G2 phase, underwent aberrant mitosis, and showed abnormal

nuclear structure, which is described in more detail in Chapter four.

The smallest ORC subunit, Orc6, localizes to cell membranes and the cleavage furrow
during cytokinesis, and its C-terminal domain binds Pnut protein, which is a member of the
GTP-binding protein septin family important for cell division in Drosophila (Chesnokov et al.,
2003; Neufeld and Rubin, 1994). In addition, the replication function is genetically separable
from the cytokinesis function, and expression of the Pnut interacting domain-deleted mutant
protein in cells resulted in multinucleated cells with readily replicated DNA. In human cells,
ORCG6 localizes to outer kinetochores in M phase, and some ORC6 localizes to the midbody and
binds septins at the intracellular bridge during cytokinesis (Prasanth et al., 2002). Depleting
ORC6 in HeLa cells with Orc6 siRNA caused polyploidy and multinucleated cells, and cells
with multipolar spindles and aberrant mitosis. The phenotypes of ORC6 depleted cells are
similar to those of chromosomal passenger and cell cycle checkpoint protein depleted cells,
suggesting that ORC6 might play an important role in coordinating multiple cell cycle events and
signal cell cycle checkpoints by localizing to replication origins, kinetochores, and cleavage
furrows. Recently a study performed in chicken DT40 cells using a temperature-sensitive degron
version of avian Orc6 showed that its replication function is separate from its cytokinesis
function, because Orc6 depletion in mitosis alone caused abscission defects (Bernal and

Venkitaraman, 2011).

The function of ORC in DNA replication initiation has been thoroughly researched in the
Saccharomyces cerevisiae, but more evidence is showing that ORC subunits are also involved in
other cellular activities in yeast or higher eukaryotes. In addition, ORC subunits dissociate from
the replication origins upon S phase entry and form sub-complexes in human cells allowing them
to localize to different organelles and play multiple roles in cells. The goal of my thesis is to
uncover the roles of ORC2 subunit, and I found that ORC2 depletion results in replication defect,

aberrant mitosis, and fail to maintain heterochromatin organization.
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Chapter two: Materials and methods

Most of the text of this chapter is taken directly from a manuscript published in eLife with

slight changes. (All experiments were conducted by me, unless otherwise noted in the text.)

Chou, H.-C., Bhalla, K., El Demerdesh, O., Klingbeil, O., Hanington, K., Aganezov, S.,
Andrews, P., Alsudani, H., Chang, K., Vakoc, C.R., et al. (2021). The human Origin
Recognition Complex is essential for pre-RC assembly, mitosis and maintenance of nuclear

structure. Elife 10, e61797.

Cell Culture

HCT116 (WT p53*"), U208, RPE-1, Plat-E cells and HEK293T cell lines were cultured
in DMEM (Gibco) supplemented with 10% Fetal bovine serum and 1 % Penicillin/Streptomycin.
IMR-90 cell line was cultured in EMEM supplemented with 10 % Fetal bovine serum and 1 %
Penicillin/Streptomycin. Plat-E and HEK293T cells were used for retroviral and lentiviral
production respectively. HCT116 (p537), HCT116 ORCI” (p53” background, clone B14),
HCT116 ORC2” (p53” background, clone P44) were a kind gift from Dr. Anindya Dutta
(University of Virginia, Charlottesville, VA, USA). Tet-OsTIR1 HCT116 (TO-HCT116) cell
line was a kind gift from Dr. Masato Kanemaki (National Institute of Genetics, Mishima, Japan).
All gifted cell lines were cultured in McCoys 5A (Gibco) supplemented with 10 % fetal bovine
serum and 1% Penicillin/Streptomycin. All cell lines were cultured at 37 °C with 5 % CO». All

of the cell lines used in this study were tested for mycoplasma and were negative.

Tiling-sgRNA guide design (Done by Dr. Kuhulika Bhalla and Dr. Kenneth Chang))

14



Every possible guide directly upstream of a sp-Cas9 canonical PAM (NGG) sequence in
the 5°->3” direction was extracted from the target exon sequences. Guides with the canonical
PAM (NGG) were aligned to the GRCh38 genome using the BatMis exact k-mismatch aligner
(Tennakoon et al., 2012). A maximum of three mismatches were considered for off-target
evaluation. The resulting alignment file was parsed, and each off-target location assigned a
penalty according to the number of mismatches to the target sequence and the exact position of
each mismatch in the guide, where the farther the mismatch is from the PAM the higher the
penalty, and based on the proximity of the mismatches to each other; assigning higher penalties

to mismatches that are farther apart.

The resulting penalties from each assessed off-target site were then combined into a
single off-target score for each guide (Hsu et al., 2013) with 1.00 as the maximum possible score
for guides not having any off-target site with up to three mismatches. The final results included
the guide sequence, the PAM, the number of off-target sites in the genome with 0, 1, 2 and 3
mismatches, the cut site location, the calculated off-target score, and any RefSeq genes (O’Leary

et al., 2016) located at the off-target sites.

Plasmid construction and sgRNA cloning (Performed with Dr. Kuhulika Bhalla)

HCT116-Cas9 and RPE-1-Cas9 expressing cell lines were gifts from Dr. Chris Vakoc
and Dr. Jason Sheltzer, respectively (Cold Spring Harbor Laboratory, NY, USA). In this study,
all the sgRNAs targeting genes of interest as well as controls were cloned into LRG2.1 plasmid
[derived from U6-sgRNA-GFP, Addgene: 108098 - as described (Tarumoto et al., 2018)]. Single
sgRNAs were cloned by annealing sense and anti-sense DNA oligos followed by T4 DNA
ligation into a BsmB1-digested LRG2.1 vector. To improve U6 promoter transcription
efficiency, an additional 5’ G nucleotide was added to all sgRNA oligo designs that did not
already start with a 5’ G.

For an unbiased tiling-sgRNA CRISPR screen, pooled sgRNA libraries were constructed.
All designed sgRNAs including positive/negative controls were synthesized in duplicate or
triplicate in a pooled format on an array platform (Twist Bioscience) and then PCR cloned into

the Bsmb1-digested LRG2.1 vector using Gibson Assembly. To ensure the representation and
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identity of sgRNA in the pooled lentiviral libraries, a MiSeq analysis was performed (Illumina)
and we verified that 100 % of the designed sgRNAs were cloned in the LRG2.1 vector and that
the abundance of >95 % of the sgRNA constructs was within 5-fold of the mean.

For ORC2 CRISPR complementation assays, sgRNA resistant synonymous mutations
were introduced to ORC2 by PCR mutagenesis using Phusion high fidelity DNA polymerase
(NEB). Amplified Guide RNA resistant ORC2 (ORC2¢") was cloned into Nhel-digested mAID-
mCherry2-NeoR plasmid (mAID-mCherry2-NeoR, Addgene 72830) to add mAID degron
sequence to the N-terminus. The mAID-ORC2¢ was then PCR amplified and assembled into
Bglll/Xhol digested pMSCV-hygro retroviral vector (TaKaRa #634401). Cloning was done
using In-Fusion cloning system (TaKaRa). In this experiment, sgRNAs targeting ORC2 and
control sgRNAs were cloned into BsmB1digested LgCG_cc88 lentiviral vector (Vakoc
laboratory, CSHL) by the same sgRNA cloning strategy described above.

To create ORC2 CRISPR/Cas9 knock out TO-HCT116 cells, we used sgRNA ORC2-1-
epCas9-1.1-mCherry plasmid for transient transfection. Sequence of sgRNA ORC2-1 was
cloned into epCas9-1.1-mCherry plasmid which was a kind gift from Dr. David Spector (Cold
Spring Harbor Laboratory, NY, USA). sgRNAs were cloned by annealing sense and anti-sense
DNA oligos followed by T4 DNA ligation into a BbsI-digested epCas9-1.1-mCherry vector.

To construct a lentiviral vector that constitutively expresses H2B-mCherry in TO-
HCT116 and ORC2_H-2 cells, H2B-mCherry sequence was PCR amplified and cloned into
BamHI/BspDI -digested pHAGE-CMV-MCS-1ZsGreen vector which was a kind gift from Dr.
Alea Mills (Cold Spring Harbor Laboratory, NY, USA).

Viral Transductions

Lentiviruses were produced in HEK293T cells by co-transfecting target plasmid and
helper packaging plasmids psPAX2 and pVSVG with polyethylenimine (PEI 25000,
Polysciences cat# 23966-100) transfection reagent. Plasmids were mixed in the ratio of 1:1.5:2
of psPAX2, pVSVG and target plasmid DNA in OptiMEM (Gibco, Cat# 31985062). 1 mg/mL

PEI was added, mixed and incubated, before addition to the cells. Cell culture medium was
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changed 7 h after transfection, and viral supernatant collected at 36 and 72 h following
transfection. For the high throughput lentiviral screening, viral supernatant was concentrated

with Lenti-X™ Concentrator (Takara, #631231) following manufacturer's protocol.

Retroviruses were produced in Plat-E cells by co-transfecting target plasmid and
packaging plasmids pCL-Eco and pVSVG in the ratio of 1.25:1:9 with PEI. Cell culture medium

was changed 7 h after transfection, and the supernatant was collected at 36 hr post-transfection.

For either lenti (gRNAs) or retroviral transductions (mAID-ORC2¢#"), target cells were
mixed with viral supernatant, supplemented with 8 pg/mL polybrene and centrifuged at 1700
rpm for 30 min at room temperature. Fresh medium was added 24 h after transduction. Where
selection was required, antibiotics - 1 pg/mL puromycin; 10 pg/mL of blasticidin; 200 pg/ml of
hygromycin - were added 72 h post infection.

Cytospin and metaphase spread

Prepare in advance less than 2-month-old acid-washed coverslips (stored in 100 %
EtOH). Dry and put into the 6-well plate. Make fresh KCM (120mM KCl, 20mM NaCl, 10mM
Tris-HCL, 0.3mM EDTA, 0.1 % Trixon X-100) and wash buffer (1% BSA or normal goat serum
(NGS) in PBS). Prewarm 75 KCl in 37-degree water bath. Cells were treated for 2-4 hours with
colcemid or nocodazole at 0.05-0.1 pg/ml. Cells were pelleted by centrifugation at 1,000 rpm for
5 minutes at, washed twice with PBS and count the cells. Spin down at 1000 rpm and remove
PBS. Tap the tube to resuspend cells in residual PBS. Add 75 mM KCl at 2 x 103 cells/ml and
left at room temperature for 30 mins. Aliquots (~150pul) of the swollen cell suspension were spun
onto coverslips at 1,800 rpm for 10 minutes in a Shandon Cytospin. Coverslips were then
immersed for 10 minutes at room temperature in KCM buffer. To rinse, coverslips were
immersed in PBS for 5 mins at room temperature. Next, coverslips were fixed with 2% PFA for
5 mins at room temperature in dark. After fixation, coverslips were washed with PBS for five
minutes 3 times. Coverslips were then immersed in blocking buffer (5 % BSA or NGS in PBS
with 0.1 % Tween) for 1 hour. Coverslips were incubated with primary antibodies (anti-ORC2
#CS205, 1:200; anti-BUBR1 #BD612503, 1:200; anti-CENP-E; anti-Aurora B kinase #ab2254,

1:200; anti-CENP-A #, 1:200) overnight in cold room. The next day, wash the coverslips with
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PBS+19%BSA+0.1 % Tween for 15 mins 3 times. Incubate coverslips with secondary Abs for 1-
1.5 hour at room temperature in dark. Wash with PBS+1 % BSA+0.1 % Tween-20 10 mins 2
times. Dilute DAPI (1ug/ml) in PBS. Immersed the coverslips in 1DAPI for 1-2 minutes. Wash

with PBS for 5 mins 3 times. Mount the coverslips onto ethanol cleaned slides.
ORC2 immunoprecipitation for iTRAQ analysis

First, the rabbit IgG and anti-ORC2 rabbit polyclonal CS205 antibody were crosslinked
to GammaBind Plus Sepharose respectively using DMP crosslinker following lab protocol. HeLa
Cells were treated with nocodazole to arrest in G2/M phase. Mitotic cells were collected by
mitotic shake-off method and the remaining cells (G2) were harvested by trypsin digestion. Cells
were lysed with lysis buffer 1(20mM pH8 HEPES-KOH, 100mM NaCl, ImM EDTA, 0.1% NP-
40) for 40 min in the cold room rotated. Next, lysates were centrifuged at 14000 rpm for 15 mins
and the supernatant (supl) was collected. The pellet was resuspended with lysis buffer2(20 mM
pH8 HEPES-KOH, 200 mM NacCl, 5 mM MgCl,, | mM EDTA, 0.3 % NP-40, 3 mM CaCl,) for
30 min in the cold room rotated. Next, the lysates were aliquoted into 200 ul lysates per tube and
warmed in 37 degrees for 1 min. 120U MNase was added into each tube and incubated for 10
mins at 37 degree. Next, EGTA was added to stop the reaction. Finally, the lysates were
centrifuged at 14000 rpm for 15 mins and the supernatant (sup2) and pellet (P) were collected
separately. For ORC2 immunoprecipitation, supl and sup2 were precleared with beads first and
then incubated with 20 ul of antibody-conjugated sepharose beads for 2 hours in cold room. The
beads were washed with 500 ul wash buffer for 3 times (change to new tubes after first wash)
and followed by boiling for western blotting or enzymatic digestion done by mass spectrometry

facility.

Pooled sgRNA screening (Performed with Dr. Kuhulika Bhalla, Kaarina Hanington, and
Dr. Kenneth Chang)

CRISPR-based negative selection screens using sgRNA libraries targeting proteins
ORC1-6, CDC6 as well as positive and negative controls, were performed in stable Cas9-
expressing HCT116 (p53™*) and RPE-1 cell lines. The screens were performed as previously

described (Lu et al., 2018; Miles et al., 2016; Shi et al., 2015) with a few optimizations for scale.
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Briefly, to ensure a single copy sgRNA transduction per cell, multiplicity of infection (MOI) was
set to 0.3-0.35. To achieve the desired representation of each sgRNAs during the screen, the total
number of cells infected was determined such that while maintaining the MOI at ~0.3, each
guide would yield at least 2000 counts at the beginning with Illumina NGS. Cells were harvested
at day 3 post-infection and served as the initial time-point (P1) of the pooled sgRNA library,
representing all guides transduced to begin with. Cells were cultured for 10 population doublings
(P10) and harvested as the final time point. Genomic DNA was extracted using QIAamp DNA
midi kit (QIAGEN) according to the manufacturer’s protocol. Data from a total of 3 screens

(HCT116: n=2; RPE-1: n=1) is presented in this study.

Next Generation Sequencing (NGS) library was constructed based on a newly developed
protocol. To quantify the sgRNA abundance at P1 and P10, the sgRNA cassette was PCR
amplified from genomic DNA using Amplitaq Gold DNA Polymerase (Invitrogen, 4311820) and
primers (F2: TCTTGTGGAAAGGACGAAACACCG; R2:
TCTACTATTCTTTCCCCTGCACTGT). The resulting DNA fragment (~ 242 bp) was gel
purified. In a 2" PCR reaction Illumina-compatible P7 and custom stacked barcodes which
included the standard Illumina P5 forward primer, were introduced into samples by PCR
amplification and the final product was gel purified (~180-200 bp). Samples were quantified by
Agilent Bioanalyzer DNA High-sensitivity Assay (Agilent 5067-4626) and pooled together in
equal molar ratios and analyzed by Illumina. Libraries were sequenced with a single-end 76

cycle NextSeq 500/550 kit on the NextSeq mid-output platform.

Quantification and analysis of screen data (Performed by Dr. Kuhulika Bhalla, Dr. Osama

El Demerdesh, and Dr. Olaf Klingbeil)

The quantification of guides was done using a strict exact match to the forward primer,
sample barcode, and guide sequence. MAGeCK was used for the identification of essential
sgRNAs by running the “mageck test” command on the P1 and P10 raw sgRNA counts.
MAGeCK employs median normalization followed by a Negative Binomial modeling of the
counts and provides the log fold change (LFC) and p-values at both the individual guide and
gene levels (Li et al., 2014).
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We used Protiler (https://github.com/MDhewei/ProTiler-1.0.0), a computational method
for the detection of CRISPR Knockout Hypersensitive (CKHS) regions from high-throughput
tiling screens, to call and visualize the essential domains (He et al., 2019). Protiler uses denoising
methods to mitigate the off-target effects and inactive sgRNAs, then applies a wavelet-based
changing point detection algorithm to delineate the boundaries of sensitive regions. We
separately input averaged LFC values from the two replicates of HCT116 or RPE-1 computed
from MAGeCK, and analyzed the dataset at default values for all parameters except -t2/--
threshold2. This threshold detects changing points using TGUH method described in this
pipeline and we identified CKHS regions at thresholds of 0.25 and 0.5 for each target protein.

GFP competition and sgRNA complementation assay

TO-HCT116, TO-HCT116_mAID-ORC2¢", U20S, U20S_mAID-ORC2¢", HCT116 p53-
~, HCT116 p537-_mAID-ORC2¢, ORC2” p44, and ORC2 p44”- mAID-ORC2¢" cells were
transduced with individual sgRNA-Cas9-GFP lentiviruses at an MOI of 0.3-0.4 to ensure one
copy of sgRNA per cell. Cells were passaged every 3 days beginning day 3 (P1) till day 21(P7)
post-transduction. At each passage, GFP percentage were evaluated by guava easyCyte™ flow
cytometer. Three technical repeats were measured for each datapoint. Measured values were
normalized to GFP percentages at P1 for each sgRNA. All experiments were performed as a set

of 3 biological replicates.
Generating endogenous ORC2 KO mAID-ORC2¢" cell lines

To construct TO-HCT116-mAID-ORC2¢" cells, TO-HCT116 cells were transduced with
mAID-ORC2¢" retrovirus and selected with 200 pg/ml of hygromycin. sgRNA ORC2-1-epCas9-
1.1-mCherry plasmid was transiently transfected into TO-HCT116-mAID-ORC2#" cells using
Lipofectamine 2000 Transfection Reagent (ThermoFisher #11668019) following manufacturer’s
protocol. Cells were harvest by 0.25% trypsin-EDTA after 24 hr, washed once with PBS, and
resuspended into sorting buffer containing 2% FBS, 2 mM EDTA, and 25mM HEPES pH7.0.
Single cells were FACS sorted and expanded.

Cell Proliferation assays
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TO-HCT116, ORC2 _H-2, ORC2 H-4, and ORC2_H-5 cell lines were seeded 24 hr
before the experiment in either base medium or medium containing 0.75ug/ml doxycycline. For
each cell line, 150,000 cells were seeded on day 1, and medium was changed every day. We
harvested 3 replicates for each time point. Cells stained with 0.4 % trypan blue solution were
counted using an automated cell counter. Similarly, cell proliferation assays for HCT116 p53*/*,
HCT116 p537, ORCI”- and ORC2" cells were done starting at a seeding density of 100,000

cells.
Immunoprecipitation, Inmunoblotting and quantitation

Cells were incubated in RIPA buffer (150 mM NaCl, 1 % NP-40, 0.5 % Sodium
deoxycholate, 0.1 % SDS, 25 mM Tris-HCI PH 7.4) on ice for 15 minutes. Laemmli buffer was
then added and samples analyzed by western blotting to detect proteins with antibodies. Primary
antibodies: anti-ORC2 (rabbit polyclonal #CS205, in-house), anti-ORC3 (rabbit polyclonal
#CS1980, in-house), anti-ORC1 (mouse monoclonal #pKS1-40, in-house), anti-CDC6 (mouse
monoclonal #DCS-180, EMD Millipore), anti-ATM (rabbit monoclonal #ab32420, abcam), anti-
pATM(S1981) (rabbit monoclonal #ab81292, abcam), anti-CHK1 (rabbit monoclonal #ab40866,
abcam), anti-pCHK1(S345) (rabbit monoclonal #2348, Cell Signaling), anti-pCHK2(T68) (rabbit
monoclonal #2197, Cell Signaling), anti-ATR (rabbit polyclonal #ab2905, abcam), anti-
pATR(T1989) (rabbit polyclonal #ab227851, abcam), anti-pATR(S428) (rabbit polyclonal
#2853, Cell Signaling), anti-p-yH2AX(S139) (rabbit monoclonal #9718, Cell Signaling), anti-[3-
Actin (mouse monoclonal #3700, Cell Signaling). Secondary antibodies: ECL™ anti-Rabbit IgG
Horseradish Peroxidase linked whole antibody (#NA934V, GE Healthcare) and ECL™ anti-
mouse IgG Horseradish Peroxidase linked whole antibody (#NA931V, GE Healthcare).

Relative ORC2 (or mAID-ORC2¢"), ORC3, ORC1, and CDC6 protein levels in each cell
line was quantified by normalizing band area to -Actin of each cell line and then normalized to

HCT116 cells using ImagelJ software.

Cell cycle analysis and pulse EdU label
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For double-thymidine block and release experiments, cells were first incubated with 2
mM thymidine for 18 hr. After PBS washes, cells were released into fresh medium, with or
without (0.75 pg/ml) doxycycline, for 9 hr. Next, 2 mM thymidine were added into the medium
for 16 hr. Where needed 500 nM of auxin was added into the medium 4.5 hr before final release.
Prior to harvest, all cells were pulse labeled with 10 uM EdU for 2 hours. Once released from the
second thymidine block, 0 hr time point cells were harvested, and the remaining were released
into fresh medium +dox and auxin and collected at indicated time points. Samples for analysis
were prepared using Click-iT™ EdU Alexa Fluor™ 488 Flow Cytometry Assay Kit following
manufacturer’s protocol (ThermoFisher #C10420). FxCycle™ Violet Stain (ThermoFisher

#F10347) was used for DNA content analysis. Experiments were repeated >3 times.

For Palbociclib cell synchronization experiments, cells were incubated with medium
containing 1uM Palbociclib (#S1116, Selleckchem) and 0.75 pg/ml doxycycline for 28 hr before
first harvest. When needed auxin was added 4.5 hr prior to harvest. Another subset of cells was
maintained in medium containing palbociclib and dox for another 12 hr (with or without auxin)

for the second harvest.
Mitotic index flow cytometry

TO-HCT116 and ORC2_H-2 cells were pre-treated with doxycycline for 24 hr where
needed in this experiment. Cells were harvested at different time points after auxin treatment,
and immediately fixed with 4 % paraformaldehyde (PFA) in PBS for 15 min, mixed with 1 %
BSA-PBS and centrifuged and supernatant discarded. Next, cells were permeabilized with 0.5 %
Triton X -100 in 1 % BSA-PBS for 15 min at room temperature, mixed with 1% BSA-PBS and
centrifuged and supernatant discarded. Samples were incubated with anti-pH3S10 antibody
(mouse monoclonal #9706, Cell Signaling) for 45 min at 37 C. Cells were then washed with 1 %
BSA-PBS + 0.1 % NP-40, and incubated with secondary antibody (Donkey anti-Mouse Alexa
Fluor 647, #715-605-151, Jackson ImmunoResearch) for 50 min at 37°C protected from light.
Finally, DNA in cells were stained with FxCycle™ Violet Stain (ThermoFisher) and samples
analyzed by flow cytometry.

Cell extraction and MCM2 flow cytometry
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EdU pulse labeled asynchronous TO-HCT116, ORC2 H-2, ORC2_H-5 cells with or
without doxycycline and auxin treatment were harvested, washed with PBS, and processed based
on the previously described protocol (Matson et al., 2017) with minor optimizations. For non-
extracted cells, cells were fixed with 4 % PFA in PBS for 15 min, and then centrifuged at 1000
xg for 7 min to remove fixation, then washed with 1 % BSA-PBS and centrifuged again. Next,
cells were permeabilized with 0.5 % Triton X-100 in 1 % BSA-PBS for 15 min and then washed
with 1% BSA-PBS. For chromatin extracted cells, cells were incubated in CSK buffer (10mM
PIPES/KOH pH 6.8, 100 mM NacCl, 300 mM sucrose, | mM EGTA, | mM MgCl,, 1 mM DTT)
containing 0.5 % Triton X-100 with protease and phosphatase inhibitors, on ice for 5 min. Cells
were centrifuged, washed with 1 % BSA-PBS and then fixed in 4% PFA in PBS for 15 min.
After a PBS wash, samples were prepared using Click-iT™ EdU Alexa Fluor™ 488 Flow
Cytometry Assay Kit manufacturer’s manual (ThermoFisher #C10420), but instead of the kit’s
permeabilization and wash reagent, we used 1 % BSA-PBS + 0.1 % NP-40 for all washing steps.
Next, cells were incubated with anti-MCM2 antibody (mouse monoclonal #610700, BD
Biosciences) at 37 C for 40 min protected from light. Cells were washed and then incubated with
secondary antibody (Donkey anti-Mouse Alexa Fluor 647 #715-605-151 Jackson
ImmunoResearch) at 37 C for 50 min, protected from light. Finally, cells were washed and
stained with FxCycle™ Violet Stain (ThermoFisher). >10,000 cells were quantified per
condition. Gating for MCM negative cells was done based on unstained cell populations and

secondary antibody only fluorescence controls.
Immunofluorescence Staining

TO-HCT116, ORC2 _H-2, ORC2 H-4, and ORC2_ H-5 cells were grown on coverslips
for 48 hr with or without doxycycline and auxin treatment. Samples on coverslips were fixed in 4
% PFA for 10 min at room temperature. Next, coverslips were washed for 5 min with cold PBS.
Cells were then permeabilized in 0.5 % Triton X-100 in PBS for 9 min. Following PBS washes,
cells were blocked with 5 % normal goat serum in PBS + 0.1 % Tween (NGS-PBST) for 1 hr.
For primary antibody incubation, antibodies were diluted in 1 % NGS-PBST and incubated for
overnight at 4 ‘C. Primary antibodies used include anti-CENP-C (Mouse monoclonal #ab50974,
Abcam), anti-CENP-C (Rabbit polyclonal #ABE1957, Millipore), anti-HP 1o (Mouse
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monoclonal #MAB3584, Millipore), anti-pCHK1(S345) (rabbit polyclonal #2348, Cell
Signaling), anti-p-yH2AX(S139) (rabbit monoclonal #9718, Cell Signaling), and anti-
pATM(S1981) (Mouse monoclonal #ab36180, Abcam). Cells were washed with 1 % NGS-PBST
before incubation with secondary antibody for 1 hr at room temperature. Secondary antibodies
used include Goat Anti-Mouse IgG H&L Alexa Fluor® 647 (#ab150115, Abcam) and Goat
Anti-Rabbit [gG H&L Alexa Fluor® 488 (#ab150077, Abcam). Finally, cells were stained with 1
pg/ml DAPT and coverslips mounted with VECTASHIELD® Antifade Mounting Medium (#H-
1000-10, Vector Laboratories). Images were taken using a Perkin Elmer spinning disc confocal
equipped with a Nikon-TiE inverted microscope using 60X objective oil lens with an Orca ER

CCD camera. Images presented are maximum intensity projections of a z-stack (z=0.3uM).

To study the nuclear and cellular morphology HCT116 p53™*, HCT116 p53”-, ORCI”
(B14) and ORC2"~ (P44) cells were grown on coverslips. Cells were fixed with 4% PFA and the
method described above was followed. Primary antibody against Lamin B1 (Abcam ab16048)
was used as a marker for nuclear envelope. Secondary antibody used is Goat Anti-Rabbit IgG
Alexa Fluor® 594 (Abcam ab150084). In addition, Phalloidin iFluor® 488 (Abcam ab176753)
was used to stain for cytoskeleton and DNA was detected with 1pug/ml Hoechst dye
(ThermoFisher #62249). Mounted coverslips were imaged with Perkin Elmer spinning disc
confocal equipped with a Nikon-TiE inverted microscope using 40X objective lens with an Orca
ER CCD camera. Images presented are single channel average intensity projections or merged

multi-channel maximum intensity projections of z-stacks.
Nuclear volume quantitation

Nuclei were fixed and stained with DRAQS5™ Fluorescent Probe Solution as per the
manufacturer’s guidelines (ThermoFisher #62251). Images were taken using a Perkin Elmer
spinning disc confocal equipped with a Nikon-TiE inverted microscope using 60X objective lens
with an Orca ER CCD camera. Images presented are maximum intensity projections of a z-stack

(z=0.3uM). Nuclear size was analyzed with volocity software (version 6.3.1).

Live cell microscopy

24



TO-HCT116 and ORC2 H-2 cells were seeded in ibidi p-Slide 8 Well Glass Bottom, in
the presence or absence of 0.75 pg/ml doxycycline for 24 hr. Next, 2 mM thymidine was added,
and samples incubated +dox for 24 hr. Two hours prior to washing out thymidine, 500 nM auxin
were added to the dox treated wells. Samples were then imaged beginning 4 hr after thymidine
release and the timepoints reconstructed from time-lapse images using volocity software. Images
were acquired approximately every 5 minutes on a Perkin Elmer spinning disc confocal equipped
with a Nikon-TiE inverted microscope using 40X objective lens with an Orca ER CCD camera.

Images presented are maximum intensity projections of a z-stack (z=3 uM).
Quantitative PCR

Total RNA of HCT116 p537 and ORC2” cells were extracted using Rneasy Mini Kit
(Qiagen #74104) following manufacturer’s handbook and quantified by Nanodrop
(ThermoFisher). cDNA was made using TagMan Reverse Transcription Reagents with either
oligo(dT) or random hexamer primers (#N8080234, Applied Biosystems). Real-time quantitative
PCR were performed using PowerSYBR Green PCR Master Mix (Applied biosystems
#4367659) following manufacturer’s protocol. Primer pairs for quantitative PCR were designed
to PCR exon-exon junction and each PCR was performed as a triplicate. The delta-Ct (ACt)
values were obtained from subtracting Actin mean Ct values from test samples. The delta-delta-
Ct (AACY) value were calculated by subtracting HCT116 p537 ACt from ORC2”- ACt for each
primer pair individually. Data is represented as Log2 Fold change (FC) for each primer pair in

ORC27 cells compared to HCT116 p537 cells.
Transmission electron microscopy (Performed with Dr. Habeeb Alsudani)

HCT116 p537 and ORCI" cells were pelleted and resuspended in 1 mL of 2.5 %
glutaraldehyde in 0.1 M sodium cacodylate solution (pH 7.4) overnight at 4 °C. Fixative was
removed, and in each step ~200 pl of the solution was left in the tubes. Pellet was washed with
0.1 M sodium cacodylate buffer. Next, 4 % low melting agarose solution was added and the
tubes centrifuged immediately at 1,000 x g for 10 min at 30 °C, and transferred directly on ice
for 20 min to solidify the agarose. Agarose was washed twice with 0.1 M cacodylate buffer.

Next, 1 % osmium tetraoxide (OsO4) solution was added and left undisturbed for 1 hr followed
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by three 0.1 M cacodylate buffer washes. Samples were then serially dehydrated using increasing
amounts of ethanol (50 %, 60 %, 70 %, 80 %, 90 %, 95 %, 100 %, respectively). Finally,
samples were embedded in 812 Embed resin and sectioned into 60-90 um sections using
Ultramicrotome. Hitachi H-7000 Transmission Electron Microscopy was used to image the

sample.

Copy Number Variation Analyses by SMASH (Performed by Dr. Kuhulika Bhalla and Dr.

Peter Andrews)

Copy number profiles were generated from input DNA using the SMASH sequencing
protocol and analysis pipeline as described previously (Wang et al., 2016). Briefly, total cellular
genomic DNA was isolated from HCT116 p53**, HCT116 p53”, ORCI”-and ORC2"" cell lines
using QIAamp mini kit (Qiagen, 51104). Approximately 500 ng genomic DNA was
enzymatically fragmented using dsDNA fragmentase (NEB, M0348L). Following end repair,
fragments were joined to create chimeric fragments of DNA suitable for creating NGS libraries
(300-700bp). The fragment size selection was done with Agencourt AMPure XP beads
(Beckman Coulter, Cat. No. A63881). [llumina-compatible NEBNext Multiplex Dual Index
Primer Pairs and adapters (New England Biolabs, Cat. No. E6440S) were ligated to the selected
chimeric DNA fragments. These barcoded DNA fragments were then sequenced using an

[llumina 300cycle MiSeqv2 kit on a MiSeq platform.

The SMASH analysis pipeline searches for Maximal Unique Matches (MUMs) to the
human genome in all read pairs using a suffix array. These MUMs were then filtered to exclude
short matches below 20bp, matches with less than 4bp of excess unique sequence, and matches
on read 2 that are within 1000 bases of the genome coordinate of matches from read 1. The
resulting 3-4 on average kept matches per read pair are then added to pre-computed empirically
sized bins spanning the genome to generate a raw copy number profile. Regions with identical
copy are expected to yield similar bin counts using these empirical bins. This profile is then
corrected to remove GC content effects by normalizing counts based on LOWESS smoothing of
count vs. GC content data in each bin. Final copy number profiles are normalized so that the

autosome has an average copy number of 2. Plots were generated with G-Graph MUMdex
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software - MUMdex Genome Alignment Anal. Softw. (https://mumdex.com/) (Andrews et al.,
2016).

Oxford Nanopore Technologies (ONT) Long read sequencing and analysis (Performed by
Dr. Kuhulika Bhalla, Dr. Sergey Aganezov and Dr. Michael C. Schatz)

High molecular weight DNA was isolated using the MagAttract kit (Qiagen # 67563).
DNA was sheared to 50kb via Megarupter (diagenode). The quality of the DNA was then
assessed on a Femtopulse (Agilent) to ensure DNA fragments were >40kb on average. After
shearing, the DNA was size selected with an SRE kit (Circulomics) to reduce the fragments size
to <20kb. After size selection, the DNA underwent a-tailing and damage repair followed by

ligation to sequencing specific adapters.

Half of the prepared library was mixed with library loading beads and motor protein and
then loaded on to an ONT PromothION PROM-0002 flow-cell and allowed to sequence for 24
hr. After 24 hr the flow-cell was treated with DNase to remove stalled DNA followed by a
buffer flush. The second half of the library was then loaded and allowed to sequencing for 36
hr. The DNA was base called via Guppy 3.2 in High accuracy mode.

Long reads were aligned to the reference human genome using NGMLR
(https://github.com/philres/ngmlr) and structural variants were identified using Sniffles
(https://github.com/fritzsedlazeck/Sniffles) (Sedlazeck et al., 2018). The alignments and

structural variants were then visualized using IGV (https://igv.org/).
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Table 2-1. Reagents Table

Reagents Table
Reagent type Designation Source or Identifiers Additional
(species) or reference information
resource
gene (Homo ORC1 GenBank NM 004153.4
sapiens)
gene (Homo ORC2 GenBank NM 006190.5
sapiens)
gene (Homo ORC3 GenBank NM 181837.3
sapiens)
gene (Homo ORCH4 GenBank NM 00119087
sapiens) 9.3
gene (Homo ORCS GenBank NM 002553.4
sapiens)
gene (Homo ORC6 GenBank NM 014321.4
sapiens)
gene (Homo CDC6 GenBank NM 001254.4
sapiens)
strain, strain Stbl3 NEB C3040 High
background efficiency
(Escherichia chemically
coli) competent
cells
cell line (H. HCT116 p53+/+ ATCC Cat# CCL-247, | Cell line
sapiens) RRID: maintained in
CVCL 0291 B. Stillman
Lab
cell line (H. RPE-1 ATCC Cat# CRL- Cell line
sapiens) 4000, RRID: maintained in
CVCL 4388 B. Stillman
Lab
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cell line (H.
sapiens)

HEK293T

ATCC

Cat# CRL-
3216, RRID:
CVCL 0063

Cell line
maintained in
B. Stillman
Lab

cell line (H.
sapiens)

HCT116 p53-/-

Bunz et al.,
1998

RRID:
CVCL S744

Generous gift
from Anindya
Dutta
(University of
Virginia)

cell line (H.
sapiens)

HCT116 p53-/-
ORCI-/- (clone
B14)

Shibata et al.,
2016

N/A

Generous gift
from Anindya
Dutta
(University of
Virginia)

cell line (H.
sapiens)

HCT116 p53-/-
ORC2-/- (clone
P44)

Shibata et al.,
2016

N/A

Generous gift
from Anindya
Dutta
(University of
Virginia)

cell line (H.
sapiens)

U208

ATCC

Cat# HTB-96,
RRID:
CVCL_0042

Cell line
maintained in
B. Stillman
Lab

cell line (H.
sapiens)

TO-HCT116
(Tet-OsTIR1
HCT116)

Natsume et
al., 2016

N/A

Generous gift
from Masato T.
Kanemaki
(National
Institute of
Genetics,
Japan)

cell line (H.
sapiens)

ORC2 H-2

This study

N/A

Cell line
derived from
TO-HCTI116

cell line (H.
sapiens)

ORC2 H-4

This study

N/A

Cell line
derived from
TO-HCTI116
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cell line (H. ORC2 H-5 This study N/A Cell line
sapiens) derived from
TO-HCT116
Antibody Lamin B1; Rabbit Abcam Cat# ab16048, IF — 0.2pg/ml
polyclonal RRID:
AB 10107828
Antibody ORCI1, CSHL In- N/A IB - 1:1,000
mouse monoclonal | house
(pKS1-40)
Antibody ORC2, rabbit CSHL In- N/A IB —1:10,000
polyclonal house
(CS205)
Antibody ORC3, rabbit CSHL In- N/A IB —1:10,000
polyclonal house
(CS1980)
Antibody CDC6, mouse EMD Cat# 05-550 IB —1:1,000
monoclonal (DCS- Millipore RRID:
180) AB 2276118
Antibody ATM, Abcam Cat# ab32420 IB - 1:1,000
rabbit monoclonal RRID:
(Y170) AB_ 725574
Antibody p-ATM(S1981), Abcam Cat# ab81292 IB - 1:1,000
rabbit monoclonal RRID: IF —1:200
(EP1890Y) AB 1640207
Antibody CHK1, rabbit Abcam Cat# ab40866 IB —1:1,000
monoclonal RRID:
(EP691Y) AB_ 726820
Antibody p-CHK1(S345), Cell Signaling | Cat# 2348 IB —1:1,000
rabbit monoclonal RRID: IF —1:200
(133D3) AB 331212
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Antibody p-CHK2(T68), Cell Signaling | Cat# 2197 IB —1:1,000
rabbit monoclonal RRID:
(C13C1) AB 2080501
Antibody p-YH2AX(S139), Cell Signaling | Cat# 9718 IB - 1:1,000
rabbit monoclonal RRID: IF — 1:200
(20E3) AB 2118009
Antibody ATR, abcam Cat# ab2905 IB - 1:1,000
rabbit polyclonal RRID:
AB 303400
Antibody p-ATR(T1989), abcam Cat# ab227851 [ 1B —1:1,000
rabbit polyclonal (discontinued)
Antibody p-ATR(S428), Cell Signaling | Cat# 2853 IB —1:1,000
rabbit polyclonal RRID:
AB 2290281
Antibody -Actin, mouse Cell Signaling | Cat# 3700 IB —1:10,000
monoclonal RRID:
(8H10D10) AB 2242334
Antibody CENP-C, Mouse Abcam Cat# ab50974 IF —1:200
monoclonal RRID:
(2159C5a) AB 869095
Antibody HP1lao, Mouse Millipore Cat# IF — 1:500
monoclonal (2HP- MAB3584
1HS5) RRID:
AB 94938
Antibody ECL™ anti-Rabbit | GE Cat# NA934V [ IB - 1:10,000
IgG Horseradish Healthcare
Peroxidase linked
whole antibody
Antibody ECL™ anti-mouse | GE Cat# NA931V [ IB-1:10,000
IgG Horseradish Healthcare
Peroxidase linked
whole antibody
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Antibody Goat Anti-Mouse Abcam Cat# ab150115 | IF —1:1000
IgG H&L Alexa RRID:
Fluor® 647 AB 2687948
Antibody Goat Anti-Rabbit Abcam Cat# ab150077 | IF —1:1000
IgG H&L Alexa RRID:
Fluor® 488 AB 2630356
Antibody Goat Anti-Rabbit Abcam Cat# ab150084, | IF —1:1000
IgG H&L (Alexa RRID:
Fluor® 594) AB 2734147
Antibody MCM2 (BM28); BD Cat #610700 FC—-1:200
mouse monoclonal | Biosciences RRID:
AB 2141952
Antibody Alexa Fluor 647 Jackson Cat# 715-605- FC-1:1000
donkey anti-mouse | ImmunoResea | 151, RRID:
antibody rch Labs AB 2340863
Antibody Phospho-Histone Cell Signaling | Cat# 9706, FC-1:25
H3 (Ser10), Mouse | Technology RRID:
monoclonal (6G3) AB 331748
recombinant LentiV_Cas9 puro | Addgene RRID: Lentiviral
DNA reagent (plasmid) Addgene 1081 | expression of
00 cDNA with
puromycin
resistance
gene — used
for making
RPE-1 cas9
puro
(generous gift
from Jason
Sheltzer,
CSHL)
recombinant LentiV_Cas9 Blast | Addgene RRID: Lentiviral
DNA reagent (plasmid) Addgene 1255 | expression of
92 cDNA with
blasticidin
resistance
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gene — used
for making
HCT116 cas9
blast
(generous gift
from Chris
Vakoc CSHL)

recombinant
DNA reagent

LRG2.1
(plasmid)

Addgene

RRID:
Addgene 1080
98

BsmBI
digestion for
sgRNA
cloning

recombinant
DNA reagent

LgCG cc88
lentiviral vector
(plasmid)

N/A

N/A

Lentiviral
expression of
Cas9-sgRNA-
GFP — used
for dropout
CRISPR/Cas9
experiment
(generous gift
from Chris
Vakoc,
CSHL)

recombinant
DNA reagent

epCas9-1.1-
mCherry (plasmid)

Chang et al.,
2020

N/A

Generous gift
from David
Spector
(CSHL)

recombinant
DNA reagent

pHAGE-CMV-
MCS-1ZsGreen
(plasmid)

N/A

N/A

Lentiviral
expression
vector — used
to construct
pHAGE-
CMV-H2B-
mCherry

recombinant
DNA reagent

mAID-mCherry?2-
NeoR (plasmid)

Addgene

RRID:
Addgene 7283
0

The plasmid
was used to
construct
mAID-ORC2
transgene

recombinant
DNA reagent

pMSCV-hygro
retroviral (plasmid)

TaKaRa

Cat #634401

Retroviral
expression of
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cDNA with

hygromycin
resistance
gene — used to
construct
pMSCV-
hygro-mAID-
ORC2 to
express
mAID-ORC2
in cells
transfected pMSCV-hygro- This study N/A Retroviral
construct (H. mAID-ORC2 construct for
sapiens) (plasmid) transduction
and express
mAID-ORC2
transfected sgRNA ORC2-1- This study N/A Construct to
construct (H. epCas9-1.1- transfect and
sapiens) mCherry (plasmid) express Cas9
and sgRNA
ORC2-1in
human cells
transfected pHAGE-CMV- This study N/A Lentiviral
construct (H. H2B-mCherry construct for
sapiens) (plasmid) transduction
and express
H2B-mCherry
in human cells
sequence- F2 This study PCR primer for | TCTTGTGG
based reagent amplification AAAGGACG
of sgRNA AAACACCG
cassette
sequence- R2 This study PCR primer for | TCTACTATT
based reagent amplification CTTTCCCCT
of sgRNA GCACTGT
cassette
commercial NEBuilder® HiFi NEB Cat# E5520S
assay or kit DNA Assembly
Cloning Kit
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commercial Click-iT™ EdU Invitrogen Cat# C10420
assay or kit Alexa Fluor™ 488
Flow Cytometry
Assay Kit
Commercial DNeasy Blood and [ Qiagen Cat# 69504
assay or kit Tissue kit
Commercial RNeasy Mini kit Qiagen Cat# 74104
assay or kit
Software, Volocity 3D Image [ Perkin Elmer | RRID:
algorithm Analysis Software SCR_002668
Software, GraphPad Prism 9 GraphPad RRID:
algorithm SCR_002798
Software, Model-based Li, et al. N/A https://sourcef
algorithm Analysis of MAGeCK orge.net/p/ma
Genome-wide enables robust geck/wiki/Ho
CRISPR-Cas9 1dentification me/
Knockout of essential
(MAGeCK) genes from
genome-scale
CRISPR/Cas9
knockout
screens.
Genome
Biology
15:554 (2014)
Software, Protiler Analysis Heetal. De [N/A https://github.
algorithm novo com/MDhewe
identification i/protiler
of essential
protein

domains from
CRISPR-Cas9
tiling-sgRNA
knockout
screens. Nat
Commun 10,
4547(2019)
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Software, FlowJo BD RRID:SCR_00

algorithm 8520

Software, Imagel NIH RRID:SCR_00

algorithm 3070

Chemical Palbociclib Selleckchem | Cat# S1116 1 uM
compound,

drug

Chemical Thymidine Millipore Cat# 89270 2 mM
compound, Sigma

drug

Chemical Doxycycline CalBiochem | Cat# 324385 0.75 ug/ml
compound,

drug

Chemical Auxin (Indole-3- Millipore Cat# 15148 500 nM
compound, acetic acid sodium Sigma

drug salt)

Chemical DAPI Life Cat# D1306 Ipug/ml
compound, Technologies

drug

Chemical FxCycle™ Violet ThermoFisher | Cat# F10347 1:1000
compound, Stain

drug

Chemical Hoechst dye ThermoFisher | Cat# 62249 Ipug/ml
compound,

drug

Chemical Phalloidin iFluor® Abcam Cat# ab176753 | 1:1000
compound, 488

drug

Chemical Polyethylenimine Polysciences | Cat# 23966- 1 mg/mL
compound, (PEI 25000) 100

drug
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Chapter three: The human Origin Recognition Complex is essential for

pre-RC assembly, mitosis and maintenance of nuclear structure.

The text of this chapter is taken directly from a manuscript published in eLife.

Chou, H.-C., Bhalla, K., El Demerdesh, O., Klingbeil, O., Hanington, K., Aganezov, S.,
Andrews, P., Alsudani, H., Chang, K., Vakoc, C.R., et al. (2021). The human Origin
Recognition Complex is essential for pre-RC assembly, mitosis and maintenance of nuclear

structure. Elife 10, e61797.

I carried out all the experiments in the manuscript, unless otherwise noted in the text or

figure legends.
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1. Introduction

Cell division requires the entire genome to be duplicated once and only once during S-
phase of the cell cycle, followed by segregation of the sister chromatids into two daughter cells.
To ensure complete and correct duplication of genomes, the initiation of DNA replication is
highly regulated and begins with the assembly of a pre-Replication Complex (pre-RC) at origins
of DNA replication throughout the genome (Bell and Labib, 2016). Among eukaryotes,
Saccharomyces cerevisiae is the best characterized system, from which individual proteins
involved in DNA replication have been identified and studied extensively, including functional
reconstitution of the entire pre-RC assembly and the regulated initiation of DNA replication from
these pre-RCs with purified proteins (Evrin et al., 2009; Remus et al., 2009; Yeeles et al., 2015).
In S. cerevisiae, pre-RC assembly begins with the Origin Recognition Complex (ORC),
comprising Orc1-6 subunits, binding to each potential DNA replication origin (Bell et al., 1993;
Bell and Labib, 2016; Bell and Stillman, 1992; Gibson et al., 2006). Chromatin-bound ORC then
provides a platform for the assembly and recruitment of other pre-RC proteins. Cdc6 binds to
ORC, followed by the binding of Cdt1-Mcm?2-7 to form head-to-head Mcm?2-7 double hexamers
to complete the formation of the pre-RC (Araki, 2011; Bell and Labib, 2016; Bleichert et al.,
2017; Evrin et al., 2009; Heller et al., 2011; Remus et al., 2009). The Mcm2-7 double hexamer
helicase precursor complex remains bound to DNA in an inactive state until it is activated by
additional proteins and protein kinases (Bell and Labib, 2016). During S phase, Cyclin-
dependent protein kinase (CDK) and the Cdc7-Dbf4-dependent protein kinase (DDK), SId2,
Mcm10, Dpbl1, SId3/7, DNA polymerase &, Cdc45 and the GINS complex are recruited to
activate MCM2-7 helicase (Araki, 2016, 2011; Araki et al., 2009, 1995; Kamimura et al., 1998;
Takayama et al., 2003; Yeeles et al., 2015). The functional helicase consists of Cdc45-Mcm2-7-
GINS (CMG) and when activated it unwinds the DNA in a bidirectional and temporally

regulated manner from each origin (Bleichert et al., 2017).

In all eukaryotes, including S. cerevisiae and human cells, the ORC1-5 subunits contain a
AAA+ or a AAA+-like domain and a winged-helix domain (WHD) (Bleichert et al., 2017; Chen
et al., 2008; Jaremko et al., 2020; Li and Stillman, 2012; Ocafia-Pallares et al., 2020; Tocilj et al.,

2017). In yeast, Orc1-6 remains as a stable complex bound to the chromatin throughout the cell
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division cycle (Aparicio et al., 1997; DePamphilis, 2003; Weinreich et al., 1999). ORC binds to
A and B1 DNA sequence elements within the Autonomously Replicating Sequence (ARS),
which contains a conserved ARS Consensus Sequence (ACS) (Bell and Labib, 2016; Bell and
Stillman, 1992; Celniker et al., 1984; Deshpande and Newlon, 1992; Marahrens and Stillman,
1992; Rao and Stillman, 1995; Rowley et al., 1995). On the other hand, in human cells, there is
no apparent sequence-specific binding of ORC to DNA, and the binding of ORC to
chromosomes is dynamic (Vashee et al., 2001). ORC subunits do, however, localize to specific
sites within the chromosome, most likely via interactions with modified histones or other
chromatin interacting proteins (Higa et al., 2017; Hossain and Stillman, 2016; Kuo et al., 2012;
Long et al., 2019; Miotto et al., 2016; Tatsumi et al., 2008). One or more of the human ORC
subunits dissociate from the complex soon after the pre-RC is formed. For example, in human
cells ORCI is ubiquitinated by the SCF**P? ubiquitin ligase and is degraded during the G1-S
transition and early S phase, and then re-appears as cells enter mitosis (Kara et al., 2015; Kreitz
et al., 2001; Méndez et al., 2002; Ohta et al., 2003). In human cells, ORCI1 is the first ORC
subunit to bind to mitotic chromosomes and is inherited into the daughter cells where it recruits

other ORC subunits and CDC6 to form new pre-RCs (Kara et al., 2015; Okuno et al., 2001).

ORC is a conserved complex in eukaryotes, and it is essential for DNA replication in S.
cerevisiae, S. pombe, Xenopus and Drosophila, since mutation or depletion of ORC prevents
CDC6 binding and MCM loading onto DNA (Aparicio et al., 1997; Chuang et al., 2002; Pak et
al., 1997; Pflumm and Botchan, 2001; Romanowski et al., 1996; Speck et al., 2005). Besides its
function in the initiation of DNA replication, ORC protein subunits also have other important
roles that vary with species. In budding yeast, Orc1 directly interacts with silencing regulator
Sirl at the silent mating type loci to mediate transcriptional gene silencing and maintain
heterochromatin (Bell et al., 1993; Foss et al., 1993; Fox et al., 1995; Hou et al., 2005; Triolo and
Sternglanz, 1996). ORCI also plays a role in transcriptional gene silencing of the human CCNE!
locus in human cells (Hossain and Stillman, 2016). ORC also interacts with heterochromatin
protein HP1 and is required for maintenance of heterochromatin (Pak et al., 1997; Pflumm and

Botchan, 2001; Prasanth et al., 2010, 2004; Shen et al., 2012).
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ORC2 depletion after pre-RC assembly resulted in spindle and DNA damage checkpoint
activation, and impaired sister-chromatid cohesion (Shimada and Gasser, 2007). In Drosophila,
Orc2 mutants showed reduced S phase cells, increased number of mitotic cells with abnormally
condensed chromosomes and chromosome alignment defects, and more importantly, those
mutants could not survive at late larval stage (Loupart et al., 2000; Pflumm and Botchan, 2001).
In humans, mutations in ORC1, ORC4, ORC6, CDT1, and CDC6 are detected in Meier-Gorlin
syndrome (MGS) patients (Bicknell et al., 2011b, 2011a; Guernsey et al., 2011; Hossain and
Stillman, 2012; Munnik et al., 2015). ORC1 and ORC?2 localize to centrosomes and ORC1
regulates the re-duplication of the centriole (Hemerly et al., 2009; Prasanth et al., 2004). ORC
also localizes to telomeres via the TRF2 shelterin protein (Deng et al., 2009; Tatsumi et al.,
2008). It was also shown that siRNA knockdown or CRISPR/Cas9 knockout of ORC1 resulted
in loss of MCM2-7 from chromatin, abnormal duplication of centrioles, and a change in cell
cycle stage distribution (Hemerly et al., 2009; Kara et al., 2015; McKinley and Cheeseman,
2017). ORCI1, ORC2, ORC3, and ORCS5 associate with heterochromatin, and depletion of ORC
subunits disrupt localization of heterochromatin and also causes abnormal heterochromatin
decondensation in cells (Giri et al., 2016; Prasanth et al., 2010, 2004). ORC2 and ORC3 also
specifically localize to centromeric heterochromatin during late S phase, G2 and mitosis and
removal of these proteins causes decondensation of centromeric a-satellite (Greil et al., 2003;
Prasanth et al., 2010, 2004).

There is an emerging debate, however, about the essential nature of ORC in human cells
(Bell, 2017). ORC is overexpressed in numerous cancerous cell lines (McNairn and Gilbert,
2005) and HCT116 colorectal cancer cells can survive with only 10% of the ORC2 protein level
(Dhar et al., 2001). More importantly, it was reported that HCT116 p53” (TP537, but we
henceforth use p537) cells in which expression of either ORC1 or ORC2 subunit was eliminated
using CRISPR-Cas9 mediated gene ablation could still proliferate (Shibata et al., 2016). Here,
we developed a genetic method to address the function of the pre-RC proteins ORC and CDC6,
particularly focusing on the ORC1 and ORC2 subunits. We demonstrate that ORC proteins are
essential for normal cell proliferation and survival of human cells. Moreover, ORC1 or ORC2
depleted cells showed multiple defects in progression through cell division cycle, including DNA

replication and mitosis, as well as defects in nuclear structure.
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2. Results

2.1. ORC1-6 and CDC6 are essential for cell survival (This part was written by Dr. Bhalla)

To address the issue of essentiality and to identify functional domains within the ORC
and CDC6 proteins, we used unbiased tiling-sgRNA CRISPR negative selection screens.
Evaluation of CRISPR knock-out (CRISPR-KO) strategies have shown that targeting regions
within protein domains typically show significantly higher degree of negative selection
phenotypes (He et al., 2019; Hsu et al., 2018; Montalbano et al., 2017; Munoz et al., 2016; Shi et
al., 2015; Wang et al., 2019). This is because both frameshift and more crucially in-frame
mutations within functionally active regions of a protein result in genetic nulls (Munoz et al.,
2016; Shi et al., 2015). Off-target effects notwithstanding, targeting known domains that
contribute to protein function have informed the design of pooled whole-genome CRISPR
screens like GeCKO and Avana. Similarly, applying CRISPR-KO strategies to individual
proteins requires selection of a single or a few sgRNAs that target known functional domains and
have a considerably low off-target score. However, at least in the case of ORC, CRISPR-based
ablation of individual subunits of the complex have reported different phenotypic outcomes. For
example, in DepMap, the database that summarizes results from whole-genome CRISPR screens
(GeCKO 19Q1 and Avana 20Q2 libraries) (Meyers et al., 2017; Tsherniak et al., 2017), ORCI is
listed as a common essential gene while ORC? is listed as non-essential in tested cell types
(Figure 3-1a). Other members of the pre-RC proteins — ORC3, ORC4, CDC6, MCM?2-7 and
CDT1 show variability between GeCKO and Avana screens in being described as common
essential or not. In 2015, ORC1, ORC4 and MCM4 were reported as essential in murine cells by
using guides that targeted the AAA+ or WH domains of the proteins (Shi et al., 2015).
Subsequently, in human colorectal carcinoma cell line HCT116, ORCI and ORC?2 were reported

to be non-essential for cell proliferation (Shibata et al., 2016).
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Figure 3-1. DepMap analyses of ORC]1 data. (Provided by Dr. Kuhulika Bhalla) (a)
Distribution of Gene Effect scores of ORCI-6 and CDC6 across all the cell lines used in either
the GeCKO 19Q1 or Avana 20Q2 CRISPR screens reported on DepMap [DepMap, Broad
(2019): DepMap GeCKO 19Q1. figshare. Dataset.
https://doi.org/10.6084/m9.figshare.7668407.v1, DepMap, Broad (2020): DepMap 20Q2 Public.
figshare. Dataset. https://doi.org/10.6084/m9.figshare.12280541.v4, (Meyers et al., 2017)]. Each
box plot represents gene effect range displayed in the tested cell lines. The red dotted line
represents the gene effect score below which genes are scores as essential. (b) ORCI gene effect
values for CRISPR [CERES; (Meyers et al., 2017) vs RNAi (McFarland et al., 2018)] mapped
as xy scatter for ~390 common cell lines used in the screens. Red dotted line bifurcates the plot
at CRISPR based gene effect score of less than -0.5 is considered essential to cell line. Blue
dotted line bifurcates the plot at RNAi based gene effect score of less than -0.5 is considered
essential to cell line. (c) Distribution of ORCI gene effect scores across all the cell lines used in
CRISPR Avana 20Q2 and RNAI datasets respectively (McFarland et al., 2018; Meyers et al.,
2017).
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The rationale for using a pooled tiling-sgRNA CRISPR screen approach was — (a) since
essential protein domains correlate with higher negative selection phenotype, we hypothesized
that analyzing the effect of every possible guide RNA target site in the ORF might uncover new
functional regions, and (b) a high-throughput screen of this nature would provide
incontrovertible evidence about the essentiality of ORC and CDC6 proteins, at least in the cell
lines tested. A recent study validated this approach by analyzing tiling-sgRNA data from Munoz
et. al. and found that up to 17.7% of the regions that displayed a CRISPR knockout hyper-
sensitive (CKHS) phenotype, did not overlap with previously annotated domain or known
function (He et al., 2019; Munoz et al., 2016). Thus, guide RNAs targeting every possible PAM
sequence 5'-NGG-3' (Streptococcus pyogenes Cas9) across each exon of ORCI-6 and CDC6
were designed and synthesized. Pooled CRISPR libraries also included control guide RNAs
targeting either known core essential genes such as CDK1, PCNA etc. as positive controls, or
those targeting non-essential gene loci or no loci at all as negative controls (Miles et al., 2016).
The total library comprised 882 guides targeting ORCI-6 and CDC6, 1602 negative controls
[Used in GeCKO V2 library - “NeGeCKO” (Sanjana et al., 2014), negative controls used in The
Sabatini/Lander CRISPR pooled library (Park et al., 2017), Rosa26, CSHL in-house negatives
(Lu et al., 2018; Tarumoto et al., 2018) and 43 positive controls; with a median of 3 pre-
validated guides targeting known essential genes CDK 1, CDK9, RPLY9, PCNA etc.] Parallel
screens were done in the colorectal cancer derived HCT116-Cas9 cells and human diploid RPE-
1-Cas9 cells and the relative depletions of guide RNAs in the cell populations between Day 3
and Day 21 were compared using the guide read counts generated by Illumina based next-
generation sequencing (n=2 for HCT116, n=1 for RPE-1) and the data was analyzed with
MAGeCK (Li et al., 2014). The screens performed well as shown by the consistent log fold
change (LFC) pattern of depletion or relative enrichment of positive and negative controls
respectively - although the absolute values and the range of LFCs were cell-line specific. The
LFC threshold of ‘essentiality’ for each cell line was set at the value at which a guide RNA was
depleted more than every negative control as well as > to the median depletion of guides
targeting each positive control (Figure 3-2b-d, red line). In HCT116, LFC <-1 and LFC <-5 in
RPE-1 were found to be the cut-off for log fold depletion.
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Figure 3-2. Tiling-sgRNA CRISPR screen data and controls. (Provided by Dr. Kuhulika Bhalla)
(a) tiling-sgRNA map of ORC1 (replicate 2) in HCT116. Mapped as Log fold depletion (inverted
LFC scale) as calculated by MaGeCK (Li et al., 2014) on y axis vs the amino acid disrupted by
that guide RNA on the x axis. Effect of guide RNA is interpreted as essential if its depletion is
more than 1 log fold (red dotted line). Data mapped on 1 Log fold depletion pseudo-axis for
clarity. (b) tiling-sgRNA controls for HCT116 (replicate 1). Violin plots mapped as distribution
of Log fold depletion (MaGeCK) for each guide RNA from negative (NeGeCKO, CTRLS,
hROSA, and CSHL-neg library) or positive control (CDK1, CDK9, PCNA, POLR2A, POLR2D,
RPL9, RPA3, RPL23A, TIP60, TTF2D) subsets. The median and quartiles of LFC for each
subset are indicated within their violin plots. Cut-off of essentiality is LFC > 1 (log fold
depletion), indicated by red dotted line (Highest log fold depletion value of all negative controls
and more than the median of positive controls. (c) tiling-sgRNA controls for HCT116 (replicate
2). (d) tiling-sgRNA controls for RPE-1. Cut-off of essentiality is LFC > 5, indicated by red
dotted line.
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The results showed significant depletion of guide RNAs that target regions within
structurally defined domains (Figure 3-3a-b, f, Figure 3-4a-c, Figure 3-5a-c, g, Figure 3-6a-c,
g, h-j, n, Figure 3-7a-c, g, h-j, n). To visualize the tiling-sgRNA data relative to amino acid
conservation and intrinsic disorder, we used NCBI RefSeq coding sequences (NP_004144.2,
NP_006181.1, NP_862820.1, NP_859525.1, NP_002544.1, NP_055136.1, NP_001245.1) for
three analyses - (1) FrPred (Adamczak et al., 2004; Fischer et al., 2008)

(https://toolkit.tuebingen.mpg.de/frpred) server that calculates a conservation score based on

amino acid variability as well as the probability of it being a functional ligand binding or
catalytic site at each amino acid position of the input sequence (Figure 3-3¢, Figure 3-5d,
Figure 3-6d, k, Figure 3-7d, k, Figure 3-8b); (2) Consurf (Ashkenazy et al., 2016)

(https://consurf.tau.ac.il/) server which analyses the probability of structural and functional

conservation despite amino acid variability for any given position of input sequence (Figure 3-
3d, 3-5e, Figure 3-6e, 1, Figure 3-7e, 1, Figure 3-8c). We ran these analyses with default
parameters except for the number of species to include. In one analysis we chose 50
representative homologues with maximum and minimum percent identity set to 95 and 50 across
species. In the other, we increased the species to 150 and set max. and min. percent identity to 95
and 35 to compare a larger evolutionary subset. In both analyses the UNIREF90 database was
used, which consists of cluster sequences that have at least 90% sequence identity with each
other into a single UniRef entry, thus increasing the representative diversity of species
considered in the output. And lastly, 3) Disopred tool (Buchan and Jones, 2019; Jones and
Cozzetto, 2015) (http://bioinf.cs.ucl.ac.uk/psipred/) that scores for intrinsically disordered

regions (IDRs) that are usually not well conserved yet found to be functionally essential in many

proteins (Figure 3-3e, Figure 3-5f, Figure 3-6f, m, Figure 3-7f, m, Figure 3-8d).
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Figure 3-3. ORCl1 is essential to HCT116 and RPE-1 cell lines. (Provided by Dr. Kuhulika
Bhalla) (a) Tiling-sgRNA map ORCI1 (replicate 1) in HCT116. Mapped as Log fold depletion
(inverted LFC scale) of guide RNAs as calculated by MaGeCK (Li et al., 2014) on y axis vs the
amino acid(s) disrupted by that guide RNA on the x axis. Effect of guide RNA is interpreted as
essential if its depletion is more than 1 log fold (red dotted line). Data mapped on 1 Log fold
depletion pseudo-axis for clarity. (b) Tiling-sgRNA map of ORC1 in RPE-1. Effect of guide
RNA is interpreted as essential if its depletion is more than 5 log fold (red dotted line). Data
mapped on 5 Log fold depletion pseudo-axis for clarity. (c) FrPred
(https://toolkit.tuebingen.mpg.de/frpred) of hORC1 (NP_004144.2) shown as gradient heat map
of conservation score vs amino acid position. (d) Consurf (https://consurf.tau.ac.il/) of hORC1 —
(upper) ORCI1 (50) subset (50 HMMER Homologues collected from UNIREF90 database, Max
sequence identity = 95%, Min sequence identity 50, Other parameters = default), and (lower)
ORCI1 (150) subset (150 HMMER Homologues collected from UNIREF90 database, Max
sequence identity = 95%, Min sequence identity 35, Other parameters = default). Data
represented as heat map of Conservation scores of each amino acid position. (e) Disopred
(http://bioinf.cs.ucl.ac.uk/psipred/) plot of hORC1 — heat map representing amino acids within
intrinsically disordered regions of the protein. (f) Schematic of domain architecture of ORCI.
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Figure 3-4. ORC2 is essential in HCT116 and RPE-1 by tiling-sgRNA. (a) Tiling-sgRNA map
of ORC?2 (replicate 1) in HCT116. (Provided by Dr. Kuhulika Bhalla) Mapped as Log fold
depletion (inverted LFC scale) of guide RNAs as calculated by MaGeCK (Li et al., 2014) on y
axis vs the amino acid(s) disrupted by that guide RNA on the x axis. Effect of guide RNA is
interpreted as essential if its depletion is more than 1 log fold (red dotted line). Data mapped on 1
log fold depletion pseudo-axis for clarity. (b) Tiling-sgRNA map of ORC?2 for RPE-1. Data
mapped on 5 Log fold depletion pseudo-axis for clarity. (¢c) Schematic of ORC2 protein showing
annotated structural or functional domains. (d) The top panel is the schematic of the mAID
degron fused to ORC2 transgene at the N-terminus, and the two black rectangles indicate ORC2-
1 and ORC2-2 sgRNAs targeting regions. The numbers represent nucleotide positions in the
ORC2 cDNA. The lower two panels show the silent mutations (in red) around the sgRNA target
sites introduced into mAID-ORC2gr compared to wild type ORC2. Protospacer-adjacent motif
(PAM) site is underlined in the wild type sequence. (e-h) Negative-selection time course assay
that plots the percentage of GFP positive cells over time following transduction with the
indicated sgRNAs. Experiments were performed in (¢) TO-HCT116, (f) U20S, (g) TO-
HCT116_mAID-ORC2gr, and (h) U20S_mAID-ORC2gr cell lines. The GFP positive
percentages were normalized to the Day3 measurement. n = 3. Error bars, mean + SD.
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Figure 3-5. Tiling-sgRNA CRISPR screen data contd. (Provided by Dr. Kuhulika Bhalla) (a)
tiling-sgRNA map of ORC3 in HCT116 (replicate 1). Mapped as Log fold depletion as
calculated by MaGeCK on y axis vs the amino acid(s) disrupted by that guide RNA on the x
axis. Effect of guide RNA is interpreted as essential if its depletion is more than 1 log fold (red
dotted line). (b) tiling-sgRNA map of ORC3 for HCT116 (replicate 2). (c) tiling-sgRNA map of
ORC3 for RPE-1 cell line. Cutt-off of essentiality is LFC > -5, indicated by red dotted line. (d)
FrPred of hORC3 (NP_862820.1) shown as gradient heat map of conservation score vs amino
acid position. (e) Consurf of hORC3 — (upper) ORC3 (50) subset (50 HMMER Homologues
collected from UNIREF90 database, Max sequence identity = 95%, Min sequence identity 50,
Other parameters = default), and (lower) ORC3 (150) subset (150 HMMER Homologues
collected from UNIREF90 database, Max sequence identity = 95%, Min sequence identity 35,
Other parameters = default). Data represented as heatmap of Conservation scores of each amino
acid position. (f) Disopred plot of hORC3 — heatmap representing amino acids within
intrinsically disordered regions of the protein. (g) Schematic of domain architecture of ORC3.
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Figure 3-6. Tiling-sgRNA CRISPR screen data contd. (Provided by Dr. Kuhulika Bhalla) (a)
tiling-sgRNA map of ORC4 in HCT116 (replicate 1). Mapped as Log fold depletion as
calculated by MaGeCK on y axis vs the amino acid(s) disrupted by that guide RNA on the x
axis. Effect of guide RNA is interpreted as essential if its depletion is more than 1 log fold (red
dotted line). (b) tiling-sgRNA map of ORC4 for HCT116 (replicate 2). (c) tiling-sgRNA map of
ORCA4 for RPE-1 cell line. Cutt-off of essentiality is LFC > -5, indicated by red dotted line. (d)
FrPred of hORC4 (NP_859525.1) shown as gradient heat map of conservation score vs amino
acid position. (e) Consurf of hORC4 — (upper) ORC4 (50) subset (50 HMMER Homologues
collected from UNIREF90 database, Max sequence identity = 95%, Min sequence identity 50,
Other parameters = default), and (lower) ORC4 (150) subset (150 HMMER Homologues
collected from UNIREF90 database, Max sequence identity = 95%, Min sequence identity 35,
Other parameters = default). Data represented as heatmap of Conservation scores of each amino
acid position. (f) Disopred plot of hORC4 — heatmap representing amino acids within
intrinsically disordered regions of the protein. (g) Schematic of domain architecture of ORCA4.
(h) tiling-sgRNA map of ORCS in HCT116 (replicate 1). (i) tiling-sgRNA map of ORCS for
HCT116 (replicate 2). (j) tiling-sgRNA map of ORCS for RPE-1 cell line. (k) FrPred of hORCS
(NP_002544.1) shown as gradient heat map of conservation score vs amino acid position. (e)
Consurf of hORCS5 — (upper) ORCS5 (50) subset and (lower) ORCS (150) subset. Data
represented as heatmap of Conservation scores of each amino acid position. (f) Disopred plot of
hORCS5 — heatmap representing amino acids within intrinsically disordered regions of the
protein. (g) Schematic of domain architecture of ORCS.
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Figure 3-7. Tiling-sgRNA CRISPR screen data contd. (Provided by Dr. Kuhulika Bhalla) (a)
Tiling-sgRNA map of ORC6 in HCT116 (replicate 1). Mapped as Log fold depletion as
calculated by MaGeCK on y axis vs the amino acid(s) disrupted by that guide RNA on the x
axis. Effect of guide RNA is interpreted as essential if its depletion is more than 1 log fold (red
dotted line). (b) Tiling-sgRNA map of ORC6 for HCT116 (replicate 2). (c) Tiling-sgRNA map
of ORC6 for RPE-1 cell line. Cutt-off of essentiality is LFC > -5, indicated by red dotted line. (d)
FrPred of hORC6 (NP_055136.1) shown as gradient heat map of conservation score vs amino
acid position. (e) Consurf of hORC6 — (upper) ORC6 (50) subset and (lower) ORC6 (150) (f)
Disopred plot of hORC6-heatmap representing amino acids within intrinsically disordered
regions of the protein. (g) Schematic of domain architecture of ORC6. (h) tiling-sgRNA map of
CDC6 in HCT116 (replicate 1). (i) Tiling-sgRNA map of CDC6 for HCT116 (replicate 2). (j)
Tiling-sgRNA map of CDC6 for RPE-1 cell line. (k) FrPred of hCDC6 (NP_001245.1) shown as
gradient heat map of conservation score vs amino acid position. (¢) Consurf of hCDC6 — (upper)
CDC6 (50) subset and (lower) ORC5 (150) subset. Data represented as heatmap of Conservation
scores of each amino acid position. (f) Disopred plot of hCDC6 — heatmap representing amino
acids within intrinsically disordered regions of the protein. (g) Schematic of domain architecture
of hCDC6.
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Figure 3-8. Tiling-sgRNA CRISPR screen data contd. (Provided by Dr. Kuhulika Bhalla) (a)
Tiling-sgRNA map of ORC?2 (replicate 2) in HCT116. (b) FrPred
(https://toolkit.tuebingen.mpg.de/frpred) of hORC2 (NP_006181.1) shown as gradient heat map
of conservation score vs amino acid position. (d) Consurf (https://consurf.tau.ac.il/) of hORC2 —
(upper) ORC2 (50) subset (50 HMMER Homologues collected from UNIREF90 database, Max
sequence identity = 95%, Min sequence identity 50, Other parameters = default), and (lower)
ORC2 (150) subset (150 HMMER Homologues collected from UNIREF90 database, Max
sequence identity = 95%, Min sequence identity 35, Other parameters = default). Data
represented as heatmap of Conservation scores of each amino acid position. (¢) Disopred
(http://bioinf.cs.ucl.ac.uk/psipred/) plot of hORC2 — heatmap representing amino acids within
intrinsically disordered regions of the protein.
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When the DepMap CRISPR Achilles (Avana 20Q2 library) dataset was compared to a
combined RNAI dataset of cell lines, it indicated that using the CRISPR method, with a gene
effect score of less than -0.5, ORCI classified as common essential in > 90 percent of the cell
lines, while with RNAi datasets with that same cut-off, it classified as essential in only about 45
percent of the same cell lines (Figure 3-9b-c). It is evident that the method of choice did have a
bearing on the phenotypic outcome of the knock-down. The study by Shibata et al. (2016) that
found ORC1I and ORC?2 to be non-essential also used CRISPR editing as the method of knock-
down, but also performed long term selection for cell proliferation to obtain ORCI”- of ORC2"-
cells. We therefore determined if our screen had guide RNAs that were used in either of the
DepMap dataset or used in the directed study (Shibata et al., 2016). For ORCI and ORC?2
sgRNAs that were used in DepMap datasets, there was a variation in their phenotype as
measured by LFC values, with some guides classifying ORCI and ORC?2 as essential and others
not (Figure 3-10a-c). Of note is the fact that the guide used to target ORC?2 in the Shibata et al.
(2016) study showed activity very close to the cut-off in HCT116 cells and scored as non-
essential in RPE-1. It is important to note that when a guide targeting a relatively non-essential
region allows for the cells to proliferate, no conclusion can be made about the protein being
essential. The Shibata et al. (2016) study used that single guide to insert a gene encoding
blasticidin resistance and a poly A cassette into the locus, with the aim of disrupting
transcription, while our single-guide-per-locus type of screen did not introduce such large
insertions. We find that ORCI-6 and CDC6 are all essential in both cell lines tested, and that the
dynamic range of depletion of these proteins was greater in diploid RPE-1 cells (Figure 3-11).
Comparison of the results from our screens and the published DepMap, especially about ORC2,
suggest that using too few guides to target proteins can lead to artifactual observations both in
terms of essentiality or non-essentiality, and that overall, the gene-effect is influenced by the

combination of the choice of guide RNA and the cell line studied.
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Figure 3-9. DepMap analyses of ORC]1 data. (Provided by Dr. Kuhulika Bhalla) (a)
Distribution of Gene Effect scores of ORCI-6 and CDC6 across all the cell lines used in either
the GeCKO 19Q1 or Avana 20Q2 CRISPR screens reported on DepMap [DepMap, Broad
(2019): DepMap GeCKO 19Q1. figshare. Dataset.
https://doi.org/10.6084/m9.figshare.7668407.v1, DepMap, Broad (2020): DepMap 20Q2 Public.
figshare. Dataset. https://doi.org/10.6084/m9.figshare.12280541.v4, (Meyers et al., 2017)]. Each
box plot represents gene effect range displayed in the tested cell lines. The red dotted line
represents the gene effect score below which genes are scores as essential. (b) ORCI gene effect
values for CRISPR [CERES; (Meyers et al., 2017) vs RNAi (McFarland et al., 2018)] mapped
as xy scatter for ~390 common cell lines used in the screens. Red dotted line bifurcates the plot
at CRISPR based gene effect score of less than -0.5 is considered essential to cell line. Blue
dotted line bifurcates the plot at RNAi based gene effect score of less than -0.5 is considered
essential to cell line. (c) Distribution of ORC! gene effect scores across all the cell lines used in
CRISPR Avana 20Q2 and RNAI datasets respectively (McFarland et al., 2018; Meyers et al.,
2017).
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a. kO library: ORC1 and ORC2 sgRNA

No. | Gene | sgRNA HCT116 (LFC; <-1) [ RPE1 (LFC; <-5)

1 ORC1 | TGTACTCGAGCACGTTTCTT -1.837 -7.1963
3 ORC1 | AGAAACGTGCTCGAGTACAG -2.149 -8.0847
5 ORC1 | ACCGAGATTCACATCCAGAT -1.1019 -6.1747
6 ORC1 [ ACCACATCCTTTGGGGCTAA -0.92417 -3.82
7 ORC2 | GAACCTTGTCTGAAGCAGAA -1.3909 -4.6301
9 ORC2 [ TCTTCCTCCAAATCATATTC -0.68492 -4.2515

b.  Avana 20Q2 library: ORC1 and ORC2 sgRNA

No. | Gene | sgRNA HCT116 (LFC; <1) | RPEA (LFC; <5)
1| ORC1 | TTACCCCAAGAGCCAGAAAG -0.81863 -2.8709
2| ORC1 | AGAAACGTGCTCGAGTACAG 2.149 -8.0847
3 |ORC1 | AGTTTGGCGAGATTTGGAGG -0.83692 1.9165
4| ORC1 | TCTGGTTTCAGAATCACGGA 20.76629 2.3272
5 | ORC1 | ATTCTCCAGGAAGAATAAAA -0.98108 -6.2369
6 | ORC1 | AAGTCTGCTGGGACATCTGA 20.99435 4.8626
8 | ORC2 | AAGTTCGGCAGAAAAGGAAG 20.75093 68116
9 |ORC2 | GGTTGCACAGGAACATGAAG 1,094 -5.625
10_| ORC2 | TTTGGAGGAAGATGACCAGG 20,6455 6.6874
12| ORC2 | ATATTCTGCTTCCAACTCAG 1.4795 20.1468
Gecko 1901 [H
c. o Avana 2002 [ 0
3P = R vy o
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[0]
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d. ORC2 guides used in this study
HCT1164 | HCT116-1 | RPE1
Gene | sgRNA @ | Fc: <) | (LFC; 1) | (LFC<-5)
ORC2-1 | GTGTCAGATCACTATTGACG |526 -3.3226] __-2.0084 -8.468
ORC2-2 | GGGTACTTTCCGCAGTATAC | 367 1.8567] __ -2.4848] ___-0.3786
ORC2-3 | GGATGATGAAGGGGTTGCAC [193 1.5095] ___-1.2495] ___-6.1627
ORC2-4 | AMAGCACAATGTTGAACCCA 308 1.7208] ___-1.6785] __-8.9999
Shibes ?AAGGAGCGAGCGCAGCTT 40 15134 | -1.1548 -4.4581

Figure 3-10. (a) Table listing guide RNA sequences used in GeCKO 19Q1 library against ORC/
and ORC?2 that were also present in our tiling-sgRNA screen; columns HCT116(LFC <-1) and
RPE-1(LFC <-5) show the LFC of the GeCKO guides in our screen. (b) Table listing guide RNA
sequences used in Avana 20Q2 library against ORCI and ORC?2 that were also present in our
tiling-sgRNA screen; columns HCT116(LFC < -1) and RPE-1(LFC <-5) show the LFC of the
GeCKO guides in our screen. Rows highlighted blue represent the only common guide against
ORC1 used between GeCKO and Avana screens (¢) Distribution of the LFC values for the
GeCKO and Avana guides in HCT116 and RPE-1 (graphical representation of the tables (a) &
(b). (d) ORC2 guides selected for single guide studies. Row highlighted yellow — guide RNA

sequence used in the Shibata et. al 2016 study.
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Figure 3-11. Guide RNAs targeting annotated domains show a higher negative selection
phenotype. (Provided by Dr. Kuhulika Bhalla) (a) Distribution of LFC values of all guide RNAs
(ORC1-6, CDC6) targeting all annotated domains (AD) (red) or non-annotated domains (NAD)
(grey) regions. Significance (P value) calculated using non-parametric Mann-Whitney t-test to
compare ranks. Error bars depict median and interquartile ranges of distributions. (b) Heatmap of
correlation matrix for the 3 tiling-sgRNA screens. r values were computed by Spearman
Correlation for each pair at a confidence interval of 99%.
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When we evaluate the distribution of LFC for all sgRNAs we saw a negative correlation
with annotated domains (AD) — that is sgRNAs targeting AD regions showed significantly
higher depletion compared to those targeting non-annotated domain (NAD) regions (Figure 3-
11a, Figure 3-12a). This finding is consistent the only previous study that used tiling-sgRNA
negative CRISPR screens (Munoz et al., 2016). Moreover, we see a high correlation between our
datasets from both HCT116 replicates (r = 0.7) as well as between HCT116 and RPE-1 (r
0.47), which is also consistent with the previous study that compared three cell lines (Figure 3-
11b). For each ORC subunit (and CDC6), >50% of designed sgRNAs target annotated domain
(AD) regions (Figure 3-12a), with the exception of ORC4, which is entirely structured, and thus
none of the sgRNAs target non-annotated domain (NAD) regions. For all other genes, the
fraction of NAD targeting sgRNAs that scored as essential, as well as their locations within these
regions were comparable between cell lines rather than between proteins (Figure 3-12b-h). This
suggests there are functional modules within the NADs and indeed, at least in some cases, we
found that sgRNA dropouts in our screens agree with recent functional studies about these
regions. For example, in ORC1, in HCT116 we saw depletion of sgRNAs targeting regions
between 300 — 450 aa. In humans and Drosophila, this N-terminal region is an unstructured IDR,
required for ATP-independent chromatin recruitment of ORC and drives protein phase-
separation with DNA in vitro (Bleichert et al., 2018; Hossain et al., 2021; Parker et al., 2019). In
yeast, this region of Orcl has been shown to be critical for interacting with ARS DNA as well,
but is completely structured unlike metazoan ORC1(Hu et al., 2020; Kawakami et al., 2015; Li et
al., 2018). Another example is ORC6 in which the N-terminus harbors a structured TFIIB
domain, but we noticed sgRNA depletions in the remaining regions, especially the C-terminal
extremity, which is a septin-binding region essential for cytokinesis and mutations in a conserved
C-terminal motif have also been linked to Meier-Gorlin Syndrome (Akhmetova et al., 2014;

Balasov et al., 2020, 2015, 2007; Bicknell et al., 2011a; Prasanth et al., 2002; Xu et al., 2020).
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g Annotated Domains (AD) No. Of sgRNA | No. of sgRNA
Protein aaregion targeting AD | targeting NAD Subtotal
BAH 45-171
ORC1 | pan . WHD  |501 - 861 169 137 306
ORC2 |AAA+/WHD (280 - 577 70 40 110
AAA+ 67 - 355
ORC3 |whD 596 - 708 55 37 92
AAA+ 25 -308
ORC4 |(viiD 312- 419 62 0 62
AAA+ 4-257
ORC5 [\viib 304 - 434 58 10 68
ORCS6 |TFIIB 4-98 32 29 61
AAA+ 155 - 440
CDC6 |\wiip 435 - 560 106 47 153
Total 552 300 852
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Figure 3-12. Analysis of ORC1-6, CDC6 tiling-sgRNA CRISPR screens. (Provided by Dr.
Kuhulika Bhalla) (a) Table listing annotated domains from Pfam database and structural studies
in ORC1-6 and CDC6. It also lists the number of guides recovered in our sequencing datasets
targeting either Annotated Domain (AD) regions or Non-Annotated Domain (NAD) regions
(Total input library was 882 guides; ~ 30 guides from the ORC3 library were consistently absent
in the initial time harvest to start with). (b-h) Fractions of AD and NAD targeting guide RNAs
classified as essential or non-essential in the tiling-sgRNA CRISPR screens. Data represented as
percent of total guide RNAs targeting the protein. Stacked histograms represent individual
screens - HCT116 I (replicate 1), HCT116 II (replicate 2) and RPE-1.
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Limitations like variability of sgRNA efficiency, target gene copy number, p53 status of
the cell, post-translational modifications, local structure of the gene locus can confound analyses
from high-throughput tiling-sgRNA CRISPR screening (Haapaniemi et al., 2018; Munoz et al.,
2016). To determine similarities or differences in ‘regions of essentiality’ in ORC and CDC6
between HCT116 and RPE-1 cell lines, we used the computational tool Protiler, developed
specifically for tiling-sgRNA CRISPR screens (He et al., 2019). This tool takes into account
local outliers due to inactive sgRNA or additive effects, and maps sgRNA depletion signals to
amino acids of the target proteins to identify functionally essential regions based on their
CRISPR-knockout hyper-sensitivity (CKHS). MAGeCK LFC values for combined HCT116
replicates and RPE-1 were put through this pipeline at two different -t2/--thresholds, 0.25 and
0.5, which detect changing points using the TGUH method described in this study. Almost all
annotated domains or their boundaries overlapped with CKHS regions (Figure 3-13, Figure 3-
14, Figure 3-15, Figure 3-16, Figure 3-17, Figure 3-18). In addition, in ORC1, ORC2, ORC3,
ORC6 and CDC6 NAD regions were also determined to be CKHS. Some of the newly identified
CKHS regions are in agreement with studies that have found that the N-terminal IDR region of
ORCI1, ORC2 and CDC6, and a small C-terminal region of ORC6, to be functionally important
and therefore indispensable (Akhmetova et al., 2014; Balasov et al., 2007; Hossain et al., 2021;
Lidonnici et al., 2004; Parker et al., 2019; Prasanth et al., 2002; Shen et al., 2012).

At this point we selected sgRNAs that fall within regions of AD and CKHS overlap to
target ORC?2 and characterize the phenotype of such ablation (Figure 3-10d). We also received
ORC1 and ORC?2 deficient stable cell lines from the authors of the previous study (Shibata et al.,
2016) for further analysis.
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Figure 3-13. Identification of CKHS regions in ORC]I using Protiler. (Provided by Dr.
Kuhulika Bhalla) Protiler computational pipeline was run on LFC values of guide RNAs for
either for the average of the two HCT116 replicates or RPE-1 at two different TGUH thresholds.
(a-b) -t2/--threshold2 = 0.25. (c-d) -t2/--threshold2 = 0.5. (e) Schematic of ORC1 highlighting
annotated domains, IDRs and regions of known function.

62



a. Protiler Analysis: HCT116 Replicate 1 & 2.

0.0

-0.5

—1.0
Z-score:
=15

-2.0
CKHS_Regions: — CEEE T N
b. . Protiler Analysis: RPE1

=513
Z-score:

-10

CKHS_Regions: 1 . [ I
C. s Protiler Analysis: HCT116 Replicate 1 & 2.
-0.5

~1.0+=
Z-score:

-2.0 t
CKHS_Regions: — H ] DEEEaa——l .
d. ,.Protiler Analysis: RPE1

_5 o
Z-score:

-10

CKHS_Regions: T

PP1 binding

ORC2
(577 aa)

ATPase-Like
55 | 66 231 577

IDR

Figure 3-14. Identification of CKHS regions in ORC?2 using Protiler. (Provided by Dr.
Kuhulika Bhalla) Protiler computational pipeline was run on LFC values of guide RNAs for
either for the average of the two HCT116 replicates or RPE-1 at two different TGUH thresholds.
(a-b) -t2/--threshold2 = 0.25. (c-d) -t2/--threshold2 = 0.5. (e) Schematic of ORC2 highlighting
annotated domains, IDRs and regions of known function.
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Figure 3-15. Identification of CKHS regions in ORC3 using Protiler. (Provided by Dr.
Kuhulika Bhalla) Protiler computational pipeline was run on LFC values of guide RNAs for
either for the average of the two HCT116 replicates or RPE-1 at two different TGUH thresholds.
(a-b) -t2/--threshold2 = 0.25. (c-d) -t2/--threshold2 = 0.5. (e) Schematic of ORC3 highlighting
annotated domains, IDRs and regions of known function.
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Figure 3-16. Identification of CKHS regions in ORC4 and ORCS5 using Protiler. (Provided
by Dr. Kuhulika Bhalla) Protiler computational pipeline was run on LFC values of guide RNAs
for either for the average of the two HCT116 replicates or RPE-1 at two different TGUH
thresholds. ORC4 (a-b) -t2/--threshold2 = 0.25. (c-d) -t2/--threshold2 = 0.5. (¢) Schematic of
ORCH4 highlighting annotated domains, IDRs and regions of known function. ORCS5 (f-g) -t2/--
threshold2 = 0.25. (h-i) -t2/--threshold2 = 0.5. (j) Schematic of ORC4 highlighting annotated
domains, IDRs and regions of known function.
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Figure 3-17. Identification of CKHS regions in ORC6 using Protiler. (Provided by Dr.
Kuhulika Bhalla) Protiler computational pipeline was run on LFC values of guide RNAs for
either for the average of the two HCT116 replicates or RPE-1 at two different TGUH thresholds.
(a-b) -t2/--threshold2 = 0.25. (c-d) -t2/--threshold2 = 0.5. (e) Schematic of ORC6 highlighting
annotated domains, IDRs and regions of known function.
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Figure 3-18. Identification of CKHS regions CDC6 using Protiler. (Provided by Dr. Kuhulika
Bhalla) Protiler computational pipeline was run on LFC values of guide RNAs for either for the
average of the two HCT116 replicates or RPE-1 at two different TGUH thresholds. ORC4 (a-b) -
t2/--threshold2 = 0.25. (c-d) -t2/--threshold2 = 0.5. (e) Schematic of CDC6 highlighting
annotated domains, IDRs and regions of known function.
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2.2. Rapid ORC2 removal in cancer cells impedes cell growth and causes DNA damage

Knock-down of ORC2 with an siRNA approach was a slow process that took at least 24-
48 hours, however, using this method we have observed various defective phenotypes, including
Gl arrest, S-phase defects, abnormally condensed chromosomes as well as defects in mitosis
(Prasanth et al., 2010, 2004). These phenotypes can be outcomes of accumulated errors that
happen during any phase of the cell cycle and thus it is hard to distinguish between primary and
secondary phenotypes associated with the loss of ORC2. Therefore, we used CRISPR/Cas9 in
combination with an auxin inducible degron (mAID) tagged ORC?2 to construct cell lines in
which endogenous ORC2 could be knocked out by CRISPR, and the complementing CRISPR-
resistant mAID-ORC2 could then be rapidly removed from cells, allowing exploration of the
importance of ORC?2 at different stages of cell division cycle (Natsume et al., 2016; Nishimura et
al., 2009). To mediate the endogenous ORC2 knockout, four sgRNAs, hereafter named ORC2-1,
ORC2-2, ORC2-3 and ORC2-4, were selected for on-target single guide validation. For
complementation, N-terminally tagged mAID-sgRNA resistant ORC2 (mAID-ORC2¢") was
constructed, and the ORC2 cDNA was edited to harbor multiple mismatches based on two of the
four sgRNAs, ORC2-1 and ORC2-2 (Figure 3-4d). To perform ORC2 depletion or genetic
complementation, mAID-ORC2¢" constructs were transduced into two cell lines, TO-HCT116
cell line, which expresses a doxycycline-inducible Oryza sativa (Asian rice) TIRI (OsTIR1) gene
that encodes a plant auxin-binding receptor that interacts with the conserved E3 ubiquitin ligase
SCF complex to degrade mAID-tagged proteins and the U20S cell line. In the dropout
CRISPR/Cas9 experiment, cells expressing a positive control RPA3 sgRNA and all four ORC2
sgRNAs, but not the negative control Negl5 sgRNA (CSHL in-house negatives), showed
depletion over 3 weeks of cell culture (Figure 3-4e,f). The effects of ORC2-1 and ORC2-2
sgRNAs could be rescued by mAID-ORC2¢" in both TO-HCT116_mAID-ORC2¢" and
U20S_mAID-ORC2¢" cell lines confirming target specificity (Figure 3-4g,h).

To acquire clonal cells to study ORC2 depletion phenotypes, TO-HCT116_mAID-
ORC2¢ cells were depleted of the endogenous ORC?2 gene with sgRNA ORC2-1 and single
clones were isolated by flow sorting. Five cell lines, ORC2 H-1, ORC2 H-2, ORC2 H-3,
ORC2 H-4, and ORC2_H-5, were obtained from two independent CRISPR/Cas9 knockout
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experiments done about 6 months apart. Sequencing of the target sites showed that the ORC2 H-
1 and H-3 cell lines had heterozygous mutations at the sgRNA targeting site which led to
premature stop codons downstream of the target site (Figure 3-19a). On the other hand, the H-2,
H-4, and H-5 cell lines were homozygous with an identical two-nucleotide-deletion, creating a
nonsense mutation at the sgRNA targeting site. Although the ORC2-1 sgRNA targets the C-
terminus of ORC2, no truncated form of protein was detected by western blot. Our ORC2 rabbit
polyclonal antibody was raised against the N-terminal half of ORC2 protein. The LTR-driven
mAID-ORC2¢" protein expressed at lower levels compared to endogenous ORC2 in TO-
HCT116, RPE-1 and IMR90 cells, but was sufficient to complement the loss of endogenous
ORC2 (Figure 3-20a).

For further analysis of the effects of auxin-induced ORC2 depletion in cells, ORC2 H-2,
H-4, and H-5 cell lines were used because of their genetically identical deletions at the CRISPR
cut-site and because they showed efficient depletion of mAID-ORC2¢" after auxin treatment
(Figure 3-20). We excluded off-target effects by confirming the ORC2 H-2 cell line was
resistant to both ORC2-1 and ORC2-2 sgRNAs, but not to the ORC2-3 and ORC2-4 sgRNAs
(Figure 3-19b). Compared with parental TO-HCT116 cell line, the human diploid cell RPE-1
expressed ~50% less ORC2, while IMR-90 cells expressed ~75% less (Figure 3-20a). The
relative levels of ORC3 reflect the levels of ORC2 since they are known to form a cognate
complex throughout the cell cycle (Dhar et al., 2001; Jaremko et al., 2020; Vashee et al., 2001).
ORC2_H-2, H-4, and H-5 cells had no detectable endogenous ORC2, and ORC3 showed
stoichiometrically comparable expression to mAID-ORC2¢" levels (Figure 3-20a). In addition,
ORC2 H-2 cells expressed mAID-ORC2¢" at only about 5% that of endogenous ORC2 levels in
TO-HCT116, while H-4 and H-5 cells expressed marginally more at about 10%. It is known that
cancer cells can proliferate normally with 10% of the levels of ORC2 (Dhar et al., 2001).

Next, we compared the proliferation rates in these cell lines. In normal medium the
ORC2 H-2, H-4, and H-5 cells grew slightly slower than the parental TO-HCT116 cells (Figure
3-20b). When doxycycline was added to induce OsTIR1 expression, proliferation of all cell lines
decreased by similar rates, possibly either due to some toxicity to doxycycline or the expression

of OsTIR1 protein itself (Figure 3-20c). It is important to note that auxin alone did not affect the
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proliferation rate of wild type TO-HCT116, H-4, and H-5 cells, but it reduced the proliferation
rate of H-2 cells substantially (Figure 3-20d). This phenotype was probably caused by the leaky
expression of Tet-OsTIR1 in ORC2 H-2 cells. Finally, when both doxycycline and auxin were
added, all three ORC2 KO cell lines stopped proliferating entirely, whereas the parental TO-
HCT116 cells continued to proliferate (Figure 3-20e).

Concomitant with the lack of cell proliferation, we observed altered cell cycle profiles
after mAID-ORC2¢" was depleted from these cells. Cells were treated with doxycycline and
auxin to deplete mAID-ORC2#" for O hr, 4 hr, 24 hr, and 50 hr. At the 50 hr time point, all three
ORC2 KO cell lines had less cells progressing from G1 into S phase, and more cells accumulated
in late S phase or the G2/M phase (Figure 3-20f, Figure 3-21). Cells with a 4C DNA peak (late
S/G2/M phase) continued to incorporate EAU, suggesting that DNA replication was not
complete, even though the bulk of the genome was duplicated. This phenotype was consistent
with previous observations that cells treated with ORC2 siRNA arrested in interphase (70%) or
as rounded, mitotic-like cells (30%) (Prasanth et al., 2004).

To analyze whether the cell cycle arrest was due to checkpoint activation in response to
DNA damage, cell extracts were prepared from doxycycline and auxin treated cells and analyzed
by immunoblotting for various DNA damage markers. CHK1 is essential for the DNA damage
response and the G2/M checkpoint arrest and is primarily phosphorylated by ATR, although
phosphorylation by ATM has also been reported (Gatei et al., 2003; Goto et al., 2019; Jackson et
al., 2000; Liu et al., 2000; Wilsker et al., 2008). ORC3 and mAID-ORC2¢" proteins in ORC2_H-
2, H-4, and H-5 cell lines were depleted following 4 hours of auxin treatment (Figure 3-20g). A
nonspecific smaller band was detected but this band did not co-immunoprecipitate with ORC3
(Figure 3-21¢). When no auxin was added, ORCI levels in all four cell lines were similar, but
the level gradually decreased after mAID-ORC2¢" depletion, which could be an effect of the
phase in which cells ultimately arrest at the 50 hr time point (Figure 3-22b). On the other hand,
CDC6 protein level increased 1.3 to 1.7-fold in mutant cell lines at 0 hr time point, indicating
cells might favor higher CDC6 level when ORC is low (Figure 3-22¢). Phosphorylation of
ATM(S1981), ATR(T1989), and CHK1(S345) were detected in H-2, H-4, and H-5 cell lines
after 50 hr of auxin treatment, but not in the parental TO-HCT116 (Figure 3-20g, Figure 3-22a).
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Higher levels of P-yH2AX(S139) in H-2, H-4, and H-5 cells were detected even when no auxin
was added (Figure 3-20g). This showed that although cells can divide with only 5-10 % of
ORC2, a certain degree of replication stress exists. In our experiments, when parental and ORC2
mutant cells were treated with doxycycline and auxin, phospho-CHK2(T68) level increased
slightly in all four cell lines, suggesting the phosphorylation could be associated with the drug
treatment but not depletion of mAID-ORC2¢" itself. These observations were also supported by
results from immunofluorescent staining of individual cells. When cells were treated with
doxycycline and auxin for 48 hr, substantially more ATM(S1981) and CHK1(S345)
phosphorylation were detected in all three ORC2 mutant cell lines (Figure 3-20h, i, Figure 3-
22d-e). In the absence of doxycycline and auxin, the P-yH2AX(S139) signal was more abundant
in ORC2_H-2, H-4, and H-5 cells than in wild type (Figure 3-22f). To conclude, insufficient
ORC2 protein in cells resulted in abnormal DNA replication and DNA damage, and in response

to DNA damage, CHK1 was activated and cells arrested in G2 phase.
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Figure 3-19. Validation of CRISPR/Cas9 knockout in ORC2_H-2 cell line. (a) Nucleotide and
amino acid alignments near the ORC2-1 sgRNA targeting site in parental TO-HCT116 and five
cloned ORC2 KO cell lines. (b) the ORC2 H-2 cell line is resistant to ORC2 1 and ORC2 2
sgRNAs. Negative-selection time course assays that plot the percentage of GFP positive cells
over time following transduction with indicated sgRNAs/Cas9. The GFP positive percentage
was normalized to Day3 measurement. N=3. Error bars, mean + SD. (c) ORC3
immunoprecipitation in TO-HCT116 and ORC2_H-2 cell lines. Cell lysates were incubated with
mouse IgG or ORC3 mouse monoclonal antibody for immunoprecipitation, followed by western
blotting and detected with antibodies against ORC2 and ORC3. Input ~ 2.5% and IP ~ 30 % of
total lysate. Asterisks (*) indicates the non-specific smaller band detected in ORC2_H-2 cell line.
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Figure 3-20. Characterization of CRISPR/Cas9 ORC2 knockout and complementation with
sgRNA resistant ORC2. (a) ORC2, mAID-ORC2¢", and ORC3 protein levels in human TO-
HCT116, RPE-1, human diploid IMR-90, and three ORC2 KO cell lines. (b-¢) Growth curves of
cell lines under (b) normal condition, (c) doxycycline only, (d) auxin only, and (e) dox+auxin
containing media, respectively. The x axis indicates hours after addition of doxycycline or auxin
if any. The y axis reflects the cell number (x10°). n=3 (biological repeats). Error bars, mean +
SD. (f) Cell cycle analysis of TO-HCT116, ORC2_H-2, ORC2_H-4, and ORC2_H-5 cell lines
following mAID-ORC2¢" depletion. Cells were treated with 0.75 pg/ml of doxycycline for 24
hours before auxin treatment. Cells were pulse labeled with 10 uM EdU for 2 hours before
harvesting at 0, 4, 24, and 50 hr time points. The x axis indicates DNA content, and the y axis
represents EAU incorporation. Color legend for cell cycle phases - G1-blue; S-green; G2/M-
orange. >10,000 cells were analyzed per condition. (g) Protein expression profiles of mAID-
ORC2¢, ORC2, ORCI, ORC3, CDC6, ATM, p-ATM(S1981), CHK1, p-CHK1(S345), p-
CHK2(T68), and p-yH2AX(S139) in four cell lines after dox and auxin treatment for 0, 4, 24,
and 50 hr. Cells were treated with doxycycline for 24 hr prior to auxin treatment. Asterisks (*)
indicates the non-specific band detected in mutant cell lines. Immunoblot of each protein was
developed on the same film at the same time for comparison between all four cell lines.
Quantification of ORC1 and CDC6 levels are shown in Figure 3-22b,c. (h) Immunofluorescence
staining of p-ATM(S1981) in four cell lines with or without dox+auxin treatment. Quantification
of p-ATM(S1981) foci is shown in Figure 3-22d. (i) Immunofluorescence staining of p-
CHK1(S345) in four cell lines with or without dox+auxin treatment. For (h) and (i), dox+auxin
treated cells were stained after incubation with doxycycline for 24 hr followed by addition of
auxin for 48 hours. Quantification of p-CHK1(S345) foci is shown in Figure 3-22e. Scale bar
indicated 4 uM.
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Figure 3-21. Cell cycle analysis after dox and auxin treatment in TO-HCT116, ORC2_H-2,
ORC2_H-4, and ORC2_H-5 cell lines. Flow cytometry histogram plots with DNA content
plotted on the x axis. Pseudo-Y axis represents time points (hr) following auxin treatment.
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Figure 3-22. DNA damage checkpoint is activated in auxin-treated ORC2_H-2, ORC2_H-4,
and ORC2_H-5 cell lines. (a) ATR(T1989) was phosphorylated in ORC2_H-2, -4, -5 cell lines
after dox and auxin treatment for 50 hr. There was no change in p-ATR(S428) level. (b) Relative
ORCI levels in four cell lines at different time points after auxin treatment. (c) Relative CDC6
level in four cell lines at different time points after auxin treatment. Protein levels in all cases were
normalized to actin loading control and then compared to TO-HCT116 cells 0 hr time point. (d)
Quantification of phospho-ATM(S1981) foci per nucleus in four cell lines in the absence or
presence of dox and auxin. TO-HCT116, n=31; TO-HCT116 with dox+auxin, n=33; ORC2_H-2,
n=33; ORC2_H-2 with dox+auxin, n=33; ORC2_ H-4, n=34; ORC2_H-4 with dox+auxin, n=32;
ORC2 H-5, n=30; ORC2_H-5 with dox+auxin, n=32. Statistical analysis was performed using
unpaired t-test: **** p<(0.0001. (e) Quantification of phospho-CHK1(S345) foci per nucleus in
four cell lines either in the absence or presence of dox and auxin. TO-HCT116, n=30; TO-HCT116
with dox+auxin, n=34; ORC2_H-2, n=32; ORC2_H-2 with dox+auxin, n=32; ORC2_H-4, n=37;
ORC2 H-4 with dox+tauxin, n=32; ORC2 H-5, n=33; ORC2 H-5 with dox+auxin, n=30.
Statistical analysis was performed using unpaired t-test: **** p<0.0001. (f) Phosphorylation of
YH2AX(S139) was seen in ORC2_H-2, H-4, and H-5 cells either in the absence or presence of dox
and auxin for 48 hrs.
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2.3. Loss of ORC2 results in heterochromatin decompaction and abnormal nuclear

morphology

The ORC2 depleted ORC2 H-2 and ORC2_H-5 cells had twice the nuclear volume
following treatment with doxycycline and auxin for 48 hr (Figure 3-23a-b) compared to cells
without treatment. The average volume of nuclei was greater than the volume of the largest
parental cells, and thus the large nuclear phenotype could not be explained by their arrest in G2
phase with a 4C DNA content. However, since ORC2 depletion using siRNA decondenses
centromere associated o-satellite DNA (Prasanth et al., 2010), this phenotype could be due to
cells arrested in late S and G2 phase with decompacted heterochromatin. During interphase,
ORC2 and ORC3 localize to the heterochromatin foci and interact with heterochromatin protein
la (HP1a) through ORC3 (Pak et al., 1997; Pflumm and Botchan, 2001; Prasanth et al., 2004).
To detect heterochromatin decompaction, immunofluorescent staining of the centromeric protein
C (CENP-C) and heterochromatin protein 1 oo (HP1a) was performed. In TO-HCT116 cells,
CENP-C staining showed multiple, compact foci, but in the doxycycline and auxin treated cells
that were dependent on mAID-ORC2¢", CENP-C foci were larger and more prominent (Figure
3-23c¢, Figure 3-24a-b). In doxycycline-treated control TO-HCT116, ORC2_H-2, and ORC2_ H-
5 cells, normal HP1a foci were observed and most of them localized adjacent to the CENP-C
foci. However, in the doxycycline and auxin treated ORC2 mutant cells, HP1a foci were more
decompacted, shown by an expanded pattern of staining rather than discrete foci found in the
parental cells (Figure 3-25a-f). This phenotype was observed in cells that also showed the large
CENP-C foci phenotype. HP1a is involved in phase separation of heterochromatin (Larson et al.,
2017; Strom et al., 2017), and removing ORC (ORC?2 in this case) from the heterochromatin
might affect the overall compaction. These HP1a fluorescence patterns were different from those
previously observed when ORC was removed using an siRNA approach in HeLa cells (Prasanth
et al., 2010, 2004). This difference is most likely because HeLa, being hyper tetraploid cells,
have a different nuclear organization of HPla compared to that found in HCT116 cells. HeLa

cell HPla foci are more intense and discrete and colocalize with CENP-C (Figure 3-25g).

78



To understand if the heterochromatin decompaction phenotype was a direct outcome of
the loss of ORC2, we synchronized cells using Palbociclib, a CDK4/6 inhibitor that arrests cells
in G1 phase. TO-HCT116 and ORC2_H-2 cells were incubated with Palbociclib and
doxycycline for 28 hr, with auxin added during the last 4.5 hr in G1 phase, then cells were
harvested after a further 12 hr incubation (Figure 3-26a). The second harvest time point was 40
hr after Palbociclib treatment and 16.5 hr after auxin treatment. The nuclear volume was
determined, and we found that it remained unchanged in both cell types (Figure 3-26b). CENP-
C and HPla staining was also unaffected (data not shown). Thus, loss of ORC2 in G1 phase did
not induce nuclear chromatin decompaction. One possibility is that the absence of ORC2 during
S phase affects sister chromatid cohesion loading (Zheng et al., 2018), which leads to

decompaction of centromeric and heterochromatin regions in late S/G2 phase.
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Figure 3-23. Auxin-treated ORC2_H2, H-4, and H-5 cells have abnormal nuclear
phenotypes. (a) Nuclear morphology of TO-HCT116, ORC2_H-2 and H-5 cells after 48 hr of
auxin treatment. Scale bar indicated 4 pM. (b) Scatter plot illustrating the nuclear volume after
48 hr of auxin treatment. Untreated: TO-HCT116, n=77; ORC2_H-2, n=52; ORC2_H-5, n=63.
Dox and auxin treated: TO-HCT116, n=66; ORC2_H-2, n=110; ORC2_H-5, n=54. Error bars,
medium + 95% CI. Nuclear volume decreased significantly in both dox and auxin treated
ORC2 H-2 and H-5 cells. Statistical analysis was performed using Student’s t-test: ****
p<0.0001. All singlets in each field captured have been measured, resulting in different but
unbiased sample size selection. (¢) Immunofluorescence staining of CENP-C after mAID-
ORC2¢ depletion for 50 hr.
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Figure 3-24. Quantification of CENP-C foci. (a) Quantitation of cells with large CENP-C foci
in each experimental group. N=30 for all groups. (b) Violin plot illustrating CENP-C intensity
per nucleus in four cell lines either in the absence or presence of dox and auxin. The y-axis
represents mean intensity of CENP-C in each nucleus. Mean intensity of CENP-C foci per
nucleus was calculated by averaging intensity of five foci in each nucleus by imageJ software.
N=30 nuclei for all groups.
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Figure 3-25. Centromeric foci and heterochromatin are decondensed in ORC2 depleted
ORC2_H-2 and H-5 cells. Endogenous CENP-C and HPla foci were detected by indirect
immunofluorescence. Merged images include nuclear DAPI staining. Panels top to bottom:
doxycycline-treated TO-HCT116 cells (a, a’, a’’, and a’’’), dox+auxin treated TO-HCT116 cells
(b,b’,b’, and b’*’), dox-treated ORC2_ H-2 cells (c, ¢’, ¢’’, and ¢”*’), dox+auxin treated
ORC2 H-2cells (d,d’,d”’, and d’”"), dox-treated ORC2 _H-5 cells (e, e’,e’’, and e’”’),
dox+auxin treated ORC2_H-5 cells (f, f°, £, and £”’), and untreated HeLa cells (g, g’, g’’, and
g””’). For dox+auxin groups, cells were treated with dox for 24 hr followed by addition of auxin
for another 48 hr before harvest. All Scale bars indicate 4 uM.
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Figure 3-26. Palbociclib synchronization of TO-HCT116 and ORC2_H-2 cell lines. (a)
Experimental scheme of TO-HCT116 and ORC2_H-2 cells synchronization by a Palbociclib
block. (b) Scatter plot illustrating the nuclear volume after incubating cells in Palbociclib with
doxycycline and different times of auxin treatment, in TO-HCT116 and ORC2 H-2 cell lines.
For TO-HCT116 cells, Dox 4.5 hr, n=28; Dox 16.5 hr, n=39; Dox+auxin 4.5 hr, n=30;
Dox+auxin 16.5 hr, n=50. For ORC2_H-2 cells, Dox 4.5 hr, n=32; Dox 16.5 hr, n=37,
Dox+auxin 4.5 hr, n=36; Dox+auxin 16.5 hr, n=63. Error bars, median + 95% CI. All singlets in
each field captured have been measured, resulting in different but unbiased sample size selection.
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2.4. ORC is essential for initiation of DNA replication

When cells were treated with siRNA against ORC?2 for 72 hours, 30% of the cells
arrested in a mitosis-like state (Prasanth et al., 2004). This observation led to the conclusion that
ORC?2 is not only required for the initiation of DNA replication, but also during mitosis. To
examine the role of ORC2 in G1 and mitosis following acute depletion, TO-HCT116 and the
ORC2 H-2 cells were synchronized at the G1-early S phase boundary with a 2C DNA content
by a double thymidine block, with doxycycline being added during the second thymidine block.
Where indicated, auxin was added 4.5 hours before the release from the second thymidine block
(Figure 3-27a). Synchronized cells were then released and allowed to progress through two cell
division cycles. Cells were pulse labeled with EdU for two hours and harvested at several
timepoints after release. The mAID-ORC2¢" protein was depleted upon release from second
thymidine block, and the depletion persisted until the final collection at 48 hr in the auxin-treated

ORC2 H-2 cells (Figure 3-28a, lane 23-28).

During the first cell cycle following release into S phase, no obvious change in DNA
content and EdU labeling was observed in both cell lines, irrespective of whether or not they
were treated with doxycycline and auxin (Figure 3-27b-¢; Figure 3-28b). During the second cell
cycle however, doxycycline and auxin-treated TO-HCT116 cells progressed through S phase
only slightly slower than the untreated cells. By contrast, starting from the second cell cycle,
serious defects were observed in ORC2 H-2 auxin-treated cells compared to untreated cells
(Figure 3-27b-c). First, auxin treated ORC2_ H-2 cells exhibited a very slow S phase, indicating
that cells were struggling to completely replicate their DNA. Second, cells arrested with a 4C
DNA content, which could either be late S or G2/M phase. Third, after 48 hours following
release from the double thymidine block, some cells arrested in G1 phase and could not enter S
phase. We suggest that in the first cell cycle, although mAID-ORC2¢" was depleted just before
release, the pre-RCs were already formed and the cells were primed to replicate the complete
genome. However, starting from the second cell cycle, since ORC2 was entirely lost from cells
following cell cycle progression through the previous S, G2 and M phase, the cells began to
accrue cell cycle defects. Most ORC2 depleted cells then either arrested in G1 or went through
an incomplete S phase and arrested at the G2/M phase, but did not progress further. This

84



experiment indicated ORC2 primarily functions in establishing DNA replication initiation, but
based on the results thus far, we could not conclude a role during mitosis because in the first
cycle ORC2 depleted cells with a 4C DNA content, progressed through G2/M phase and cell

division into the next G1.
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Figure 3-27. ORC2_H-2 cells show abnormal cell cycle progression after mAID-ORC28"
depletion. (a) Experimental scheme of TO-HCT116 and ORC2_H-2 cells synchronization by a
double thymidine block. (b) Flow cytometry analysis of FxCycle™ Violet stained cells (singlets)
released from double thymidine block in indicated treatment. (c) Cell cycle profiles of TO-
HCT116 and ORC2_H-2 cells released from a double thymidine block in indicated treatment.
Cells were pulse labeled with 10uM EdU for 2 hours before harvesting at different time points. X
axis indicates DNA content, and y axis represents to EAU incorporation. Color legend for overlay
plots of cell cycle phases - G1-blue; S-green; G2/M-orange.
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Figure 3-28. Double thymidine block and release in TO-HCT116 and ORC2_H-2 cell lines.
(a) ORC2 and mAID-ORC2¢" protein levels in TO-HCT116 and ORC2_H-2 cells in double
thymidine block and release experiments. Both blots were run and developed at the same time.
(b) Flow cytometry gating strategy for Figure 3-27b and c. FSC (area) vs SSC (area) was used to
exclude the cell debris and gate for cell-type population. Singlets gated on FxCycle™ Violet
(DNA content) height vs area. Cell population in G1, S, and G2/M phase were gated on the

FxCycle™ Violet (DNA content) area vs EdU plots.
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2.5 An MCM complex loading and pre-RC assembly defect in ORC2 depleted cells

The auxin-treated, mAID-ORC2¢" depleted cells could not replicate normally, possibly
due to insufficient ORC to form the pre-RC. To test this hypothesis, the chromatin-bound
MCM2-7 was measured in asynchronous cells by flow cytometry following extraction by
detergents as described previously (Matson et al., 2017). Asynchronous TO-HCT116, ORC2_H-
2, and H-5 cells, with or without doxycycline and auxin treatment, were pulse-labeled with EdU,
harvested and stained with anti-MCM2 antibody and DNA dye. In normal medium and without
detergent extraction, nearly 100% of the cells were positive for MCM?2 in all three cell lines
(Figure 3-29). When extracted with detergent, about 78 % of TO-HCT116, 65.2 % of ORC2_H-
2, and 76.9 % of ORC2_H-5 cells were positive for MCM2. Chromatin-bound MCM?2 level was
not affected in untreated or doxycycline treated TO-HCT116 and ORC2 mutant cells (Figure 3-
30a). When treated with both doxycycline and auxin for 20 hr, chromatin-bound MCM2 levels
decreased significantly in mutant cells, especially in the ORC2-H-2 cell line (Figure 3-29a,c,
Figure 3-30a). Focusing on the G1 population, 93.7 % of TO-HCT116 cells, 80.4 % of
ORC2_H-2 cells, and 89.3 % of ORC2_H-5 cells were positive for MCM2 (Figure 3-30b) in
untreated cells. When doxycycline was added, MCM2 level in ORC2 H-2 cells dropped slightly
to 62.2 %, while the other two cell lines remained at similar level, 96.8 % in TO-HCT116 and
82.5 % in ORC2_H-5 cells. When treated with both doxycycline and auxin, 97.5 % of TO-
HCT116 G1 phase cells stained for chromatin-bound MCM2, but this decreased to only 4.6 %
and 22.4 % cells in ORC2_H-2 and ORC2_H-5 G1 phase cells, respectively. Importantly, the
doxycycline and auxin treated ORC2_H-2 and ORC2 H-5 G1 phase cells had very low levels of
MCM?2 compared to the MCM?2 levels in cells that did not receive auxin (Figure 3-30b). The
different degrees of reduction in MCM2 loading between doxycycline and auxin treated H-2 and
H-5 cells reflected the relative levels of mAID-ORC2¢". Therefore, ORC2 depletion prevented
MCM2 loading onto G1 phase chromatin.

We also analyzed chromatin-bound MCM2 levels in TO-HCT116, ORC2 H-2, and
ORC2 _H-5 cells following a double thymidine block and release experiment (Figure 3-31a).
Flow cytometry analysis showed that at the 0 hr time point with cells arrested at the G1-early S

boundary, the percentage of cells with chromatin-bound MCM?2 were unchanged, whether or not
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doxycycline or auxin was added. At 12 hr time point, with the cell cycle mostly back at G1 phase
again, cells with chromatin-bound MCM?2 level decreased significantly in doxycycline and auxin
treated ORC2_H-2 and ORC2_H-5 cells (Figure 3-31). This result also confirmed that since pre-
RCs were already formed during the double thymidine block, ORC2 depletion did not have an

effect, but new pre-RCs could not form in the next cell cycle.
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Figure 3-29. (a) Flow cytometry gating strategy for Figure 3-30. FSC (area) vs SSC (area)
gating was used to exclude the cell debris and gate for cell-type population. Singlets were gated
on FxCycle™ Violet (DNA content) height vs area. MCM2 positive population was gated on the
loaded MCM2 (area) vs SSC (area) of the unstained negative control. Cells stained for secondary
Donkey anti-Mouse Alexa Fluor 647 antibody only showed minimum background for loaded
MCM2. (b) Flow cytometry analysis of DNA-bound MCM2 and total MCM2 in asynchronous
cells. Extracted: Cells were treated with nonionic detergent to wash off unbound MCM2 before
fixation, and then stained with anti-MCM?2 antibody and Alexa Fluor 647-conjugated secondary
antibody. Non-extracted: Cells were fixed right after harvest and stained with for MCM2 as
before. Blue cells are MCM2 positive, and red cells are MCM2 negative. The x axis indicates
DNA content, and the y axis refers to MCM2 level. Numbers at the upper right corner indicates
percentage of MCM2 positive population. (c) Flow cytometry measuring DNA content, EQU
incorporation, and DNA-bound MCM2 in asynchronous cells in different condition. Cells were
pulse labeled with 10 uM EdU for 2 hours before harvesting. The x axis indicates DNA content,
and the y axis refers to EdU incorporation. MCM2 positive and negative cells are shown as blue
and red respectively. Gated area represents G1 phase cells for Fig 3-30.
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Figure 3-30. Depletion of mAID-ORC2¢" in ORC2_H-2 and H-5 cells results in decreased
DNA-loaded MCM. (a) Flow cytometry analysis of DNA content and chromatin-bound MCM2
in asynchronous TO-HCT116, ORC2 H-2, and ORC2_H-5 cells in different conditions. The x
axis indicates DNA content, and the y axis represents cells positive for chromatin-bound MCM?2
as a function of its fluorescence intensity. G1 population (gated from DNA content vs EAU plot
(Figure 3-29c¢) is shown in orange. The rest of the cells in S/G2/M phase are shown in grey. (b)
Only G1 cell populations from (a) are shown here, with DNA-bound MCM2 positive cells colored
in blue and negative cells in orange. Numbers at the upper right corner indicates percentage of
MCM?2 positive cells. The x axis indicates DNA content, and the y axis represents cells positive
for chromatin-bound MCM?2 as a function of its fluorescence intensity.
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Figure 3-31. Chromatin-loaded MCM2 decrease after mAID-ORC2¢8" depletion. The cells
were synchronized with a double thymidine block and released as described in Fig 5a, and we
harvested cells at 0 hr and 12 hr timepoints after release in the condition of no treatment or
Dox+auxin. Cells were pulse-labeled with EAU for 2 hr before harvest. The 12 hr time point is the
start of the second cell cycle after release as shown in Fig 5b. Cell cycle profiles and chromatin-
loaded MCM2 were then measured the same way as described in Fig 6. (a) Flow cytometry
measuring DNA content, EAU incorporation, and chromatin-bound MCM2 at 0 hr and 12 hr
timepoints in either auxin-treated or non-treated TO-HCT116, ORC2_H-2, and ORC2_ H-5 cells.
The x axis indicates DNA content, and the y axis refers to EQU incorporation. MCM2 positive and
negative cells are shown as blue and red respectively. Numbers at the upper right corner indicates
percentage of MCM2 positive population. (b) G1 cell population (orange) gated from (a) is shown
here, with chromatin-bound MCM2 positive cells colored in blue and negative cells in orange. The
x axis indicates DNA content, and the y axis refers to MCM2 level.
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2.6. ORC?2 depletion in cells leads to aberrant mitosis

In order to know if the mAID-ORC2¢" depleted ORC2_H-2 cells entered mitosis, we
evaluated the mitotic index by staining cells for phospho-Histone H3(S10) (pH3S10) followed
by flow cytometry analysis (Figure 3-32a; Figure 3-33, n=3 biological repeats). In the untreated
asynchronous population, about 4.53 + 0.59 % and 1.57 £ 0.33 % were pH3S10-positive in TO-
HCT116 and ORC2_H-2 cells respectively, while 31.4 + 2.88 % of TO-HCT116 cells and 15.6 +
1.25 % of ORC2_H-2 cells were at G2/M. When only doxycycline was added, there was no
significant change. When treated with doxycycline and auxin for 28 hr, the pH3S10-positive cell
population percentage was about 2.39+ 0.26 in TO-HCT116 and only 0.79 £ 0.09 in ORC2_H-2,
while 17.23 +0.78 % of TO-HCT116 cells and 36.7 + 1.61 % of ORC2_H-2 cells were at G2/M.
After 50 hr of doxycycline and auxin treatment, the pH3S10-positive cell population percentage
was 3.95 £ 0.16 in TO-HCT116 and only 0.96 + 0.15 in ORC2_H-2, while 20.77 + 1.76 % of
TO-HCT116 cells and 79.57 + 1.2 % of ORC2_H-2 cells were at G2/M phase. In normal
medium condition, TO-HCT116 already had 2.9 times as many mitotic cells as ORC2_ H-2.
When treated with doxycycline and auxin, although the G2/M population increased 2.3-fold and
5-fold at 28 hr and 50 hr, respectively, the number of mitotic cells in ORC2 H-2 reduced by 50 —
80 % compared to the non-treated H-2 cells. This showed that most ORC2_H-2 cells that
accumulated at the 4C DNA peak after ORC2 depletion were indeed stuck in the G2 stage and

did not enter into mitosis.

Nevertheless, mitosis did occur at a very low frequency. To observe mitotic phenotypes
and mitotic progression following ORC2 depletion, we constitutively expressed H2B-mCherry in
TO-HCT116 and ORC2_H-2 cells via lentiviral transduction and performed time lapse
fluorescent imaging of the mitotic chromosomes. Cells were synchronized using a single
thymidine block and auxin was added or omitted 2 hr before releasing into fresh medium with or
without doxycycline and auxin. As expected, in either treated or untreated TO-HCT116 cells, the
first cell cycle after release from the thymidine block was normal and cells progressed through
mitosis into the second cell cycle (data not shown). During the second cell cycle, in the absence
or presence of doxycycline and auxin, it took TO-HCT116 cells about 35-50 min to progress

from early prophase to chromosome segregation (Figure 3-32b and ¢, n=10 for each). In the
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absence of doxycycline and auxin, ORC2_H-2 cells also progressed through mitosis like the
parental cells (Figure 3-32d, n=10). In stark contrast, in presence of doxycycline and auxin
ORC2_H-2 cells showed condensed chromatin and attempted to congress chromosomes at the
metaphase plate but never achieved correct metaphase alignment of chromosomes even after six
to thirteen hours (Figure 3-32e, n=5). Those few cells that did attempt anaphase had abnormal

chromosome segregation, producing lagging chromosomes, micronuclei and became apoptotic.
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Figure 3-32. ORC2_H-2 cells have aberrant mitosis after auxin treatment. (a) Mitotic index
of TO-HCT116 and ORC2_H-2 G2/M cells with or without auxin. 0.75 pg/ml Doxycycline were
added for 24 hr before auxin treatment. Cells were harvested after 0, 28, or 50 hr of auxin
treatment followed by staining with anti-pH3S10 antibody for mitotic cells and FxCycle™
Violet for DNA content. Histograms on x axis represent each cell line under different conditions,
including no treatment, doxycycline only, dox+auxin for 28 hr, and dox+auxin for 50 hr. The y
axis is the fraction of 4C G2/M cells. Cell population positive or negative for p-H3S10 were
shown as black or grey color respectively. n=3 (biological repeats). (b-e) Time lapse imaging of
TO-HCT116 and ORC2_H-2 cell lines following a single thymidine block (+ dox) and release
into the second cell cycle (i.e., > 30 hr following release). Time shown in lower left corner
indicates time (hr : min) since early prophase. (b) Images of TO-HCT116 cells without auxin. (c)
Auxin treated TO-HCT116 cells. (d) ORC2_H-2 cells without auxin. (¢) Dox and auxin treated
ORC2_H-2 cells. White arrows in (e) point to the same cell. Scale bars indicate 8 M.
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Figure 3-33. Flow cytometry gating strategy for Figure 3-32a. FSC (area) vs SSC (area)
gating was used to exclude the cell debris and gate for cell-type population. Next, singlets were
gated on FxCycle™ Violet (DNA content) height vs area. Phospho-H3S10 positive population
was gated on pH3S10 Alexa Fluor 647 (area) vs SSC (area) of the unstained negative control
cells. G2/M cell population was gated on the DNA content (area) histogram.
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2.7. Characterization of previously published ORCI”- and ORC2"" cell lines

The results so far confirm previous observations that ORC is essential for cell
proliferation in differentiated human cells, but there remained the curious case of previously
reported viable knockout of ORCI and ORC?2 genes in p53”- HCT116 cells (Shibata et al., 2016).
We obtained the ORCI~ (B14 clone) and ORC2”- (P44 clone) cell lines described in this study
as a gift from Dr. Anindya Datta and performed several experiments on them. Using the ORC2
validated sgRNAs (different target site from Shibata et al.), we first tested if the ORC2 cell line
was sensitivity to the four ORC2 sgRNAs we used in our study (Figure 3-4). The negative-
selection GFP depletion assay surprisingly showed that both the parental HCT116 p53”~ and the
ORC27 cell line were both sensitive to CRISPR/Cas9 knockout of ORC2 compared to control
sgRNA (Figure 3-34a-b). More importantly, when both cell lines were transduced to express
mAID-ORC2¢" that was resistant to the ORC2-1 and ORC2-2 sgRNAs, this effect was rescued in
HCT116 p53” and to a slightly lesser extent in ORC2”" cell line (Figure 3-34c-d). This
suggested that there may be some form of functional ORC2 in the ORC2”" cells that was being
targeted by the tested sgRNAs. In addition, an immunoblot of the cell lysates showed a reduced
level of ORC3 in the ORC27" cells (Figure 3-35a), and since ORC2 and ORC3 form stable
heterodimers in cells, this result again indicated that some form of ORC2 was expressed in cells,
albeit at a lower level. When immunoprecipitated with an antibody against ORC3, we detected
ORC3 and a putative truncated form of ORC2 which was seen only in ORC2" cells (Figure 3-
35b). Next, we designed primer pairs that span exon junctions for each exon in ORC2 and
performed quantitative RT-PCR (qPCR) to determine the nature of the ORC? transcripts in the
ORC2” cells (Figure 3-34e). The calculated fold change (FC) indicated that in the ORC2” cells,
about 60% of the mRNAs had exon 7 skipped, whereas other exons remained the same (Figure

3-34e, Figure 3-36).

We further speculated that these cell lines, in the absence of or mutations within either
ORC1 or ORC2 may exhibit genomic instability giving rise to copy number variations (CNVs).
To determine the CNV status we performed SMASH (Wang et al., 2016) analysis on the two
parental HCT116 cell lines with the p53*/* and p53” background as well as the Shibata et al.
ORCI”~ and ORC2” deficient lines. Both the parental cell lines showed very similar
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chromosome copy number, characteristic of HCT116, while both ORC1 deficient and ORC2
deficient cell lines had additional CNVs in chromosomes unrelated to those harboring either
ORC1 or ORC?2 (Figure 3-37). The significance of these specific loci which showed alterations
in copy number when either ORCI or ORC?2 was deleted remains to be investigated. However, it
was in this analysis that we noticed that in ORC2” cells a part of the ORC2 gene locus that was
hugely amplified (Figure 3-37 solid arrow). To study in detail the ORC?2 gene region on
chromosome 2 in these cells, we performed long-read Oxford Nanopore sequencing analysis.
Compared to the reference allele sequence, ORC2”" cells showed highly mutated and
heterogenous allele distribution near the CRISPR targeting site used in the Shibata et al. study
(Figure 3-34f, Figure 3-38). In addition, this ORC2” cell line contained many copies of the
plasmid with ORC2 homology arms, used for integration of a disruptive blasticidin cassette into
the ORC2 gene locus (Shibata et al., 2016). In fact, it was the ORC2 homology arms in the
plasmid that showed up as the massive amplification in the CNV analysis by SMASH (Figure 3-
38a, b, ¢). Based on RT-PCR data, aside from the expected heterozygous deletions in exon 7,
exon 4 also exhibited multiple heterozygous SNPs at 3 different sites. Among them, SNP1
resulted in a novel stop codon, while SNP3/4/5 were missense mutations, and SNP2/6 were silent
mutations (Figure 3-34f). Next, we determined the haplotype phasing information between the
heterozygous exon 7 deletion and the potential novel stop codons. One allele of ORC2 contained
various mutations in exon 4, in combination with the deleted exon 7, showing that the cell line
was heterogeneous to start with. The other allele of ORC?2 that had an intact exon 7 also had
either wild type or SNPs in exon 4. Since there is a methionine in exon 5, it is possible the
truncated ORC2 protein we observed was translated from this internal start site (Figure 3-35b).
Although substantially altered, based on the sequencing data and the sensitivity of the cells to
ORC2-1 and ORC2-2 sgRNAs, we conclude that the cell strain is not a true ORC2 knockout.

With regard to the HCT116 ORCI cell line, we confirmed that they lacked ORC1
protein using multiple antibodies and confirmed that they duplicated at a much slower rate than
the parental line, as previously reported (Figure 3-35¢) (Shibata et al., 2016). The doubling time
of the ORC1”" cells was four-times longer than the parental cells and we were unable to passage
these cells for many generations (by 20-30 generations they stopped proliferating). We also

compared HCT116 ORCI”- (B14) and HCT116 ORC2"~ (P44) cell lines with the parental lines,
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i.e. either p53** and p53” background by confocal microscopy (Figure 3-34g (1-4), h; Figure
3-39a-e, Figure 3-40a-c). There was a myriad of nuclear morphology defects in the ORCI cell
line. When the nuclei were stained with Hoechst dye, up to 10 percent contained abnormally
large nuclei or sometimes what seemed to be multiple nuclei aggregated together in single cell,
while other cells appeared normal. When probed further by staining for F-actin and Lamin B1 to
observe overall cellular morphology and nuclear membrane integrity respectively, we observed
that despite the staining for DNA content looking normal, up to 50 percent of the ORCI™" cells
showed highly abnormal, involuted nuclear membranes (Figure 3-34i). In addition, most of the
gigantic nuclei seemed to have lost the nuclear membrane altogether, while those cells that had

Lamin B1 staining displayed abnormal nuclear membrane integrity.

The chromatin organization in the cells was observed by transmission electron
microscopy (TEM) and revealed huge differences in cell size and nuclear structure between the
wild type HCT116 p53™* and ORCI"" cells (Figure 3-40d-f). About 35 % of ORCI” cells were
grossly larger than wild type cells. Those multinucleate/polyploid giant cells were full of
membrane invagination and vacuoles, and also exhibit significant apoptotic activities. Most
likely they were formed due to extensive DNA damage and nuclear structural defects and
underwent a different type of cell division called neosis, in which intracellular cytokinesis occurs
and some mononuclear cells are produced from nuclear budding or asymmetric cell division
(Sundaram et al., 2004). All these phenotypes pointed to the fact that although ORCI cells do
not survive in culture long term, for the duration that they do grow, they proliferate extremely
slowly and are grossly abnormal. It may well be the case that p53” status of the parental

HCT116 was required for these cells to be produced in the first place.
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Figure 3-34. Characterization of previously published ORCI”- and ORC2” cell lines. (a-d)
Negative-selection time course assays that plot the percentages of GFP positive cells over
time following transduction with the indicated sgRNAs/Cas9. Experiments were performed in
HCTI116 p537-, ORC27, HCT116 p53”-_ mAID-ORC2¢#, and ORC2”- mAID-ORC2¢" cell
lines. The GFP positive percentage was normalized to the Day3 measurement. n=3. Error
bars, mean = SD. (e) Calculated fold change (FC) for each primer pairs in ORC2”" cells
compared to HCT116 p537 cells. The red and blue arrows indicate each primer pair. Two kinds
of primers, Oligo dT and Random Hexamer, were used in the reverse transcription step. Bar
diagram view is shown in Figure 3-36. (f) Structural Variations (SVs) in the ORC2 gene. Three
SNP sites were among the 6 heterozygous mutations found in the 4™ exon. Heterozygous
deletion of exon 7 is also found in ORC2"~ cells. Long ONT reads that span both the
heterozygous deletion site in exon 7 and the heterozygous SNP site in exon 4 show that SNP1 is
on the same haplotype that contains the deletion of exon 7. The other haplotype contains a
complete copy of exon 7 with heterozygous SNPs in exon 4. (g) (Provided by Dr. Kuhulika
Bhalla) 1-4: Immunofluorescence of HCT116 ORCI”- (B14) cell line stained with Anti-Lamin
B1 antibody (Red), Phalloidin (F-actin) (Green), Hoechst Dye (Blue). Images show either merge
of all three channels or Lamin-B1 staining of the nuclei. White arrows indicate abnormal and
involuted nuclei in image gl. White arrows also show extremely large (nuclear giants) that have
lost nuclear membrane integrity (g2, g4). (h) (Provided by Dr. Kuhulika Bhalla) Parental cell line
for the ORCI”" line as representative control for quantitative and qualitative comparison. More
fields of control cells HCT116 p53** and p53” background and ORCI” and ORC2"" cell lines
are shown in Figure 3-39,40. Scale bar is 25 pm (i) (Provided by Dr. Kuhulika Bhalla)
Quantitation of abnormal nuclei between cell lines. Nuclei per field were classified as Normal,
Abnormal/Involuted or Nuclear giants (with or without Lamin B1). Multiple fields were counted
to classify >400 cells for each cell line (n = sample size indicated in legend). Significance
calculated using two-way ANOVA for multiple comparisons keeping HCT116 p537 as control.
*HEX P <0.0001, ** p=0.0014.
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Figure 3-35. ORC3 exists in ORC2” cell line. (a) ORC3 expression in TO-HCT116, ORC2_H-
2, HCT116 p537, HCT116 p537-_ mAID-ORC2¥, ORC2”, and ORC2”- mAID-ORC2¢" cell
lines. Whole cell lysates were made in Laemmli buffer followed by western blotting with anti-
ORC3 antibody. (b) ORC3 immunoprecipitation (IP) in HCT116 p53” and ORC2" cell lines.
Cells were lysed in lysis buffer and incubated with mouse IgG or ORC3 mouse monoclonal
antibody for immunoprecipitation, followed by western blotting detection with antibodies against
ORC2 and ORC3. Input ~2.5% and IP ~30% of total was loaded for analysis. Both short and
long exposure of ORC2 detection were shown here. Asterisks (*) indicate the putative truncated
ORC2 which was only found in ORC2"" cell line. In the short exposure only, arrows point to
nonspecific bands detected by the anti-ORC2 antibody. (c) (Provided by Dr. Kuhulika Bhalla)
Cell growth curves of HCT116 p53**, HCT116 p53”, ORCI~, and ORC2"" cell lines. The x
axis indicates days after cell seeding (Day 0 to Day 6). The y axis reflects the cell number (x10°).
n=3 (biological repeats). Error bars, mean + SD.
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Figure 3-36. Real time quantitative PCR fold change represented as bar plot for Figure 3-
34e. Blue, fold change of OligodT primer sample. Grey, fold change of random hexamer sample.
Fold change (FC) for each primer pair in ORC2”" cells compared to HCT116 p537 cells was

calculated as FC = 2(to the power of AACt).

103



Analysis of CNV by SMASH

! I N N S _— L L | [ | [l

HCT116
ORC2* (P44)
L3

HCT116
ORC™ (B14)
R
&

HCT116
p53”

HCT116
p53o/+

ORI ONAEOE OO AR OO OO OO0 \IHIL
1 2 3 5 6 | 7 [ 8 |9 |10

1)1 T
4 1| 12 |13 14 |15 D16 |17 |18 19202122 ] X

L1

Chromosomes

Figure 3-37. Copy number analysis of the genomes of four cell lines using the SMASH
method. (Provided by Dr. Kuhulika Bhalla) The amplification of the ORC2 gene sequences in
HCT116 ORC2”- (P44) cells is shown by the green dot and filled arrow. The open arrows show
acquired CNVs in the ORCI”- and ORC2" cells compared to the parental cells.
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Figure 3-38. ONT PromethION long reads analysis. (Provided by Dr. Sergey Aganezov) (a)
Alignment of ONT PromethION long reads to ORC?2 locus in GRCh38 with an average read-
depth coverage of 50x only altered in a single highlighted reads alignment pileup (encompassing
exons 3 and 4) with a coverage increase to ~2,500x. (b) Reads alignment pileup encompassing
exons 3 and 4 of ORC?2 locus with schematic locations of two 100bp-long flanking anchor
regions (red and green) located 200bp outside of the pileup beginning/end coordinates,
respectively, and a 1Kbp internal anchor region (blue). (¢) (re)alignment of long ONT reads
spanning an internal (blue) anchor region in the pileup show in panel b) to pTRE2 reference with
resulting average read depth coverage of ~2,955x. In panels (d) and (e) we show (re)alignments
of ONT reads spanning the “green” and “red” pileup-flanking anchors to the same ORC2 locus
in GRCh38 with an observed read-depth coverage of ~50x. f) Phased alignments of reads which
overlap the genomic region between exon 7 and a red pileup-flanking anchor, with highlights of
the observed SNPs in Exon 4 and a deletion encompassing Exon 7.
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Figure 3-39. Confocal Microscopy images of HCT116 cell lines. (Provided by Dr. Kuhulika
Bhalla) Images acquired as z-stacks of 25 um (z = 1um each). Images presented maximum
intensity projections in the merge and average intensity projections in single channel images.
Channel reference: Lamin B1 (Red), F-actin (Green), DNA (blue), DIC (grey) (a) HCT116
p53*7*. (b)) HCT116 p537. (c-€) HCT116 ORCI”~ (B14). Scale bar is 25 um.
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Figure 3-40. Confocal (a-c) and Transmission electron microscopy (d-f) (TEM) images of
HCT116 cell lines. Confocal (Provided by Dr. Kuhulika Bhalla): (a-b) HCT116 ORCI~ (B14),
(c) HCT116 ORC2". Scale bar is 25 um. TEM (Provided by Dr. Habeeb Alsudani): (d) HCT116
p53™* cells with 2000x magnification. (¢) ORCI” cells with 2000x magnification. (f) ORC1”
cells with 1000x magnification. Scale bar in (d-e) is 4 um.
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3. Discussion

The ORC2”" cell line believed to be a complete knockout via the use of 3 sgRNAs, one
targeting the exon 4, and the others targeting the 6™ and 7™ introns retained a truncated form of
ORC2 that could interact with ORC3 and was expressed from a mutated gene. These cells were
still susceptible to ORC2 knockdown using four sgRNAs selected from our CRISPR screens and
also partially rescued the phenotype with two sgRNAs using a CRISPR-sgRNA resistant mAID-
ORC2¢. Similar to what we found for ORC2” cells, CRISPR-induced frameshifts in cells often
generate truncated proteins that, although may not be recognized by western blot, still preserve
whole or partial protein function (Smits et al., 2019). Based on these observations with ORC2 and
the results with ORCI” lines, cells were unable to proliferate for many generations and produced
abnormally structured cells, as well as data analyzed by tiling-sgRNA CRISPR screens, we
conclude that ORC is essential in human cells. This conclusion is consistent with existing literature
(Hemerly et al., 2009; McKinley and Cheeseman, 2017; Ohta et al., 2003; Prasanth et al., 2010,

2004) and is not surprising since ORC has multiple functions in human cells.

The fact that ORCI”" cells could be obtained might suggest that ORC1 is not essential, but
these cells did proliferate very slowly and only for a limited number of generations, and yielded
cells with grossly abnormal nuclear structures. Thus, we suggest that it is unlikely to obtain cells
that are viable over many generations in the absence of all ORC subunits. The ORCI”" cells have
excess levels of CDC6 protein bound to chromatin (Shibata et al., 2016) and since CDC6 is related
to ORC1 and can bind to the other ORC subunits, we suggest that CDC6 might compensate, albeit
poorly, for the absence of ORCI in loading MCM2-7 proteins and establishing pre-RCs. A recent
report described human cells that proliferated in the absence of ORC2 or ORCS5 (Shibata and Dutta,
2020), but we suggest that a detailed molecular and phenotypic analysis of these cells be examined

in greater detail as described in this report.

The pooled CRISPR/Cas9 domain-focused screen has become a common and powerful
tool for uncovering genes that are essential for cell proliferation, cell survival, and for identification
of essential functional domains in proteins (Adelmann et al., 2018; Park et al., 2017; Shi et al.,
2015; So et al., 2019). However, if the screens use only a handful of guides targeting annotated

essential regions, it may still result in data which may or may not score a gene as essential. Tiling-
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sgRNA CRISPR-Cas9 screens on the other hand test ‘functional’ or ‘essential’ domains in a more
rigorous and unbiased way (He et al., 2019). Using this approach, sgRNAs tiled across entire open
reading frames of ORC1-6 and CDC6 enabled us to correlate the negative selection phenotype to
functional domains within these proteins. The combined results also confirmed that all ORC1-6
and CDC6 proteins were essential in cancer cells as well as a human diploid cell line, including
ORC2 that was characterized as non-essential based on multiple shRNA and whole genome
CRIPSR/Cas9 screens in numerous types of «cells in the DepMap portal
(https://depmap.org/portal/). We were able to identify many sgRNAs that targeted ORC? in the

tiling-sgRNA CRISPR screen and the two chosen cloned sgRNAs that killed cells were
successfully complemented using a mAID-ORC2¢" transgene, demonstrating specificity of the
knockdowns. Thus, single guide experiments, especially those with negative results, should be
interpreted with caution, such that the essential nature of a gene should be examined in depth as

we have done here.

The known functional domains in ORCI1, including the BAH, AAA+ and WHD were
identified using the open reading frame tiling-sgRNA CRISPR/Cas9 screen, as well as other
regions of ORC1, including the intrinsically disordered region (IDR; amino acids 180-480, Figure
3-3e) which we know binds to Cyclin A-CDK2 and CDC6 (Hossain et al., 2021), as well as many
other proteins we have identified and characterized in detail. Additionally, this entire IDR may
contribute to DNA mediated ORC liquid phase transition (Hossain et al., 2021; Parker et al., 2019).
The screen also identified an essential region of ORC1 in and around amino acid 750-790 (Figure
3-3a-b) which may represent the pericentrin-AKAP450 centrosomal targeting (PACT) domain
that localizes ORCI1 to centrosomes to regulate correctly centrosome and centriole copy number

(Hemerly et al., 2009).

In ORC2, multiple, essential domains were identified, including the AAA+-like domain
and the WHD. The WHD of human ORC2 controls access of human ORC to DNA by inserting
itself into the DNA binding channel prior to activation of the protein by binding to ORCI1 and
subsequent binding to CDC6 (Bleichert, 2019; Hossain et al., 2021; Jaremko et al., 2020). The
ORC2-carboxy terminus binds to ORC3 and ORC2 is also known to bind to PLK1, the mitotic
protein kinase (Song et al., 2011). Interestingly, ORC2 also has an IDR (Figure 3-8d; amino acids
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30-230) and the sgRNA tiling screen of this region shows CKHS essential amino acids, but a
relatively conserved region within this IDR amino acid is reproducibly essential in both HCT116
and RPE-1 cell lines (Figure 3-4a-b, Figure 3-8a, Figure 3-14a-e). Recent studies have
implicated the N-terminal region of ORC2 to interact with ORC associated (ORCA) protein and
may functionally contribute to its role in DNA replication and chromatin organization (Shen et al.,

2012).

The use of a mAID-ORC2¢#" enabled rapid removal of ORC2 from cells and analysis of the
resulting phenotypes in more detail. It was not surprising that ORC2 is essential for loading MCM2,
and hence MCM2-7, to establish pre-RCs and origins of DNA replication across the genome. In
the absence of ORC2, cells loaded very little MCM2, most likely resulting in too few origins of
replication and a consequently slow S phase and arrest with a near 4C DNA content and ongoing
DNA synthesis. ORC2 depletion yielded other phenotypes, including large nuclei and a failure to
execute mitosis. The large nuclei, also observed in the ORCI”~ cells, have large CENP-C and HP1 &
foci, probably due to decompaction of the centromeric associated a-satellite DNA, as observed
previously (Prasanth et al., 2010). We suggest a general role for ORC in nuclear organization and
organizing chromatin domains in the nucleus, including heterochromatin. In yeast, ORC is
essential for transcriptional silencing at the silent mating type heterochromatic loci HMRa and
HMLa loci and its function in replication are separable from that in silencing (Bell et al., 1993;
DeBeer et al., 2003; Ehrenhofer-Murray et al., 1995). In Drosophila, ORC localizes and associates
with heterochromatin protein HP1 during interphase and mitosis, and heterozygous recessive lethal
mutations in DmORC?2 suppress position effect variegation (Huang et al., 1998; Pak et al., 1997).
In humans, ORC1 interacts with RB and SUV39H1, a histone methyltransferase that tri-methylates
histone H3K9 which HP1 binds to repress E2F1-dependent CCNEI transcription (Hossain and
Stillman, 2016) . ORC1 and ORC3 (a tight ORC2 binding partner) directly interact with HP1, and
depletion of ORC subunits disrupt localization of HP1 and the compaction of chromosome 9 a-
satellite repeats DNA (Pak et al., 1997; Prasanth et al., 2010). Furthermore, ORC1 binds to the
histone H3K9me3 and H4K20me2 methylation marks and co-localizes with histone H2A.Z,
suggesting ORC may organize higher order chromatin structures via direct interactions with

modified histones (Hossain and Stillman, 2016; Kuo et al., 2012; Long et al., 2019). The
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mechanism by which the nuclei become large as a result of ORC depletion is under further

investigation.

A final phenotype we observed in the acute removal of ORC2 is that the cells that replicate
DNA and enter into mitosis attempt chromosome congression at the metaphase plate, but never
make it, even after 7 hours. Eventually the cells die of apoptosis. We had observed abnormal
mitotic cells following long term (72 hr) treatment of cells with shRNAs that targeted ORC2 but
it was not clear if this phenotype was due to incomplete DNA replication (Prasanth et al., 2004).
However, in the current study, acute removal of ORC2 captured some cells with a clear defect in
chromosome congression during mitosis. Moreover, both ORC2 and ORC3 localize to
centromeres (Craig et al., 2003; Prasanth et al., 2004), suggesting that they play a role in spindle
attachment or centromeric DNA organization, particularly the centromere associated satellite
repeat sequences. We speculate that in ancestral species, ORC localized at origins of DNA
replication and this ORC also functioned in organization of chromosomes and in chromosome
segregation, but upon separation of DNA replication and chromosome segregation with the advent
of mitosis, separate functions of ORC in DNA replication, chromatin or nuclear organization and
chromosome segregation were retained, but executed at different times during the cell division

cycle.
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Chapter four: Additional results

In this chapter, I included some results that were not published but were important for the
ORC2 research. Here I showed the result of (1) analysis the mouse monoclonal ORC2 antibody
previously used in our lab for immunoprecipitation, (2) protein-protein interactions characterized
by IP-MS using rabbit polyclonal ORC2 antibody, (3) more cell cycle analysis of rapid ORC2
depletion ORC2_ H-2 cell line, (4) characterization of lentiviral expressed mAID-ORC2¢" cell
line, and (5) CRISPR/Cas9 depletion of endogenous ORC3 in TO-HCT116 and TO-U20S TRex

cell lines.

1. Anti-ORC2 antibody mAb920 cross-reacts with CENP-E

ORC2 binds to the ORC3 subunit and both are co-immunoprecipitated using antibodies
against ORC2 or ORC3. There were two antibodies against human ORC2 that were most widely
used in our lab, the first being the mouse monoclonal mAb#9-20, and the second being the rabbit
polyclonal #CS205. Both antibodies were used by previous lab members in immunofluorescence
staining and ORC2 immunoprecipitation (IP) experiments. To identify ORC2 binding partners in
mitosis, I blocked the cells with nocodazole, and then collected mitotic cells by mitotic shake-off
method. To compare the IP results between the two antibodies, after lysing cells in lysis buffer,
the antibodies against ORC2 were added into separate lysates to perform immunoprecipitation.
We found out that Centromere protein E (CENP-E) was strongly co-immunoprecipitated with
mAb#9-20 antibody, but not with #CS205 antibody, or the anti-ORC3 mouse monoclonal
mADb#PKS16 antibody. We suspected that the CENP-E co-IP was a result of a cross-reactivity of
mADb#9-20 antibody. Because the epitope of mAb#9-20 antibody (LKNDPEITTI) has been
identified by peptide competition previously (Prasanth et al., 2004), I performed a blast search of
the peptide sequence in CENP-E protein and discovered a region in CENP-E (LKENIEMTI,
1073-1081aa) that might be responsible for the possible cross-reactivity (Figure 4-1a). Next, |
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cloned five different fragments of CENP-E protein into IPTG induced expression vector and
expressed them in bacteria (data not shown). MBP-tagged 1-667 aa, 501-1173 aa, 1001-1667 aa,
1501-2167 aa, and 2001-2605 aa CENP-E fragments were induced by IPTG and I confirmed that
ORC2 mADb#9-20 antibody can recognize the CENP-E 1001-1667 aa fragment which contains
1073-1081 aa by doing western blotting (Figure 4-1b).

This was an important finding since CENP-E is a motor-like protein responsible for
spindle elongation and chromosome movement during mitosis (Abrieu et al., 2000; Gudimchuk
et al., 2013). Using this mouse monoclonal mAb#9-20 antibody for experiments might co-IP
many other CENP-E associated proteins which are unrelated to ORC2 protein. Therefore, this

mAb#9-20 antibody was not used for subsequent immunoprecipitation experiments.
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ORC2 antibody epitope: 124 aa - SLKNDPEITINVPQSSKGHS -143 aa
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Figure 4-1. ORC2 mouse monoclonal mAb#920 antibody cross-reacts with CENP-E. (a)
The ORC2 monoclonal antibody epitope was within ORC2 124-143aa. The BLAST result
showed the sequence similarity between ORC2 and CENP-E. (b) Five different fragments of
MBP-CENP-E were induced in E. coli respectively. Yellow arrow points to the detected CENP-
C protein fragment by ORC2 antibody.
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2. IP-MS with anti-ORC2 rabbit polyclonal CS205 antibody

The study by Prasanth et al., 2004 suggested that ORC2 might play an important role in
heterochromatin structure, kinetochore-microtubule alignments and chromosome congression
(Prasanth et al., 2004). In order to explore its function and identify ORC2 binding partners
during mitosis, I treated HeLa cells with nocodazole for 16 hr and harvested interphase (G2) and
mitotic cells separately for immunoprecipitation experiment with anti-ORC2 #CS205 antibody.
After lysing cells in lysis buffer, the lysates were centrifuged and the supernatant 1 (supl) was
collected. The pellet was treated with MNase, and centrifuged again to collect the supernatant 2
(sup2) and the final pellet (P). Sup1 or Sup2 were incubated with rabbit [gG or ORC2 antibody-
conjugated GammaBind G Sepharose and then washed with washing buffer containing 100 mM
NacCl. Half of the Sepharose beads were boiled for protein gel loading followed by western blot
analysis (Figure 4-2). Antibodies against ORC1, ORC2, ORC3, HP1, and several mitotic
proteins were used for detection. The results showed ORC1, ORC2, and ORC3 co-IP well with
ORC2. PLK1, HP1, and BUB3 protein also interact with ORC2, although they were also
detected in the IgG IP control. To improve the result in the future, more detergent or salt can be

added into the wash buffer to reduce background binding to the IgG beads.

Another half of the beads were sent for iTRAQ-based proteomics analysis. (Table 4-1)
and (Table 4-2) contain proteins names that have enriched > 1.6 fold (FC > 1.6) with ORC2
antibody. Several proteins, including ORC2, ORC3, ORC5 and LRWD1/ORCA appeared to be
in the top ten candidates of the ORC2-interacting proteins suggested that the experiment worked
well. Many other proteins enriched with ORC2 and appeared on both tables. One of these
proteins is the Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2 (INPPL1, SHIP2),
which ranks number four in both G2 and M phase cells. INPPL1 is a phosphatidylinositol
phosphatase and plays an important role in regulating the insulin signaling PI3K pathway (Gupta
and Dey, 2009). It also participates in endocytosis, remodeling cytoskeleton and actin structures,
regulating cell adhesion and spreading, etc. (Dyson et al., 2001; Habib et al., 1998; Pesesse et al.,
2001; Prasad et al., 2002; Zhuang et al., 2007). It will be very interesting to find out how and
why ORC and INPPL1 interacts in cells. Transferrin receptor protein 1 (TFRC) is responsible for

importing iron-transferrin complex to endosomes by receptor-mediated endocytosis (Senyilmaz
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et al., 2015). Retinoblastoma-binding protein 5 (RBBP5) plays an important role in embryonic
stem cell differentiation potential and involves in methylation of H3K4 which marks the active
genes (Avdic et al., 2011; Garapaty et al., 2009; Patel et al., 2009).
Phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1 (PTPMT1) is a lipid
phosphatase that phosphorylates PGP, an essential phospholipid regulating the membrane
integrity in mitochondria, and it potentially plays a role in insulin secretion (Mugabo et al., 2016;
Niemi et al., 2014). Functions of many other proteins shown in both tables were not studied in
detail but would be interesting to have a closer look after hypothesizing a possible new role of

ORC2 based on other interactions.

Septin-2 (SEPT2) interacts with ORC2 during G2 but not mitosis (Table 4-1). Septin-2 is
essential for organization of actin cytoskeleton and also required for mitosis during spindle
elongation, movement and chromosome segregation (Kremer et al., 2007; Spiliotis et al., 2008,
2005). It is interesting that Septin-2 is enriched with ORC2 during G2 phase but not M phase,
suggesting that ORC2 might have a role by recruiting Septin before cells entering mitosis. Nestin
(NES) promotes assembly and disassembly of intermediate filament protein during mitosis
(Guérette et al., 2007; Michalczyk and Ziman, 2005) and the IP-MS results showed that Nestin
binds with ORC2 during mitosis but not interphase (G2/M ratio = 1.63) (Table 4-3). This
interaction suggested that ORC2 might play a role in distributing intermediate filaments and
providing support for cellular structure during mitosis. Mitotic checkpoint serine/threonine-
protein kinase BUB1 beta (BUB1B) was also slightly enriched with ORC2 IP during mitosis
(G2/M ratio = 1.53), suggesting that ORC2 might participate in mitotic checkpoint function,

which is entirely possible since ORC2 localize to kinetochore/centromere during M phase.

The western blot showed mostly negative result, but I can try to optimize the IP condition
to get a clearer result with more detecting antibodies. The IP-MS result uncovered a few
potential interacting proteins to study in the future, and these interacting proteins lists provide us
a new path to uncover possible functions of ORC2, which also support the current findings that
ORC?2 are essential for normal M phase progression, although the mechanism has yet to be

investigated.
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Figure 4-2. ORC2 immunoprecipitation in interphase (G2) and mitotic cells.
Immunoprecipitation was done by IgG or ORC2 antibodies from HeLa cell lysates. Immunoblots
were detected with several ORC antibodies, heterochromatin protein HP1 antibody, or
kinetochore protein antibodies. I: Interphase; M: mitosis. Interphase: Input: 2.5 %; IP: 25%.
Mitosis: Input: 3 %; IP: 30%. Immunoblots for each protein were developed at the same time.
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G2 FC | Protein
1 9.018 ORC3 Origin recognition complex subunit 3
2 16.060 |ALB Serum albumin
3 [5.765 LRWDI Leucine-rich repeat and WD repeat-containing protein 1
4 14.693 INPPLI Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2
5 [4.054 ORC5 Origin recognition complex subunit 5
6 |3.710 | RNF220 E3 ubiquitin-protein ligase RNF220 (Fragment)
7 [3.670 | PDLIM7 PDZ and LIM domain protein 7
8 13.284 ORC2 Origin recognition complex subunit 2
9 12994 | ABTB2 Ankyrin repeat and BTB/POZ domain-containing protein 2
10 | 2.802 TFRC Transferrin receptor protein 1
11 12366 | ANKRD26 | Ankyrin repeat domain-containing protein 26
Thiosulfate sulfurtransferase/rhodanese-like domain-containing
12 | 2.361 TSTD2 protein 2
13 | 2.058 RPLP2 608 acidic ribosomal protein P2
14 | 2.051 RANGAPI | Ran GTPase-activating protein |
15 12.004 SRBD1 S1 RNA-binding domain-containing protein 1
16 |1.993 WDRI1 WD repeat-containing protein 11 (Fragment)
17 1 1.968 ERICH3 Glutamate-rich protein 3
18 11.929 RBBP5 Retinoblastoma-binding protein 5
19 | 1.898 SECI6A Protein transport protein Sec16A (Fragment)
20 | 1.851 HBSIL HBS1-like protein (Fragment)
21 | 1.795 ACOX1 Peroxisomal acyl-coenzyme A oxidase 1
22 1 1.789 MLLTI1 Protein ENL
23 | 1.785 SYNE3 Nesprin-3
24 | 1.758 PHF2 Lysine-specific demethylase PHF2
25 | 1.734 | RSBNIL Round spermatid basic protein 1-like protein
26 | 1.721 RPLP1 608 acidic ribosomal protein P1
27 11.697 BABAM2 BRISC and BRCA1 A complex member 2 (Fragment)
28 |1 1.690 | NCAPG2 Condensin-2 complex subunit G2 (Fragment)
29 11.680 | ARRDCI Arrestin domain-containing protein 1
30 | 1.671 ELP3 Elongator complex protein 3 (Fragment)
31 | 1.662 SECI13 Protein SEC13 homolog
32 | 1.662 ALDHI18A1 | Delta-1-pyrroline-5-carboxylate synthase
33 | 1.662 TECR Very-long-chain enoyl-CoA reductase (Fragment)
34 | 1.662 TUBGI Tubulin gamma-1 chain
35 [ 1.660 | RPL32 60S ribosomal protein L32 (Fragment)
36 | 1.639 | RPS26 40S ribosomal protein S26
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37 1 1.638 | RIOX1 Ribosomal oxygenase |
Phosphatidylglycerophosphatase and protein-tyrosine
38 | 1.636 | PTPMTI phosphatase 1
39 | 1.619 EIF3F Eukaryotic translation initiation factor 3 subunit F (Fragment)
40 | 1.616 | PPIB Peptidyl-prolyl cis-trans isomerase B
41 | 1.607 EIF4B Eukaryotic translation initiation factor 4B
42 | 1.601 CUTA Protein CutA
43 | 1.591 SEPT2 Septin-2

Table 4-1. ORC2-interacting proteins in G2 phase analyzed by iTRAQ. Each IP was done in
duplicate, and one sample of the ORC2 IP in G2 cells were set at enrichment score=1. Average
enrichment score of the duplicate was calculated for IgG IP or ORC2 IP in G2 cells. Fold change
(FC) was calculated by G2 cells ORC2 IP average enrichment score divided by G2 cells IgG IP
average enrichment score. Proteins listing here have fold change > 1.6. Protein names in the red
color overlapped with table 4-2.
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M FC | Protein
1 [7.985 | ALB Serum albumin
2 |6.857 | ORC3 Origin recognition complex subunit 3
3 [5.191 |LRWDI Leucine-rich repeat and WD repeat-containing protein 1
4 15.095 | INPPLI1 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2
5 14.036 | ORCS Origin recognition complex subunit 5
6 [4.006 | TFRC Transferrin receptor protein 1
7 13.984 | PDLIM7 PDZ and LIM domain protein 7
8 |3.887 | ORC2 Origin recognition complex subunit 2
9 13.823 | RNF220 E3 ubiquitin-protein ligase RNF220 (Fragment)
10 | 3.231 | ABTB2 Ankyrin repeat and BTB/POZ domain-containing protein 2
11 ]2.504 | NES Nestin
12 12.460 | SRBDI S1 RNA-binding domain-containing protein 1
13 ]2.248 | SHCBPI SHC SH2 domain-binding protein 1
14 | 2.235 | TUBGI Tubulin gamma-1 chain
1512.234 | ACOX1 Peroxisomal acyl-coenzyme A oxidase 1
16 | 2.153 | ALDHI8AI | Delta-1-pyrroline-5-carboxylate synthase
17 12.122 | ELP3 Elongator complex protein 3 (Fragment)
18 | 2.112 | RBBP5 Retinoblastoma-binding protein 5
19 12.106 | TF Serotransferrin (Fragment)
20 1 2.091 | TUBGCP3 | Gamma-tubulin complex component 3
21 |2.017 | HECTD4 Probable E3 ubiquitin-protein ligase HECTD4
22 11976 | BABAM2 BRISC and BRCA1 A complex member 2 (Fragment)
23 11954 | NFI Neurofibromin (Fragment)
24 11.949 | LSM14B Protein LSM14 homolog B
2511943 | ANKRD26 | Ankyrin repeat domain-containing protein 26
Phosphatidylglycerophosphatase and protein-tyrosine
26 | 1.928 | PTPMTI phosphatase 1
27 1.860 | PLS3 Plastin-3
28 | 1.851 | KRT6C Keratin, type II cytoskeletal 6C
29 11.850 | MLLTI1 Protein ENL
30 | 1.823 | SECI6A Protein transport protein Sec16A (Fragment)
31 1 1.808 | TUBGCP4 | Gamma-tubulin complex component (Fragment)
32 | 1.776 | TUBGCP2 | Gamma-tubulin complex component
33| 1.711 | DDX49 Probable ATP-dependent RNA helicase DDX49
34 1.700 | HBSIL HBS1-like protein (Fragment)
35 11.697 | PRKAR2A | cAMP-dependent protein kinase type Il-alpha regulatory subunit
36 | 1.688 | RASAL2 Ras GTPase-activating protein nGAP (Fragment)
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37 11.684 | RPL32 60S ribosomal protein L32 (Fragment)

38 | 1.679 | U2SURP U2 snRNP-associated SURP motif-containing protein
39 11.678 | PML Protein PML (Fragment)

40 | 1.668 | TOMM20 Mitochondrial import receptor subunit TOM20 homolog
41 | 1.654 | KIF23 Kinesin-like protein KIF23

42 1 1.653 | RPL14 60S ribosomal protein L14

43 1 1.653 | TECR Very-long-chain enoyl-CoA reductase (Fragment)

44 1 1.649 | CYP4BI1 Cytochrome P450 4B1

45 11.641 | PUSI tRNA pseudouridine synthase A, mitochondrial (Fragment)
46 | 1.635 | PPFIA1 Liprin-alpha-1

47 11.618 | SRSFI1 Serine/arginine-rich-splicing factor 11 (Fragment)

48 | 1.617 | WDRS WD repeat-containing protein 5

49 1 1.616 | CYR61 Protein CYR61

50 [ 1.613 | KRT2 Keratin, type II cytoskeletal 2 epidermal

51|1.613 | RPLPI 608 acidic ribosomal protein P1

52 | 1.610 | NF2 Merlin

53 | 1.610 | PUM3 Pumilio homolog 3

54 11.602 | HAUSS HAUS augmin-like complex subunit 8

55 11.600 | RPL36 60S ribosomal protein L36

56 | 1.596 | PTRHI1 Probable peptidyl-tRNA hydrolase (Fragment)

57 11.593 | DDX50 ATP-dependent RNA helicase DDXS50

Table 4-2. ORC2-interacting proteins in M phase analyzed by iTRAQ. Each IP was done in
duplicate, and one sample of the ORC2 IP in G2 cells were set at enrichment score=1. Average
enrichment score of the duplicate was calculated for IgG IP or ORC2 IP in mitotic cells. Fold
change (FC) was calculated by mitotic cells ORC2 IP average enrichment score divided by
mitotic cells IgG IP average enrichment score. Proteins listing here have fold change > 1.6.
Protein names in the red color overlapped with table 4-1.
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G2 M G2/M
FC FC ratio Protein

1 1.537 12.504 | 1.629 | NES Nestin

2 1.331 |2.248 | 1.689 | SHCBPI SHC SH2 domain-binding protein 1

3 1.292 11954 | 1.512 | NF1 Neurofibromin (Fragment)

4 10903 |1.613 |1.787 | KRT2 Keratin, type II cytoskeletal 2 epidermal

5 10910 |1.596 |1.753 | PTRHI Probable peptidyl-tRNA hydrolase (Fragment)

6 1.007 | 1.547 | 1.536 | CXorf56 UPF0428 protein CXorf56
Serine/arginine-rich-splicing factor 11

7 10980 |1.618 |1.651 | SRSFI11 (Fragment)

8 0.861 |1.564 | 1.816 | KRTS Keratin, type II cytoskeletal 5

Mitotic checkpoint serine/threonine-protein
9 1.032 | 1.577 | 1.528 | BUBIB kinase BUBI beta

10 [ 0.874 |1.851 |2.117 | KRT6C Keratin, type II cytoskeletal 6C

Protein-L-isoaspartate O-methyltransferase
11 10937 |1.528 |1.630 | PCMTDI domain-containing protein 1 (Fragment)

12 [ 1.043 |1.610 | 1.544 | NF2 Merlin

13 | 0.818 [2.017 [2.465 | HECTD4 Probable E3 ubiquitin-protein ligase HECTD4

14 10811 |1.568 | 1.932 | SELENOF | Selenoprotein F

15 10.752 | 1.519 |2.021 | HELLS Helicase, lymphoid-specific, isoform CRA d

16 10.747 |1.505 |2.015 | DGCRS8 Microprocessor complex subunit DGCR8

17 10.722 | 1.535 [ 2.127 | PHAX Phosphorylated adapter RNA export protein
tRNA pseudouridine synthase A, mitochondrial
18 10.893 |1.641 |1.838 | PUSI (Fragment)

Table 4-3. ORC2-interacting proteins enriched in M phase analyzed by iTRAQ. G2/M ratio
was calculated by mitotic cells ORC2 IP FC divided by G2 cells ORC2 IP FC. The list contains
proteins that have M FC>1.5 with G2/M ratio >1.5.
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3. Additional Cell cycle analysis of ORC2_H-2 cells

To explore whether ORC2 has a direct role in mitosis, I arrested TO-HCT116 cells or
ORC2_H-2 cells with nocodazole to see whether depleting mAID-ORC2¢" at this arrest point in
mitosis can prevent cells entering into G1. Cells were first treated with doxycycline for 24 hrs for
OsTIR1 expression and then arrested the cells at G1/S phase with 2 mM thymidine for 24 hours.
Next, I released the cells into fresh media for 3 hours, and then treated them with 50ng/ml
nocodazole for 12 hours. 4.5 hours before harvesting the mitotic cells, I added auxin to the cells.
To collect mitotic arrested cells, I performed mitotic shake-off, washed the cells with PBS, and
re-seeded the cells in fresh media with or without auxin and doxycycline. After the cells were re-
seeded, I harvested them at 0, 2, 4, 6, 8, 9, and 28-hour time points, indicating the period of time
released from nocodazole. Depleting mAID-ORC2#" during mitosis did not affect cells entering
G1. However, auxin treatment caused slower cell progression into S phase at 6, 8, 9-hour time
points. At the 28-hour time point, some auxin treated ORC2_ H-2 cells that have a near 4C DNA
content still seemed to be incorporating EAU (Figure 4-3¢ arrow). This experiment showed that
once cells entered M phase, ORC2 is not required for completing mitosis. Cells entered G1 phase

normally and begun to accumulate errors and arrest in 4c DNA content (Figure 4-3b,c arrow).

Next, to see how depletion of mAID-ORC2¢" during G1 phase affects cell cycle
progression, I arrested cells with a double thymidine block and followed progression upon
release from the thymidine block. Cells were first treated with 2 mM thymidine for 18 hours,
released into fresh medium for 8 hours, and then incubated with second thymidine (with or
without doxycycline) for another 16 hours. For cells treated with auxin, auxin was added 4.5
hours before release. After a second thymidine block, cells were released into medium
containing 100 ng/ml nocodazole and doxycycline, with or without auxin. Nocodazole was
added to arrest cells when they progressed to mitosis in order to observe one replication event. I
then harvested cells at 0, 2, 4, 6, 8, 9 -hr time points. After nine hours of nocodazole arrest, |
washed the cells in PBS and released them into fresh medium with or without doxycycline and

auxin and harvest at 24 and 48 hr time points.
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The results showed that both auxin-treated cell lines had much slower S phase
progression and progressed to mitosis slower. Importantly, there was a population of auxin
treated ORC2_H-2 cells arrested in G1 that never progressed through S phase to mitosis (Figure
4-4b, c). At the 24-hr time point, which is 15 hours after washing off nocodazole, some auxin
treated ORC2_H-2 cells progressed through mitosis and entered G1, but had very slow S phase
progression, implying that cells may be struggling to finish replicating the DNA. Eventually,

cells arrest at either G1 or late S/G2 phase as shown in the 48 hr timepoint.

Although depleting mAID-ORC2¢" during final 4.5 hr of nocodazole block or upon
released from thymidine block did not have an obvious effect on cells entering or exiting mitosis
phase in both experiments, we still cannot rule out that ORC2 has a function in mitosis. ORC2
may still play an important role in mitosis by recruiting essential mitotic proteins during M-G1

phase before mAID-ORC2¢ was depleted by auxin.
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Figure 4-3. Cell cycle profile of TO-HCT116 and ORC2_H-2 cells after thymidine-
nocodazole arrest and release. (a) Experimental scheme of TO-HCT116 and ORC2_ H-2 cells
synchronization by a thymidine-nocodazole block. (b) Flow cytometry analysis of FxCycle™
Violet stained cells (singlets) released from nocodazole in indicated treatment. DNA content was
detected with a 405/407 nm laser and collected in the 450/50 BP filter at a linear range. (c) Cell
cycle profiles of TO-HCT116 and ORC2_H-2 cells released from a thymidine-nocodazole block
in indicated treatment. Cells were pulse labeled with 10 pM EdU for 2 hours before harvesting at
different time points. The x axis indicates DNA content, and the y axis represents to EAU
incorporation.
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Figure 4-4. Cell cycle profile of TO-HCT116 and C2 after a double thymidine block and
released into nocodazole. (a) Experimental scheme of TO-HCT116 and ORC2_H-2 cells
synchronization by a thymidine-nocodazole block and released into medium containing
nocodazole. (b) Flow cytometry analysis of FxCycle™ Violet stained cells (singlets) released
from thymidine block and nocodazole block in indicated treatment. DNA content was detected
with a 405/407 nm laser and collected in the 450/50 BP filter at a linear range. (c) Cells were
pulse labeled with 10uM EdU for 2 hours before harvesting at different time points. Cells stained
for EQU-DNA and total DNA are subjected to dual-parameter processing (total DNA vs EdU).
The x axis indicates DNA content, and the y axis represents EAU incorporation. The horizontal
line divides the cell population with or without EAU incorporation.
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4. Rapid ORC2 depletion in CMV-mAID-ORC2#" cell lines

The LTR-retroviral system used above expressed mAID-ORC2¢" about 5-10% of the
endogenous ORC2 level, and the anti-mAID antibody was not sensitive enough to detect the
protein. We wanted to construct cell lines that express the exogenous protein at the endogenous
level and see if the knockdown results in similar phenotypes. I cloned the mAID-ORC2¢"
sequence into the lentiviral vector that express from the CMV promoter. Next, the viral vector
encoding CMV-mAID-ORC2¢" or CMV-ORC3¢-mAID-mCherry was transduced into TO-U20S
TRex and the TO-HCT116 cell lines. U20S TRex has an FRT site in the genome which I
inserted the OsTIR1-V5 gene into. After I co-transfected the U20S TRex cells with
pcDNAS/FRT/TO plasmid encoding OsTIR1-V5 and FLP recombinase into the cells and
selected with puromycin, every cell expressed OsTIR1 at the same locus under control of the Tet
repressor. Therefore, Tet-OsTIR1 U20S TRex and Tet-OsTIR1 HCT116 will be very similar to
work with in terms of experimental procedures. Next, endogenous ORC2 was targeted by using
sgRNA ORC2-1 (targeting 525aa) via the CRISPR/Cas9 technique. Four new cell lines were
obtained following single cell sorting after targeting endogenous ORC2 by sgRNA. C3 and C4
were derived from TO-HCT116, and C5 and C6 were derived from TO-U20S TRex cell line
(Figure 4-5a).

The expression levels of mAID-ORC2¢" in C3, C4, C5, and C6 cell lines are similar to the
protein level of endogenous ORC2 (Figure 4-5a). I went on to investigate whether the C4 cell
line had the same phenotypes as ORC2_H-2 cell line upon adding doxycycline and auxin. After
incubating C4 cells with doxycycline and different concentration of auxin for 48 hours, I
harvested the cells for western blot and flow cytometry analysis (Figure 4-5b,c). The cell cycle
profile of C4 cells showed that after 48 hours of doxycycline and auxin treatment, slightly more
cells are at the 4C peak and less cells are in S phase. There was no obvious cell cycle profile
difference observed in the 250, 500 or 1000 uM auxin-treated cells. The level of residual mAID-
ORC2¢" protein after knockdown in C4 cells was higher than mAID-ORC2#" expression level in
the untreated ORC2_H-2 cells (Figure 4-5a,b). Because auxin-induced degradation was not 100
% efficient, the residual mAID-ORC2¢" in C4 cells, which was about 15% of endogenous ORC2

level, was enough to support cell growth, and therefore there was no obvious phenotype or
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abnormal cell cycle profile observed. I concluded that lentiviral expression system is not an ideal

system for my study.
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Figure 4-5. Detection of mAID-ORC?2#" fusion protein and cell cycle profile of C4 after auxin
treatment. (a) New endogenous ORC2 knockout and mAID-ORC2¢" expressed cell lines derived
from TO-HCT116 and TO-U20S TRex cell line. Cells were pelleted and boiled in Laemmli buffer
and followed by western blot to detect ORC2 protein, both endogenous and mAID-ORC2¢". (b)
Cells were incubated with 0.75p g/ml doxycycline and indicated amount of auxin. After 48 hours,
cells were pelleted, boiled in Laemmli buffer, and followed by western blot to detect mAID-
ORC2¢" using antibody against ORC2. (c) C4 cells were treated with different concentration of
auxin and doxycycline for 48 hr, stained with propidium iodide and analyzed by flow cytometry.
Two peaks indicate 2c and 4c DNA content. Percentage of cell population in each phase was
calculated with FlowJo software by the Watson univariate model.
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5. CRISPR/Cas9 depletion of endogenous ORC3 in TO-HCT116 and TO-U20S TRex cell

lines

ORC3 forms a stable complex with ORC2, and also directly interacts with
heterochromatin protein 1 a subunit (HP1a) via the N-terminal coiled-coil region and the MIR.
To establish rapid ORC3 knockdown cell line, I first tested the targeting effects of two sgRNA,
ORC3 123 and ORC3 256 (targeting ORC3 123 aa and 256 aa respectively). GFP depletion
assay showed that both sgRNAs targeting in TO-HCT116 and TO-U20S TRex cell lines affect
cell proliferation (Figure 4-6a,e). Expression of CMV-ORC3#-mAID-mCherry that are resistant
to ORC3 123 and ORC3 256 sgRNAs in both cell lines rescued or partially rescued the negative
selection phenotype (Figure 4-6b,f). The level of ORC3&-mAID-mCherry fusion protein was
similar or higher than the endogenous ORC3. The effects of sgRNAs target could be rescued by
ORC3#-mAID-mCherry in both TO-HCT116_ ORC3&-mAID-mCherry and U20S_mAID-
ORC2¢# cell lines confirming sgRNA target specificity (Figure 4-6a,b,e,f).

Previous studies in our lab have shown that ORC3 interacts with HP1a via the coiled-coil
domain at the N-terminus (45-65aa) and the MOD 1-interacting region (MIR;213-218aa). The
ORC3 MIR domain is composed of consensus sequence PXVXL that is highly conserved in
animals and plants. Deleting either region will not abolish the interaction between ORC3 and
HP1a but the mutants fail to localize ORC3 to the heterochromatin foci and therefore both
regions are essential in vivo. To investigate whether these two regions are essential for cell
survival, ORC3#(AMIR)-mAID-mCherry or ORC3#(Acoiled-coil)-mAID-mCherry that are
resistant to both ORC3 123 and ORC3 256 sgRNAs were expressed in both cell lines via
lentiviral transduction. The result showed that both ORC3&(AMIR)-mAID-mCherry or ORC3
& (Acoiled-coil) could not compliment the ORC3 knockout (Figure 4-6¢,d,g). In other words, the
MIR domain and the coiled-coil domain are both essential for cell proliferation and survival.
Since HP1a was shown to interact independently with each of these two domains, I preliminarily

conclude that HP1a interaction with both domains of ORC3 is essential.

Next, I tested if the ORC3#"-mAID-mCherry fusion protein will be degraded upon adding

doxycycline and auxin. The western blot result showed that the expression level of ORC3¢'-
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mAID-mCherry in TO- HCT116 was similar to the endogenous ORC3, and upon adding auxin,
ORC3¢-mAID-mCherry can be degraded (Figure 4-7). On the other hand, the level of ORC3#'-
mAID-mCherry in the TO-U20S TRex cell line was much higher than the endogenous ORC3
and was not degraded efficiently after auxin treatment. The reason why it was not knockdown
efficiently could be because the level of OsTIR1-V5 expressed in U20S TRex cells from the
FRT locus was too low and cannot degrade that huge amount of mAID-tagged protein. In

summary, the TO-U20S TRex cell line is not an idea system for future study.

In addition, as mentioned in part 4, because lentiviral expression of mAID-ORC2 or
ORC3 wouldn’t work well in the auxin depletion system due to its high expression level, this
TO-HCT116_ORC3#-mAID-mCherry cells were not suitable for knockdown study. To
efficiently knockdown ORC3 by auxin, the ORC3#-mAID should be expressed under a weak
promoter, and retroviral LTR expression system provides a better way for generating the auxin-

induced knockdown cell line.
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Figure 4-6. ORC32-mAID-mCherry fusion protein partially rescues endogenous ORC3
knockout by sgRNA but not ORC32" (AMIR)-mAID-mCherry or ORC3%" (Acoiled-coil)-
mAID-mCherry protein. Negative-selection time course assay that plots the percentage of GFP-
positive cells over time following transduction with the indicated sgRNAs with Cas9. Experiments
were performed in seven cell lines. The GFP-positive percentage is normalized to the day3
measurement. n = 3. Error bars, mean + SEM.
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Figure 4-7. ORC32"-mAID-mCherry can be knockdown upon adding auxin and doxycycline
in TO-HCT116 but not in TO-U20S TRex cell line. Cells were incubated with 0.75 pg/ml
doxycycline and indicated concentration of auxin for 26 hours. Cells were then pelleted, boiled in
Laemmli buffer, and followed by western blot to detect endogenous ORC3, ORC3#-mAID-
mCherry, OsTIR1 in TO-HCT116, or OsTIR-V5 in TO-U20S TRex cells using antibody against
ORC3 or OsTIRI.
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Chapter Five- Discussion and future directions

ORC serves as one of the most important components in DNA replication initiation,
acting as a platform to recruit other factors to form pre-RC complexes at origins after exit from
mitosis and into G1 phase. In contrast to yeast ORC that remains as a complex binding to the
chromatin during the cell division cycle, human ORC subunits dissociate from chromatin while
cells progress through S phase (Méndez et al., 2002; Ohta et al., 2003; Siddiqui and Stillman,
2007). In human, ORC subunits are found at centrosomes, centromeres, kinetochores, the
cytokinesis cleavage furrow and at heterochromatin foci. However, besides its function in
regulating centriole duplication, its mechanism or functions in other locations has not been fully
uncovered. The auxin-induced, rapid degradation system has enabled us to deplete ORC2 in 4 hr
in synchronized cells to study the outcome. We showed that ORC2 depletion in human HCT116
cells resulted in replication defects, G2 arrest with DNA damage checkpoint activation, aberrant
mitosis, and heterochromatin decompaction. We suggested that besides the essential function in
replication initiation, ORC?2 is also required for normal mitosis progression and nuclear
organization. In this section I will discuss about the rapid degradation cell lines, the phenotypes
linked to ORC2 depletion, and propose some future experiments to investigate the function of

ORC.
1. What happened to the prolonged-arrested cells in auxin-containing medium?

From the cell synchronization and release experiments I showed that when ORC2 was
depleted in cells, some of the cells arrested in G1, some cells progressed into an extended S
phase, and the rest arrested in late S/G2 phase. In addition, in the time-lapse imaging
experiments I found that only a small number of cells entered a prolonged mitosis and ended up
progressing in apoptosis. The remaining cells seemed to arrest in interphase for the duration of
the experiment. During treatment of ORC2 mutant cells with doxycycline and auxin to deplete
mAID-ORC2¢" [ noticed that most of the interphase cells remained attached to the culture dish

even on the fifth day of treatment and no significant cell death was observed. At the same time,
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cells were counted every day and the cell number remained unchanged (Figure 3-20e). This
observation raised the interesting question of why the ORC2 depleted cells did not die, how long
could the cells remain in the apparently arrested state, and were those cells senescent or

quiescent? Follow up experiments on such cells should be completed.

In addition to the replication senescence caused by shortening of telomeres, stress-
induced premature senescence (SIPS) can be caused by DNA damage or prolonged cell cycle
arrest (Hayashi et al., 2012; Lou and Chen, 2006; Sikora et al., 2016). Senescent cells will
become enlarged and flattened morphologically, undergo chromatin remodeling and metabolic
reprogramming, exhibit DNA damage response factors foci, and also secrete signaling molecules
to the cells nearby (Herranz and Gil, 2018; Lou and Chen, 2006; Sikora et al., 2016). In one
experiment I cultured various cell lines in the medium containing doxycycline and auxin for
different lengths of time and observed them using phase contrast light microscopy. After
culturing ORC2_H-2 cells with doxycycline and auxin for 72 hr, more mitotic cells were found,
but in addition to these rounded mitotic cells, the morphology of adherent cells became
elongated and some cells showed long and thin extensions similar to neuronal axons (Figure 5-
1). At 96 hr, a few polynucleated cells were found, a few cells were enlarged and flattened with
an irregular shape. At 120 hr, more morphologically abnormal cells were observed. Based on the
phenotypes observed, it is possible that DNA damage and replication defects in ORC2-depleted

cells triggered irreversible cell cycle arrest, also known as cellular senescence.

To test if ORC2-depleted cells became senescence, the activity of senescence-associated
B-galactosidase (SA-B-gal) in auxin-treated ORC2 mutant cells could be measured, since SA-f3-
gal is not present in quiescent or non-senescent immortal cells. The auxin and doxycycline could
be removed from the culture medium to determine if the cells re-entered into the cell cycle and
continued to proliferate. If the cells already had become senescence, re-expressing ORC2 in the
cells should not facilitate re-entry into the cell cycle. In contrast, if cells enter into quiescence

phase, removing auxin might rescue the cell cycle arrest.
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2. How to further investigate the function of ORC in mitosis?

In the time-lapse live imaging experiment of TO-HCT116_H2B-mCherry and ORC2 H-
2 H2B-mCherry cell lines, I found that a small number of cells adapted to the G2 checkpoint
function and thus, had entered into mitosis (Figure 3-32e). However, those cells either entered
apoptosis after prolonged metaphase, or showed cytokinesis defects and resulted in polyploid
cells. In another live imaging experiment taken with differential interference contrast (DIC)
microscopy, rounded-mitotic ORC2-depleted cells were monitored for several hours, and
eventually the cells entered into apoptosis or exited mitosis without cytokinesis and became
multi-nuclear. It has been shown that when treating cells with bleomycin to induce DNA
damage, cells that escaped from the G2 checkpoint entered mitosis with various phenotypes
including chromatin decondensation, elongated spindles, kinetochore alignment defect, and the
lack of cells in anaphase and telophase (Varmark et al., 2009). Cells with DNA damage have
high rates of cytokinesis failure, but if those damaged cells completed cytokinesis, they died at
higher rates than the cells that failed to complete cytokinesis (Varmark et al., 2009). In the case

of ORC2 depleted cells, aberrant mitosis can be explained by various reasons.

DNA damage generated from incomplete replication might led to cytokinesis failure,
resulting in polyploidy and multi-nucleated cells. In addition, ORC2 might be required for proper
kinetochore-microtubule alignment and chromatid segregation during mitosis, as we saw
persistent of lagging chromosomes at the metaphase plate. Lagging chromosomes are formed
mostly because of merotelic attachment of the kinetochore and the spindles, which are often
found in multipolar cells and cells with abnormal number of centrosomes (Cimini et al., 2004,
2003; Gregan et al., 2011). In addition, micronuclei, which could be the result of the segregation
of the lagging chromosome (Cimini et al., 2002), were also observed in auxin-treated ORC2-
depleted cells. Since ORC2 localize to centrosomes and kinetochore/centromere during mitosis,
and depletion of ORC2 via siRNA knockdown led to a subpopulation with mitotic defects and
multiple centrosomes (Prasanth et al., 2004), it is possible that ORC2 is involved in regulating
centrosome number, cellular polarity and spindle attachment although the mechanism has yet to
be uncovered. In yeast, Xenopus, Drosophila and human cells, the ring-shaped cohesin which

links sister chromatids together play an important role in chromosome segregation during
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mitosis, is loaded onto chromatin starting from G1 throughout S phase by Scc2 and Scc4 proteins
which bind stably to the chromatin (Ciosk et al., 2000; Gillespie and Hirano, 2004; Guacci et al.,
1997; Lengronne et al., 2004; Losada et al., 1998; Michaelis et al., 1997; Misulovin et al., 2008;
Takahashi et al., 2004). In Xenopus, pre-RCs and DDK recruit Scc2 and Scc4 to bind to
chromatin, which then facilitate the loading of cohesin (Gillespie and Hirano, 2004; Takahashi et
al., 2008, 2004; Walter et al., 2007). Moreover, in Drosophila, genome-wide chromatin
immunoprecipitation studies showed that ORC colocalizes with cohesin, suggesting that ORC
and pre-RC might regulate the loading of cohesin, although the mechanism is not yet clear
(MacAlpine et al., 2009). In human, it has been shown that during DNA replication cohesin
binds to MCM proteins and is enriched at DNA origins to stabilize the chromatin loops, and
MCM2-7 complex is essential for loading cohesin during S phase (Guillou et al., 2010; Zheng et
al., 2018). These studies suggested that ORC2 might play a direct or indirect role in regulating

the cohesion between sister chromatids.

To further dissect the function of ORC2 in mitosis, the first thing we could try is to
isolate the doxycycline and auxin-treated ORC2_ H-2 mitotic cells and remove auxin from the
medium to see if mitosis can then progress smoothly. The Proximity-dependent biotin
identification (BiolD) method followed by mass spectrometry also provides a good way to
decipher the pathways and regulatory networks ORC?2 participates in since it is able to capture
weak or transient interaction (Roux et al., 2013, 2012). To improve the IP-MS result from
previous experiments, cells collected for BioID analysis should be synchronized and then
released to harvest multiple timepoints in cell cycle. Since depleting ORC2 in mitosis did not
affect mitosis progression (Figure 4-3), timepoints before mitosis might be crucial for

uncovering the mitotic function of ORC2.

Once identified the protein-protein interactions by BiolD-MS, it should be possible to
validate the direct protein-protein interactions using bimolecular fluorescence molecular
complementation (BiFC) (Kerppola, 2009, 2008; Lin et al., 2010) by fusing complementary
fluorescent protein (FC) fragments to ORC2 and the interacting protein and monitor the
interactions using time-lapse microscopy. Since BiFC is irreversible, once the complementary

FC fragments interact, they will be covalently associated with each other. Therefore, if
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monitoring temporal dynamics of ORC2 and the interacting proteins is needed, perform
fluorescence resonance energy transfer (FRET) experiments can be performed to measure

cellular activities.

It would also be interesting to know if the domain required for replication initiation can
be separated from its mitotic function. Based on the tiling-sgRNA CRISPR screens, in addition
to the AAA+ and WHD regions, ORC2 amino acid sequence near the 50 aa and 200 aa also
showed significant negative selection phenotype. The amino-terminal 234 amino acids of ORC2
are likely to form intrinsically disordered regions within which there are essential regions (Fig.
3-14). To determine the essential or sufficient regions for mitotic functions, different ORC2
fragments could be overexpressed in ORC2 depleted cells to find out deletion which region leads

to the highest rate of mitotic arrest cells.

3. The possible role of ORC in heterochromatin organization.

In human, ORC subunits localize to pericentric heterochromatin foci, depletion of ORC
subunits also results in defects in HP1 protein localization. Using small interfering RNA
(siRNA) to target ORC1 or ORCS5 in HeLa cells caused HP1 to localize to only the periphery of
the nucleoli and also led to clustering of centromeres (Prasanth et al., 2010). When targeting
ORC2 or ORC3 subunits with siRNA, HP1 protein distribution in HeLa cells became
homogeneous instead of foci, and DNA FISH experiment also showed decompaction of
chromosome 9 satellite region in those ORC knockdown cells. In ORC2_H-2 cells, depletion of
ORC2 by auxin-induced degradation system resulted in nuclear enlargement and decondensation
of heterochromatin protein HP1 foci and centromeric protein CENP-C foci (Chou et al., 2021).
We suggested that ORC subunits are important for heterochromatin and nuclear organization, but

the regulatory mechanisms are yet to be investigated.
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In the ORC2 IP-MS experiment, ORCA protein was strongly enriched with anti-ORC2
antibody (Shen et al., 2010). ORCA interacts with ORC complex and stabilize its binding to the
chromatin and also shows similar cell cycle dynamics and distribution especially to ORC2 (Shen
et al., 2010). ORC-ORCA complex interacts with histone hallmarks H3K9me3, H3K27me3, and
H4K20me3 located at the silenced heterochromatic regions (Bartke et al., 2010; Vermeulen et
al., 2010). The ORC-ORCA complex binds to G9a (EHMT2) and GLP (EHMT1) histone
methyltransferases that are responsible for di-methylation of H3K9, and ORCA and ORC1
protein bind directly to SUV39H1 which is responsible for establishing H3K9me3 and recruiting
HP1 to heterochromatin (Fritsch et al., 2010; Giri et al., 2015; Rea et al., 2000; Robin et al.,
2007; Shinkai and Tachibana, 2011; Stewart et al., 2005; Tachibana et al., 2005). Depletion of
ORCA by siRNA knockdown led to significant reduction of H3K9me3 marks at the satellite
repeats at the heterochromatic region (Giri et al., 2015). On the other hand, siRNA mediated
knockdown of ORC didn’t affect H3K9me3 marks at the heterochromatin but disrupted
localization of HP1 to the heterochromatin foci (Prasanth et al., 2010). Together these studies
support the role of ORC in recruiting HP1 to the heterochromatin and can potentially stabilize

the structure.

HP1 is also involved in DNA damage repair and is phosphorylated in response to DNA
damage (Baldeyron et al., 2011; Dinant and Luijsterburg, 2009; Luijsterburg et al., 2009; Quivy
et al., 2008; Zarebski et al., 2009). When double strand break (DSB) occurs in cells, a complex
consists of KAP-1, HP1 and SUV39H1 is loaded and enriched at the chromatin to mediate tri-
methylation of H3K9 (Ayrapetov et al., 2014). This chromatin-associated complex leads to
spreading of H3K9me3 and activation of Tip60 histone acetyltransferase, which can then bind to
and activate ATM kinase (Ayrapetov et al., 2014; Sun et al., 2005). In ORC2_H-2 cells,
phosphorylation of ATM(S1981), CHK1(S345), ATR(T1989) and CHK2(T68) were detected by
western blot or immunofluorescent (IF) staining after 48 hr of doxycycline and auxin treatment.
IF staining of HP1 and CENP-C showed more diffused and enlarged pattern rather than discrete
foci. It will be interesting to find out whether those DNA damage protein foci colocalize with
HP1 distribution in nucleus and where they located in the genome after ORC2 depletion. It has
been shown that during S/G2 phase, double strand break (DSB) can relocate to the periphery of

heterochromatin (Tsouroula et al., 2016). If HP1 colocalize with DNA damage response proteins,
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the diffusing HP1 IF staining phenotype we observed after ORC2 depletion might be due to HP1
detaching from heterochromatin in order to enrich at the DNA damage sites, regardless of
whether the damage sites are at heterochromatic or not. To study the relationship between ORC2
knockdown and HP1 at the DNA damage sites, we should test whether HP1 is phosphorylated in
ORC2 depleted cells. Next, IF staining can be performed to analyze the colocalization of HP1
and the DNA damage response proteins. Finally, Chromatin Immunoprecipitation (ChIP)-Seq
experiment can be done to identify the genome-wide binding sites of DNA damage response

proteins and HP1 protein after ORC2 depletion in cells.

If HP1 is recruited to DNA damage foci following ORC2 depletion, this still does not
explain why the centromere protein CENP-C foci were enlarged and showed more intense signal
after ORC2 depletion. When cells encounter DNA damage, heterochromatin is decondensed or
relaxed to facilitate DNA damage repair process in certain chromosomal regions (Chiolo et al.,
2011), but no obvious change of heterochromatic histone marks such as H3K9me3 or
H4K20me3 was found, suggesting that the basic characteristic of heterochromatin is not altered
(Natale et al., 2017; Tsouroula et al., 2016). For example, the ATM-dependent KAP-1 activation
led to chromatin relaxation following DSB formation (Ziv et al., 2006). Similarly, when ORC2 is
depleted by siRNA knockdown, HP1 is removed from heterochromatin foci and showed
homogeneous distribution, while H3K9me3 level was unaffected at the heterochromatin region
(Prasanth et al., 2010). To assess the level of heterochromatin decondensation, we could perform
Assay for Transposase Accessible Chromatin with high-throughput sequencing (ATAC-seq) to
detect genome-wide chromatin accessibility of ORC2-depleted cells. This could result in a better
understanding about the how ORC2 affects heterochromatin organization and where in the
genome it has the largest effect. Moreover, it might also answer our question of why the
centromere protein was clustered and showed an intense signal, and why the volume of the

nucleus increased significantly after ORC2 depletion (Chou et al., 2021; Prasanth et al., 2010).
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4. Concluding remarks

I have studied the outcome of ORC2 depletion in human HCT116 cells and showed that
ORC is essential for initiation of DNA replication, progression of mitosis, and is also involved in
heterochromatin organization. Since human ORC subunits not only localize to DNA replication
origins, but also to pericentromeric heterochromatin, centrosomes, kinetochore/ centromere,
cleavage furrow (Bernal and Venkitaraman, 2011; Chesnokov et al., 2009, 2003; Gillingham and
Munro, 2000; Hemerly et al., 2009; Pflumm and Botchan, 2001; Popova et al., 2018; Prasanth et
al., 2010, 2004, 2002; Shimada and Gasser, 2007) it is not surprising that it has so many other
functions in the chromosome cycle. With the success of tiling-sgRNA CRISPR screens and the
auxin-induced rapid degradation cell line, this study has provided a comprehensive way to study
protein functions, especially cell cycle protein since cells can be arrested first and then had
protein of interest degraded in a short time. Although most regulating mechanisms remain

unsolved, it has provided us with directions to look into more deeply in the future.
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ORC2_H-2

A

Figure 5-1. ORC2_H-2 cells display abnormal morphologies after growing in medium

containing doxycycline and auxin for 0, 72, 96, and 120 hr. Cells were observed with phase
contrast light microscopy with 20x magnification.
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