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ABSTRACT
By 2030, the global colorectal cancer burden is projected to approximately double. This
highlights the immediate need to expand our understanding of the etiological origins of
colorectal cancer, so that novel therapeutic strategies can be identified and validated. The
putative tumor suppressor gene RNF20 encodes a histone H2B mono-ubiquitin ligase and has
been found altered/mutated in colorectal and numerous other cancer types. Several studies
suggest that RNF20, and by extension mono-ubiquitinated histone H2B (H2Bub1), play
important roles in maintaining genome stability in human cells. Indeed, hypomorphic RNF20
expression and/or function have been shown to underlie several phenotypes consistent with
genome instability, making aberrant RNF20 biology a potential driver in oncogenesis.
Through an evolutionarily conserved trans-histone pathway, RNF20 and H2Bub1 have
been shown to modulate downstream di-methylation events at lysines 4 (H3K4me2) and 79
(H3K79me2) of histone H3. Accordingly, understanding the biology associated with RNF20,
H2Bub1, H3K4me2, and H3K79me2 is an essential preliminary step towards understanding the
etiological origins of cancer-associated RNF20 alterations and identifying a novel therapeutic
strategy to selectively kill RNF20-deficient cancers.
In this thesis, I employ single-cell imaging, and multiple biochemical techniques to
investigate the spatial and temporal patterning and characterize the biology of RNF20, H2Bub1,
H3K4me2 and H3K79me2 throughout the cell cycle. In addition, I employ the CRISPR-Cas9
genome editing system to generate RNF20-deficient HCT116 cells. Finally, I employ synthetic
lethal strategies to selectively kill RNF20-depleted cells.
In conclusion, the research chapters contained within this thesis have characterized
putative drivers in cancer (Chapter 3), generated a valuable research reagent for CRISPR-Cas9
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genome editing experiments (Chapter 4), and identified a novel therapeutic strategy to
selectively kill certain cancer cells (Chapter 5). This thesis has increased our understanding of
the etiological origins of cancer and generated novel reagents and treatments strategies that after
further validation and clinical studies, could be employed to reduce morbidity and mortality rates
associated with cancer.
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Chapter 1 - INTRODUCTION
1.0.0 The Future Cancer Burden in Developed Nations
In virtually every region of the world, the number of newly diagnosed cancer cases and
individuals undergoing cancer treatment will increase dramatically over the next 15 years1.
Several economically developed countries have already evaluated and predicted the impending
future impact of cancer in terms of incidence2,3, deaths4, prevalence5, and costs6. Using a
constant-rate projection model, which assumes that current cancer incidence rates remain
unchanged, it is predicted that from 2008 to 2030, the total number of global cancer cases will
increase by 75% and 54% among males and females, respectively1. For both sexes, these
predicted increases are predominantly attributed to a relatively recent global surge in human
population size and life expectancy1. Although still an important factor, modifiable cancer risk
factors such as smoking, obesity, and environmental exposures play only minor roles in the
future global cancer burden when compared to the greatest unmodifiable risk factor of all, age1.
Although past, present, and future improvements in cancer prevention, diagnoses, and
treatments may modulate these predictions, it remains difficult to accurately predict to what
extent. It is also unlikely that a dramatic reduction in cancer incidences will be observed during
this short time period. These dire yet realistic predictions highlight the immediate need to expand
cancer treatment infrastructure and our understanding of the etiological origins of cancer, so that
novel therapeutic strategies can be identified, validated, and implemented before the cancer
burden becomes an overwhelming strain on societies throughout the world.

1

1.0.1 The Future Cancer Burden in Canada
By 2032 in Canada, the average number of new cancer cases is predicted to increase by
84% and 74% in males and females, respectively7. This represents approximately 277,200 new
cases per year, which greatly exceeds the current rate of approximately 154,975 new cases per
year7. Consistent with global predictions, the near doubling of the Canadian cancer burden by
2032 is predominantly attributed to an aging population. In 2014, ~89% of all cancers were
diagnosed in Canadians over the age of 507. By 2032, the number of Canadians over the age of
65 years will approximately double, and senior citizens over the age of 65 will represent one
fourth of the total population7.
Although the number of Canadian cancer cases will increase over time, the agestandardized cancer incidence rates of certain cancers are estimated to decline. These cancers
predominantly include those with modifiable risk factors such as smoking, UV exposure,
physical inactivity, alcohol consumption and infection (e.g. HPV, HIV, etc.)8. Although the
decrease in certain age-standardized cancer incidence rates attest to better community education
in cancer prevention, they will not meaningfully offset the projected increase in cancer
incidences by 20327.
Taken together, the anticipated near doubling of the cancer burden by 2032 mandates
immediate action in order to dampen the impending strain on cancer treatment facilities within
Canada. Only through increased community education, a better understanding of the etiological
origins of cancer (see Chapter 3 and Chapter 4), and novel treatment strategies (see Chapter 5),
will the future Canadian cancer burden be attenuated.
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1.0.2 A Focus on Colorectal Cancer in Canada
To date in Canada, colorectal cancer (CRC) is the second leading cause of cancer related
deaths in men and third leading cause of cancer related death in women7. Currently in Canada,
there are roughly 25,000 new CRC diagnoses per year and by 2032, this is expected to increase
to 35,075 new CRC diagnoses per year2. It is estimated that 1 in every 14 males and 1 in every
16 females will develop CRC in their lifetime7. In 2015, it was estimated that approximately
25,000 new CRC diagnoses and 9,300 deaths were attributed to CRC7. Unfortunately,
approximately 37% of those diagnosed with CRC will succumb to the disease within 5 years9.
Furthermore, greater than 50% of CRC diagnoses are late stage (III and IV). Late stage diagnosis
is attributed to a lack of noticeable symptoms in early stage CRCs. Unfortunately, stage IV
CRCs have less than a 12% 5-year survival rate9.
Although the number of deaths from CRC continues to rise due to an aging population, the
age-standardized mortality rate for CRC is declining by 2.5% per year from 2004 to 2015 in
males, and 1.8% per year from 2001 to 2015 in females7. These modest declines are generally
thought to stem from modifiable risk factor reductions, advancements in screening coupled with
early detection, and improved treatment7. These declines in mortality rates serve as optimistic
indicators that show increased community education, a better understanding of the molecular
origins of CRC (see Chapter 3 and Chapter 4), and the ability to selectively kill CRC cells (see
Chapter 5), may contribute to further decreases in CRC mortalities across Canada and the world.
Accordingly, novel highly effective treatment strategies must be rapidly identified, validated, and
implemented to further accelerate the decline in CRC mortality rates.
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1.0.3 Colorectal Cancer Diagnosis, Clinical Pathogenesis, and Treatment
Primary CRCs cancers arise within the colon and rectum and are typically sub-classified as
proximal, distal, or rectal. Proximal CRCs include those arising from the cecum, ascending
colon, transverse colon and splenic flexure. Distal CRCs include those arising from the
descending colon and sigmoid colon. Rectal cancers include those within the rectosigmoid
junction and the rectum. The large majority of CRC are adenocarcinomas and a clear progression
from dysplastic epithelium to polyp to malignant cancer has been well established10.
CRC diagnoses are typically made through colonoscopy or sigmoidoscopy which are
employed to visually identify and biopsy neoplasms. Surgical resection of the cancerous
segment(s) of the colon or rectum is typically indicated for stages I to III, while surgery followed
by adjuvant chemotherapy is typically indicated for stages II to IV CRCs9. Because surgical
resection is indicated for all stages, cancer genome sequencing can be performed on ex vivo
tissues to characterize the genomic profile of the tumor. This allows the opportunity to utilize an
adjuvant precision medicine approach (see Chapter 5) to target any residual cancer cells or
metastatic deposits following surgery. This is particularly critical as the majority of patients that
succumb to CRC typically do so as a result of complication associated with metastasis. The most
common sites of metastases are the liver, lungs, and bone. Accordingly, targeted adjuvant
chemotherapy may be employed to destroy metastatic deposits within these tissues, which are
not typically amenable to surgery.
The heritable genetic predisposition to CRC accounts for only ~15% of all cases and
include such conditions as Familial Adenomatous Polyposis or Lynch Syndrome11. In contrast,
the majority (~85%) of CRC are sporadic, or randomly occurring in nature. Sporadic CRCs are
generally believed to arise from mutations within genes that normally encode functions that are
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essential to maintain genome stability12. The loss of genome stability, termed genome instability,
is a common pathogenic event associated with many human syndromes and disease states. For
example, genome instability is a characteristic of Ataxia Telangiectasia13, Xeroderma
Pigmentosa14, Nijmegen Breakage Syndrome15, and virtually all cancer types16. Subclassifications of genome instabilities include; 1) CpG island methylator phenotype, which is
most frequently associated with the epigenetic silencing of tumor suppressor or DNA repair
genes due to DNA hypermethylation within promoter regions17, 2) microsatellite instability,
which is defined by an increase in the basal mutation rate and stems from defects in the DNA
mismatch repair pathway18,19, and 3) chromosome instability (CIN)20, which is defined by an
increase in the rate at which numerical and/or structural chromosome aberrations occur11,21.
Accordingly, understanding the specific molecular drivers of CIN in CRC will allow for a further
understanding of the etiological origins of CRC and thus may identify novel therapeutic targets
(see Section 1.1.0 below).

1.1.0 The Chromosome Instability Phenotype
Over a century ago, the pioneering observations of Theodor Boveri suggested that genome
instability, or more specifically abnormal chromosome constitutions, are pathogenic events that
drive the oncogenic process22. A century’s worth of genetic, biochemical, cytological, and cell
biological research has validated his initial observation and it is now widely accepted that the
loss of genome stability contributes to the development of cancer. Surprisingly, although genome
instability is associated with virtually all cancer types including both solid and liquid, the
aberrant molecular origins that drive genome instability are poorly understood.

5

The large majorities of solid tumors such as CRC are aneuploid and exhibit CIN. As
indicated above, CIN is defined as an increase in the rate at which whole chromosomes, or large
parts thereof are gained or lost12. These large-scale genomic changes underlie cancer initiation
and progression by presumably offsetting the delicate balance of oncogenes and tumor
suppressor genes encoded within the altered chromosomal regions23. Furthermore, the ongoing
genetic rearrangements conferred by CIN, underlie both intra- and inter-tumor heterogeneity.
Tumor heterogeneity promotes subclonal evolution and ultimately translates into highly
aggressive and multi-drug resistant cancers23,24. The CIN phenotype is arguably best described in
CRC where it is found in approximately 85% of sporadic tumors12. Although there is a high
correlation of CIN and CRC, the aberrant genetic alterations underlying CIN are largely
unknown.
In order to conclusively detect CIN, a clonal cell CIN assay must performed. This assay
evaluates changes in aneuploidy or gross chromosomal rearrangements over time (rate) and
accordingly requires multiple sampling intervals25. Populations showing little to no change in
aneuploidy or gross chromosomal rearrangements are considered stable and CIN-negative,
whereas populations showing variation in aneuploidy or chromosomal rearrangements are
considered CIN-positive. As one may expect, clonal cell CIN assays are labor-intensive and
limited to models capable of clonal prolonged cell growth. Accordingly, the presence of
aneuploidy or gross chromosomal rearrangements within a given cell population are frequently
employed as a surrogate marker for CIN11,12.
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1.1.1 Numerical and Structural Chromosome Instability
The CIN phenotype can be sub-classified as numerical chromosome instability (nCIN) or
structural chromosome instability (sCIN)26. nCIN represents an increased rate of change in
whole chromosomes. nCIN, or changes in aneuploidy that are typically detected in mitotic
chromosome spreads. sCIN represents an increased rate of change in gross chromosomal
rearrangements, which includes translocations, deletions, duplications, and inversions. sCIN is
typically detected by spectral karyotyping and/or M-banding and/or comparative genomic
hybridization. Both nCIN and sCIN can be detected by single cell sequencing to assess genomewide copy number alterations and complex karyotypes. Furthermore, conventional and highresolution 3D imaging of telomeres in cancer cells can identify nCIN and sCIN as well as yield
valuable information pertaining to prognosis, diagnosis, and treatment approaches27-29.

1.1.2 Mechanisms of CIN
To date, several hallmarks and mechanisms that underlie aneuploidy and CIN have been
identified in human cells30,31. Hallmarks and mechanisms of CIN include microtubulekinetochore attachment errors, supernumerary centrosomes, chromatid cohesion defects, altered
gene transcription profiles, telomere dysfunction, and aberrant epigenetic changes. Of these,
microtubule-kinetochore attachment errors are the most commonly observed hallmark of CIN
and are easily identified by the appearance of “lagging chromosome”, which erroneously remain
at the metaphase plate following the metaphase to anaphase transition during mitosis32. Lagging
chromosomes eventually randomly partition into a daughter cell following cytokinesis and may
or may not result in aneuploidy30. Supernumerary centrosomes are also frequently observed in
many cancers and are known to underlie CIN. In one study, up to 30% of CRC cell lines
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examined contained additional centrosomes33. Supernumerary centrosomes may cause largescale microtubule-kinetochore attachments errors, underlies chromosome missegregation34,35,
and are positively correlated with numerical chromosomal aberrations and CIN33. Sister
chromatid cohesion defects also underlie CIN36-38. Following DNA replication, sister chromatids
maintain close proximity through a circular cohesin complex. During the mitotic metaphase to
anaphase transition, the cohesin complex is normally released and sister chromatids are freed for
segregation. Defects within the cohesin complex are generally thought to elicit premature sister
chromatid separation and underlie chromosome missegregation and CIN37-39. Alterations in gene
transcription profiles have also been shown to underlie CIN. To date, the deregulation of tumor
suppressor protein p53 or the transcription factors, c-fos, c-myc, and c-jun have been shown to
alter cell cycle checkpoints and lead to chromosome missegregation40. Telomere dysfunction
also underlies CIN and is an attribute of several cancer types including prostate41, breast42 and
colon43. Several chromosomal aberrations have been detected that directly result from telomere
dysfunction including unbalanced translocations, dicentric chromosomes, and interstitial
telomeres. At least two major telomere dysfunction mechanisms have been identified including
critical telomere shortening44,45 and telomere uncapping46. Unprotected telomeres can result in
the formation of telomere aggregates and concomitant breakage-bridge-fusion cycles which
ultimately leads to large scale genomic alterations and CIN47,48. Aberrant changes in certain
histone post-translational modifications (PTMs) have also been shown to underlie CIN. In fact,
certain histone PTMs play important roles in transcriptional regulation, DNA damage repair,
telomere maintenance, chromosome compaction, and chromosome segregation.
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1.1.3

The Biological Impact of Chromosome Instability
Large-scale genomic imbalances of whole chromosomes or large parts thereof more often

result in cell death than transformation49. Accordingly, the majority of cells displaying CIN and
thus aneuploidy ultimately undergo apoptosis. Aneuploidies in healthy human and mouse cells as
detected by single-cell sequencing are rare, with frequencies of 0-2.7%, 3-5%, and ~5% in
keratinocytes50, brain50,51, and liver50, respectively. Comparatively, transformed CIN-positive
cells in culture have a 20-100% aneuploidy frequency32. The tumor suppressor gene TP53 plays
an important role in preventing the proliferation of aneuploid cells and thus serves an important
role in mitigating cellular transformation. Although the exact mechanism in unknown,
chromosome segregation errors appear to trigger p53 stabilization and concomitant cell cycle
arrest in G1, followed by apoptosis32. Not surprisingly, TP53-deficiencies allow aneuploid cells
to proliferate and increase in karyotype complexity over successive rounds of division. Well over
50% of all human cancers are TP53-deficient, attesting to the importance of p53 as a guardian of
the genome52-54.
It is now clear that certain cancers preferentially gain or lose specific chromosomes in
order to initiate or maintain a particular karyotypic profile (reviewed in 55). In general it can be
envisioned that chromosomes containing a greater number of oncogenes are preferentially
retained, whilst chromosomes containing a greater number of tumor suppressor genes are
preferentially lost. In addition, some cancers that adopt a particular malignant phenotype (e.g.
metastasis, drug resistance, etc.) also retain specific karyotypic profiles that confer the requisite
phenotype (e.g. mobility, invasion, drug efflux, etc.). Collectively, identifying and characterizing
specific cancer driving genes will allow for a greater understanding of the etiological origins of
cancer and may uncover novel therapeutic targets.
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1.1.4 Therapeutic Interventions Targeting Chromosome Instability
The ability to therapeutically target CIN (or the molecular origins of CIN) may have broad
clinical significance as CIN is a feature of multiple cancer types56. To date, several strategies
have been employed to preferentially target cancer cells exhibiting CIN

23,57

. These targeting

strategies can be classified as either CIN-suppressing or CIN-exacerbating. CIN-suppressing
strategies attempt to attenuate or eliminate the CIN phenotype by restoring normal chromosome
segregation patterns. Examples include overexpression of two microtubule-depolymerizing
kinesins, MCAK and Kif2B, which stimulate kinetochore-microtubule depolymerization during
mitosis

to

correct

erroneous

kinetochore-microtubule

attachments

and

concomitant

missegregation58. Although CIN-suppressing strategies may limit further genomic heterogeneity,
they lack the ability to efficiently eliminate cancers cells with pre-existing aneuploidies. On the
other hand, CIN-exacerbating strategies aim to maximize CIN to induce death by causing
catastrophic increases in chromosome missegregation, chromosome rearrangement and/or DNA
damage23,59,60. Clinical examples of CIN-exacerbating strategies include the use of taxanes in
CRC. Taxanes stabilize microtubules to generate multi-polar mitotic spindles and increase
kinetochore-microtubule attachment errors to ultimately cause chromosome missegregation and
accelerated CIN61. Although the concept of this approach appears promising, taxanes failed to
show clinical benefit in phase II clinical CRC trials61. An additional example includes the use of
Poly(ADP-Ribose) Polymerase-1 inhibitors (PARP1i), which increase DNA double strand
breaks (DSBs) and causes large-scale chromosome rearrangements that underlie increases in
DNA mutation rates within BRCA1/2-deficient breast, ovarian, and CRCs62 (discussed in Section
1.6.4 below and Chapter 5).
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1.2.0 Histone Post-Translational Modifications - Structure and Function
The fundamental repeating structure of chromatin is the nucleosome. The nucleosome is
comprised of approximately 146 base pairs (bp) of DNA wrapped ∼1.7 times around an
octameric core particle containing two histone H2A/H2B dimers flanking a central histone
(H3/H4)2 tetramer63 (Figure 1.1A). The core histones are small, highly basic nuclear proteins that
share a common structure. This includes a central highly structured globular domain that is
required for histone–histone and histone–DNA interactions, as well as “unstructured” carboxyterminal and amino-terminal tails (Figure 1.1B). Although a small number of modifications can
be made within the globular domains, it is the histone tails that extend out from the octameric
core that generally serve as the primary substrates for residue-specific post-translational
modifications (PTMs). Histones are among the most highly post-translationally modified
proteins known and the substrates for at least 11 different types of PTMs including acetylation,
phosphorylation, methylation, and ubiquitination64-66. The highly conserved amino acid sequence
of histones and their propensity to accept specific PTMs is evolutionarily conserved, implying
that many PTMs are essential for the maintenance of eukaryotic cell function and perturbations
to certain histone PTMs may underlie various disease states including cancer.
Although the classical function of histones is DNA packaging, chromatin structure is
dynamic and can undergo local or global conformational changes. These conformational changes
are highly regulated by specific PTMs that render the chromatin amenable or resistant to a
myriad of nuclear processes that utilize DNA/chromatin as a template, including transcription,
DNA replication and repair, and chromosome compaction and segregation67,68. In general,
chromatin imparts its regulatory effects by differentially modulating the level of DNA
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Figure 1.1: The Structure of the Nucleosome
(A) The crystal structure of the nucleosome core particle at the 2.8 Å resolution. DNA double
helix is depicted as gold and green ribbon structure surrounding the core histones (blue: H3;
green: H4; yellow: H2A; red: H2B). Unstructured ‘tail’ regions are shown emerging from the
nucleosome (Adapted from Luger et al.63, used with permission.) (B) Schematic diagram
showing the amino- and carboxy-tail regions of core histones H2B (red) H3 (blue). The relevant
single letter amino acid code is displayed on the histones. The numbers displayed represent
specific amino acid positions. ‘Ub’ represents ubiquitination where lysine 120 can be unmodified
or monoubiquitinated. ‘Me’ represents methylation where lysine 4 and 79 can be unmodified,
mono-, di-, or tri-methylated. Note that the histone PTMs discussed within this thesis are
identified as H2BK120 ubiquitination, H3K4 methylation, and H3K79 methylation.
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compaction and thus the biochemical accessibility to DNA-binding or protein-binding effector
molecules. For example, at certain stages of the cell cycle or in response to certain stimuli,
chromatin can be decondensed to facilitate access to appropriate factors involved in processing
the genetic information (e.g., transcription, replication, and repair). Conversely, chromatin
condensation may increase to render the DNA inaccessible to certain factors, or during mitosis
where maximal condensation is achieved to allow discrete packaging of the genetic material and
accurate segregation to daughter cells68. This precise level of regulation is primarily achieved
through specific histone PTMs. PTMs impact chromatin structure by virtue of the type
(methylation, ubiquitination, etc.), abundance, and location of a particular PTM and the PTM’s
ability to structurally alter histone–histone, histone–DNA, and histone-effector protein
interactions.

1.2.1 The Regulation and Abundance of Histone PTMs Impact Genome Stability
The spatial and temporal distribution of a given histone PTM is regulated by the balance of
the enzymatic activities of the proteins that add (“writers”) or remove (“erasers”) specific histone
PTMs69. The overall abundance of a given PTM also depends on the accessibility and activity of
“writers” or “erasers” to the appropriate histone residue, as well as the availability of donor
substrate itself (Table 1.1). Histone “reader” proteins interpret the histone PTM “code” to evoke
specific functional and context-dependent biological outcomes. Alterations in the steady-state
levels of a given PTM can be brought about through various pathogenic events (e.g., specific
somatic mutations, amplifications, or deletions) that typically impact the expression, function,
and/or regulation of the genes encoding the “writers” or “erasers”. As a direct consequence, the
steady-state level of a given histone PTM will be altered, which in turn, may impact normal
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Table 1.1: Selection of Enzymes that Regulate the Abundance of Certain Histone PTMs
Histone

Residue

ModA

“Writer”

Substrate “Eraser”

H3

4

79
120

hMLL1 (KMT2A)
hMLL2 (KMT2B)
hMLL3 (KMT2C)
hMLL4 (KMT2D)
hMLL5 (KMT2E)
hSET1A (KMT2F)
hSET1B (KMT2G)
ASH1 (KMT2H)
NSD1 (KMT3B)
NSD2 (WHSC1)
NSD3 (WHSC1L1)
hSETD2 (KMT3A)
SMYD1-5
DOT1L (KMT4)
RNF20/RNF40

SAMB

H3
H2B

Me1
Me3
Me1
Me1
Me1, 3
Me1, 2
Me3
Me1
Me1
Me1
Me1
Me2, 3
Me1, 2, 3
Me
Ub

LSD1 (KDM1A)
AOF1 (KDM1B)
JARID1A(RBP2)
JARID1B (PLU-1)
JARID1C (SMCX)
JARID1D (SMCY)

SAM
Unknown
Ubiquitin USP22C

A

Modification type; Me1, Me2, Me3: mono-, di-, tri-methylation; Ub: Ubiquitination
SAM: s-adenosyl methionine
C
USP22 is generally accepted as the predominant H2B ubiquitin specific protease
B
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chromatin structure and function to ultimately trigger various disease states including cancer.
Failure to accurately regulate chromatin condensation or decondensation can lead to increased
DNA damage, aberrant gene expression, and errors in mitotic fidelity, which all contribute to
genomic instability phenotypes including CIN. For example mitosis-specific increases in histone
H3S10 phosphorylation70, histone H3K9 tri-methylation71, histone H4K20 mono-methylation72,
and histone H3K79 di-methylation73 (see Chapter 3) have all been shown to play important roles
in maintaining mitotic fidelity through a variety of pathways including chromosome
condensation, chromosome segregation, and kinetochore structure. Thus alterations to the
mitosis-specific levels of these PTMs, through alterations that produce hypomorphic expression
and/or function in the “writer” or “eraser” enzymes that govern their abundance, may be
pathogenic events associated with CIN and cancer.

1.2.2 Regulation of Chromatin Structure via Histone PTMs and the Link to Oncogenesis
It is now becoming clear that certain histone PTMs have essential roles in maintaining
genome stability under normal conditions. Thus, a strong relationship exists between aberrant
histone PTMs, genome instability, and oncogenesis. Indeed, research conducted over the past
decade has shown that alterations in specific histone PTMs, stemming from hypomorphic
expression or function of the enzymes that govern them, correlate with the development and
progression of many cancer types74. In fact, the abundance of specific histone PTMs and histone
modifying enzymes are now being explored as prognostic biomarkers for the certain cancer types
such as breast cancer75. Consequently, it is first essential to characterize the normal roles specific
histone PTMs play in maintaining genome stability before their roles in the development of
cancer can be determined. Only once this information becomes available will it be possible to
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devise and develop the next generation of novel therapeutic strategies that are specifically
designed to exploit these aberrant epigenetic origins.

1.3.0 Histone H2B Ubiquitination
Histone ubiquitination is implicated in a number of evolutionarily conserved cellular
processes including transcription76, DNA repair77, and genome stability78. The addition of the 76amino acid ubiquitin moiety adds approximately 8.5 kDa to the overall mass of histone H2B
(∼13.9 kDa) and is accomplished through a three-step process that begins with an E1 ubiquitinactivating enzyme. Next, activated ubiquitin is transferred to an E2 ubiquitin-conjugating
enzyme where it resides for subsequent targeting. The final step employs an E3 ubiquitin-ligase
that physically targets the E2-ubiquitin complex to its cognate substrate (K123 in yeast or K120
in humans) for ubiquitin ligation. The final product is monoubiquitinated histone H2B
(H2Bub1), which is formed by a covalent isopeptide linkage between the C-terminal glycine of
ubiquitin and histone H2B79. It should be noted that histone mono-ubiquitination, unlike
canonical protein poly-ubiquitination, is generally believed to not mark histones for proteolytic
degradation via the 26S proteasome or subcellular targeting. As with all histone PTMs, the
abundance of H2Bub1 depends on the balance between the activities of the enzymes that
covalently add ubiquitin to lysine residues (RNF20, detailed in Section 1.3.1), those that remove
it (USP22, detailed in Section 1.3.1), and the availability of free ubiquitin itself (see Table 1.1).
In human cells, histone ubiquitination has been predominantly observed within the Cterminal domains of H2A80 (K119) and H2B79 (K120) and the N-terminal domains of
H2A/H2AX81 (K13 and K15) in vivo. In addition, H3 and H4 have been shown to be
ubiquitinated in vivo under UV DNA damaging conditions82. Although H2A, H3, and H4 can
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exist in either a mono- or poly-ubiquitinated form, H2B exists predominantly in monoubiquitinated form (Figure 1.1B). In multicellular eukaryotes, both H2A and H2B are
ubiquitinated, whereas in lower eukaryotes such as budding yeast, only H2B is capable of being
ubiquitinated, which suggests it is required for highly conserved biological processes. Histone
deubiquitination is generally mediated through the activities of ubiquitin-specific proteases
(USPs). The role human H2Bub1 perturbations play in driving genome instability and
oncogenesis has currently garnered much attention from several research groups.

1.3.1 H2Bub1, RNF20, RNF40 and their Roles in Oncogenesis
Alterations in the enzymes that regulate histone ubiquitination and deubiquitination
pathways directly impact higher-order chromatin structure83,84 (i.e., beyond the single
nucleosome level). Higher-order chromatin structure influences all cellular processes that
employ chromatin as a biological template. Consequently, aberrant expression or function of
ubiquitin and deubiquitinating complexes may adversely impact these processes to directly affect
genome stability. H2Bub1 is predominantly regulated through the enzymatic activities of the E2
ubiquitin-conjugating enzyme (UBE2A or RAD6A) and the E3 (RNF20/RNF40) ubiquitin ligase
complex, and as predicted, RNAi-based silencing of these components depletes the global
abundance of H2Bub176,85. Therefore, altered expression of UBE2A and/or RNF20/RNF40 is
suggested to be a pathogenic event that contributes to the development and progression of
various cancer types.
For example, gene re-sequencing efforts (detailed below) from various major cancer types
including breast, prostate, and CRC have uncovered several genetic alterations in RNF20,
RNF40, UBE2A, and USP22. When multiplying the frequency of gene alterations identified in
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these three major cancer types by the total number of Canadians diagnosed with these cancers
each year, it is estimates that approximately 14,914 Canadians may contain genetic alterations in
these components. By extension, it is estimated that the same number of Canadians could
potentially benefit from a therapeutic strategy designed to exploit these molecular defects
(Chapter 5) (Table 1.2). Furthermore, translational studies by Shema et al.76 revealed that RNF20
promoters are hypermethylated within breast cancer tumor samples relative to controls.
Additional studies have also shown that reduced RNF20 expression levels occur in testicular
germ cell carcinomas (seminomas)77, parathyroid cancers86, and CRC87. At the very least, these
correlative studies suggest that altered RNF20 expression and/or function, and presumably
altered levels of H2Bub1, may be causal factors contributing to cancer development and
progression.
Aberrant expression and function of the deubiquitination pathway members are also
expected to affect the global abundance of H2Bub1. Multiple H2Bub1 deubiquitinating enzymes
have been proposed including USP4488, USP389, and USP790, but these appear to be cell-type
and cell-context specific. On the other hand, USP22 is ubiquitously expressed and is generally
accepted as the predominant H2Bub1 deubiquitinating enzyme84,91,92. As with RNF20/RNF40, a
number of alterations within USP22 (e.g., nsSNPs, amplifications, and homozygous deletions)
have been identified in various cancers (Table 1.2). Recently, increases in USP22 expression,
and the resulting decrease in H2Bub1, have garnered attention as potential drivers in
oncogenesis. For example, Zhang et al.93 noted that USP22 levels were elevated in human breast
cancer samples relative to benign and normal controls. In fact, patients with high USP22 levels
had more aggressive cancers and poorer overall outcomes than patients with low USP22 levels.
Furthermore, they determined that USP22 levels were positively correlated with lymph node
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Table 1.2: Mutational Frequencies of Select Histone Modifying Enzymes
Gene

Histone PTM

Tumor Type

FrequencyA CasesB

Estimated CasesC

RNF20

H2Bub1

RNF40

H2Bub1

UBE2A

H2Bub1

USP22

H2Bub1

DOT1L

H3K79me2

CRC
Breast
Prostate
CRC
Breast
Prostate
CRC
Breast
Prostate
CRC
Breast
Prostate
CRC
Breast
Prostate

6%
2%
4%
4%
6%
3%
1%
1%
5%
3%
21%
4%
11%
7%
2%

1,506
504
960
1,004
1,512
720
251
252
1,200
753
5,292
960
2,761
1,764
480

25,100
25,200
24,000
25,100
25,200
24,000
25,100
25,200
24,000
25,100
25,200
24,000
25,100
25,200
24,000

A

Estimated mutation frequency (percentage) by cancer type (data from cBIOportal.org)
Estimated number of new Canadian cases by cancer type per year.
C
Estimated number of Canadians affected by cancer type per year and predicts the number of
cases that would contain alteration within the gene specified. Estimated cases is calculated by the
multiplying the number of cases by the mutation frequency.
B
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metastases, HER2 positivity, Ki67 expression levels and breast cancer recurrence, leading the
authors to propose that USP22 may serve as a prognostic indicator of breast cancer survival93,94.
Although not specifically evaluated, these results suggest that in addition to USP22, H2Bub1
may also have prognostic value as it reflects not only the abundance of USP22 (“eraser”) but also
the abundance of UBE2A (“writer”) and RNF20/RNF40 (“writers”).

1.3.2

H2Bub1 Promotes Tumor Suppressing Transcriptional Profiles
H2B ubiquitination is classically defined as an epigenetic mark that is associated with

transcriptional activation and tumor suppression95,96. The covalent addition of the large ubiquitin
moiety (8.5 kDa) onto the C-terminal tail of histone H2B (13.9 kDa) is expected to have a
significant impact on higher-order chromatin structure and thus transcriptional regulation. Within
interphase cells, the presence of nucleosomes within coding regions represents a barrier to
efficient transcriptional elongation63,97. H2B ubiquitination is found enriched within the coding
region of certain genes and disrupts higher-order chromatin structure to promote a more open
and biochemically accessible chromatin fiber76,83. H2Bub1 is believed to disrupt ‘nucleosome
stacking’, which is a model that proposes nucleosome ‘stack together’ to form close associations
during chromatin condensation98. The addition of ubiquitin to H2B within the transcriptional
start site is believed to increase gene promoters’ access to transcription factors and factories,
thereby enhancing transcriptional activation through increased assembly rates of transcriptional
pre-initiation complexes99,100. Additional support for this concept came in 2003101 when it was
established that H2B ubiquitination promotes transcriptional elongation by destabilizing
nucleosomes through a process that is mediated by the histone chaperone complex Facilitates
Chromatin Transcription (FACT). These in vitro transcription studies performed on reconstituted
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chromatin, revealed that RNF20-RNF40, in combination with FACT, are required for efficient
and optimal transcription101. It is believed that the FACT complex plays a major role in
promoting H2A-H2B dimer displacement when the RNA polymerase II complex is transcribing
through the nucleosome. The H2A–H2B displacement appears to partially overcome the
transcriptional barrier imparted by the canonical nucleosomal structure and allows for increased
transcription efficiency. In agreement with the above mechanism, it was shown that FACT in the
presence of H2Bub1 elicited increased transcription lengths and greater RNA polymerase II
elongation rates102. Consistent with a role in transcriptional elongation, RNF20 is recruited to the
elongating form of RNA polymerase II through an adaptor protein WAC, which is essential for
transcription-associated H2B ubiquitination103.
The information detailed above argues that altered expression and/or function of
ubiquitinating or deubiquitinating complex members will offset the normal abundance of
H2Bub1 and ultimately impact gene expression profiles. In fact, H2Bub1 perturbations produce
gene expression profiles that promote oncogenic transformation. Shema and colleagues76
demonstrated that RNF20-silencing and concomitant H2Bub1-depletion altered expression
profiles of a subset of genes within HeLa cells. This not only included the down-regulation of
specific tumor suppressor genes including TP53, but also the surprising up-regulation of several
proto-oncogenes including MYC and FOS, which supports oncogenic and metastatic programs.
While there have been numerous studies that can account for the transcriptional down-regulation
following RNF20-silencing, the mechanism(s) that account for the unexpected increase in gene
expression are just beginning to be understood104.
In addition to modifying tumor suppressor genes and proto-oncogene expression profiles,
altered RNF20 expression also affects cell mobility and therefore may contribute to metastatic
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potential. RNAi-based silencing of RNF20, and presumably diminished H2Bub1, resulted in
increased cell migration, while overexpression of RNF20 significantly decreased cell mobility76.
Finally, RNF20-silencing also altered the expression profiles of differentiation-associated genes,
which impaired human mesenchymal stem cell differentiation105. Karpiuk and colleagues105
showed that H2Bub1 levels increase during human mesenchymal stem cell differentiation, and
when depleted by RNF20-silencing, leads to a less differentiated phenotype, thus enhancing
malignant and metastatic potential. This may have important implications in a cancer-context as
tumor cells deficient in H2Bub1 may fail to terminally differentiate, which may lead to
aggressive high-grade cancers. Collectively, the above data strongly suggest that alterations in
the enzymes that regulate the global abundance of H2Bub1 are pathogenic events that contribute
to malignant transformation and metastatic potential.

1.3.3

H2Bub1 Plays a Role in DNA Damage Repair
H2Bub1 has most recently been implicated in DNA DSB repair77,100,106,107, which is an

indispensible process required to maintain genome stability. The ability of H2Bub1 to disrupt
higher-order chromatin structure is required for the timely repair of DNA DSBs107. In fact,
RNAi-based RNF20-silencing induced aberrant phenotypes that are associated with a defective
DNA damage response, such as increased sensitivity to radiomimetic drugs and delayed repair
kinetics as indicated by the persistence of γH2AX and 53BP1 foci (two surrogate markers of
DNA DSBs)107. Furthermore, cells in which either RNF20 or RNF40 were independently or
simultaneously silenced exhibited significant increases in DNA DSBs relative to controls, and
strongly implicates H2Bub1 in DNA DSB repair107. Under normal conditions, DNA DSB repair
requires chromatin regions surrounding the break to undergo localized decondensation that
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appears to involve H2Bub1. Using a novel in vitro fluorescence-based assay, Fierz and
colleagues83 demonstrated that in non-DNA damaging conditions, the addition of ubiquitin to
H2B disrupts higher-order chromatin structure by impairing inter-fiber interactions, thus
promoting a more open and biochemically accessible chromatin fiber. Conversely, unmodified
chromatin remained condensed. Efficient DNA repair is accomplished by presumably rendering
chromatin more accessible to accessory DSB repair proteins through H2Bub1-mediated
chromatin decondensation. Indeed, diminished recruitment of several critical members of the two
DNA DSB repair pathways (i.e., non-homologous end joining and homology recombination
repair) to the sites of laser-induced DNA DSBs was observed within RNF20-/RNF40-depleted
cells. Failure to accurately repair DNA DSBs within critical loci has the potential to generate
mutations and deletions that alter gene expression profiles and cause CIN to ultimately drive
oncogenesis.

1.3.4 Rnf20/Rnf40 are Suppressors of CIN
The mouse equivalent of the human RNF20/RNF40 complex (Rnf20/Rnf40) can directly
suppress CIN in mouse cells78. Using RNAi, Chernikova et al.78 showed that Rnf20/Rnf40depletion elicited several phenotypes consistent with CIN including increased frequencies of
micronuclei formation, increased DNA content, and increased genomic rearrangements.
Accordingly, these findings directly complement studies detailed above and strongly suggest that
the human (RNF20/RNF40) and mouse (Rnf20/Rnf40) E3 ubiquitin ligase complexes and
presumably H2Bub1, normally play essential roles in maintaining genome stability. In summary,
cancer-associated alterations within RNF20/RNF40 and concomitant H2Bub1-depletion are
likely drivers in oncogenesis. Thus, H2Bub1 perturbations may represent a novel targetable
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phenotype that could be exploited through genetic therapeutic strategies such as synthetic
lethality (see Chapter 5).

1.3.5 The H2Bub1 Trans-Histone Pathway
The H2Bub1 trans-histone pathway describes how H2Bub1 can modulate H3K4 and
H3K79 methylation levels. In 2002, Sun and Allis108 showed in budding yeast that
monoubiquitinated H2B (H2Bub1-K123, yeast equivalent to human K120) promoted H3K4
methylation by Set1-containing KMTs. The influence of H2Bub1-K123 on H3K4 was confirmed
in yeast expressing non-ubiquitinatable histones where K123 was mutated to arginine (H2BK123R). The H2B-K123R mutant phenocopied Set1-deletion and H3K4 methylation was
ablated. This seminal finding demonstrated a unidirectional regulatory pathway where H2B
monoubiquitination can play an important role in modulating subsequent histone H3 methylation
at K4. Subsequent studies by Briggs et al.109 expanded the H2Bub1 trans-histone pathway to
include K79 of histone H3. Using similar experiments as above, H2Bub1-K123 was shown to
influence H3K79 methylation, which is catalyzed by the budding yeast methyltransferase
Dot1110. The conservation of the trans-histone pathway was later confirmed in human cells.
Similar to the budding yeast, H2Bub1 was shown to modulate H3K4 and H3K79 dimethylations, which are catalyzed by human SET1-containing enzymes and human DOT1L
(KMT4), respectively (Table 1.1)111,112. Notably, data presented within this thesis and recent
studies performed by others, show that H2Bub1 is not a strict pre-requisite for H3K4 and H3K79
methylation events and thus H2Bub1-independent methylation can occur73,113.
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1.4.0 Histone H3 Methylation
As with all histone PTMs, the abundance of histone methylation is achieved through the balance
of the enzymatic activities of the “writers” (i.e., lysine methyltransferases, KMTs), the “erasers”
(lysine demethylases, KDMs), their accessibility to cognate substrates, and the availability of
donor substrates. In general, KMTs utilize S-adenosyl methionine as the methyl donor and
covalently attach methyl groups onto the ε-amino group of lysine residues that are predominantly
contained within the N-terminal tails of histones H3 and H4114-116. Histone lysine methylation,
however, is distinct from other PTMs in that it can exist in mono-, di-, and tri-methylated forms
(Figure 1.2). The processive addition of methyl groups can occur, but is not an essential
requirement as some KMTs have the ability to mono-, di-, or tri-methylate unmodified lysine
residues117. Indeed, it is now well accepted that the subtle structural differences imparted by the
three distinct states of lysine methylation (mono, di, tri) often confer unique biological outcomes
depending on the methylation state of a particular residue118,119.

Figure 1.2: Histone Lysine Methylation
Shown here are the possible histone lysine methylation states, mono-, di-, tri-methylation, and an
unmodified residue. The two classes of enzymes that catalyze forward and reverse reactions are
lysine methyltransferases (KMT) and lysine demethylases (KDM), respectively. The forward
reactions employ S-adenosyl methionine (SAM) as a methyl donor to the ε-amino group of the
recipient lysine residue. The reverse reaction removes a methyl group from the histone. Notably,
a positive charge is retained on all modification forms.
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To date, two classes of KMTs have been identified. The first class known as SET-domain
containing methyltransferases, contain a highly evolutionary conserved Su (var) 3-9, Enhancerof-zest, Trithorax (SET) methyltransferase domain. KMTs from this class have been shown to
target and methylate residues located on the ‘unstructured’ tail regions of histones H3 and H4
and include specific targets as H3K9, H3K27, H3K4, H3K36 and H3K20120. As indicated above,
the specific histone residues modified and their methylation status will ultimately influence
biological responses. For example, H3K9 can exist in many states including unmodified,
acetylated, mono-methylated, di-methylated, or tri-methylated. H3K9 acetylation121 and monomethylation119 are often associated with transcriptional activation, whereas H3K9 dimethylation118 and tri-methylation119 are frequently associated with transcriptional repression.
Other examples include H3K27, which when mono-methylated119 is associated with
transcriptional activation but when di-118 or tri-119 methylated, is associated with strong
transcriptional repression. All three H3K4 methylation states (mono, di, tri) are generally
associated with transcriptional activation121. In addition, all three H3K36 methylation states, as
well as H3K36 acetylation, are typically associated with transcriptional activation122. For
H4K20, only mono-methylation has been identified and appears to be context dependent by
either promoting transcriptional repression or activation123.
The second class of KMT is defined by a lack of homology to the SET domain and the
highly evolutionarily conserved DOT1L KMT is the only known member124. To date, only two
DOT1L substrates have been identified, the androgen receptor (K349) and histone H3 (K79)125.
Like all histone PTMs, the biological significance of H3K79 methylation is highly context
dependent and modulated by several key factors including genomic location (mapping), state of
methylation (mono-, di-, or tri-methylated), and abundance of methylation (occupancy levels).

26

The exact biological consequences associated with differential H3K79 methylation is an ongoing
area of research and the H3K79 methylation ‘code’ is being gradually elucidated. Nevertheless,
H3K79 methylation has been implicated in a diverse array of normal biological processes
including transcription, telomere maintenance, DNA damage repair, and mitotic fidelity (detailed
further in Section 1.4.2)111,126,127.

1.4.1 H3K79 Methylation
Lysine residue 79 is located within the globular domain of histone H3 and can be mono-,
di-, or tri-methylated by DOT1L63,128. To date, DOT1L is the only known H3K79
methyltransferase and Dot1l-deletion in mice causes a global loss of H3K79 methylation129. Both
the PTM (H3K79 methylation) and “writer” (DOT1L) are highly conserved across multiple
organisms including yeast130, worms131, flies132, and humans133, attesting to their biological
importance. In addition, Dot1l is essential for mammalian development as germ line Dot1ldeletions are embryonic lethal in mice134.
Like all histone PTMs, the biological significance of H3K79 methylation is highly context
dependent and modulated by several key factors including genomic location, state of methylation
(mono-, di-, or tri-methylated), abundance of methylation (occupancy levels), and cross-talk with
other histone PTMs. The exact biological consequences associated with differential H3K79
methylation is an ongoing area of research and the H3K79 methylation “code” is gradually being
elucidated. Nevertheless, H3K79 methylation has been implicated in a diverse array of normal
biological processes including transcriptional activation, transcriptional repression, DNA repair,
and chromatin dynamics111,126,127.
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Mass spectrometry and chromatin immunoprecipitation assays followed by DNA
sequencing (ChIP-seq) have begun to characterize H3K79 methylation states (mono-, di-, or trimethylated) and abundance at the global and gene-specific resolutions. Interestingly, in
comparison to yeast where >90% of H3K79 residues are methylated, the global H3K79
methylation levels in mammals are substantially lower, and suggests a more refined H3K79
methylation “code” exists within higher eukaryotes75,130. Mass spectrometry was employed to
characterize the global abundance of H3K79 methylation states across 24 asynchronously
dividing human cell lines derived from both transformed and non-transformed tissues75. As one
might predict, H3K79 methylation states were moderately variable across cell types. However, in
the majority of cells, H3K79me1 was the predominant state (6-30%), H3K79me2 was the second
most abundant (0.1-10%), while H3K79me3 was the least abundant (0-0.1%)75. The exact
function of each methylation state has yet to be conclusively identified. Nevertheless, H3K79
methylation states appear to be non-random, conserved across several cell types, and strongly
suggests an evolution of an H3K79-specific methylation ‘code’ within human cells.
At the genome-wide resolution, ChIP-Seq analysis revealed that H3K79 methylation
patterns were non-random and preferentially enriched within certain DNA elements including
protein coding sequences135, miRNA coding sequences136, enhancers, and origins of
replication137. At the intragenic resolution, H3K79 methylation levels (mono, di, tri) peak
immediately downstream from the transcriptional start site, gradually decreases throughout the
first intron, and eventually attain minimal levels at downstream exons. For all three states,
methylation occupancy positively correlated with gene transcription rates138. In other words,
highly transcribed genes generally contained higher levels of H3K79 methylation within their
transcribed regions, while lowly transcribed genes generally contained low levels. Although it is
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not fully understood how H3K79 methylation regulates transcription, studies have shown that a
subset of genes are downregulated and upregulated in DOT1L deleted cells, which suggests that
transcription rates are at least partially modulated by H3K79 methylation139. On the other hand,
Chapter 3 shows dynamic increases in global H3K79me2 levels that coincide with mitosis, when
transcription is virtually non-existent. We further demonstrate that the loss of mitotic H3K79me2
causes a statistically significant increase in mitotic defects and aneuploidies. Accordingly,
H3K79me2 may serve roles outside of transcription that are important for maintaining mitotic
fidelity in human cells73.
To date, an H3K79-specific KDM has not been identified. Nevertheless, evidence for a
K79 KDM comes from studies showing dynamic changes in global H3K79 methylation levels.
For example, a study using synchronized HeLa cells has shown that H3K79 methylation levels
fluctuate during the cell cycle. H3K79 methylation levels decreased during S-phase, reached
minimal levels during G2, and increased during mitosis133. Other evidence of a KDM comes
from changes in H3K79 methylation during pre-implantation development in mice, where both
H3K79me2 and H3K79me3 levels rapidly decrease soon after fertilization140. Finally, Chapter 3
presents evidence supporting mitosis-specific H3K79me2 dynamics that further suggest the
existence of an H3K79-specific KDM.

1.4.2 H3K79 methylation, DOT1L (KMT4) and their Roles in Oncogenesis
Based on the above evidence, aberrant expression or function of DOT1L has the potential
to adversely impact several biological processes, which ultimately could induce CIN and
contribute to oncogenesis. In fact, DOT1L-depletion in either differentiated or undifferentiated
embryonic stem cells resulted in aneuploidy, a hallmark of CIN127. H3K79 methylation is unique
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in that DOT1L is the only known KMT to date. Interestingly, gene re-sequencing efforts from
various major cancer types including breast, prostate, and CRC have identified several genetic
alterations in DOT1L. Most notably, a sequencing study identified that approximately 11% of
CRCs evaluated contained DOT1L alterations. When multiplying the frequency of DOT1L
alterations identified in breast, prostate, and CRC, by the total number of Canadians diagnoses
with these cancers each year, it is estimates that approximately 5,005 Canadians may contain
genetic alterations in DOT1L (Table 1.2) and therefore could potentially benefit from a
therapeutic strategy designed to exploit DOT1L defects53,54,141. Although untested, these results
suggest that altered DOT1L expression and/or function, and presumably altered levels of H3K79
methylation, may be causal factors that contribute to cancer development and progression in
various tumor types and warrant further investigations (see Chapter 3).
DOT1 was initially identified in a budding yeast screen for genes that affect telomere
heterochromatinization (DNA silencing). Telomere heterochromatinization is accomplished
through the recruitment and binding of the Silent Information Regulator complex (Sir complex)
to proximal and distal regions of the telomere, which promote the spreading of heterochromatin
to adjacent nucleosomes142. Interestingly, ChIP analysis in yeast revealed that DOT1-deletion,
mutation of H3K79 to arginine (K79R), or DOT1-overexpression led to the mislocalization of
the Sir complex and prevented efficient telomere silencing142. Loss of telomere silencing
adversely impacts telomere structure and is associated with genome instability143.
Studies in both yeast and mammalian cells suggest a role for DOT1/DOT1L and H3K79
methylation in the DNA damage response144,145. In fact, the DNA damage response protein
53BP1 interacts directly with methylated H3K79 at sites of DNA DSBs. Both DOT1L-depletion
in human cells or H3K79R mutations in yeast reduced 53BP1 recruitment to sites of DNA
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DSB144,145. Accordingly, DOT1L mutations may underlie a defective DNA damage response and
contribute to oncogenesis. Further yeast studies also suggest a role for DOT1 and H3K79
methylation in the cell cycle checkpoint response following DNA damage by ionizing radiation
(IR). When yeast are challenged with IR under normal conditions, a G1 cell cycle arrest is
evoked to allow for DNA repair to occur. Interestingly, yeast harboring inactivating Dot1mutations do not arrest and continue to progress normally through the cell cycle145. Consequently
within Dot1-deficient yeast cells, mutations may go unrepaired and progress through to DNA
replication where they are permanently incorporated into the genome of subsequent daughter
cells. Taken together, defects within the cell cycle checkpoint response allows for accumulation
of mutations and is a known hallmark of cancer146,147. Additional evidence of the role DOT1L
plays in maintaining genome stability is presented in Chapter 3 where mitotic increases in
H3K79me2, mediated by DOT1L, are important for maintaining genome stability and mitotic
fidelity in human cells.

1.5.0

Entering the Era of Highly-Efficient Human Genome Editing
Recent revolutionary advances in human genome editing technologies have marked the

beginning of a new era of genomic research and discovery. For the first time, researchers possess
the necessary tools to precisely edit the genomes of a wide variety of organisms with relative
ease. Zinc finger nucleases, transcription activator-like effector nucleases, and most recently,
type II Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR-Cas9) represent
three powerful technologies that grant researchers abilities to study specific genomic alterations
in their endogenous locations. Although zinc finger nucleases and transcription activator-like
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effector nucleases were the first to be identified, their use today is quickly becoming outdated as
researchers favor the ease and efficiency of the CRISPR-Cas9 system.
In situ CRISPR-Cas9 genome editing represents a major leap forward over traditional
approaches employed to study the biological consequences associated with cancer-associated
mutations. Traditionally, these studies relied heavily on evaluating the aberrant biology
associated with a particular cancer-associated mutation encoded within expression plasmids. In
addition, these studies are often marred with experimental artifacts stemming from the episomal
expression plasmids and the artificially strong promoters that frequently produce overexpression
artifacts. Thus, a major benefit of endogenous genome editing is that the targeted loci maintain
their spatial proximity with key regulatory elements including promoters, enhancers, and
transcription factories. Accordingly, the CRISPR-Cas9 genome editing system holds great
promise for life science research, medicine, and biotechnology.

1.5.1

Exploiting HRR and NHEJ for CRISPR-Cas9 Genome Editing
The CRISPR-Cas9 genome editing system uses a short CRISPR RNA guide strand

(crRNA) and Watson-Crick RNA-DNA base pairing to bind genomic targets to generate a DNA
DSB (Figure 1.3). The CRISPR-Cas9 genome editing technology requires the formation of a
targeted DNA DSB as the first step in the editing process.
Understanding DNA DSB repair in human cells is an essential prerequisite to
understanding CRISPR-Cas9 genome editing. DNA DSBs can be repaired through two major
repair pathways, homologous recombination repair (HRR) or non-homologous end joining
(NHEJ). HRR is an error-free process that employs a region of DNA homology as a template for
high-fidelity repair. Homology regions can be either an endogenous homologous chromosome or
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Figure 1.3: The CRISPR-Cas9 Genome Editing Approach
CRISPR-Cas9 genome editing begins with co-transfection of three essential CRISPR-Cas9
components (crRNA [small CRISPR RNA] + tracrRNA [trans-activating RNA] + Cas9
expression cassette) into target cells. Cas9 expression and assemble with crRNA and tracrRNA
produce a functional CRISPR-Cas9 complex. Target DNA sequence binding causes CRISPRCas9 activation and the formation of a DNA DSB. DNA DSBs are repaired through either HRR
or NHEJ. Various genome editing outcomes occur depending on whether HRR (knockin editing)
or NHEJ (knockout editing) is employed, and if an exogenous template is provided.
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an exogenously provided template containing edits that are to be incorporated into the genome.
Based on this principle, HRR can be exploited to produce highly specific genome edits. First,
two targeted DNA DSBs are generated at regions flanking the target locus. Next, an exogenous
template containing 5’ and 3’ arms of homology and the specific complementary edited sequence
is delivered to the break site. Arms of homology ensure the positioning of the template and HRR
factors employ the template as a substrate for repair. The final step involves population
screening. Following single cell sorting, PCR-based methods (e.g. surveyor assay) or antibody
detection methods (e.g. Western blot, immunofluorescent imaging) are typically employed to
identify clones containing appropriately edited genomes. Once identified, edited cells are often
clonally expanded and cryogenically preserved for further study.
CRISPR-Cas9 edits can also involve the NHEJ pathway, which is an error-prone process
that employs microhomologies present in single-stranded overhangs to direct immediate
religation. Because single-stranded overhangs are not always compatible, imprecise repairs occur
leading to indels (nucleotide insertions and deletions). Indels involving fewer or greater than
triplet nucleotides induce frameshifts that ultimately alter the reading frame such that a
premature stop codon is encountered that induces nonsense-mediated decay, a normal biological
process that leads to the purposeful degradation of truncated protein. Accordingly, genetic
inactivation of target genes (editing) is achieved by exploiting the error-prone nature of NHEJ
and nonsense mediated decay.

1.5.2

CRISPR-Cas9 - A Historical Prospective
More than 20 years of research spanning the prokaryotic and eukaryotic kingdoms has led

to the mammalian application of the CRISPR-Cas9 genome editing technology. Clustered
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regularly interspaced short palindromic repeats were first discovered in the Escherichia coli iap
gene, where a cluster of five 29 nucleotide direct repeats separated by 32 nucleotides spacers
were first identified148. It was later discovered that over 40% of sequenced bacteria contained
highly similar regular interspaced repeats149. In 2005, researchers determined that the 32
nucleotide spacers sequences preferentially targeted regions of the bacteriophage genome,
suggesting they may play a role in bacterial adaptive immunity response against phage
infection150. This was later confirmed in 2007, when the 32 nucleotide spacer sequence was
found to function in concert with the adjacently encoded Cas9 endonuclease to cleave phage
DNA151. By 2010, a series of successive events further elucidated the underlying CRISPR-Cas9
mechanism. First, a robust DNA-specific Cas9 endonuclease was identified in Streptococcus
thermophiles152. Second, the tracrRNA molecule that plays a key role in physically scaffolding
the Cas9 endonuclease to the crRNA guide strand was identified153. Finally, armed with this
knowledge, two independent research teams in 2013 applied these key concepts to edit genes
within mammalian cells154,155. The CRISPR-Cas9 system is arguable the greatest discovery in
genome manipulation since RNA-interference and is projected to shape all facets of biomedical
and biotechnology research.

1.5.3 Employing CRISPR-Cas9 to Target Mammalian Cells
CRISPR-Cas9 genome editing is a simple and straightforward process that starts with the
design and synthesis of a crRNA targeting molecule. There are two main criteria for crRNA
design. First, the 20 nucleotide crRNA target must immediately precede a Protospacer Adjacent
Motif (PAM, a 5’-NGG sequence for the type II CRISPR-Cas9 systems)156. The PAM sequence
is an essential consensus sequence that occurs on average every 8 bases within the human
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genome and permits CRISPR-Cas9 binding, activation, and DNA cleavage. Second, the crRNA
must exhibit target specificity. The question of specificity is easily addressed by online CRISPR
design tools (http://crispr.mit.edu), which compare target and possible off-target sequences to
estimate the likelihood of off-target binding. Only crRNA strands that are predicted to possess
high specificity are selected for chemical synthesis and subsequent CRISPR-Cas9 targeting.
Typically all three essential CRISPR-Cas9 components (crRNA + tracrRNA + Cas9
expression cassette) are co-transfected into target cells. Within transfected cells, Cas9 is
expressed and combined with the crRNA guide strand through tracrRNA scaffolding to form a
functional complex. Once bound to target sequence, the activated CRISPR-Cas9 complex will
generate a DNA DSB to initiate the genome editing process (Figure 1.3). Following a targeted
DNA DSB, there are several possible outcomes; 1) DNA repair machinery employs a
homologous chromosome to accomplish error-free HRR and the endogenous sequence is
restored, 2) DNA repair machinery employs an exogenously provided template containing
genome edits that are incorporated into the genome, 3) NHEJ is employed and the DNA DSB is
accurately repaired to restore the endogenous sequence, and 4) NHEJ is employed and indels are
incorporated to produce a frameshift mutation to cause genetic inactivation through nonsensemediated decay. As expected, the potential outcomes presented above are cell cycle dependent as
HRR only functions during S-phase and G2, while NHEJ can function throughout the cell cycle,
but predominates in G1. Regardless of the immediate editing outcome, the final step requires
identifying and isolating clones containing the desired genome edit(s). Multiple strategies are
available to detect editing events including DNA sequencing, immunofluorescent labeling, and
PCR-based detection assays.
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Information gleaned from CRISPR-Cas9 genome editing technology will continue to
impact research, medicine, and biotechnology in ways previously thought impossible. For the
first time, the CRISPR-Cas9 editing system allows researchers to recapitulate complex
genetically driven diseases in model organisms. Next generation sequencing has generated a
wealth of data regarding the complex genomic alterations found in cancer. Understanding the
functional significance of specific cancer-associated alterations and translating them into
clinically relevant knowledge is the next logical step towards understanding the etiological
origins of cancer.

1.6.0 Synthetic Genetic Targeting in Cancer
Many current chemotherapeutic strategies often involve the systemic administration of a
drug whose cytotoxic effect is incapable of distinguishing cancerous from normal cells. Many
common chemotherapeutics affect DNA replication or cellular division, and predominantly kill
cancer cells based on their rapid proliferation rates relative to normal cells. As a result, adverse
side effects often occur within normal cells, particularly those of the hematopoietic lineages as
they frequently proliferate. Consequently, novel therapeutic strategies designed to selectively kill
cancer cells while minimizing damage to healthy tissues are urgently needed.
Synthetic genetic interactions have been studied extensively in model organisms for
decades and are now being explored for their therapeutic potential in human cancer contexts.
Over the past decade, a growing body of evidence suggests that synthetic genetic approaches
may be successful in delivering enhanced targeting and killing of cancer cells, and therefore may
hold therapeutic potential for many cancers. Conceptually, these approaches seek to exploit the
aberrant genetics (e.g., mutation, deletion or amplification) associated with tumor development,
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and are predicted to evoke highly-specific killing of cancer cells while minimizing collateral
damage within normal cells.
Synthetic genetic targeting of cancer cells represents a paradigm shift from traditional
approaches and can be generally classified into two distinct categories; (1) synthetic lethal (SL)
approaches that exploit the aberrant genetics associated with hypomorphic expression and/or
function typically within tumor suppressor or DNA repair genes; and (2) synthetic dosage lethal
approaches that exploit the aberrant genetics associated with hypermorphic expression and/or
function typically within oncogenes. Although synthetic dosage lethality is an important area of
research, the work presented in Chapter 5 focuses exclusively on SL approaches and thus only
synthetic lethality will be detailed further below.

1.6.1 Synthetic Lethality
In 1946, Theodosius Dobzhansky, a geneticist and evolutionary biologist, first coined the
term synthetic lethality to describe a lethal genetic interaction observed when two independently
viable homologous chromosomes were allowed to recombine in Drosophila pseudoobscura157.
Synthetic lethality is now used to describe a rare and lethal genetic interaction in which the
outcome of a particular mutation or deletion is influenced by the presence of a pre-existing
mutation or deletion (Figure 1.4A). However, if slowed growth rather than death is observed, a
synthetic growth defect or synthetic sickness is defined. To relate these two concepts to a patient
context, Synthetic Lethal (SL) strategies may result in cancer cell death or slowed growth, which
could potentially translate into cancer cures or at least extend the survival and quality of life for
those diagnosed with cancer. SL interactions generally occur via three basic mechanisms (Figure
1.5) that include; 1) partial ablation of two proteins contained within the same essential
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Figure 1.4: Synthetic Genetic Approaches in Yeast and Cancer
(A) Synthetic lethality is a rare genetic interaction that occurs when two independent and viable
mutations or deletions (gene1 [green yeast] or gene2 [purple yeast]) result in death when
combined (red yeast). (B) A cancer-associated hypomorphic mutation or deletion in a gene (e.g.,
GENE1 is a deleted tumor suppressor or DNA repair gene) is selectively killed through a
synthetic lethal approach by silencing or inhibiting the protein product encoded by GENE2.
Green and red cells represent normal and cancerous cells, respectively.
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Figure 1.5: Conceptual Models of Various Synthetic Lethal Interactions
Conceptual models detailing three mechanisms that produce a SL phenotype (cell death). Circles
represent genes, a red “X” identifies cancer-associated mutations or deletions, and “Drug Target”
identifies candidate synthetic lethal interactors. (A) Partial loss of function (indicated by “P”) of
two gene products encoded within a single essential pathway (e.g., epistasis group), such that the
pathway is no longer functional. (B) Ablation of two functions encoded within two distinct
parallel pathways. For example, defects in DNA replication would lead to DNA errors requiring
repair, and small molecule inhibitors preventing DNA repair will cause lethality. (C) Ablation of
two functions encoded within two separate pathways that together impinge on a single essential
process. For example, DNA DSBs can only be repaired through two pathways, namely HRR and
NHEJ, and defects or inhibition within both pathways will induce lethality.
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biological pathway, or epistasis group such that the pathway become non-functional, 2) ablation
of two proteins contained within parallel pathways both of which are required for viability, and
3) ablation of two proteins within parallel pathways that together impinge on an essential
biological pathway or process. This approach can be extrapolated to a cancer context (Figure
1.4B) where a somatic mutation in a gene normally required to maintain genome stability
represents a sensitizing mutation that will render all subsequent progeny susceptible to attack by
down-regulating or inhibiting a SL interactor158-160.
In 1997, Hartwell and colleagues161 suggested that cancer cells harboring somatic
mutations represent genetically sensitized cells, relative to normal surrounding cells that may be
susceptible to drug therapies by selectively targeting a SL interactor162. The development of both
RNAi-based libraries and gene knockout models in a variety of model systems, coupled with
significant advances in high-content and high-throughput approaches has now made it possible to
screen, identify and validate SL interactors in a variety of model organisms and cancer-model
systems. In fact, many researchers are now routinely employing these reagents, resources and
approaches to identify novel candidate drug targets by uncovering therapeutically exploitable SL
interactors of genes that are somatically mutated in cancer. In general, SL interactors have been
identified through three independent, yet interrelated approaches that predominantly differ only
in scale and scope. These approaches include; 1) knowledge-based direct tests, 2) cross-species
candidate gene approaches, and 3) whole genome-based approaches. Chapter 5 employs a
knowledge-based approach to identify a SL interaction between RNF20 and PARP1, and is
detailed below.
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1.6.2

Therapeutically Exploiting Genome Instability
Somatic mutations16,163 and epigenetic changes17 underlying genomic instability are

recognized as significant drivers in oncogenesis. Consequently, the genetic insults that drive
cancer development are the very targets exploited through SL strategies. Extensive DNA resequencing efforts have identified a myriad of cancer-specific mutations, deletions, and
amplifications in hundreds of candidate genes. Many of these genes are involved in biological
pathways that affect genome stability including DNA repair, DNA replication, and chromosome
segregation53,54,141. However, the exact aberrant mechanism associated with a particular insult is
not required to identify an effective SL strategy, which relies on rare genetic interactions and can
be identified by screening approaches if needed. Thus, SL approaches are custom-tailored to
restrict their therapeutic effect(s) and killing to the specific aberrant genetic and epigenetic
phenomena that occur within certain cancer cells.
Genetic changes that drive CIN are particularly attractive targets for SL targeting
approaches. CIN is frequently observed in multiple tumors and positively correlated with poor
patient outcome164-166. In general, most solid tumors arise through the accumulation of genetic
defects within tumor suppressor genes and proto-oncogenes that encode loss-of-functions and
gain-of-functions, respectively167. Proteins encoded by tumor suppressor genes such as TP53168
and RB1169 normally function to preserve genome stability. Under certain genotoxic stresses,
these proteins generally function in the DNA damage response or by limiting cell cycle
progression. Consequently, their diminished expression and/or function within cells are
associated with increases in genome instability and are thus, pathogenic events in cancer
development. Accordingly, targeting altered tumor suppressor or DNA repair genes that cause
genome instability may be an effective way to restrict therapeutic targeting to cancer cells.
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Most conventional strategies are designed to combat the gain-of-function associated with
oncogenes (e.g., ERBB2170), and ignore tumor suppressor genes due to the inherent complexities
in restoring a loss-of-function(s) mutation within a tumor cell. Synthetic genetic approaches
represent an evolution from conventional strategies in that they can selectively target loss-of
function(s) within tumor suppressor or DNA repair genes. This is possible because synthetic
genetic approaches do not specifically target the aberrant gene per se, but rather exploit the
defect by targeting a second unlinked gene partner (i.e., a synthetic genetic interactor). In
principle, only cancer cells harboring specific defects will be susceptible to a SL attack. Normal
cells which do not contain the defect, will remain unaffected. Thus identifying and characterizing
synthetic genetic interactors of tumor suppressor genes is a critical step for the development of
the next generation of candidate drug targets and therapeutic strategies.

1.6.3

Knowledge-Based Direct Tests to Identify Synthetic Lethal Interactors
Decades of biochemical and genetic research in many model organisms and systems

coupled with the recent advancements in RNAi-based libraries and gene knockout models have
significantly increased our knowledge about the biological components and processes that
impact genomic stability. Many critical players within these pathways are well characterized
including members involved in DNA replication, DNA repair and mitogenic signaling. Many
research programs are now focused on determining how aberrant expression and/or function of
these pathway components contribute to the development and progression of cancer. For
example, a number of extensive gene re-sequencing efforts have been conducted in various
cancers (e.g., colon, breast, lung, etc.) that have identified somatic alterations in a large number
of genes that normally encode functions within pathways required to maintain genome
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stability53,54,141. These mutations include nsSNP encoding single amino acid substitutions or
premature stop codons, and gene amplifications and deletions that depending on the gene context
(i.e., oncogene vs. tumor suppressor gene) may be associated with hypermorphic or hypomorphic
expression and/or function, respectively. Candidate SL interactors of somatically altered tumor
suppressor genes can be identified through knowledge-based approaches, which relies on
fundamental knowledge about the molecular players and biological processes in which they
participate. Knowledge-based tests are therefore predictions of SL interactors based on a priori
knowledge of the molecular constituents of pathways and molecular network whose members are
mutated in cancer.

1.6.4

The Prototypic Human Synthetic Lethal Interaction Between BRCA1/2 and PARP1
The prototypic and perhaps best-studied example of a knowledge-based approach is the SL

interaction observed between the genes Breast Cancer 1 (BRCA1) or Breast Cancer 2 (BRCA2)
and Poly ADP-ribose Polymerase 1 (PARP1). BRCA1/2 are classically defined as breast cancer
susceptibility genes but are also found somatically altered in a number of other cancers including
ovarian171, prostate172 and CRC53. BRCA1/2 function in HRR, which is critical for the error-free
repair of DNA DSBs173. PARP1 is involved in DNA single strand break repair, and traditionally
functions in base excision repair174. Once activated following a DNA DSB, PARP1 catalyzes the
cleavage of NAD+ to generate nicotinamide and negatively charged ADP-ribose. This process is
repeated as PARP1 assembles a “string” of negatively charged branched-chain poly-ADP-ribose
moieties to various targets including acceptor proteins, histones, DNA repair proteins, and finally
itself (auto-modification)175,176. The single-stranded lesion when surrounded by negatively
charged moieties serves as signal/docking site for the recruitment of additional DNA damage
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repair proteins. PARP1 inhibition results in significant increases in unresolved single-stranded
DNA breaks which can persist during DNA replication and convert to DSBs through replication
drop-off events177. Armed with this information and the knowledge that single-strand breaks can
be converted to DSBs178, two research teams reasoned that PARP1 inhibition would ultimately
increase DSBs, which would not be amenable to error-free repair within BRCA1/2-deficient
backgrounds179,180. Indeed as predicted, targeted killing of the BRCA1/2-deficient embryonic
stem cells occurred following PARP1 inhibition and/or silencing relative to BRCA1/2-proficient
controls. The BRCA1/2 and PARP1 SL interaction was further substantiated in mouse models179,
thus validating PARP1 as a candidate drug target in BRCA1/2-deficient cancers.
The initial characterization of a SL interaction between BRCA1/2 and PARP1 spawned
several small molecule inhibitor screens and studies to identify novel PARP1 inhibitors181. Many
PARP1 inhibitors (e.g., Veliparib, CEP-9722, Rucaparib, E7016, BMN-673, etc.) are now being
evaluated as single agents and in combinatorial approaches within a number of tumor types (see
[182]). Olaparib (AstraZeneca; AZD-2281) is perhaps the best-known PARP1 inhibitor. Olaparib
is an orally active compound that inhibits PARP1 through competitive binding with NAD+ and
the first clinical report was published in 2009183. Early phase I clinical trials in breast cancers
with BRCA1/2-deficiencies suggested that Olaparib was well tolerated and may exhibit a
beneficial clinical response184. Taken together, PARP1 inhibition may represent the first highly
efficient application of synthetic lethality to selectively kill BRCA1/2-deficient cancers in a
precision medicine approach.
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1.6.5

Employing Knowledge-Based Direct Tests to Identify Novel Synthetic Lethal

Interactors
To expand beyond the prototypic BRCA1/2 PARP1 example described above, a similar
knowledge-based approach can be employed. There are several enzymes that function within the
HRR pathway that likely exhibit hypomorphic expression and/or function in various cancer
types. In fact, several cancer-associated alterations have been identified in important components
of the HRR pathway including RAD51, RAD54B, and RNF2052-54,171. Accordingly, these as well
as other HRR genes, may represent a repository of PARP1 SL interactors that should be tested in
human cells.
RNAi gene-silencing approaches are ideally suited for SL testing. A tumor suppressor or
DNA repair gene (i.e., cancer query gene) can be downregulated to model cancer-associated
alterations such as homozygous deletions, promoter hypermethylation, and nsSNPs that cause
loss-of-function. Downregulating or inhibiting a candidate SL interactor through RNAi or small
molecule inhibitors, respectively, and assaying for enhanced death compared to controls can
identify a novel SL interaction. Beyond the caveats associated with the silencing efficacy of
RNAi-based approaches and specificity concerns associated with small molecule inhibitors, there
are additional factors that impact the success of a knowledge-based approach. These factors
include cell- and tissue-specific gene expression profiles as well as genetic and functional
redundancy within certain pathways. For example, if a candidate interactor is not normally
expressed in a particular tissue, or alternatively a genetically redundant gene is expressed that
functionally compensates for the candidate interactor, a lethal phenotype will not occur. Finally,
the cellular contexts in which these experiments are performed such as transformed vs.
immortalized cell types, or combinatorial approaches involving chemotherapeutics that induce
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genotoxic stress, will undoubtedly impact gene expression profiles that may influence SL
interactions. Nevertheless, this approach has been successfully applied (detailed below) and
additional SL interactors continue to be identified using this approach.

1.7.0 Rationale, Hypotheses, and Aims
Cancer-associated alterations to the genes that encode histone modifying enzymes are now
being identified as drivers in the oncogenic process. RNF20 is an essential H2B E3 ubiquitin
ligase that functions in the HRR pathway and is altered in a variety of cancers including CRC,
breast and prostate. Accordingly, I have developed the following three hypotheses regarding the
study of hypomorphic RNF20 expression and/or function and its relevance to CRC. First, I
hypothesize that DOT1l-depletion or -inhibition will reduce mitotic levels of H3K79me2 and
cause CIN. Second, I posit that stably integrating a Cas9 expression cassette within the HCT116
genome will increase the CRISPR-Cas9 transfection and genome editing efficiency. Third, I
hypothesize that RNF20 and PARP1 are human SL interactors and accordingly PARP1-silencing
of -inhibition can selectively kill RNF20-depleted cells.

1.7.1 Chapter 3 - Mitotic Accumulation of Dimethylated Lysine 79 of Histone H3 is
Important for Maintaining Genome Integrity During Mitosis in Human Cells
Recent studies have revealed that certain histone post-translational modifications exhibit
dynamic and global increases in abundance that coincide with mitosis and exhibit essential roles
in maintaining genomic stability. H2Bub1 is regulated by RNF20, an E3 ubiquitin ligase that is
altered in many tumor types. Through an evolutionarily conserved trans-histone pathway,
H2Bub1 is an essential pre-requisite for subsequent downstream di-methylation events at lysines
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4 (H3K4me2) and 79 (H3K79me2) of histone H3. Although the role that RNF20 plays in
tumorigenesis has garnered much attention, the downstream components of the trans-histone
pathway, H3K4me2 and H3K79me2, and their potential contributions to genome stability remain
largely overlooked. Accordingly, we have generated the following three experimental aims.

Aim 1: To identify and characterize the normal spatial and temporal progression pattern of
RNF20, H2Bub1, and the downstream components of the H2Bub1 trans-histone
pathway, H3K4me2 and H3K79me2.
Aim 2: To determine whether any of these PTMs display dynamic changes that are
coincident with cell cycle progression.
Aim 3: To selectively deplete mitotic levels of H3K79me2 and evaluate CIN within a
model colorectal cancer cell line (HCT116).

1.7.2 Chapter 4 - Generation and Phenotypic Characterization of an HCT116-Cas9
Expressing Cell Line
The E3 ubiquitin ligase RNF20 is an attractive molecule for detailed study as hypomorphic
expression and/or function underlies genomic instability and occurs in a wide variety of cancer
types. To date, studies characterizing the abnormal cell biology associated with hypomorphic
RNF20 expression have been limited to RNAi approaches, which only produce transient and/or
incomplete protein depletion and may not accurately model the total loss of RNF20 predicted to
occur in certain cancers. Therefore, to ultimately generate RNF20-deficent cells we have
formulated the following three experimental aims.
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Aim 1: To employ lentiviral transduction to generate stable HCT116 Cas9 expressing cell
lines.
Aim 2: To phenotypically characterize HCT116-Cas9 expressing clones and identify a
Cas9 expressing clone that displays similar characteristics to parental HCT116
cells.
Aim 3: To employ HCT116-Cas9 cells in combination with the CRISPR-Cas9 genome
editing system to generate RNF20-deficient and PPIB-deficient cells.

1.7.3 Chapter 5 - RNF20 and PARP1 are Synthetic Lethal Interactors in Human Cells.
Several studies suggest that RNF20, and by extension mono-ubiquitinated histone H2B,
play important roles in the DNA HRR response within human cells. Many groups have
demonstrated that certain cancer cells bearing defects within the HRR pathway can be selectively
killed through PARP1 depletion or inhibition. Accordingly, we have specifically generated three
experimental aims to evaluate RNF20 and PARP1 as synthetic lethal interactors in human cells.

Aim 1: To determine if RNF20 is SL with PARP1.
Aim 2: To determine whether PARP1 inhibitors can functionally substitute for siRNA and
induce a SL phenotype.
Aim 3: To characterize the mechanism of cell death in RNF20-silenced cells following
BMN673 treatment.
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Chapter 2 - MATERIALS AND METHODS
2.1 Reagents
Appendix A (pg. 223) contains a list of solutions and reagents.
2.2 Cell Lines and Tissue Culture
For reference purposes, the cell lines employed in these studies are listed in Table 2.1.
HeLa (human cervical carcinoma) and HCT116 cells (human colorectal carcinoma) were
purchased from American Type Culture Collection (Rockville, MD). The immortalized (human
telomerase) hTERT normal skin fibroblasts (hereinafter known as hTERT) were a generous gift
from C. P. Case (University of Bristol, Bristol, UK). The Lenti-X 293T cells were purchased
from Clontech Laboratories (Takara Bio Company, Mountain View, CA). HeLa and HCT116
cells were grown in modified McCoy’s 5A media (HyClone, Logan, UT). hTERT and Lenti-X
293T cells were grown in Dulbecco’s modified Eagle’s media (DMEM, HyClone). All media
was supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO). Cell lines
were authenticated on the basis of recovery, viability, growth, morphology, and spectral
karyotyping185. All cells were maintained at subconfluent levels in a 37°C humidified incubator
containing 5% CO2. Cells were generally passaged every 2-3 days to maintain cell viability. In
brief, cell culture media was removed by aspiration and cells were rinsed with sterile phosphate
buffered saline (PBS) (Appendix A). To promote detachment from tissue culture plates, cells
were incubated at room temperature for six min in the presence of trypsin (0.05% + 0.53 mM
EDTA) (ThermoScientific). Trypsin was neutralized with complete media, cells were collected
and pelleted via centrifugation (500×g, 21°C, 5 min, Sorvall Legend XFR; ThermoScientific),
the supernatant was removed by aspiration, and the cell pellet was resuspended in sterile PBS to
promote a single cell suspension.
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Table 2.1: List of Cell Lines Employed
Cell LineA

Cat.B

Sex

Description

K. S.C

Approx. D.TD

HCT116

ATCC-CCL-247

Male

Epithelial
Colorectal
Carcinoma

StableF

18 h

hTERT

C.P CaseE

Male

Fibroblasts
Foreskin
Immortalized
(Telomerase)

Stable

36 h

Lenti-X
293T

Clontech632180

Female

Embryonic
Kidney
Transformed

Unstable

24 h

HeLa

ATCC-CCL-2

Female

Epithelial
Cervical
Carcinoma

Unstable

24 h

A

Name of cell line employed in study
Catalog number and supplier
C
Karyotypic stability
D
Approximate doubling time
E
Cell line was a gift from C.P Case (University of Bristol, Bristol, UK)
F
Karyotype: 45, X,-Y, der(10) dup(10)(q24;q26), t(10;16)(q24;q24), der(16) t(8;16)(q13;p13),
der(18) t(17;18)(q21;p11)
B
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2.3 Cell Synchronization and Mitotic Enrichment
A standard nocodazole arrest was employed to generate a mitotically-enriched cell
population (Chapter 3). In brief, asynchronously dividing HCT116 or hTERT cells were grown
in the presence of 15 nM nocodazole (Sigma-Aldrich) (Appendix A) for 14 h. Following
treatment, a mitotic ‘shake off’ technique, which employs mechanical force to detach and collect
loosely adherent mitotic cells, was used to further enrich the mitotic population. Flow cytometry
(detailed below) was performed to confirm mitotic enrichment and determine the percentage of
cells arrested in G2/M relative to asynchronously dividing controls. In addition, digital imaging
microscopy (detailed below) was performed on DNA-counterstained (Hoechst-33342
[300ng/mL], Sigma-Aldrich) chromatin to visually confirm cells were arrested in a
prophase/prometaphase state.

2.4 Flow Cytometry
Flow cytometry was employed to confirm mitotic enrichment following nocodazole
treatment as well as to evaluate changes in the cell cycle progression of DOT1L-silenced and
DOT1L-inhibited cells compared to controls (Chapter 3). An overview of flow cytometry
fixation, staining and analyses are detailed below.

2.4.1 Ethanol Fixation
Subconfluent and asynchronously-dividing or mitotically-enriched cells were detached,
pelleted, resuspended in 10 mL ice cold PBS and transferred to a sterile 15 mL conical
(Sarstedt). In order to remove residual amounts of trypsin, cell suspensions were pelleted (500×g,
21°C, 5 min, Sorvall Legend XFR), PBS was removed by aspiration and cells were resuspended
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in 10 mL ice cold PBS. To determine cell concentrations, 40 µl of cell solution was combined
with 40 µl of 0.2% Trypan Blue Stain (Invitrogen) and approximate cell concentrations were
identified using a Cedex XS Cellular Analyzer (Roche). A volume representing approximately
2.0 × 106 cells was transferred to a 5 mL round-bottom tube (BD Falcon; VWR, Mississauga,
Ontario), cells were pelleted by centrifugation (500×g, 21°C, 5 min, Sorvall Legend XFR) and
PBS was removed by aspiration. To avoid cell aggregates, cells were fixed and permeablized
with ice-cold 70% ethanol (Appendix A), added in a drop-wise manner, under continuous
agitation. Cells were stored at 4°C for a minimum of 16 h prior to propidium iodide staining and
flow cytometric analysis.

2.4.2 Propidium Iodide Staining
Following ethanol fixation, cells were pelleted (700×g, 4°C, 10 min, Sorvall Legend
XFR), ethanol was removed and cells were resuspended in a 1 mL PBS solution containing 60
µM propidium iodide (Appendix A) and 25 µM RNase A (ThermoScientific) (Appendix A).
Cells were protected from light and incubated at 37°C for 30 min. Finally, cells were pelleted,
resuspended in 500 µl PBS and stored on ice prior to flow cytometric analysis.

2.4.3 Flow Cytometric Analysis
All cells were analyzed using a Becton Dickinson FACS Calibur cytometer (BD Cell
Quest Pro Software, version 0.4.cf2b) according to standard procedures. Initial instrument setup
was performed on asynchronously dividing control cells counterstained with propidium iodide.
Events were gated according to standard forward scatter and side scatter parameters. Three
replicates of 10,000-gated events were collected for each sample. Flow cytometry data were
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imported into FlowJo (version 10.0.5) for analysis. Events representing cellular aggregates,
based on standard FL2-A and FL2-W parameters, were excluded from analysis. Finally, the cell
cycle analysis option contained within FlowJo was utilized to determine the percentage of cells
within G0/G1, S and G2/M. Representative cell cycle histograms were generated in FlowJo and
exported to Photoshop Creative Suite 5 (Adobe) for figure assembly.

2.5 Immunoblotting
In general, immunoblots were performed to identify the relative protein abundance
following depletion by siRNA or shRNA approaches (Chapter 3 and 5). In addition,
immunoblots were employed to identify the relative abundance of specific histone PTMs
throughout the cell cycle (Chapter 3) and Cas9 expression levels (Chapter 4). The primary and
secondary antibodies employed in all immunoblot assays and their working dilutions are listed in
Table 2.2. Generally, loading controls included α−tubulin; unmodified histone H3; or copper
phthalocyanine tetrasulfonic acid tetrasodium salt (CPTS) (Appendix A), a protein stain. For
whole cell lysates (detailed below), 30 µg was loaded per well. For nuclear extracts (detailed
below), 4 µg was loaded per well.
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Table 2.2: List of Antibodies Employed
EpitopeA

Cat.B

Species

[Immunoblot]C

[IIF]D

ChapterE

Primary Antibodies
α-Tubulin
ab7291
RNF20
ab32629
H2B
ab1790
H2Bub1
05-1312
H3
ab10799
H3K4me2
ab32356
H3K79me2
ab3594
H3S10Phos
ab14955
DOT1L
ab180483
Cas9
MAC133
PPIB
ab16045
PARP1
ab6079
γ-H2AX
ab2893
Caspase-3
ab13847
(Cleaved)

Mouse
Rabbit
Rabbit
Mouse
Mouse
Rabbit
Rabbit
Mouse
Mouse
Mouse
Rabbit
Rabbit
Rabbit
Rabbit

1 in 20,000
1 in 8,000
1 in 7,000
1 in 10,000
1 in 6,000
1 in 10,000
1 in 15,000
n/a
1 in 2,000
1 in 10,000
n/a
1 in 3,000
n/a
n/a

n/a
1 in 400
n/a
1 in 200
n/a
1 in 400
1 in 400
1 in 2,000
n/a
1 in 200
1 in 400
n/a
1 in 1,000
1 in 1,000

3-5
3-5
3, 5
3, 5
3
3
3
3
3
4
4
5
5
5

Secondary Antibodies
Rabbit
A11034
IgG-Alexa Fluor 488

Goat

n/a

1 in 200

3-5

Goat

n/a

1 in 200

3-5

Mouse
IgG-Cy3

A10521

Rabbit
IgG-HRP

111-035-006 Goat

1 in 15,000

n/a

3-5

Mouse
IgG-HRP

115-035-146 Goat

1 in 10,000

n/a

3-5

A

Epitope targeted by antibody
Catalog number
C
Antibody concentration employed for immunoblot detection
D
Antibody concentration employed for indirect immunofluorescent imaging
E
Thesis Chapter where reagent was employed
n/a: not applicable
B
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2.5.1 Whole Cell Lysate Preparation
In general, protein lysates were directly harvested from treated or control cells grown in
6-well tissue culture plates (BD Falcon; VWR). All protein extraction steps were performed at
4°C. Briefly, growth media was removed and cells were rinsed twice with ice-cold PBS. Tissue
culture plates were equilibrated to 4°C (~5 min) prior to the addition of 300 µl/well
radioimmunoprecipitation assay buffer (RIPA, Appendix A) plus protease inhibitor (cOmplete
EDTA-free; Roche) (Appendix A). Following a 5 min incubation period, whole protein lysates
were collected and transferred to a sterile 1.5 mL microcentrifuge tube. Samples were further
disrupted by probe sonication (Branson Ultrasonics, Danbury, Connecticut, 2 sec, 50% duty
cycle, output 6) and insoluble cellular debris was pelleted by table top centrifugation (13,225×g,
4°C, 1 min, Heraeus Biofuge Fresco, ThermoScientific). The protein soluble supernatant was
transferred to a sterile 1.5 mL microcentrifuge tube and samples were place at -80°C for storage
prior to protein quantification by bicinchoninic acid assay (ThermoScientific)(detailed below).

2.5.2 Acid-Extraction of Nuclear Proteins
Cells were detached, pelleted, washed twice in ice cold PBS, counted, and resuspended to
a concentration of 10.0 × 106 cells/mL. Approximately 10.0 × 106 cells (i.e. 1 mL) were
transferred to a sterile 1.5 mL microcentrifuge tube and pelleted by table top centrifugation
(500×g, 4°C, 5 min). PBS was decanted and cells were lysed for 1 min in 1.0 mL ice-cold nuclei
buffer (Appendix A) plus protease inhibitor (Roche). Nuclei were pelleted by table top
centrifugation (3,000×g, 4°C, 2 min, Heraeus Biofuge Fresco, ThermoScientific) and the soluble
cytoplasmic fraction (supernatant) was transferred to a sterile 1.5 mL microcentrifuge tube and
stored at -80°C. To extract the acid-soluble nuclear proteins (predominantly histones), nuclei
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were resuspended in 570 µL of de-ionized water, sulfuric acid was added to a concentration of
0.4 N, and samples were incubated at 4°C for a minimum of 1h to a maximum of 12 h. Insoluble
nuclear debris was pelleted by table top centrifugation (13,225×g, 4°C, 10 min, Heraeus Biofuge
Fresco, ThermoScientific) and the acid-soluble fraction (supernatant) was transferred to a sterile
1.5 mL microcentrifuge tube containing 60 µL Tris Buffer, pH 8.0 (Appendix A). The acidic
solution was neutralized with 40 µL of concentrated sodium hydroxide (10N) and samples were
placed at -80°C for storage prior to protein quantification by bicinchoninic acid assay (detailed
below).

2.5.3 Protein Quantification via Bicinchoninic Acid Assay
Protein concentrations were quantified using a Pierce Bicinchoninic Acid Assay kit
(ThermoScientific). In order to generate a standard curve, 9 samples of known concentrations
were arrayed in triplicate across a 96-well plate (Corning). For unknown samples, 5 µL aliquots
were deposited in triplicate into adjacent wells. The assay plate was incubated at 37°C for 45 min
in the dark. Following incubation, a Cytation 3 (BioTek) high-content imager was employed to
acquire 562 nm absorbance measurements for each well. Standard curves were generated by
Gen5 software and unknown concentrations are calculated

2.5.4 Protein Resolution via Electrophoresis and Immunoblotting
Samples were diluted to identical concentrations and denatured for 10 min at 95°C in the
presence of 5× sample loading buffer (Appendix A). All denaturing polyacrylamide MiniProtean TGX Precast Gels were purchased from Bio-Rad (Hercules, California). Generally,
larger proteins (>50 kDa) were resolved on a 7.5% precast gel and smaller proteins
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(predominantly histones, <50 kDa) were resolved on a 4-20% gradient gel. Following
denaturation, approximately 4 µg or 30 µg of acid-soluble or whole cell lysate was loaded in
each well, respectively. Gels were electrophoresed at a constant 140 volts (Bio-Rad, Power Pac
1000) in a Mini-Protean electrophoretic tank (Bio-Rad) containing 1X Running Buffer
(Appendix A) for approximately 65 min at 4°C. Proteins were electrophoretically transferred at a
constant 14 volts to an activated 0.45 µm polyvinylidene fluoride (PVDF) membrane in a TransBlot SD Semi-Dry Transfer Cell (Bio-Rad) containing 1X transfer buffer (Appendix A), for
approximately 45 min at room temperature. Protein transfer was verified by Copper
phthalocyanine 3,4’,4’’,4’’’-tetrasulfonic acid tetrasodium salt (CPTS) (Appendix A) staining, a
total protein stain. Briefly, membranes were lightly agitated for 10 min in 25 mL CPTS followed
by a 5 min wash in a Tris-buffered saline solution containing 0.1% Tween 20 (TBST, Appendix
A). After protein transfer was confirmed, membranes were blocked with 5% non-fat milk
(Appendix A) in TBST at room temperature for 1h under gentle agitation. Following blocking,
membranes were sealed in a plastic film containing a primary antibody solution (antibody +
TBST + 5% milk) diluted to an appropriate working concentration (Table 2.2). Membranes were
incubated overnight at 4°C on an orbital shaker. The next day, membranes were washed three
times with TBST (10 min each) and incubated with a secondary antibody solution (antibody +
TBST + 5% milk) diluted to an appropriate working concentration (Table 2.2). Membranes were
incubated for 1 h at room temperature under gentle agitation. Following secondary antibody
incubation, membranes were washed as above, and incubated in 4 mL of enhanced
chemiluminescent substrate (SuperSignal West Dura, ThermoScientific) for 5 min at room
temperature. Finally, membranes were deposited on to a clear plastic sheet and immunoblot
images were acquired using a MyECL imager equipped with a 16-bit, 4.2 megapixel,
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thermoelectrically regulated (-25°C) charge-coupled device camera (ThermoScientific).
Immunoblot exposure times were optimized to produce zero pixel saturation and maximum
dynamic range. Images were saved as Tiff files and figures were assembled in Photoshop
Creative Suite 5 (Adobe).

2.5.5 Semi-Quantitative Immunoblot Analysis
Semi-quantitative immunoblot analyses were performed in all Chapters to evaluate
changes in protein abundance. Following image acquisition, Tiff images were imported into
ImageJ (v1.48s) and raw mean signal intensities were measured for proteins of interest and
loading controls. In addition, background signal intensities were measured for proteins of interest
and loading controls. Background signal intensities were subtracted from the raw mean signal
intensities to yield a background-subtracted net signal intensity that was employed for
subsequent semi-quantitative calculations. To account for minor variations in protein loading,
proteins of interest were normalized to their respective loading controls. Normalized values were
divided by experimental controls (e.g. siGAPDH), and fold-change was calculated and annotated
within immunoblot figures using Photoshop Creative Suite 5 (Adobe).

2.6 siRNA-Based Silencing
For siRNA silencing, a lipid-based transfection reagent (RNAiMAX; Invitrogen,
Carlsbad, CA) was employed to deliver siRNA duplexes into HCT116 and hTERT cells.
HCT116 cells were seeded in six-well plates at a density of 210,000 cells/well and permitted to
grow for 24 h prior to treatment. hTERT cells were seeded in six-well plates at a density of
130,000 cells/well and permitted to grow for 24 h prior to treatment. Cells were transfected
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according to the standard RNAiMAX protocol with 30 pmol of siRNA diluted in 6 µl of
RNAiMAX. Cell culture media were replaced 24 h post-transfection and every 48 h thereafter.
Immunoblots were preformed as described to assess changes in protein abundance following
silencing. All siRNAs were purchased from Dharmacon. The following catalog numbers were
employed: RNF20 LU-007027-00-0002, DOT1L LU-014900-01-0002, PARP1 LU-006656-030002. Sequences are property of Dharmacon.

2.7 DOT1L Inhibition
For DOT1L inhibition, cells were seeded as above and incubated with 5 µM SGC0946
(Appendix A) (Selleck Chemicals, Houston, TX) or DMSO (vehicle control). Cells were
incubated with chemicals for either 2 or 48 h prior to analysis (Chapter 3).

2.8 Mitotic Chromosome Spreads
Mitotic chromosome spreads were employed to evaluate the number of chromosomes
within DOT1L-silenced or -inhibited cells (Chapter 3) and HCT116-Cas9 expressing clones
(Chapter 4). Following treatment, cells were detached and pelleted by centrifugation. Cell culture
media was removed and cells were incubated in a 5 mL 75 mM KCl hypotonic solution
(Appendix A) at room temperature for 10 min. Following hypotonic treatment, cells were
chemically fixed with a 1 mL mixture of methanol and acetic acid at a ratio of 3:1. Three rounds
of cell pelleting, fixative removal and fresh fixative replacement were performed. Finally, cells
were resuspended in 5 mL fixative and stored at 4°C for subsequent use. To generate mitotic
spreads, cell solutions were drawn into a 200 µl pipettor and dropped onto a pre-cleaned
Surgipath glass slide (ThermoScientific) at a distance of approximately 0.5 m. To fix
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chromosomes in situ, slides were desiccated on a 37°C hotplate and immediately submerged in a
50% acetic acid solution. Chromatin was stained with 0.5 µg/mL 4’,6-diamidino-2-phenylindole
(DAPI, Appendix A) in mounting media overnight at 4°C and slides were imaged with a 40×
objective by digital imaging microscopy. Images were imported into ImageJ and a minimum of
100 mitotic chromosome spreads for each condition was manually evaluated. Chromosome
counts were exported to Prism (GraphPad) and statistically significant differences in
chromosome numbers were evaluated.

2.9 Mitotic Defect Analysis Based on Chromatin Morphology
HCT116 cells were grown in 96-well optically clear bottom tissue culture plates (Nunc,
ThermoScientific) and treated as detailed in DOT1L silencing and DOT1L inhibition above. To
easily identify mitotic cells, samples were immunolabeled with an antibody targeting
phosphorylated serine 10 of histone 3 (H3S10Phos)70. Nine non-overlapping images/well were
acquired with a Cytation 3 Imager (BioTek) equipped with a 10× long working distance air
objective (UPLFLN103; NA = 0.3). Each experimental condition was repeated at least four times
and a minimum of 275 mitotic cells were evaluated per treatment condition (siGAPDH,
siDOT1L, DMSO, SGC0946). Mitotic defects were visually identified by aberrant chromatin
morphology and included chromosome congression errors, lagging chromosomes, and anaphase
bridges. The frequencies of mitotic defects were calculated and the fold-change relative to
controls (siGAPDH or DMSO) are presented.
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2.10 Lentiviral and Stable Cell Line Production
High-titer Edit-R Lentiviral Cas9 nuclease vectors were directly purchased from
Dharmacon (Lafayette, CO) and employed in Chapter 4 to produce stable HCT116-Cas9 cell
lines (detailed in results section, Chapter 4). Lentiviruses were generated and employed in
Chapter 5 to produce stable HCT116-shRNA cells (detailed below).

2.10.1 pGIPZ Lentiviral shRNA Plasmid Preparations
shRNAs were purchased from Dharmacon. Catalog number RNF20 RHS4531-EG56254.
Sequences are property of Dharmacon. 5 mL Luria-Bertani broth solutions containing 60 µg/mL
carbenicillin (Appendix A) (Sigma Aldrich) were inoculated with a 5 µl inoculum derived from
pre-existing pGIPZ shRNA glycerol stocks. Broth cultures were grown overnight at 37°C under
moderate agitation. The following day, plasmids were harvested and purified using a QIAprep
Spin Miniprep kit according to the manufacturers directions (Qiagen). DNA concentrations and
purities were measured using a Nano-Drop spectrophotometer (ThermoScientific). DNA was
stored at -20°C.

2.10.2 Lentiviral Production
For lenti-viral production, approximately 4.5 × 106 Lenti-X 293T cells were seeded into a
100mm plate and incubated at 37°C for 24 h in DMEM media containing 10% tetracycline-free
FBS. The following day, cells were transfected as detailed in the Lenti-X HTX Packaging system
protocol (Clontech). Briefly, 7 µl of pGIPZ shRNA DNA (1 µg/ µl) was mixed with 36 µl of
Lenti-X HTX Packaging Mix 2 (Clontech) and 557 µl of Xfect reaction buffer (Clontech) in a 2
mL microcentrifuge tube. In a separate 2 mL microcentrifuge tube, 7.5 µL of Xfect polymer
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(Clontech) was mixed with 592.5 µL of Xfect reaction buffer. Both tubes were agitated for 10
seconds, mixed together, and incubated at room temperature for 10 minutes to allow nanoparticle
complexes to form. The transfection solution was added drop-wise to the cells and plates were
incubated for 12 h at 37°C. Following transfection, cell culture media was replaced with fresh
pre-warmed DMEM containing 10% tetracycline-free FBS. Cells were grown for an additional
48 h at 37°C prior to lentivirus harvesting. A commercially available lentiviral detection kit
(Lenti-X GoStix, Clontech) was employed to confirm the presence of virus. Lentivirus
containing media was filtered through a low protein binding 0.2 µm filter (Millipore, Billerica,
MA) to remove cellular debris, transferred to a sterile 50 mL conical, and cooled to 4 °C. A
commercially available Lenti-X concentrator kit (Clontech) was employed to increase lentiviral
concentrations. Approximately 3 mL of Lenti-X concentrator was added to the viral solution and
the mixture was incubated at 4°C for 16 h. Following incubation, lentiviruses were pelleted by
centrifugation at 1,500 ×g for 45 min at 4 °C. The clarified supernatant was removed by
aspiration and discarded according to biosafety standards for lentiviral containing media. The
lentiviral pellet was resuspended in 1 mL sterile ice-cold PBS and stored at -80°C prior to use.

2.10.3

Lentiviral Transduction

For lentiviral transduction, approximately 50,000 HCT116 cells/well were seeded into a
24-well plate (Costar, Corning, NY) and infected the following day. Lentiviral titers were not
determined. Accordingly, a 2-fold serial dilution ranging from a virus-to-media ratio of 1:2 to
1:64 was performed across 6 wells to limit the number of cells infected and increase the
likelihood of a single integration event within target cells. Cell culture media was removed and
100 µl of transduction solution (serum-free media plus diluted virus) was added. Cells were
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incubated at 37°C for 4 h. Following the initial transduction period, 400 µl of pre-warmed
complete media was added and cells were incubated overnight. The following day, viralcontaining media was disposed of according to biosafety standards and 500 µl of pre-warmed
complete media was replaced. Approximately 48 h post-transduction, cell culture media was
replaced with selective media (McCoy’s 5A + 1 µg/mL Puromycin [Clontech]). Cells were
cultured in selective media until distinct colonies were observed (~5 days). To prevent selecting
cells with multiple integration events, only wells containing 10 distinct colonies or less were
chosen for expansion. Cells were expanded and early passages were cryogenically preserved.

2.11 Immunofluorescent Labeling
Immunofluorescent labeling and imaging was employed in to identify changes in protein
abundance and localization throughout the cell cycle (Chapter 3), Cas9 expression levels
(Chapter 4), and the abundance of surrogate markers of DNA damage and Apoptosis (Chapter 5).

2.11.1 Indirect Immunofluorescent Labeling.
Asynchronous cells were seeded onto sterilized glass coverslips one day prior to analysis,
such that they were ~80% confluent the following day. Cells were fixed in a 4% formaldehyde
PBS solution (Appendix A) for 10 min at room temperature. Following fixation, fixative was
removed and cells were rinsed twice with PBS. Cells were permeablized in a 0.5% Triton X-100
PBS solution (Appendix A) for 10 min at room temperature and rinsed twice with PBS.
Coverslips were inverted onto parafilm containing 30 µL of primary antibody solution (antibody
+ PBS) diluted to an appropriate working concentration. Table 2.2 presents the antibodies and
dilutions employed. Coverslips were incubated at room temperature overnight in a humidified

64

chamber to prevent desiccation. Coverslips were rinsed twice in PBS, once in a 0.1% Triton X100 PBS solution (Appendix A), and inverted onto parafilm containing 30 µl of secondary
antibody solution (antibody + PBS) diluted to 1 in 200. Coverslips were incubated at room
temperature for 2 h in a humidified chamber protected from light. Coverslips were rinsed twice
in PBS, once in a 0.1% Triton X-100 PBS solution, twice in PBS, inverted onto a glass slide
containing ~10 µL of DAPI in mounting media, and stored at 4°C overnight protected from light.
The following day, slides were rinsed with nano pure water to remove residual PBS solids prior
to imaging. Several assays were performed to evaluated antibody specificity (see 2.12 below).
Notably, an additional antigen retrieval step was required prior to indirect
immunofluorescence labeling with the H2Bub1 antibody. Briefly, cells were fixed in
paraformaldehyde for 10 min, washed twice in nanopure water, permeablized with ice-cold (20°C) acetone for 2 min, and rinsed five times with nanopure water. Cells were incubated in 2 N
HCl for 15 min at room temperature prior to neutralization with two washes of 0.1 M NaBorate
(pH 8.5) for 2 min each. Cells were incubated in PBS for 5 min prior to indirect
immunofluorescent labeling as detailed above.

2.12 Antibody Validation - Peptide Competition and Dot Blot Assays
Antibody epitope specificities were evaluated by immunofluorescent peptide competition
assays and dot blot assays. Briefly, the H2Bub1, H3K4me2, and H3K79me2 antibodies were
pre-incubated at a 10-fold molar excess with specific or nonspecific peptides at 4°C for 16 hr and
indirect immunofluorescent imaging was performed as described. Dot blot assays were
performed by dispensing 20 ng of each peptide (controls or experimental) onto a 0.2-µm PVDF
membrane. Peptide aliquots were allowed to dry and antibody specificity was determined using a
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standard immunoblot blot approach. Although the above standard antibody specificity assays
were performed, there remains the possibility of target epitope occlusion by a histone PTM
found on a nearby residue. The H2Bub1 peptide was custom synthesized by Biomatik
(Cambridge, ON, Canada), while the remaining peptides were purchased from Abcam: H2B
(ab5489), H3 (ab7228), H3K4me1 (ab8895), H3K4me2 (ab7766), H3K4me3 (ab8580),
H3K79me1 (ab4555), H3K79me2 (ab4556), and H3K79me3 (ab4557).

2.13 Image Acquisition
In general, two complementary digital imaging platforms were utilized, widefield highresolution imaging and widefield high-content imaging (Chapter 3-5). High-resolution digital
imaging microscopy was performed using an AxioImager.Z1 (Carl Zeiss, Toronto, ON)
microscope equipped with a 12-bit gray scale AxioCam HRm charge-coupled device camera and
a Z-stage motor. All images were collected with either a 40x oil-immersion plan-neofluar lens
[numerical aperture (NA) = 1.3] or a 63x oil-immersion plan-apochromat lens (NA = 1.4). All
three-dimensional (3D) image series were acquired at 200-nm intervals and saved as 16-bit Tiff
images. High-content imaging microscopy was performed using a Cytation 3 imager (BioTek,
Winooski, Vermont) equipped with a 16-bit gray scale 1.25 megapixel Sony charge-coupled
device camera and a motorized stage. All images were automatically focused and collected with
a 10× long working distance air lens (UPLFLN103; NA = 0.3). All images were saved as 16-bit
Tiff images.

2.14 Image Analyses
Detailed below are the types of image analyses employed within this thesis.
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2.14.1 Semi-Quantitative Signal Intensity Normalization and Analyses
Semi-quantitative immunofluorescent imaging was employed to compare the levels of
H3K79me2

between

interphase

and

mitotic

cells

and

identify

the

role

DOT1L

depletion/inhibition plays in modulating mitotic levels of H3K79me2 (Chapter 3). Twodimensional indirect immunofluorescent imaging was employed to acquire a minimum of 20
interphase and 20 mitotic cells (prophase, prometaphase, and metaphase) for control and
experimental conditions. All images were collected with identical exposure times and semiquantitative imaging analyses were used to reveal changes in the global abundance of a particular
fluorescently labeled epitope. Images were imported into ImageJ software (v1.48s) and mean
fluorescent signal intensities were determined for both the DAPI and H3K79me2 channels on a
cell-by-cell basis. To account for increases in histone content associated with DNA replication,
H3K79me2 signal intensities were normalized to the corresponding DAPI intensities.
Normalized H3K79me2 signal intensities were exported into Prism v6 software for statistical
analyses.

2.14.2

Line Scans
Line scans were employed to demonstrate that epitopes investigate within Chapter 3

(RNF20, H2Bub1, H3K4me2 and H3K79me2) localize within the nucleus in a non-random
pattern. A single representative line was placed through an entire nucleus for each epitope
investigated and a fluorescence intensity profile was generated for each channel using the plot
profile tools in ImageJ (v1.48s). Relative fluorescent intensity values were plotted in Prism to
allow for the comparison of fluorescent intensities between channels on a pixel-by-pixel basis.
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Graphs were exported as Tiff images and assembled in panels using Photoshop Creative Suite 5
(Adobe).

2.14.3 High-Content Analysis of Dual siRNA Silencing Experiments
High-content microscopy was employed to identify the number of cells remaining
following dual silencing experiments (siGAPDH + siRNF20) or (siGAPDH + siPARP1) or
(siRNF20 + siPARP1) (Chapter 5). Approximately 210,000 HCT116 cells or 130,000 hTERT
cells were seeded into each well of a 6-well plate. Cells were incubated at 37°C for
approximately 24 h prior to siRNA transfection. HCT116 and hTERT cells were transfected as
detailed above (2.6 siRNA-Based Silencing). Approximately 24 h post-transfection, cells were
detached, pelleted, resuspended in PBS and counted. Cells were diluted in pre-warmed complete
media to a concentration of 4,000 cells/200 µl. Approximately 200 µl (~4,000 cells) was
dispensed into each well of a 96-well optically clear plastic bottom plate (Nunc,
ThermoScientific) and cells were incubated at 37°C for 72 h. Following incubation, cells were
fixed in 4% formaldehyde for 15 min. Fixative was removed and nuclei were counterstained with
200 µl of Hoechst 33342 (300 ng/mL) (Appendix A) (Sigma) at 4°C overnight. Images were
acquired using a Cytation 3 high-content imager (BioTek) and Gen5 software. Nine central and
non-overlapping images were acquired per well, and the total number of nuclei in each well was
determined by automated nuclei counting software (Gen5). All data were imported into Excel
and cell numbers were normalized to a siGAPDH control. Relative cell numbers (%) were
imported into Prism v6.0 (GraphPad) for statistical analysis.
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2.14.4 High-Content Analysis of RNF20-silenced Cells Remaining Following Olaparib or
BMN673 Treatment
High-content microscopy was employed to identify the number of siGAPDH or siRNF20
cells remaining following Olaparib or BMN673 treatment (Chapter 5). Approximately 210,000
HCT116 cells or 130,000 hTERT cells were seeded into each well of a 6-well plate. Cells were
incubated at 37°C for approximately 24 h prior to siRNA transfection. HCT116 and hTERT cells
were transfected as detailed above (2.6 siRNA-Based Silencing). Approximately 24 h posttransfection, siGAPDH and siRNF20 cells were detached, pelleted, resuspended in PBS and
counted. Cells were diluted in pre-warmed complete media to a concentration of 4,000 cells/200
µl. Approximately 200 µl (~4,000 cells) was dispensed into each well of a 96-well optically clear
plastic bottom plate (Nunc, ThermoScientific) and cells were incubated at 37°C overnight. The
following day, a 5-fold serial dilution of Olaparib (Appendix A) (Cayman Chemicals, Ann
Arbor, MI) or BMN673 (Appendix A) (Cayman Chemicals) was prepared such that 9 unique
concentrations could be dispensed in sextuplet (i.e. 6-wells) across the 96-well plate. For
Olaparib, final concentrations ranged from 500 µM to 256 pM. For BMN673, concentrations
ranged from 100 µM to 31 pM. Cells were incubated in the presence of BMN673, Olaparib, or
DMSO vehicle control for 72 h and fixed in 4% formaldehyde for 15 min. Following fixation,
fixative was removed and nuclei were counterstained with 200 µl of Hoechst 33342 (300 ng/mL)
(Appendix A) (Sigma) at 4°C overnight. Images were acquired using a Cytation 3 high-content
imager (BioTek) and Gen5 software. Nine central and non-overlapping images were acquired per
well, and the total number of nuclei in each well was determined by automated nuclei counting
software (Gen5). All data were imported into Excel and cell numbers were normalized to DMSO
drug vehicle controls. Relative cell numbers were imported into Prism v6.0 (GraphPad), standard
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dose response curves were generated, and the SF50 (surviving fraction; drug concentration at
which 50% of the cells remained) was identified for Olaparib and BMN673. Drug concentrations
that produced the greatest reduction in siRNF20 cells and not siGAPDH cells were identified as
800 nM Olaparib and 6.4 nM BMN673 for HCT116 and 32 nM Olaparib and 1.28 nM BMN673
for hTERT. These working concentrations were employed throughout the remainder of our
study.

2.14.5 High-Content Analysis of γH2AX and Activated-Caspase 3 Levels Following
BMN673 Treatment.
High-content, semi-quantitative imaging microscopy was employed to evaluate increases
in γH2AX and activated-caspase 3 signal intensities following BMN673 treatment (Chapter 5).
RNF20-silenced cells (siRNF20 or shRNF20) or controls (siGAPDH or shGAPDH) were seeded
into a 96-well optical plates and treated with 6.4 nM BMN673 for 48 h prior to 4% formaldehyde
fixation for 15 min. Following fixation, cells were immunofluorescently labeled using the
protocol detailed above with the exception that cells were directly labeled within 96-well plates
and a volume of 60 µl of antibody solution was employed. Images were acquired using a
Cytation 3 high-content imager (BioTek) and analyzed with Gen5 software. All images were
collected with identical exposure times and thus changes in signal intensity reflected changes in
the levels of γH2AX and activated-caspase 3. Nine central and non-overlapping images were
acquired per well, and the mean γH2AX or activated-caspase 3 signal intensity was calculated
for each well. All data were imported into Prism v6.0 (GraphPad) for statistical analysis.
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2.15

Colony Formation Assays
A soft agar, colony-forming assay was performed to evaluate prolonged exposure of

BMN673 to shGAPDH and shRNF20 cells (Chapter 5). Approximately 5,000 shGAPDH or
shRNF20 cells/well were embedded in a 6-well plate containing low melt agar plus media. All
conditions were performed in triplicate. Cells were permitted to grow for 3 days to establish
colonies prior to the addition of BMN673 or DMSO. Fresh media containing BMN673 or
DMSO were replaced every 2- to 3-days for a 14 day period. Following treatment, cells were
fixed with 4% formaldehyde for 5 min. Remaining colonies were amenable to fluorescent
imaging as pGIPZ shRNA plasmids also contain a GFP-expression cassette. Low magnification
images were acquired using a MyECL imager equipped with a fluorescent filter cube and a 16bit, 4.2 megapixel camera. Exposure times were optimized to produce zero pixel saturation and
maximum dynamic range. Black and white images were exported into ImageJ and inverted for
analyses. Image intensity thresholds were applied to identify colonies within the wells. Threshold
values of 172 (lower threshold level) to 255 (upper threshold level) were used for all images. The
analyze particles function was employed to identify the number and sizes of colonies remaining
in each well. All data were imported into Prism, normalized to the DMSO-treated control, and
Student’s t-tests were performed to identify statistically differences in mean colony numbers and
sizes between treatments.

2.16 Image Preparation and Presentation
Following image acquisition, two- or three-dimensional images were saved as Tiff files
and exported to Imaris (Bitplane, V8.1.2). To ensure accurate scale bar measurements, the voxel
dimensions of the image was adjusted to match the pixel dimensions of the camera. For
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reference, voxel dimensions were 0.120 µm × 0.120 µm × 0.2 µm and 0.16125 µm × 0.16125
µm × 0.2 µm for the 40× and 63× objectives, respectively. For ease of viewing, brightness and
contrast were adjusted for individual channels, and individual channels were exported as black
and white Tiff images. When multiple channels were displayed on a single image (Merge),
individual channels were pseudocolored red, green or blue. Figures were assembled and
annotated in Photoshop Creative Suite 5 (Adobe).

2.16.1 Image Deconvolution
Image deconvolution was performed on 3D images in order to re-assign the out of focus
light and increase image resolution (Chapters 3). Image deconvolution was performed using a
maximum-likelihood expectation deconvolution in AutoQuant X3 (Media Cybernetics), using a
constrained iterative algorithm and theoretical point spread functions for 460-nm (DAPI), 505nm (Alexa Fluor 488), and 565-nm (Cy3) emission wavelengths. Deconvolved images were
imported into Imaris (Bitplane) and brightness and contrasted were adjusted on displayed images
(identically for compared image sets).

2.17 Statistical Approaches and Analyses
Brief descriptions of the statistical methods employed within this thesis are included
below. All statistical tests were performed in Prism statistical software (GraphPad). For reference
purposes, p-values of <0.05 are considered statistically significant.
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2.17.1 Analysis of Variance (ANOVA) and Tukey-Kramer Post-tests
Analysis of variance (ANOVA) was employed throughout this thesis where three or more
means are compared. ANOVA analyzes variation within a group and between groups to
ultimately provide a statistical test of whether or not the means of two or more groups are equal.
Following ANOVA testing, Tukey-Kramer post-tests are performed. Tukey-Kramer Posttests are employed throughout this thesis where all means are systematically compared to
identify all pair-wise statistical combinations.

2.17.2

Student’s t-tests
Student’s t-tests are employed throughout this thesis to identify statistically significant

differences between two means that are assumed to follow a Gaussian distribution and exhibit
equal variance within each group.

2.17.3 The Multiplicative Model
The multiplicative model is employed in Chapter 5 to evaluate if dual silencing (siRNF20
+ siPARP1) results in a greater reduction in cell numbers than what is predicted by multiplying
the relative percentage of cells remaining from each of the individual control conditions
(siGAPDH + siRNF20) × (siGAPDH + siPARP1). A greater reduction in siRNF20 + siPARP1
cells numbers indicates a greater than additive effect and suggests a SL interaction.
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Chapter 3

MITOTIC ACCUMULATION OF DI-METHYLATED LYSINE 79 OF HISTONE H3 IS
IMPORTANT FOR MAINTAINING GENOME INTEGRITY DURING MITOSIS IN
HUMAN CELLS.
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3.1 Abstract
The loss of genome stability is an early event that drives the development and
progression of virtually all tumor types. Recent studies have revealed that certain histone posttranslational modifications exhibit dynamic and global increases in abundance that coincide with
mitosis and exhibit essential roles in maintaining genomic stability. Histone H2B ubiquitination
at lysine 120 (H2Bub1) is regulated by RNF20, an E3 ubiquitin ligase that is altered in many
tumor types. Through an evolutionarily conserved trans-histone pathway, H2Bub1 has been
shown to modulate subsequent downstream di-methylation events at lysines 4 (H3K4me2) and
79 (H3K79me2) of histone H3. Although the role that RNF20 plays in tumorigenesis has
garnered much attention, the downstream components of the trans-histone pathway, H3K4me2
and H3K79me2, and their potential contributions to genome stability remain largely overlooked.
In this study, we employ single-cell imaging, and biochemical approaches to investigate the
spatial and temporal patterning of RNF20, H2Bub1, H3K4me2 and H3K79me2 throughout the
cell cycle, with a particular focus on mitosis. We show that H2Bub1, H3K4me2 and H3K79me2
exhibit distinct temporal progression patterns throughout the cell cycle. Most notably, we
demonstrate that H3K79me2 is a highly dynamic histone PTM that reaches maximal abundance
during mitosis in an H2Bub1-independent manner. Using RNAi and chemical genetic
approaches, we identify DOT1L as a histone methyltransferase required for the mitoticassociated increases in H3K79me2. We also demonstrate that the loss of mitotic H3K79me2
levels correlates with increases in chromosome numbers and increases in mitotic defects.
Collectively, these data suggest that H3K79me2 dynamics during mitosis are normally required
to maintain genome stability and further implicate the loss of H3K79me2 during mitosis as a
pathogenic event that contributes to the development and progression of tumors.
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3.2 Introduction
Genome instability is a driver in the tumorigenic process and is observed in virtually all
tumor types186. Genome instability is associated with highly aggressive tumors, the acquisition of
multi-drug resistance, and consequently, poor patient prognosis166,187,188. Despite these
associations, very little is known about the aberrant molecular origins that cause genome
instability. Thus, studies aimed at identifying and characterizing the molecular events that
contribute to genome instability will shed novel insight into the tumorigenic process.
Over the past few decades, a wealth of studies has correlated aberrant patterning of
histone PTMs with the development and progression of cancer. Histones are the primary
compaction units of DNA and are the substrates for numerous PTMs including acetylation,
phosphorylation, methylation and ubiquitination. Histone PTMs have classically been examined
in the context of gene expression and regulation, and typically at the single gene or single
nucleosome resolution. However, recent evidence is emerging that shows the global abundance
of certain histone PTMs are highly dynamic and maximal during mitosis, when transcription
rates are extremely low189. Included amongst these dynamic PTMs are H3S10ph (histone H3
phosphorylation at serine 10)70,190, H3K9me3 (histone H3 tri-methylation at lysine 9)191,192 and
H4K20me (histone H4 mono-methylation at lysine 20)72. The mis-regulation of these PTMs have
functional implications in chromosome biology and is known to impact mitotic fidelity through a
variety of pathways including chromosome condensation193, chromosome segregation

191

, and

kinetochore structure194. Thus, disrupting the normal mitotic dynamics of certain histone PTMs
may be a contributing factor in tumorigenesis. Indeed, many of the genes encoding the
corresponding regulating enzymes (e.g. AURKB, SUV39H1, SETD8, etc.) are somatically altered
in numerous tumor types, including lung, breast and colon cancers195 suggesting that aberrant
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expression and/or function of theses enzymes may be causally linked to cancer196. Thus,
characterizing the cell cycle dynamics of mitotic-associated histone PTMs and identifying the
enzymes that regulate these dynamic PTMs, will provide insight into the etiological origins of
genome instability and tumorigenesis.
RNF20 is an evolutionarily conserved E3 ubiquitin ligase that regulates the abundance of
H2Bub1 (histone H2B mono-ubiquitinated at lysine 120)76. RNF20 is somatically mutated in a
number of tumor types (Table 3.S1), and aberrant H2Bub1 levels are associated with genome
instability78. However, the biological consequences of aberrant RNF20 expression are not limited
to H2Bub1, as an evolutionarily conserved trans-histone pathway exists where H2Bub1 is an
essential upstream prerequisite for subsequent di-methylation events that occur on histone H3 at
lysines 4 (H3K4me2) and 79 (H3K79me2)108,110,133,197. Given the hierarchal position of RNF20
and H2Bub1 within the trans-histone pathway, the impact aberrant levels of H3K4me2 and
H3K79me2 have on genomic instability is poorly understood. Accordingly, characterizing the
global abundance of these histone PTMs throughout the cell cycle, and evaluating their roles in
genome stability will provide new insight into the mechanisms required to maintain genome
stability.
In this study, we characterize the spatial and temporal dynamics of key components in a
trans-histone pathway (RNF20, H2Bub1, H3K4me2 and H3K79me2) throughout the cell cycle.
Using imaging microscopy and biochemical approaches, we show that RNF20 and H2Bub1 are
highly dynamic. In interphase, RNF20 is spatially confined within the nucleus and corresponding
global levels of H2Bub1 are maximal. However, as cells enter mitosis, RNF20 relocates from the
compacting chromosomes into the cytoplasm, and H2Bub1 levels are rapidly lost such that they
are no longer detectable within metaphase chromosomes. We also characterize distinct cell cycle
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kinetics for H3K4me2 and H3K79me2 that are independent of H2Bub1 during mitosis. While
the global abundance of H3K4me2 remains relatively constant throughout the cell cycle,
H3K79me2 levels are highly dynamic but opposite to those of H2Bub1. Surprisingly,
H3K79me2 attains maximal abundance during mitosis, suggesting it may have a functional role
in mitotic chromosome biology and genome stability. In support of this possibility, we identified
DOT1L as a mitotic-specific H3K79me2 histone methyltransferase. Using RNAi and chemicalbased approaches we show that the loss of mitotic H3K79me2 is associated with genome
instability that manifested as increases in aberrant chromosome numbers. Collectively, these data
indicate there is a functional uncoupling of the trans-histone pathway specifically during mitosis.
They further show that mis-regulation of mitotic increases in H3K79me2 is associated with
genome instability, and supports the possibility that aberrant regulation of mitotic H3K79me2
levels may be a pathogenic event that contributes to tumorigenesis.
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3.3 Results
3.3.1 RNF20 is Rapidly Redistributed into the Cytoplasm During Mitosis
We first determined whether RNF20 exhibits a distinct localization pattern throughout
the cell cycle that may impact the temporal progression patterns of H2Bub1, H3K4me2 and
H3K79me2. Using an established single-cell immunofluorescent approach198, a validated antiRNF20 antibody (Figure 3.S1), and asynchronous HCT116 cells, we show that RNF20 exhibits a
dynamic localization pattern. In interphase cells, RNF20 is spatially confined to the nucleus
where it is presents as hundreds of immunofluorescent foci that are visually depleted from
nucleoli (Figure 3.1). Line scans of interphase nuclei reveal that RNF20 localization is nonrandom (Figure 3.S2). RNF20 is enriched with euchromatin as visually defined by less intensely
stained DAPI regions, and is depleted from heterochromatin as defined by intensely stained
DAPI regions. As cells enter mitosis (i.e. prophase and prometaphase), RNF20 is rapidly
redistributed away from the compacting chromosomes and into the cytoplasm (Figure 3.1B).
However, as cells re-enter G1, RNF20 is re-incorporated and retained within the nucleus. To
confirm the above results were not restricted to HCT116 cells, analogous experiments were
performed in hTERTs (an immortalized fibroblast cell line) with very similar findings (Figure
3.S3). Finally, to determine whether changes in RNF20 expression levels accompany changes in
localization Western blots were performed that show RNF20 levels are relatively consistent
between mitotically enriched (Figure 3.S4) and asynchronous (predominantly interphase)
populations (Figure 3.1C).
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Figure 3.1: RNF20 is Spatially Relocalized from Interphase Chromatin in Mitotic Cells
(A) Representative deconvolved image of asynchronous HCT116 cells immunofluorescently
labeled with an anti-RNF20 antibody (green) and counterstained with DAPI (red). Arrowhead
identifies a mitotic cell, while the arrows identify early-G1 cells. Scale bar represents 5 µm. (B)
High-resolution (63×) deconvolved images depicting the temporal and spatial progression pattern
of RNF20 (green) throughout various stages of the cell cycle (indicated). Note that images were
acquired using an identical exposure time, and thus qualitative comparisons can be made
between the various cell cycle stages. Scale bar represents 2 µm. (C) Western blot depicting
similar levels for RNF20 isolated from asynchronous (A) and mitotic-enriched (M; nocodazole
treated) HCT116 populations. Semi-quantitative analyses were performed and the numbers
indicate the relative abundance of RNF20 levels following normalization to the respective
loading control (α-tubulin).
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3.3.2 The Global Abundance of H2Bub1 Decreases Rapidly During Mitosis
Having established that RNF20 exhibits a dynamic localization pattern, we now sought to
determine whether H2Bub1 would also exhibit dynamic temporal patterning. However, we first
confirmed the specificity of the H2Bub1 antibody using a peptide competition assay and a dot
blot assay (Figure 3.S1). Using the single-cell approach employed above, we show that the
global abundance of H2Bub1 is highly dynamic (Figure 3.2). In interphase cells, H2Bub1
localizes within nuclei, and forms hundreds of immunofluorescent foci that are depleted from
nucleoli. Line scans revealed that the H2Bub1 foci are preferentially enriched within
euchromatic regions rather than heterochromatic regions (Figure 3.S2). As cells enter mitosis
there is a dramatic decrease in the abundance of H2Bub1 such that levels are below the limits of
detection by metaphase. Global levels remain low throughout anaphase and telophase, and begin
to rise rapidly as cells enter G1 (Figure 3.2B), which coincides with the re-incorporation of
RNF20 within interphase nuclei. To confirm the above results were not restricted to the HCT116
cells, similar experiments were performed in hTERT with very similar results (Figure 3.S5).
Although the in situ data generated above suggest there is a dramatic loss of H2Bub1
during mitosis, epitope accessibility/occlusion may adversely impact these results, particularly in
mitotic cells with extensive chromosome compaction. To address this possibility, standard
biochemical approaches were employed, and denaturing Western blots were performed on
histones isolated from asynchronous or mitotically enriched populations. In agreement with the
imaging data, there was a striking decrease in the abundance of H2Bub1 within the mitotic
population compared to the interphase (asynchronous) population (Figure 3.2C). Collectively,
the above data show that the global abundance of H2Bub1 is highly dynamic and attains

81

Figure 3.2: The Global Abundance of H2Bub1 Decreases Dramatically During Mitosis
(A) Representative deconvolved image of asynchronous HCT116 cells immunofluorescently
labeled with an anti-H2Bub1 antibody (green) and counterstained with DAPI (red). Arrowheads
identify mitotic cells. Scale bar represents 5 µm. (B) High-resolution (63×) deconvolved images
depicting the temporal and spatial progression pattern of H2Bub1 (green) throughout various
stages of the cell cycle (indicated). Note that images were acquired using an identical exposure
time, and thus qualitative comparisons can be made between the various stages. Scale bar
represents 2 µm. (C) Western blot analysis depicting the global abundance of H2Bub1 in
asynchronous (A) and mitotic-enriched (M) HCT116 populations. Semi-quantitative analyses
were performed and the numbers indicate the relative abundance of H2Bub1 following
normalization to the respective loading control (CPTS).
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maximum and minimum levels during interphase and mitosis (metaphase to telophase),
respectively.
3.3.3 The Global Abundance of H3K4me2 Remains Relatively Constant Throughout the
Cell Cycle
The trans-histone pathway stipulates that H2Bub1 is an essential prerequisite for
subsequent H3K4me2 and H3K79me2 events. However, this pathway has only been investigated
in the context of transcription and thus has been restricted to interphase cells108,110,133,197. We now
wished to examine whether this pathway is maintained during mitosis, and determine whether
the global abundance of H3K4me2 like H2Bub1, would also decrease dramatically during
mitosis. Using a similar approach and a validated H3K4me2 antibody (Figure 3.S6A and B), we
show that the global abundance of H3K4me2 remains relatively constant throughout the cell
cycle (Figure 3.3). In interphase cells, H3K4me2 exists as hundreds of immunofluorescent foci
that are highly enriched within nuclei but absent from nucleoli. Line scans revealed that
H3K4me2 foci are preferentially enriched within enchromatin compared to heterochromatin
(Figure 3.S2). In contrast to H2Bub1 however, the global abundance of H3K4me2 does not
decrease rapidly during mitosis but rather is maintained along the length of the chromosome
arms in a heterogeneous punctate pattern. hTERT cells were also evaluated and produced very
similar results (Figure 3.S7). Finally, denaturing Western blots confirmed the relatively
consistent levels (i.e. minimal changes) observed via indirect immunofluorescence (Figure 3.3C).
Collectively, the above data show that the global abundance of H3K4me2 is relatively static
throughout the cell cycle.
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Figure 3.3: The Global Abundance of H3K4me2 Remains Relatively Constant Throughout
the Cell Cycle
(A) Representative deconvolved image of asynchronous HCT116 cells immunofluorescently
labeled with an anti-H3K4me2 antibody (green) and counterstained with DAPI (red).
Arrowheads identify mitotic cells. Scale bar represents 5 µm. (B) High-resolution (63×)
deconvolved images depicting the temporal and spatial progression pattern of H3K4me2 (green)
throughout the cell cycle (indicated). Note that images were acquired using an identical exposure
time, and thus qualitative comparisons can be made between the various stages. Scale bar
represents 2 µm. (C) Western blot depicting similar levels of H3K4me2 in both asynchronous
(A) and mitotic-enriched (M) populations. Semi-quantitative analyses were performed and the
numbers indicate the relative abundance of H3K4me2 following normalization to the respective
loading control (CPTS).
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3.3.4 The Global Levels of H3K79me2 are Dynamic and Attain Maximal Abundance
During Mitosis
Having established that the temporal dynamics of H3K4me2 are distinct from H2Bub1,
we now sought to characterize the temporal and spatial patterning of H3K79me2 using a
validated antibody (Figure 3.S6C and D) and similar approaches. Surprisingly, H3K79me2 levels
are highly dynamic and in stark contrast to those of H2Bub1 – minimal H3K79me2 levels
occurred during interphase and maximal levels of H3K79me2 occurred during mitosis (Figure
3.4). The difference in H3K79me2 signal intensities is so pronounced that interphase intensities
are not readily detected when the image exposure time is optimized for the mitotic signals
(Figure 3.4A; left). Nevertheless, longer exposure times clearly show H3K79me2 signals within
interphase nuclei (Figure 3.4A; right) that present hundreds of immunofluorescent foci, which
are enriched within nuclei. Line scans show that H3K79me2 foci are preferentially associated
with euchromatic regions rather than heterochromatic regions (Figure 3.S2). Furthermore, as
cells enter prophase there is an increase in H3K79me2 levels throughout the length of the
chromosomes that continues to increase until maximal abundance is achieved by metaphase
(Figure 3.4B). As cells enter anaphase and telophase, H3K79me2 levels rapidly decrease and
return to basal levels as cells enter G1. Semi-quantitative imaging analyses of DAPI-normalized,
H3K79me2 total signal intensities revealed a highly statistically significant, ~31-fold increase
within mitotic cells relative to interphase cells (Figure 3.4C and Table 3.S3), while Western blots
confirmed the large increase in the global levels within mitotically enriched cells (Figure 3.4D).
Analogous experiments were performed in hTERT cells with very similar findings (Figure 3.S8).
Thus, the above data show that the global abundance of H3K79me2 is dynamic, and unlike
H2Bub1 it attains maximal levels during mitosis.
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Figure 3.4: The Global Abundance of H3K79me2 Increases Dramatically during Mitosis
(A) Representative deconvolved images of HCT116 cells labeled with an anti-H3K79me2
antibody (green) and counterstained with DAPI (red). Arrowheads identify mitotic cells. Scale
bars represent 5 µm. Due to the lower levels of H3K79me2 in interphase cells, two images are
presented in which the exposure times were independently optimized to display the abundance of
H3K79me2 either within mitotic cells (left) or interphase cells (right). Note that the mitotic cell
in the right panel becomes saturated with the prolonged exposure time. (B) High-resolution (63×)
deconvolved images depicting the temporal and spatial progression pattern of H3K79me2
(green) throughout the cell cycle (indicated). Scale bar represents 2 µm. (C) Bar graph depicting
the statistically significant increase (p-value < 0.0001; ****) in the mean, normalized
H3K79me2 signal intensity (± standard deviation) within the mitotic cells as revealed by single
cell, semi-quantitative imaging microscopy from asynchronous and untreated cellular
populations. (D) Western blot depicting a striking increase in the global abundance of
H3K79me2 within the mitotic-enriched (M) population relative to an asynchronous (A) and
predominantly interphase population. Semi-quantitative analyses were performed and the relative
abundance of H3K79me2 following normalization to the respective loading control (CPTS) is
shown.

86

3.3.5 DOT1L Expression and Function are required for the Mitosis-Specific Increases in
H3K79me2
The dramatic increase in the abundance of H3K79me2 specifically during mitosis mimics
that of other histone PTMs with established roles in chromosome biology and stability (e.g.
H3S10ph, H3K9me2, H4K20me, etc.), and suggests that H3K79me2 may normally participate in
chromosome stability. However, before examining this possibility it was necessary to identify
the histone methyltransferase required for the mitotic-specific increase in H3K79me2. Currently,
DOT1L is the only known H3K79me2-specific methyltransferase133. However, its ability to
methylate H3K79 during mitosis, independent of H2Bub1 is unknown. To assess DOT1L as a
candidate mitotic methyltransferase, complementary siRNA and chemical-based experiments
were performed, and the impact on mitotic H3K79me2 was examined. We first evaluated the
silencing efficiency of four siRNA duplexes targeting DOT1L relative to untreated and GAPDHsilenced controls within HCT116 cells (Figure 3.5A). The siDOT1L-3 duplex was deemed the
most efficient, and was employed in all subsequent analyses.
To determine whether DOT1L silencing impacted H3K79me2 levels within the mitotic
cells, semi-quantitative, single-cell microscopy was performed but the analyses were restricted to
mitotic cells. Following silencing, a highly statistically significant decrease (~54% of control
levels) in the mean DAPI-normalized H3K79me2 total signal intensity occurred relative to
controls (Figure 3.5B and Table 3.S4). The large decrease in the mitotic abundance of
H3K79me2 was subsequently confirmed by denaturing Western blots, where a decrease in
H3K79me2 levels within the mitotically enriched population was readily detected relative to the
GAPDH-silenced control (Figure 3.5C). These data show that DOT1L expression is required for
normal H3K79me2 levels to occur within mitotic cells.
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To determine if DOT1L function is essential for the mitotic-associated increases in
H3K79me2 levels, and to address potential off-target effects associated with siRNA, similar
experiments were performed using SGC0946, an established DOT1L inhibitor199, or DMSO.
Semi-quantitative microscopy was performed as above on asynchronously growing cells, and the
analyses were restricted to mitotic cells. In agreement with the silencing data, DOT1L inhibition
produced a statistically significant decrease (~24% of control levels) in mean DAPI-normalized
H3K79me2 total signal intensity within the mitotic cells (Figure 3.5B and Table 3.S4) that was
confirmed by Western blots (Figure 3.5D). It should be noted that the mitotic decrease in
H3K79me2 levels was more pronounced following SGC0946-treatment than following DOT1L
silencing. Although the underlying mechanism accounting for this difference is beyond the scope
of the current study, it likely stems from the heterogeneous nature of siRNA-based silencing, or
more likely the residual amounts of functional DOT1L remaining following silencing. In any
case, the siRNA- and chemical-based data show that DOT1L expression and function are
normally required to induce the dramatic increase in H3K79me2 levels specifically within
mitotic cells.
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Figure 3.5: DOT1L Expression and Function are required for the Mitosis-Specific
Increases in H3K79me2
(A) Western blot depicting the abundance of DOT1L following silencing with either individual
(siDOT1L-1 to -4) or pooled (siDOT1L-P) siRNA duplexes relative to control (siGAPDH).
Semi-quantitative analyses were performed and the relative abundance of DOT1L following
normalization to the respective loading control (α-tubulin) is presented. (B) Bar graphs depicting
the statistically significant (p-value <0.0001; ****) decreases in the mean, DAPI-normalized
H3K79me2 total signal intensities in the DOT1L silenced (48 h post-transfection; left) or
inhibited (2 h treatment; right) cells relative to controls. Note that only the H3K79me2 signal
intensities from mitotic cells were imaged, quantified and presented. (C) Western blots showing
the global abundance of H3K79me2 within asynchronous, predominantly interphase cells (A), or
mitotically enriched (M) populations of control (siGAPDH) or DOT1L (siDOT1L) silenced
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cells. The exposure time was optimized to display the mitotic H3K79me2 signals and not those
within the asynchronous populations. Semi-quantitative analyses were performed and the relative
abundance of H3K79me2 following normalization to the respective loading control (CPTS) is
shown. Note the large decrease in abundance of H3K79me2 within the mitotically enriched
population from the DOT1L silenced cells relative to the GAPDH silenced controls. (D) Western
blot depicting a large decrease in H3K79me2 levels following SGC0946 treatment (48 h
treatment) specifically within the mitotically enriched (M) population. Blots are labeled as in
(C). (E) Western blots of proteins harvested from asynchronous (predominantly interphase) cells
depicting the relative abundance of the indicated proteins and histone PTMs following RNF20
and DOT1L silencing, and SGC0946 treatment (48 h treatment) relative to siGAPDH controls.
Semi-quantitative analyses were performed and the relative abundance of H3K79me2 following
normalization to the respective H3 loading control is shown. Note that RNF20/H2Bub1 depletion
is associated with a decrease in H3K79me2 within interphase cells, which supports the existence
of a trans-histone pathway. (F) Western blot demonstrating that RNF20 silencing (siRNF20)
does not impact the global abundance of H3K79me2 specifically within mitotic cells relative to
controls (siGAPDH). Semi-quantitative analyses were performed and the relative abundance of
H3K79me2 following normalization to the respective loading control (CPTS) is shown, and
suggests there is an uncoupling of the trans-histone pathway within mitotic cells.
3.3.6 H2Bub1 is not a Pre-requisite for H3K79me2 During Mitosis
The observation that the global abundance of H2Bub1 and H3K79me2 are dynamic but
opposite in mitosis suggests there is transient uncoupling of the trans-histone pathway during
mitosis. Although our initial immunofluorescent and Western blot analyses did not detect
H2Bub1 within mitotic cells, the possibility remained that extremely low levels of H2Bub1,
below the limits of detection persisted within mitotic cells that could impact H3K79me2 levels.
Accordingly, we sought to decrease any residual H2Bub1 within mitotic cells by silencing
RNF20, and examine H3K79me2 levels. However, we first confirmed the existence of an intact
trans-histone pathway within the interphase cells of our experimental system. As expected,
RNF20 silencing dramatically decreased the global abundance of H2Bub1 within interphase cells
(Figure 3.5E; top), and in agreement with previous studies previous studies108,110 also decreased
the global abundance of H3K79me2. Although RNF20 silencing reduced H3K79me2 to similar
levels achieved following DOT1L silencing, SGC0946 treatments appeared to be the most
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efficient at depleting H3K79me2 within interphase cells (Figure 3.5E; bottom). However, within
mitotically enriched populations (Figure 3.5F), RNF20 silencing had very little, if any impact on
the global abundance of H3K79me2, and supports the transient uncoupling of the trans-histone
pathway during mitosis.

3.3.7 Loss of Mitotic-Associated H3K79me2 is Associated with Chromosome Instability
The global abundance of many histone PTMs are dynamic and exhibit mitosis-specific
increases required for mitotic fidelity and genome stability70,72,190,191. Thus, we wished to
determine whether the large increases in H3K79me2 that occur during mitosis have a similar
role. HCT116 cells were purposefully selected for this analysis as they are a karyotypically
stable line that has been employed extensively in chromosome instability assays38,159,160,185.
Accordingly, we employed DOT1L silencing and inhibition (SGC0946) to decrease H3K79me2
levels during mitosis, and evaluated the impact on chromosome stability within mitotic
chromosome spreads (Figure 3.6A). As predicted, there was an overall increase in the number of
aberrant spreads within the silenced and inhibited populations relative to controls (Figure 3.6B).
More specifically, the frequency of spreads harboring more than 45 chromosomes increased
from 18% in GAPDH-silenced controls to 30% in DOT1L-silenced cells, and from 11% in
DMSO-treated controls to 49% in SGC0946-treated cells, that Student’s t-tests revealed to be
statistically significant (Table 3.S6). Flow cytometry was also performed and confirmed that
DOT1L silencing and inhibition does not adversely affect cycle progression (Figure 3.S9 and
Table 3.S5). Thus, the loss of H3K79me2 in mitotic cells following DOT1L silencing or
inhibition is associated with increases in chromosome numbers and the loss of genome stability.
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To gain insight into the mechanism(s) underlying the increases in chromosome numbers
observed above, mitotic cells were evaluated for the presence of aberrant mitotic events
including chromosome congression errors, anaphase bridges and segregation defects (Figure
3.6C). Mitotic levels of H3K79me2 were depleted as above, and mitotic defects were manually
scored. Overall, the loss of H3K79me2 during mitosis was associated with statistically
significant increases (p-value <0.05) in aberrant mitotic events (Figure 3.6D). More specifically
there was a 1.7-fold increase in the DOT1L-silenced cells (9.7%) relative to a siGAPDHsilenced control (5.6%), and a 2.5-fold increase within the SGC0946-treated cells (9.3%) relative
to vehicle control (3.7%) (Table 3.S7). Thus, the loss of H3K79me2 levels within mitotic cells is
associated with chromosome instability, and an increase in aberrant mitotic events, which
suggest that the mitotic increases in H3K79me2 levels are required for mitotic fidelity.
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Figure 3.6: Diminished H3K79me2 Levels During Mitosis are Associated with Increases in
Chromosome Numbers and Mitotic Defects
(A) Representative images of DAPI-stained mitotic chromosome spreads from control
(siGAPDH or DMSO) or experimental (siDOT1L or SGC0946) conditions. The number of
chromosomes contained within each spread presented is indicated at the bottom right. (B) Scatter
plots depicting the total chromosome number distribution for karyotypically stable HCT116 cells
treated with the indicated siRNAs or chemicals (48 h treatment). A total of 100 mitotic
chromosome spreads were enumerated for each condition and the percentage of mitotic spreads
with >45 chromosomes are indicated at the base of each plot. The cell populations employed and
presented in Figure 3.6A and 3.6B are derived from the same populations employed for the
Western blot quantification of H3K79me2 presented in Figure 3.5C and 3.5D. (C) Increases in
aberrant mitotic figures are associated with global loss of H3K79me2 following DOT1L
silencing and inhibition (48 h treatment). Representative images depicting the three typical
aberrant mitotic events observed following the depletion of H3K79me2 within mitotic cells,
which include congression errors (top quadrants), anaphase bridges (bottom left quadrant), and
lagging chromosomes (bottom right quadrant). Scale bars represent 4 µm. (D) Bar graph
depicting the increases in mitotic defects following DOT1L silencing and SGC0946-treatment
relative to controls.
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3.4 Discussion
In this study, we employ asynchronous and untreated human cell lines along with
complementary single-cell microscopy and biochemical approaches to provide the first in situ
spatial and temporal progression patterns of four key components of an established trans-histone
pathway, RNF20, H2Bub1, H3K4me2, and H3K79me2. We specifically show that the global
abundance of H2Bub1 is highly dynamic and reflects the spatial distribution of RNF20. H2Bub1
levels are highest in interphase, when RNF20 is spatially constrained within the nucleus, and are
rapidly lost upon entry into mitosis in a manner coincident with RNF20 becoming spatially
redistributed away from the chromosomes and into the cytoplasm. To our surprise, and in
opposition to the established trans-histone pathway108,133,197, the temporal progression patterns
characterized for H3K4me2 and H3K79me2 were in contrast to that of H2Bub1. While
H3K4me2 levels remain relatively constant throughout the cell cycle, H3K79me2 levels are
highly dynamic and are minimal during interphase and maximal during mitosis. To identify the
mechanism responsible for the mitotic-associated increases in H3K79me2, we employed a
combination of reverse and chemical genetics and show that DOT1L expression and function are
essential requirements. Although our results are most consistent with DOT1L being the mitosisspecific methyltransferase, they do not preclude the possibility that DOT1L indirectly regulates
the large mitotic increases in H3K79me2 abundance through an unknown mechanism. Finally,
based on similar dynamics observed for other histone PTMs (e.g. H3S10ph, H3K9me3 and
H4K20me2) with established roles in chromosome biology and genome stability, we predicted
that H3K79me2 would exhibit a similar role during mitosis. Using siRNA and chemical
treatments, we show that the loss of H3K79me2 levels during mitosis is associated with
increases in chromosome instability and aberrant mitotic events. Collectively, our data suggest
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there is a transient uncoupling of the trans-histone pathway during mitosis, which is normally
required to ensure mitotic fidelity and chromosome stability in human cells.
The dynamic temporal progression pattern we observe for H2Bub1 extends the
observations of Wu et al. 200 who showed that ubiquitinated H2B, but not specifically H2Bub1 is
reduced within mitotically enriched histones isolated from mouse and Chinese hamster cells.
Although it is unclear why there is such a dramatic loss of H2Bub1 during mitosis, there are a
number of possibilities. First, because H2Bub1 is associated with transcription76,96, the low levels
may simply reflect the transcriptionally silent status of mitotic cells201. Second, replicationindependent nucleosome assembly may occur202 which is a mechanism that impacts the global
abundance of other histone PTMs through histone replacement. However, replicationindependent nucleosome assembly is typically associated with transcription and/or DNA
repair203, and neither process occurs to a large extent within mitotic cells. It is also unlikely that
this mechanism accounts for the dramatic loss of H2Bub1 along the entire length of the
chromosome arms, particularly as they are compacting during mitosis and histone replacement
would not be easily achieved. Finally, it is possible that the removal of ubiquitin is a normal prerequisite for proper chromosome condensation to occur. Ubiquitin is a relatively large ~8.5kDa
covalent modification that is added onto the carboxy-terminal tail (K120) of histone H2B
(~13.8kDa). It is plausible that H2Bub1 represents a structural barrier to the compacting mitotic
chromosomes that must be removed for proper compaction and segregation to occur. In support
of this possibility, Fierz et al.
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recently showed that H2Bub1 disrupts local and higher-order

chromatin compaction in chemically defined nucleosomal arrays. Moreover, studies from a
variety of model organisms have shown that higher-order chromosome compaction is necessary
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to ensure mitotic fidelity193,204. In any case, the functional significance and underlying
mechanism accounting for the loss of mitotic H2Bub1 warrant further investigation.
Numerous studies have characterized the inter-relationship of H2Bub1 and H3K79me2
205

. However, since these studies focused on transcription, they are biased towards describing

relationships within interphase populations. Unlike these previous studies, the current study
focuses on the relationship and changes that occur within mitotic populations, when transcription
rates are low189. Given the existence of the well-characterized trans-histone pathway, the
identification of distinct temporal progression patterns for H2Bub1, H3K4me2 and H3K79me2
during mitosis are surprising. Here we show that the global abundance of H3K4me2 remains
visually consistent throughout the cell cycle, and is in agreement with previous works suggesting
that histone methylation is classically considered a static epigenetic mark206,207. Perhaps most
interesting is the observation that H3K79me2 levels are highly dynamic and maximal during
mitosis, which is opposite to those of H2Bub1. Our findings support those of Feng et al.133 who
reported an overall increase in the abundance of H3K79 methylation within mitotically enriched
HeLa cells. However, they did not distinguish between the methylation subtypes (i.e. mono-, diand tri-methylation). More recently, Kim and colleagues208 employed Western blots to show that
H3K79me2 levels are only marginally dynamic within in a lung cancer cell line. Using
synchronization populations of cells, they show that H3K79me2 levels peak in S-phase, but not
during mitosis as shown in the current study. Although the underlying reason for this
discrepancy is unclear, it may be due to the different cell models employed, or to the
fundamental differences of population-based, biochemical approaches they employed, relative to
the single cell, semi-quantitative imaging microscopy employed in the current study.
Furthermore, the observations and conclusions of the current study are based on experiments
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conducted in two distinct cellular contexts (HCT116; transformed epithelial cells, and hTERT;
immortalized fibroblast cells), and are in agreement with those gleaned from studies in model
organisms including Trypanosoma brucei131 and Saccharomyces cerevisiae209. Thus, our data
show that H3K79me2 is highly dynamic during mitosis, and further suggests that the mitoticassociated dynamics are evolutionarily conserved in eukaryotes.
A number of studies exist that show certain histone PTMs exhibit mitosis specific
increases that are essential for mitotic fidelity (reviewed in
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). Our data show that H3K79me2

levels are dynamic, and suggest that these dynamics are essential requirements for genome
stability. In support of this possibility, depleting the mitotic associated levels of H3K79me2 by
DOT1L silencing or inhibition was associated with increases in chromosome numbers and
aberrant mitotic events (Figure 3.6). Interestingly, DOT1L is somatically altered in a number of
tumor types (Table 3.S1), and murine models have shown that Dot1l-deficiencies correlate with
increases in DNA content127,134. Accordingly, DOT1L expression and function, and concomitant
mitotic-increases in H3K79me2 are implicated as essential components required to maintain
genome stability in human cells.
In summary, our findings show that H2Bub1, H3K4me2 and H3K79me2 exhibit unique
temporal progression patterns throughout the cell cycle. Of particular interest, we show that
H3K79me2 is highly dynamic during mitosis, and identify DOT1L as a mitosis-specific histone
methyltransferase. We further show that H3K79me2 dynamics are normally required to preserve
genome stability, which adds H3K79me2 to the emerging list of histone PTMs with similar
dynamics and roles in chromosome biology and genome stability. Thus, our data coupled with
DNA sequencing data from various tumor types and recent Dot1l animal models, strongly
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suggest that altered DOT1L function, particularly during mitosis, may be a pathogenic event that
drives genome instability, and contributes to tumorigenesis.
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3.5 Supporting Information
3.5.1 Supporting Tables
Table 3.S1: Frequency of Somatic Gene Alterations in Cancer195,210
Gene

Tumor Type

nA

RNF20
RNF20
RNF20
RNF20
RNF20
DOT1L
DOT1L
DOT1L
DOT1L
DOT1L

Colorectal
Uterine
Melanoma
Lung
Ovarian
Colorectal
Bladder
Melanoma
Lung
Ovarian

72
240
121
129
316
72
127
121
129
311

Type and Frequency of Somatic Alterations (n)
Mutation
DelB
AmpC
5.6% (4)
5.0% (12)
5.0% (6)
4.7% (6)
0.9% (3)
11.1% (8)
4.7% (6)
5.8% (7)
4.7% (6)
0.3% (1)

0.0% (0)
0.8% (2)
0.0% (0)
0.0% (0)
0.6% (2)
0.0% (0)
0.0% (0)
0.0% (0)
0.8% (1)
3.5% (11)

0.0% (0)
0.0% (0)
0.0% (0)
0.0% (0)
0.3% (1)
0.0% (0)
1.6% (2)
0.0% (0)
0.0% (0)
0.3% (1)

Total
5.6% (4)
5.8% (14)
5.0% (6)
4.7% (6)
1.8% (6)
11.1 (8)
6.3% (8)
5.8% (7)
5.5% (7)
4.1% (13)

A

Number of tumors sequenced (n)
Homozygous Deletion (Del)
C
Amplification (Amp)
B
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Table 3.S2: Antibodies and Dilutions Employed
Antibody/Epitope

Source

RNF20
H2Bub1
H3K4me2
H3K79me2
H3S10ph
DOT1L
α-Tubulin
Rabbit IgG-Alexa
Fluor 488
Mouse IgG-Cy3
Rabbit IgG-HRP

Abcam
Millipore
Abcam
Abcam
Abcam
Abcam
Abcam
Molecular Probes

Mouse IgG-HRP

Catalog No.

Species

ab32629
05-1312
ab32356
ab3594
ab14955
ab180483
ab7291
A-11034

Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Mouse
Goat

Molecular Probes A-10521
Jackson
111-035-006
ImmunoResearch
Jackson
115-035-146
ImmunoResearch

Working DilutionA
IIFB
WBC
1:400
1:200
1:200
1:400
1:10,000
n/a
n/a
1:200

1:6,000
1:10,000
1:5,000
1:15,000
1:10,000
1:2,000
1:20,000
n/a

Goat
Goat

1:200
n/a

n/a
1:15,000

Goat

n/a

1:10,000

A

not applicable (n/a)
Indirect immunofluorescence (IIF)
C
Western blot (WB)
B

Table 3.S3: Student t-test for the Mean DAPI-Normalized H3K79me2 Total Signal
Intensities as Determined by Semi-Quantitative Imaging Microscopy
Cell Cycle Stage

nA

Interphase
MitosisC

23
23

Mean ± Standard Deviation
1.00 ± 0.02
31.04 ± 1.63

p-valueB Fold Increase
n/a
<0.0001

n/a
31

A

Number of cells analyzed (n)
Based on Student’s t-tests comparing the mean DAPI-normalized H3K79me2 total signal
intensity of interphase and mitotic cells. Not applicable (n/a)
C
limited to only those cells in prophase, prometaphase and metaphase as identified by cytological
features
B
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Table 3.S4: Student t-test for the Mean DAPI-Normalized H3K79me2 Total Signal
Intensities Following Various Treatments as Measured by Semi-Quantitative Imaging
Microscopy
Condition

nA

48 Hours Post Silencing
Mitotic Cells + siGAPDH
Mitotic Cells + siDOT1L

23
23

100.00 ± 4.97
54.72 ± 3.78

n/a
<0.0001

2 Hours Post Treatments
Mitotic Cells + DMSO
Mitotic Cells + SGC0946

23
23

100.00 ± 4.13
24.36 ± 1.60

n/a
<0.0001

Mean ± Standard Deviation

p-valueA

A

Number of cells analyzed (n)
Based on Student’s t-tests comparing the mean DAPI-normalized H3K79me2 total signal
intensity of mitotic cells for either DOT1L silenced or inhibited conditions with their respective
controls. Not applicable (n/a)
B

Table 3.S5: Cell Cycle Analyses Following Protein Silencing or Drug Treatment
Condition/Treatment

G0/G1

S-phase

G2/M

Non-treated
siGAPDH
siRNF20
siDOT1L

41.9%
41.8%
36.3%
39.9%

35.9%
35.9%
35.2%
40.0%

20.6%
20.6%
26.5%
18.8%

DMSO
SGC0946

35.6%
38.2%

36.4%
34.4%

26.3%
25.5%
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Table 3.S6: Student t-tests Comparing Mean Chromosome Numbers Following DOT1L
Silencing or Inhibition
Condition

nA

Mean ± Standard Deviation p-valueB

siGAPDH
siDOT1L

100
100

44.80 ± 0.07
48.38 ± 1.38

n/a
0.0102

DMSO
SGC0946

100
100

44.97 ± 0.05
46.30 ± 0.49

n/a
0.0075

A
B

Number of cells analyzed (n)
Not applicable (n/a)

Table 3.S7: The Loss of Mitotic H3K79me2 Levels is Associated with Increases in Aberrant
Mitotic Events
Condition

Total Mitotic Mean Frequency of Defects (%)
Cells Analyzed
(± Standard Deviation)
Fold IncreaseA

siGAPDH
siDOT1L

315
337

5.570 ± 0.8907
9.696 ± 2.163

n/a
1.74-fold

DMSO
SGC0946

306
318

3.742 ± 1.007
9.303 ± 1.918

n/a
2.49-fold

A

Fold increase is calculated relative to the corresponding control. n/a; not applicable
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3.5.2 Supporting Figures

Figure 3.S1: Validation of the RNF20 and H2Bub1 Antibodies
Representative low-resolution images collected from the IIF (indirect immunofluorescent)
peptide competition assays using HCT116, a non-specific peptide (NS peptide) or the RNF20specific, immunizing peptide (A), or the H2Bub1-specific peptide (B). The epitope of interest
and DAPI are pseudo-colored green and red, respectively, within the merged images. Images
were acquired using identical exposure times and thus qualitative comparisons can be made
between the non-specific and the corresponding specific peptide for each epitope. Arrowheads
identify mitotic cells and the scale bar represents 5µm. (C) Dot blot assays demonstrating the
specificity of the H2Bub1 antibody for the H2Bub1 epitope and not the unmodified control
(H2B).
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Figure 3.S2: Defining the Spatial Relationships of RNF20, H2Bub1, H3K4me2 and
H3K79me2 within Interphase Chromatin
Representative high-resolution (63×) deconvolved images of interphase HCT116 cells
immunofluorescently labeled for RNF20 (A), H2Bub1 (B), H3K4me2 (C), and H3K79me2 (D),
and counterstained with DAPI. The epitope of interest and DAPI are pseudo-colored green and
red, respectively, within the merged images. Scale bar represents 2µm. Line scans (right panels)
show the spatial juxtaposition of the four specific epitopes evaluated (green) relative to DAPI
(red). Lines and arrows within the Merge indicate the position and direction presented in the
graph. Each epitope appears to be enriched within or adjacent to euchromatic regions (less
intense DAPI stained regions), and reduced within heterochromatic regions (intense DAPI
stained regions).
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Figure 3.S3: RNF20 is Spatially Relocalized in Mitotic hTERT Cells
(A) Representative image of asynchronous hTERT cells immunofluorescently labeled with an
anti-RNF20 antibody (green) and counterstained with DAPI (red). Arrowhead identifies a mitotic
(prometaphase) cell, while the scale bar represents 5µm. (B) High-resolution images depicting
the temporal and spatial progression pattern of RNF20 (green) throughout the various stages of
the cell cycle (indicated). Note that variable exposure times were employed for each cell cycle
stage so as to best capture the localization of RNF20 and thus qualitative comparisons cannot be
made between stages. Scale bar represents 2µm.
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Figure 3.S4: Flow Cytometric Analyses of Asynchronous and Mitotically-enriched
Populations
Cell cycle analyses of asynchronous (left) or a mitotic-enriched (nocodazole treated [right])
populations of HCT116 cells labeled with PI. Markers are included to identify the various cell
cycle stages with the percentage of cells within each stage provided.
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Figure 3.S5: H2Bub1 Levels Decrease Dramatically During Mitosis in hTERT Cells
(A) Representative image of asynchronous hTERT cells immunofluorescently labeled with an
anti-H2Bub1 antibody (green) and counterstained with DAPI (red). Arrowhead identifies a
mitotic (metaphase) cell, while the scale bar represents 5µm. (B) High-resolution images
depicting the temporal and spatial progression pattern of H2Bub1 (green) throughout various
stages of the cell cycle (indicated). Note that the exposure times were maintained constant for
each cell cycle stage so as to show qualitative changes in abundance during mitosis relative to
interphase or early G1. Scale bar represents 2µm.

107

Figure 3.S6: Validation of the H3K4me2 and H3K79me2 Antibodies
Representative low-resolution images collected from the IIF peptide competition assays using a
non-specific peptide (NS peptide) or the H3K4me2-specific peptide (A), or the H3K79me2specific peptide (C). The epitope of interest and DAPI are pseudo-colored green and red,
respectively, within the merged images. Images were acquired using identical exposure times
and thus qualitative comparisons can be made between the non-specific and the corresponding
specific peptide for each epitope. Arrowheads identify mitotic cells and the scale bars represent
5µm. Dot blot assays demonstrating the high specificity of the H3K4me2 (B) or H3K79me2 (D)
antibodies for their cognate epitope, but not closely related mono- or tri-methylated species.
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Figure 3.S7: H3K4me2 Levels in hTERT Cells are Relatively Constant Throughout the
Cell Cycle
(A) Representative image of asynchronous hTERT cells immunofluorescently labeled with an
anti-H3K4me2 antibody (green) and counterstained with DAPI (red). Arrowhead identifies a
mitotic (prophase) cell, while the scale bar represents 5µm. (B) High-resolution images depicting
the spatial and temporal progression pattern of H3K4me2 (green) throughout the cell cycle
(indicated). Note that variable exposure times were employed for each cell cycle stage so as to
best capture the localization of H3K4me2 and thus qualitative comparisons cannot be made
between stages. Scale bar represents 2µm.
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Figure 3.S8: The Global Abundance of H3K79me2 Increases Dramatically during Mitosis
in hTERT Cells
(A) Representative image of asynchronous hTERT cells immunofluorescently labeled with an
anti-H3K79me2 antibody (green) and counterstained with DAPI (red). Arrowhead identifies a
mitotic (prometaphase) cell and the scale bar represents 5µm. (B) High-resolution images
depicting the spatial and temporal progression pattern of H3K79me2 (green) throughout the cell
cycle (indicated). Note that variable exposure times were employed for each cell cycle stage so
as to best capture the localization of H3K79me2 and thus qualitative comparisons cannot be
made between stages. Scale bar represents 2µm. (C) Western blot analysis of H3K79me2 from
asynchronous (A) and mitotic-enriched (M; nocodazole treated) hTERT populations.
Phosphorylation of serine 10 of histone H3 was included as a mitosis-specific marker, while
CPTS serves as the loading control.
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Figure 3.S9: Cell Cycle Analyses of Silenced and Drug Treated Cellular Populations
Flow cytometric analyses of DNA content profiles from asynchronously growing cells harvested
from controls (Non-treated [NT] and DMSO-treated [DMSO]), protein silenced populations
(siGAPDH, siRNF20 or siDOT1L) or drug treated populations (SGC0946). Percentage of cells
within each stage (i.e. G0/G1, S-phase or G2/M) are presented in Table 3.S7.
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Chapter 4

GENERATION AND PHENOTYPIC CHARACTERIZATION OF AN HCT116-CAS9
EXPRESSING CELL LINE
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4.1 Abstract
The E3 ubiquitin ligase RNF20 is an attractive molecule for detailed study as
hypomorphic expression and/or function underlies genomic instability and occurs in a wide
variety of cancer types. To date, studies characterizing the abnormal cell biology associated with
hypomorphic RNF20 expression have been limited to RNA-interference approaches, which only
produce transient and/or incomplete protein depletion and may not accurately model the total
loss of RNF20 predicted to occur in certain cancers. The CRISPR-Cas9 genome editing system,
which enables the editing of virtually any gene by simple transfection is capable of producing
complete gene inactivation and may overcome these initial limitations. The karyotype stability
associated with the human colorectal cancer cell line HCT116 makes it an excellent genetic
model for studying RNF20 by CRISPR-Cas9-mediated gene inactivation. However to date, the
low CRISPR-Cas9 transfection efficiency typical of HCT116 has hindered its application. Large
particle transfection is a key characteristic that determines transfection efficiency and appears to
be a limiting factor in certain ‘hard-to-transfect’ cell lines like HCT116. In this study, we
increase the CRISPR-Cas9 transfection efficiency of HCT116 cells by removing the Cas9
expression cassette from the large transfection particle and stably integrating it within the
genome to allow for a dramatic reduction in particle size and increase in transfection efficiency.
We generate and characterize twelve HCT116-Cas9 clones that display a range of cellular
phenotypes. We ultimately identify an HCT116-Cas9 clone, E08 that is highly similar to parental
HCT116 cells and is capable of high efficiency CRISPR-Cas9 editing. Furthermore, in a proofof-concept experiment, we employ E08 cells with the CRISPR-Cas9 system to produce RNF20and PPIB-deficient HCT116 cells. Collectively, we generate a HCT116 ‘CRISPR-Cas9-ready’
cell line that can be routinely employed in subsequent genome editing experiments.
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4.2 Introduction
The putative tumor suppressor gene RNF20 encodes a human E3 ubiquitin ligase that
monoubiquitinates histone H2B on lysine residue 12076,78,104,106,211. RNF20 is an attractive
molecule for detailed study as hypomorphic expression and/or function occur in a range of
cancers. In fact, promoter hypermethylation76, multiple somatic mutations195,212, and altered
RNF20 expression levels213 have been identified in various cancer types and suggest diminished
or ablated RNF20 expression underlies oncogenesis78. To date, investigating the biological
consequences associated with reduced RNF20 expression has been limited to traditional
approaches such as RNA-interference, which only produces a transient and/or short-term
reduction in protein levels and may not accurately model the total loss of RNF20 predicted to
occur in certain cancers. RNF20 is a putative human chromosome stability gene that when
mutated or downregulated is predicted to elicit chromosome instability, a hallmark of cancer
initiation and progression147. Collectively, the ability to permanently ablate RNF20 within human
cells would empower several studies including those aimed at characterizing its role in CIN.
CIN, or the increase in the rate in which whole chromosomes or parts thereof are gained or loss,
is an aberrant phenotype associated with a variety of cancers and is believed to be an early event
in the etiology of oncogenesis12.
Due to its inherent karyotypic stability and near diploid chromosome complement,
multiple studies have employed HCT116 cells as a genetic model to provide critical insights into
biological function, including human chromosome stability gene validation159,185,214-216. These
studies often aim to genetically inactivate or diminish expression of a candidate human
chromosome stability gene and evaluate the loss of karyotypic stability, often measured by
changes in aneuploidy. For example, Rajagopalan et al.215 employed classical homologous
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recombination techniques to disrupt both alleles of hCDC4 in HCT116 to show that hCDC4deficiency caused a striking change in chromosome numbers that were not present in hCDC4proficient controls. Additionally, Jallepalli et al.214 employed homologous recombination
techniques to inactivated both copies of PTTG1 and validate PTTG1 as a human chromosome
stability gene. Although the above studies provided valuable information, genetic inactivation by
classical gene-trapping or homologous recombination repair is time-consuming, laborious and
technically challenging217. The recent development of highly efficient genome editing systems
promise too overcome the majority of these limitations and is expected to revolutionize several
studies including the identification and validation of human chromosome genes.
The prokaryotic type II Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-Cas9 genome editing system represents a major advancement in genome engineering
technologies, allowing researchers to precisely edit genomes of a wide variety of organisms with
relative ease218. The CRISPR-Cas9 system is quickly becoming an integral tool in cancer
genomics that can be employed to generate cancer-associated genomic alterations or ablate gene
expression in multiple cell lines219. Successful CRISPR-Cas9 genome editing mandates the
delivery of three essential components to target cells, a sequence-specific short 40 nucleotide (nt)
non-coding small guide RNA (sgRNA), a long 4,119 nt DNA Cas9 expression cassette that
encodes the DNA endonuclease, and a short 149 nt non-coding trans-activating CRISPR RNA
(tracrRNA) that serves as a scaffold for all three components (Figure 4.1A). The majority of
commercially available CRISPR-Cas9 editing systems employ an ‘all-in-one’ lipid-based
transfection approach to deliver these components (Figure 4.1B, left). However, in certain ‘hardto-transfect’ cell lines like HCT116, lipid-based transfection efficiency, and thus editing
efficiency, is often low220,221.
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Figure 4.1: The CRISPR-Cas9 System
(A) Three essential components of CRISPR-Cas9. (B) Left, ‘All-in-one’ CRISPR-Cas9
transfection approach. All three components are delivered via large particle co-transfection. This
method results in low CRISPR-Cas9 transfection efficiency when employed with the ‘hard-totransfect’ HCT116 cell line. Right, small particle transfection approach. HCT116 cells that stably
express the Cas9 endonuclease. Therefore, CRISPR-Cas9 editing only requires small particle
transfection (sgRNA + tracrRNA) and is expected to increase transfection and editing
efficiencies.
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It is generally accepted that transfection particle size is a key characteristic that
determines the successful delivery of nucleic acids into cells, and that transfection efficiency is
inversely correlated with particle size222. To address this limitation and greatly reduce
transfection particle size, the large Cas9 expression cassette is often removed from the
transfection particle and stably integrated within the genome of target cell lines, where it is
constitutively expressed. Consequently, once generated and characterized, these ‘CRISPR-Cas9
ready’ cell lines have the advantage of requiring only small particle transfection (sgRNA +
tracrRNA) which is expected to increase transfection and editing efficiencies (Figure 4.1B,
right).
To date, the low CRISPR-Cas9 transfection efficiency typical of HCT116 cells (<2%,
unpublished observations, Guppy) has hindered the ability to efficiently produce RNF20deficient cells through the CRISPR-Cas9 system223. HCT116 is a transformed colorectal cancer
cell line with a modal number of 45 chromosomes. Furthermore, HCT116 cells have an intact
DNA damage response and are thus compatible with CRISPR-Cas9-mediated homology and
non-homology directed repair, making them an excellent choice for both knock-in and knock-out
genome editing experiments. In addition, HCT116 exhibits microsatellite instability (MLH1deficient) and not CIN, whether numerical (nCIN, changes in chromosome numbers) or
structural (sCIN, changes in gross chromosome structure)25. Accordingly, the ability to rapidly
identify and validate candidate human chromosome stability genes such as RNF20 in HCT116
cells would allow for a greater understanding of the genetic drivers of certain cancers and thus
serve as excellent models to explore potential mechanisms underlying oncogenesis, metastasis,
as well as drug discovery and development.
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In this study, we employ lentiviral transduction and various biochemical assays to
generate and characterize twelve HCT116-Cas9 clones that display a range of cellular
phenotypes. From this work, we identify an HCT116-Cas9 clone, E08 that is highly similar to
parental HCT116 cells, and is capable of high efficiency CRISPR-Cas9 editing. To reduce the
overall CRISPR-Cas9 transfection particle size from 4,288 base-pairs to 169 base-pairs, we
stably integrate the Cas9 expression plasmid into the HCT116 genome. As predicted, the marked
reduction in transfection particle size translated into a substantial increase in CRISPR-Cas9
genome editing efficiencies. Remarkably, compared to large particle ‘all-in-one’ HCT116
transfection, small particle transfection coupled with E08 cells showed a 9-fold increase in
editing efficiency. As an initial proof-of-concept, we employ the E08 cells in combination with
the CRISPR-Cas9 genome editing system and produce RNF20- and PPIB-deficient cells. Finally,
we isolate and clonally expand 8 PPIB-deleted cells for future experiments. Collectively, we
have generated and characterized a novel E08 cell line that can be efficiently employed in future
CRISPR-Cas9 genome editing experiments.
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4.3 Results
4.3.1 Lentiviral Cas9 Integration within the HCT116 Genome
Lentiviral transduction was employed to generate HCT116 cells that constitutively
express Cas9. Briefly, HCT116 cells were seeded, allowed to attach, and transduced with
commercially available pre-titred Cas9 lentiviruses (Dharmacon, VCAS10126). A multiplicity of
infection of 0.10 was employed to increase the probability of a single integration event per
infected cell. Transduction was performed in serum free media at 37°C for 4 h. Following
transduction, pre-warmed complete media was added and cells were incubated overnight. The
following day, viral-containing media was disposed of according to biosafety standards, and prewarmed complete media was replaced. Approximately 48 h post-transduction, media was
replaced with selective media (McCoy’s 5A + Blasticidin). Cells were grown in selective media
until distinct colonies were observed (~7 days). In order to isolate single cells for clonal
expansion, colonies were dissociated by trypsinization, counted, and diluted to a concentration of
approximately 96 cells per 9600 ml. Approximately 100 µl of cell solution (or approximately one
cell) was dispensed into each well of a 96-well plate. Cells were grown at 37°C for 10 days.
Clonal populations were identified and 12 putative HCT116-Cas9 clones were selected for initial
characterization.
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4.3.2 HCT116-Cas9 Clonal Populations Exhibit Heterogeneous Cas9 Expression Levels
Following lentivirus-mediated Cas9 integration, we wished to confirm and evaluate Cas9
expression in twelve HCT116-Cas9 clones. Using a Cas9 antibody (Millipore, MAC133, AntiCas9 Clone 7A9) and standard immunoblot detection, whole cell lysates were harvested from
asynchronously dividing HCT116-Cas9 clones and analyzed (Figure 4.2A). Immunoblots
revealed Cas9 expression in all HCT116-Cas9 clones that was not evident in parental HCT116
negative controls. Differences in Cas9 expression levels were observed when comparing clones.
Based on immunoblots, clones E02, E06, and E08 were identified as exhibiting the highest levels
of Cas9 expression. In order to empirically evaluate Cas9 expression levels, semi-quantitative
indirect immunofluorescent imaging using identical exposure times was performed and mean
Cas9 signal intensity was determined for each clone (Figure 4.2B to 4.2D). Subsequent analysis
of variance (ANOVA) revealed statistically significant differences between HCT116-Cas9
clones (p-value < 0.0001, Table 4.S1), while Tukey multicomparison post-tests revealed
statistically significant differences in mean Cas9 signal intensity between a subset of clones
(Table 4.S2). Based on semi-quantitative analysis, B08, E02, and E08 were identified as having
high Cas9 expression. Clones exhibiting high Cas9 expression by both immunoblotting and
indirect immunofluorescence analyses (E02, E08) were prioritized as they are predicted to
produce greater gene editing efficiencies. Although several HCT116-Cas9 clones met the criteria
of high Cas9 expression, additional phenotyping was performed to assess morphology, growth
kinetics, and karyotypic stability before pilot genome editing experiments were performed.
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Figure 4.2: Heterogeneous Cas9 Expression levels in HCT116-Cas9 Clones
(A) Immunoblots depicting Cas9 expression levels in HCT116-Cas9 clones. α-tubulin serves as
a loading control. (B) Representative indirect immunofluorescent images (40×) presenting Cas9
expression in HCT116 and clone E08. Nuclei are counterstained with DAPI. DAPI and Cas9 are
pseudo-colored red and green, respectively, within the Merge. Scale bar represents 10 µm. (C)
Scatter plots depicting mean Cas9 signal intensity on a cell-by-cell basis within HCT116-Cas9
clones. (D) Graph presenting the mean Cas9 signal intensity (± Standard Deviation, ± SD) on a
population basis within HCT116-Cas9 clones.
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4.3.3 A Subset of HCT116-Cas9 Clones Display Differences in Gross Morphology
Changes in gross cellular morphology have been shown to be a broad indicator of
aberrant cellular processes224. Accordingly, to ensure the clones are as representative of parental
HCT116 cells as possible, we sought to employ bright field microscopy to compare gross
cellular morphologies between HCT116-Cas9 clones and parental cells (Figures 4.3-4.6).
Surprisingly, clones D02, E06, E07, and E11 displayed unusual morphologies that were
inconsistent with the parental control. Based upon visual classification, two distinct and unusual
morphologies occurred. First, clones D02 (Figure 4.3) and E11 (Figure 4.5) adopted a fibroblastlike morphology that included branched and elongated cell-bodies. Second, clones E06 (Figure
4.4) and E07 (Figure 4.4) grew in unusually condensed colonies and appeared smaller in cell size
when compared to the parental cell line. HCT116-Cas9 clones exhibiting abnormal gross
morphologies (D02, E06, E07, E11) were excluded from subsequent characterization.
Accordingly, HCT116-Cas9 clone E02 and E08, which displayed high Cas9 expression and
similar cellular morphology when compared to the parental cell line, were employed for
subsequent characterization.
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Figure 4.3: Gross Morphologies of B08, C07, and D02 Compared to HCT116
Representative low-resolution (4×) bright field micrographs presenting gross cellular
morphology. Clones B08 and C07 show similar morphology as HCT116. Clone D02 shows
abnormal fibroblast-like morphology. Scale bar represents 200 µm.
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Figure 4.4: Gross Morphologies of E02, E06, and E07 Compared to HCT116
Representative low-resolution (4×) bright field micrographs presenting gross cellular
morphology. Clone E02 shows similar morphology as HCT116. Clone E06 and E07 show
abnormally small and tightly compacted colonies. Scale bar represents 200 µm.

124

Figure 4.5: Gross Morphologies of E08, E11, and F02 Compared to HCT116
Representative low-resolution (4×) bright field micrographs presenting gross cellular
morphology. Clones E08 and F02 shows similar morphology as HCT116. Clone E11 shows
abnormal fibroblast-like morphology. Scale bar represents 200 µm.
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Figure 4.6: Gross Morphologies of F09, F11, and G06 Compared to HCT116
Representative low-resolution (4×) bright field micrographs presenting gross cellular
morphology. Clones F09, F11, and G06 show similar morphology as HCT116. Scale bar
represents 200 µm.
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4.3.4 The HCT116-Cas9 E08 Clone and Controls have Similar Growth Kinetics
Real time cellular analysis was performed and the endogenous growth kinetics of E02
and E08 was compared with the parental control. Real time cellular analysis measures cell index
(electrical impedance) as a metric for cell numbers to identify changes in proliferation rates and
viability, the greater the number of cells making contact with the plate, the greater the cell index.
Individual growth curves were generated for HCT116, E02 and E08 (Figure 4.7A) from which
proliferation rates (doubling times) were determined from the linear portion of the exponential
growth phase (Figure 4.7B, Table 4.S4). Mean doubling times were identified as 15.14 h, 15.90
h, and 39.06 h for HCT116, E08, and E02, respectively. Student’s t-tests revealed a statistically
significant 2.58-fold increase in doubling time within the E02 clone compared to parental
controls. Notably, doubling times between E08 clones and parental controls were virtually
indistinguishable and not statistically significant. (Table 4.S4). In summary, E08 possessed
similar endogenous growth kinetics as HCT116 and was selected for cytogenetic
characterization. The E02 cells were purposefully excluded from further analysis as real time
cellular analysis revealed doubling times that were highly dissimilar from parental controls.
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Figure 4.7: Real Time Cellular Growth Analysis of HCT116, E02, and E08
(A) Real-time growth curves of HCT116 (black line), E02 (blue line), and E08 (green line). The
mean of a minimum of three technical replicates are presented. Growth curves show initial cell
attachment (0h to 40h) and linear portion of exponential growth phase (~52 h to ~70 h, region
highlighted in grey). (B) Graphs presenting the mean doubling time (± SD) within HCT116, E02,
and E08. Student t-tests were employed to compare mean doubling times of E08 and E02 with
controls (ns, not significant; ****, p-value < 0.0001).
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4.3.5 The HCT116-Cas9 E08 Clone and Controls have Similar Karyotypes
We next wished to evaluate gross chromosomal translocations within HCT116 and E08
cells. Accordingly, spectral karyotyping was performed on 51 parental HCT116 and 52 E08
mitotic spreads. The modal karyotype identified in both HCT116 (Figure 4.8) and E08 (Figure
4.9) was 45, X,-Y, der(10) dup(10)(q24;q26), t(10;16)(q24;q24), der(16) t(8;16)(q13;p13),
der(18) t(17;18)(q21;p11) and was observed at a frequency of 43/51 (84%) and 41/52 (79%),
respectively. These results show that the E08 clone retains the modal parental karyotype and do
not exhibit relevant changes in gross chromosomal rearrangements.
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Figure 4.8: Spectral Karyotype of HCT116
(Top Left) Inverted-DAPI image of a mitotic chromosome spread. (Top Middle) Spectral color
image. (Top Right) Pseudo color image based on spectral colors. (Bottom) Karyotyping
corresponding to the mitotic chromosome spread shown. Note Y-deletion, t(10;16), t(8;16), and
t(17;18), which corresponds to the modal karyotype (45).
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Figure 4.9: Spectral Karyotype of E08
(Top Left) Inverted-DAPI image of a mitotic chromosome spread. (Top Middle) Spectral color
image. (Top Right) Pseudo color image based on spectral colors. (Bottom) Karyotyping
corresponding to the mitotic chromosome spread shown. Note Y-deletion, t(10;16), t(8;16), and
t(17;18), which corresponds to the modal parental karyotype (45).
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4.3.6 CRISPR-Mediated targeting of RNF20 and PPIB in HCT116-Cas9 E08 cells
As part of an initial proof-of-concept study, we employed E08 cells in a CRISPR-Cas9
editing experiment to produce both RNF20- and PPIB-deletions. RNF20-targeting was
specifically selected because it is a putative chromosome stability gene, a current research focus,
and previous efforts to generate RNF20-deficient cells have been unsuccessful. PPIB-targeting
was specifically selected as it is a positive control for gene deletion identified by the
manufacturer, and previous groups have demonstrated the ability to efficiently produce PPIBdeficient human cells225. PPIB is a non-essential peptidyl-prolyl isomerase located within the
endoplasmic reticulum226.
Briefly, using online-based CRISPR-Cas9 sgRNA design tools (http://crispr.mit.edu)227,
two sgRNA molecules, targeting exons 2 and 3 within RNF20 were designed with the criteria of
low self-complementation and low probability of off-target effects. All sgRNA and tracrRNA
molecules were chemically synthesized by Dharmacon (Table 4.S5 lists all sgRNA sequences).
sgRNAs were independently co-transfected with tracrRNA in E08 cells. Following transfection,
targeted cells were cultured for 4 days under normal growth conditions, detached by
trypsinization, transferred and grown on coverslips for 24 h, fixed, and immunofluorescently
labeled with either RNF20 or PPIB antibodies (RNF20, ab32629; PPIB, ab16045). Indirect
immunofluorescent imaging revealed a mixed population of both RNF20-proficient and RNF20deficient cells that were visually apparent based on signal intensity (Figure 4.10A and 4.10C). A
signal intensity of 3,860 arbitrary unites (A.U.), representing the intensity threshold separating
RNF20-proficient (>3,860) and RNF20-deficient (<3,860) cells was manually identified. RNF20proficient and RNF20-deficient cells were classified according to signal intensity and CRISPRCas9 editing efficiency was calculated. Semi-quantitative analysis revealed editing (RNF20-
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deletion) efficiencies of 35 out of 294 (~11.9%, exon 2, Figure 4.10B) and 59 out of 335
(~17.6%, exon 3, Figure 4.10D) cells analyzed.
Indirect immunofluorescent imaging identified PPIB-proficient and PPIB-deficient cells
that were visually apparent based on signal intensity (Figure 4.10E). An intensity threshold of
2,000 A.U., representing PPIB-proficient (>2,000) and PPIB-deficient (<2,000) cells was
identified. Semi-quantitative analysis revealed editing (PPIB-deletion) efficiencies of 993 out of
1139 (87%) cells analyzed (Figure 4.10F). Based on high PPIB editing efficiencies, we sought to
isolate PPIB-deficient cells for clonal expansion. Single cell dilutions were employed and
candidate PPIB-deficient cells were expanded and screened by immunofluorescence imaging.
Following clonal expansion and indirect immunofluorescent screening, 18 of the 25 (72%) clonal
populations were identified as PPIB-deficient. 8 of the 18 PPIB-deficient clones were randomly
chosen for expansion and cryogenic preservation. These initial proof-of-concept experiments
demonstrate the ability to produce CRISPR-Cas9-mediated gene deletions and derive clonal cell
lines from E08 cells.
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Figure 4.10: CRISPR-Mediated Deletions in E08 Cells
(A) Representative images (63×) depicting RNF20 exon 2 targeted E08 cells. DAPI and RNF20
are pseudo-colored red and green, respectively. Arrowheads point to RNF20-deficient cells. (B)
Scatter plot depicting RNF20 signal intensities of exon 2 targeted individual cells arranged from
smallest to greatest signal intensities. Grey bar shows the intensity threshold separating RNF20proficient (green dots) and RNF20-deficient (black dots) cells. The percentage of RNF20deficient cells is indicated. (C) RNF20 exon 3 targeted E08 cells. (D) Scatter plot showing the
RNF20 signal intensities of exon 3 targeted individual cells. (E) PPIB targeted E08 cells.
Arrowheads point to PPIB-proficient cells. (F) Scatter plot showing the PPIB signal intensities
of individual cells. Grey bar shows the intensity threshold separating PPIB-proficient (green
dots) and PPIB-deficient (black dots) cells. The percentage of PPIB-deficient cells is indicated.
All scale bars represents 10 µm.
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4.4 Discussion
In this study, we generate and characterize 12 Cas9-expressing HCT116 clones and
ultimately identify E08 as a ‘CRISPR-Cas9-ready’ cell line capable of high efficiency editing. In
a proof-of-concept study, E08 cells were transfected with independent sgRNA strands targeting
RNF20 and PPIB to produce RNF20-deficient and PPIB-deficient cells. Eight clonal PPIBdeficient cell lines were identified, expanded, and cryogenically preserved. Accordingly, we
have generated and characterized a novel HCT116-Cas9 E08 cell line that exhibits high Cas9
expression, karyotypic stability, high similarity to HCT116 parental cells, and can be efficiently
employed in CRISPR-Cas9 genome editing experiments.
During the generation of the Cas9 expressing cells, two distinct and unusual
morphologies were observed. There are many possible explanations. First, there is the possibility
that a small sub-population of HCT116 cells that display atypical gross morphologies inherently
exist within the HCT116 population yet are not visually evident. Accordingly, these cells may
represent normal HCT116 cells and not clones containing aberrant morphologies associated with
Cas9 integration or overexpression. Second, because lentiviral transduction mandates random
transgene integration, there remains the possibility of insertional mutagenesis within a gene
important for maintaining normal morphology228. Third, although only speculative, there remains
the possibility that Cas9 overexpression may cause spurious genome editing in the absence of
sgRNA or tracrRNA, and aberrant off-target editing within genes important for maintaining
normal morphology are being aberrantly edited. Although an interesting observation, the
mechanism(s) associated with these unusual morphologies are beyond the scope of this study but
are the subjects for future studies that will identify the Cas9 integration.
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There are many possible explanations regarding the differences in editing efficiencies
observed when targeting RNF20 and PPIB in HCT116-Cas9 E08 cells. These observations are
consistent with observations from others who have reported dramatic variability in editing
efficiency based on sgRNA sequence229. Although the exact reasons for differences in sgRNA
editing efficiencies are beyond the scope of this study, at least 2 possibilities exist. First,
biophysical properties of the sgRNA, including overall secondary structure, structural stability,
and nucleotide accessibility to target substrates, have all been shown to impact CRISPR-Cas9
editing efficiency219. Accordingly, low self-complementation, high-structural stability and
nucleotide accessibility of the 3’ end of the sgRNA sequence have all been associated with
efficient sgRNA molecules229. Second, there may be inherent biological differences associated
with loss of RNF20, which has been shown to play multiple roles in cellular homeostasis, versus
a loss of PPIB, which has previously been shown to be dispensable225. Nevertheless, the exact
mechanism(s) accounting for dramatic differences in editing efficiency between RNF20 and
PPIB is unknown and may warrant further investigation.
The ability to employ CRISPR-Cas9 genome editing technologies to HCT116-Cas9 E08
cells has several potential applications in the study of cancer genomics230. To date, a multitude of
cancer-associated genomic alterations have been identified by large-scale cancer genome
sequencing projects231. Although these projects are highly valuable in identifying genomic
alterations, they lack the ability to characterize their functional implications and do not discern
between passenger or driver mutations. In order to evaluate their functional significance,
traditional RNA-interference (RNAi) and cDNA overexpression approaches have been employed
to assess the biological impact gene-depletion/-overexpression has on phenotypes associated
with oncogenesis216,232. Although still a valuable tool in cancer biology, RNAi is limited by
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transient gene silencing and/or relatively low periods of protein depletion. Comparatively,
CRISPR-Cas9 offers complete and long-term protein loss, two characteristics that may be more
biologically relevant to certain cancer contexts. Although HCT116 was initially limited by low
transfection efficiency, the stable integration of Cas9 in combination with small particle
transfection appears to overcome these limitations. Coupling the ability to easily produce
permanent genomic alterations with the karyotype stability of HCT116-Cas9 E08 cells will
enable several studies aimed at validating candidate human chromosome stability genes. It can
be envisioned that such studies would employ CRISPR-Cas9 editing to inactivate candidate
chromosome stability genes and evaluate changes in chromosome number or structure, two
hallmarks of the CIN phenotype12,38,233.
In conclusion, we show that HCT116-Cas9 E08 cells retain the highly desirable
characteristics of parental HCT116 cells. Of particular interest, we show HCT116-Cas9 E08 cells
retain the modal parental karyotype and can be successfully employed with the CRISPR-Cas9
genome editing system to produce RNF20- and PPIB-deletions. Thus our data show, we have
generated a novel reagent that can be routinely employed in CRISPR-Cas9 genome editing
experiments. In addition, cell lines generated from this approach will serve as highly valuable
models to understand the specific genomic alterations that underlie certain human diseases.
Indeed, information gathered from these studies may provide the necessary biological
understanding to produce the next generation of therapeutic.
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4.5 Supporting Information
4.5.1 Supporting Tables
Table 4.S1: Analysis of Variance of Mean Cas9 Signal Intensity Between HCT116-Cas9
Clones
GroupA

SSB

dfC

BC
WC

9.8 × 108 11
1.3 × 109 5973

MSD

F-RatioE

8.9 × 107 399.8
2.2 × 105

p-value

Reject H0F

<0.0001

Yes

A

Defines whether or not the analysis is between clonal populations (BC) or within a clonal
population (WC).
B
SS, sum of squares.
C
df, degrees of freedom.
D
MS, mean square.
E
F-ratio is calculated by MSBC/MSWC.
F
The null hypothesis (H0) is rejected if the p-value is < 0.05.
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Table 4.S2: Tukey Multi-Comparison Tests of Mean Cas9 Signal Intensity Between
HCT116-Cas9 Clones
Statistical Significance (p-value)

B08
C07
D02
E02
E06
E07
E08
E11
F02
F09
F11
G06

B08 C07 D02 E02
**** **** ****
**** ****
****

E06
****
****
****
****

E07
****
****
****
****
ns

E08
ns
****
****
****
****
****

E11
****
****
**
****
ns
**
****

F02
****
****
****
****
ns
ns
****
ns

F09
****
****
****
****
****
****
****
****
****

F11
****
****
ns
****
****
****
****
****
****
****

G06
****
****
****
****
**
ns
****
****
*
****
****

Degrees of Statistical Significance: ns, not significant; *, p-value < 0.05; **, p-value < 0.01;
****, p-value < 0.0001.
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Table 4.S3: Summary Statistics of Mean Cas9 Expression in HCT116-Cas9 Clones
HCT116-Cas9 CloneA

MeanB ± Standard Deviation

nC

B08
C07
D02
E02
E06
E07
E08
E11
F02
F09
F11
G06

6002 ± 463
4869 ± 374
5513 ± 491
6307 ± 685*
5355 ± 436
5266 ± 419
6055 ± 721*
5390 ± 320
5346 ± 460
5075 ± 286
5598 ± 435
5239 ± 394

498
498
491
491
512
494
495
511
498
502
499
496

A

HCT116-Cas9 clone identifier
Mean Cas9 signal intensity, * indicates high Cas9 expressing clones identified by
immunoblotting and indirect immunofluorescence analyses.
C
Sample size, total number of cells measured.
B
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Table 4.S4: Student’s t-tests Comparing Doubling Times of HCT116, E08, and E02
Cell Line

nA

MeanB ± Standard Deviation

p-valueC Fold Change

wt +
E08

3
4

15.14 ± 0.28
15.90 ± 0.21

ns

n/a

wt +
E02

3
3

15.14 ± 0.28
39.06 ± 1.26

<0.0001

2.58

A

Number of real time cellular analysis wells evaluated
Mean doubling time was calculated using regions of exponential growth (52:09:32 to 70:09:38)
with the formula: Doubling Time = [duration × log(2)] ÷ [log(Final Cell Index) - log(Initial Cell
Index)].
C
Based on Student’s t-tests
Not applicable (n/a)
Not statistically significant (ns)
B

Table 4.S5: List of CRISPR-Cas9 guide strands employed
Gene Targeted

Exon Targeted

sgRNA Sequence (5’ to 3’)

RNF20
RNF20
PPIB

Exon 2
Exon 3
Exon 1

GTGGAAACAATTAAGCTAGG
TATTGATTGTCAACCGATAC
GGAAGTACAACGCAAGCCTC
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Chapter 5

RNF20 AND PARP1 ARE SYNTHETIC LETHAL INTERACTORS IN HUMAN CELLS
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5.1 Abstract
The putative tumor suppressor gene RNF20 encodes an essential histone H2B monoubiquitin ligase and has been found altered/mutated in numerous cancer types. Several studies
suggest that RNF20, and by extension mono-ubiquitinated histone H2B, play important roles in
the DNA homologous recombination repair response within human cells. Indeed, hypomorphic
RNF20 expression and/or function have been shown to underlie several phenotypes consistent
with aberrant DNA repair and genome instability, making aberrant RNF20 biology a potential
driver in tumor initiation and evolution. As a result, identifying a precision medicine approach to
selectively kill cancer cells harboring RNF20-defects could have broad clinical relevance in
multiple tumor types. Many groups have demonstrated that certain cancer cells bearing defects
within the homologous recombination repair pathway can be selectively killed through PARP1
inhibition. Based on this evidence, we specifically evaluated if two PARP1 inhibitors, Olaparib
or BMN673, could be repurpose to selectively kill RNF20-depleted cells. Using RNAinterference to model hypomorphic RNF20 expression and/or function, we show that PARP1silencing and inhibition induces preferential killing within RNF20-silenced cells. To characterize
the

underlying

mechanism

of

cell

death,

we

employ

semi-quantitative

indirect

immunofluorescent imaging and show significant increases in markers of DNA damage and
apoptosis. Ultimately, we show that RNF20 and PARP1 are synthetic lethal interactors in human
cells and identify PARP1 as a candidate drug target in an RNF20-deficient cancer context.
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5.2 Introduction
Many chemotherapies employed to fight solid tumors like colorectal cancer, are nonspecific, target replicating cells, and are frequently associated with off-target effects.
Consequently, there is a growing need for novel strategies to better restrict the therapeutic effect
to cancer cells. It is becoming increasingly evident that certain cancer cells bearing specific
defects in the HRR response can be selectively killed by a SL approach234. Synthetic lethality
occurs when a rare combination of two or more specific mutations within a given cell leads to
cell death, whereas a mutation in only one of these genes does not235. This rare genetic
interaction can be extrapolated to a cancer context where a cancer-associated mutation can be
selectively targeted by inhibiting a pair-wise SL interactor, which will ultimately result in cancer
cell death. Most importantly, non-cancerous cells, which do not contain the necessary SL
sensitizing mutation, remain viable159,160,236. Accordingly, identifying and characterizing rare
human SL interactions in model cell lines is an essential preliminary step before these precision
based approaches can be further studied in a preclinical setting235.
To date, the best-characterized example of synthetic lethality is the selective killing of
BRCA1/2-deficient cancer cells through PARP1 inhibition179,180,237,238. Both BRCA1 and BRCA2
play important roles in the HRR response239. It is generally accepted that PARP1 inhibition
produces an increase in DNA damage that cannot be faithfully repaired through HRR in
BRCA1/2-deficient cancer cells. Catastrophic DNA damage is restricted to BRCA1/2-deficient
cells and ultimately underlies apoptosis and cell death180. Since this initial discovery, a myriad of
PARP1 inhibitors have been developed and tested as single or combinatorial agents for their in
vitro and in vivo ability to selectively kill a variety of HRR-deficient cells240-242.
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RNF20 is a putative tumor suppressor gene that plays a peripheral role in the HRR
response and is altered in numerous cancers including colon, breast, lung and prostate76,210,243.
Accordingly, identifying a novel therapeutic strategy to selectively kill cancer cells harboring
RNF20-defects could have broad clinical relevance. RNF20 encodes an E3 ubiquitin ligase that
functions to monoubiquitinate histone H2B on lysine residue 120 (H2Bub1)76,244. It is generally
accepted that H2Bub1 functions in HRR by remodeling local chromatin at DNA lesions to
provide enhanced accessibility for HRR factors and allow for efficient repiar106. As expected,
RNF20-silenced cells display several phenotypes consistent with a HRR-defect including
reduced survival following radiation, delayed recruitment of key HRR components, and a direct
reduction in HRR frequency106,107. Based on the above evidence, we hypothesized that RNF20
and PARP1 are human SL interactors and that RNF20-depleted cells could be selectively killed
by PARP1-silencing or PARP1-inhibition.
In this study, we expand the potential utility of PARP1 inhibitors by identifying and
validating a novel human SL interaction between RNF20 and PARP1 in two human cell lines.
We employ RNA-interference to model human cancer cells exhibiting hypomorphic RNF20
expression and/or function in combination with two distinct PARP1 inhibitors, Olaparib and
BMN673. We show that RNF20-silenced cells are selectively killed relative to controls, and
identify increases in DNA DSBs and apoptosis as underlying mechanisms accounting for cell
death. Collectively, we identify Olaparib and BMN673 as lead compounds for further preclinical studies designed to selectively kill cancer cells bearing hypomorphic RNF20 expression
and/or function.
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5.3 Results
5.3.1 PARP1-Silencing Induces a Significant Reduction in siRNF20 Cell Numbers
In order to evaluate RNF20 and PARP1 as human SL interactors, we first wished to
determine whether the simultaneous (dual) silencing of RNF20 and PARP1 resulted in fewer cell
numbers than silencing either gene simultaneously with GAPDH (control). To identify the most
efficient silencing duplexes, we first examined four individual siRNAs for RNF20 and PARP1
within HCT116 cells. Using standard siRNA approaches and immunoblot detection, siRNF20-3
and siPARP1-1 were identified as the most efficient silencing duplexes and were thus employed
throughout the remainder of the study (Figure 5.1A and 5.1B).
Next, dual silencing (siRNF20 + siPARP1) experiments were performed within HCT116
cells. As predicted, dual silencing of RNF20 and PARP1 resulted in a reproducible and
statistically significant reduction in cell numbers relative to controls (siGAPDH + siRNF20 or
siGAPDH + siPARP1) (Figure 5.1C, Table 5.S1). Moreover, siRNF20 + siPARP1 dual silencing
resulted in a greater reduction in cell numbers than what was predicted by a multiplicative model
(see materials and methods) and establishes a putative SL interaction (Figure 5.1D, Table 5.S2).
To confirm the above results were not restricted to HCT116, analogous experiments were
performed in hTERT cells with very similar findings (Figure 5.S1, Table 5.S3 and 5.S4). Taken
together, these data suggest RNF20 and PARP1 are SL interactors in two distinct human cell
lines (HCT116, transformed human colon epithelium and hTERT, immortalized human
fibroblasts).
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Figure 5.1: PARP1-Silencing Induces a Significant Reduction in siRNF20 HCT116 Cells
(A) Immunoblots depicting diminished RNF20 levels following silencing in HCT116 cells.
Semi-quantitative analyses were performed and the relative abundance of RNF20 is presented.
(B) Immunoblots depicting the relative abundance of PARP1 following silencing in HCT116
cells. (C) Bar graph depicting the mean relative number of cells remaining (± Standard Deviation
[SD]) following silencing (****; p-value < 0.0001). (D) Graph depicting the SL interaction
observed following dual silencing of RNF20 and PARP1 in HCT116 cells. Presented are the
mean normalized percentages (± SD) for the controls siRNF20 + siGAPDH (green circle) or
siPARP1 + siGAPDH (blue square), and the value predicted (black triangle) for siRNF20 +
siPARP1 as calculated by a multiplicative model. The red triangle identifies the actual observed
value for siRNF20 + siPARP1 and is lower than predicted indicating a putative SL phenotype.
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5.3.2 PARP1 Inhibition Induces a Statistical Decrease in siRNF20 Cell Numbers
We next sought to employ PARP1 inhibitors to phenocopy RNAi results detailed above.
However, because our approach mandates PARP1 inhibition during periods of maximum
RNF20-depletion, we first characterized the temporal kinetics associated with RNF20-silencing
(Figure 5.2A). Partial RNF20-depletion was observed 24 h post-transfection, followed by
maximal depletion between the 48 h to 96 h time points, and a return to approximately base-line
levels 144 h (6-days) post-transfection. Based on these results, a 72 h window (48 h to 120 h
post-transfection) was identified as the optimal window in which PARP1 inhibition would likely
be most effective.
We next evaluated whether siRNF20 cells would exhibit increased sensitivity to PARP1
inhibitors compared to siGAPDH controls. Standard dose response curves were generated and
the SF50 (surviving fraction; drug concentration at which 50% of the cells remained) was
determined for both Olaparib (siGAPDH = 6.84 µM; siRNF20 = 4.0 µM) and BMN673
(siGAPDH = 71.9 nM; siRNF20 = 25.8 nM) within HCT116 cells. Overall BMN673 treatments
elicited a greater reduction in cell numbers compared to Olaparib. When compared to siGAPDH
controls, siRNF20 cells exhibited a 1.7- and 2.8-fold increased sensitivity to Olaparib or
BMN673, respectively. Drug concentrations that produced the greatest reduction in siRNF20
cells and not siGAPDH cells were identified as 800 nM Olaparib and 6.4 nM BMN673. These
working concentrations were employed throughout the remainder of our study. As predicted,
Olaparib and BMN673 treatment resulted in a statistically significant decrease in siRNF20 cell
numbers compared to controls. (Olaparib, p-value < 0.05, Figure 5.2B Table 5.S5) (BMN673, pvalue < 0.0001, Figure 5.2C, Table 5.S6). To confirm these results were not restricted to
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Figure 5.2: siRNF20 HCT116 Cells Exhibit Increased Sensitivity to PARP1 Inhibitors
(A) Immunoblots depicting the temporal dynamics of RNF20 and H2Bub1 in siRNF20 HCT116
cells. Semi-quantitative analyses were performed and the relative abundance of RNF20 and
H2Bub1 are presented. H2B (unmodified) serves as a loading control. (B) Cells were exposed to
Olaparib between 48h to 120h post-transfection. Cells were fixed and enumerated 120h posttransfection. Bar graph depicting the mean percentages of cells remaining (± SD) following
Olaparib treatment. Data are presented relative to siGAPDH (*; p-value < 0.05). (C) Cells were
exposed to BMN673 between 48h to 120h post-transfection. Cells were fixed and enumerated
120h post-transfection. Bar graph depicting the mean percentages of cells remaining following
BMN673 treatment. Data are presented relative to siGAPDH (****; p-value < 0.0001).
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HCT116 cells, analogous experiments were performed in hTERT with highly similar results
(Figure 5.S2) (Olaparib, p-value < 0.05, Figure 5.S2B, Table 5.S7) (BMN673, p-value < 0.001,
Figure 5.S2C, Table 5.S8). Collectively, these data indicate that PARP1 inhibition by either
Olaparib of BMN673 phenocopies PARP1-silencing and further supports RNF20 and PARP1 as
human SL interactors.

5.3.3 PARP1 Inhibition Selectively Kills shRNF20 Cells
To further validate the putative RNF20 PARP1 SL interaction and develop novel reagents
amenable to long-term studies (e.g. colony formation assay), we generated stable HCT116
shRNF20 and shGAPDH cells (detailed in Materials and Methods). Immunoblots confirmed
RNF20-silencing in HCT116-shRNA cells (Figure 5.3A and 5.3B). As expected, shRNAsilencing phenocopied siRNA-silencing and resulted in a statistical decrease in cell numbers
following PARP1 inhibition (Olaparib, p-value <0.05, Figure 5.3C, Table 5.S9) (BMN673, pvalue <0.0001, Figure 5.3D, Table 5.S10). Consistent with siRNA experiments detailed above,
BMN673 treatments produced a greater reduction in cell numbers compared to Olaparib and was
therefore employed throughout the remainder of our study. Collectively, the above
complementary siRNA and shRNA results further validate the RNF20 PARP1 SL interaction.
To confirm the above results were not restricted to cells grown in 2D monolayers, colony
formation assays were performed in soft agar. BMN673 treatment resulted in a statistical
decrease in shRNF20 colony numbers (p-value < 0.05, Figure 5.3E, Table 5.S11) and size (pvalue < 0.05, Figure 5.3F, Table 5.S12) relative to shGAPDH controls. The above data suggest
long-term BMN673 treatment underlies a significant reduction in shRNF20 HCT116 cells and
further validates the RNF20 PARP1 SL interaction.
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Figure 5.3: PARP1 Inhibition Induces a Significant Reduction in shRNF20 HCT116 Cells
(A) Immunoblot depicting RNF20 levels in three unique shRNF20 HCT116 populations. The
relative abundance of RNF20 is presented. (B) Immunoblot depicting RNF20 and H2Bub1 levels
following various RNAi approaches. (C) Bar graph depicting the mean percentage of shRNF20
cells remaining (± SD) following Olaparib treatment (*; p-value < 0.05). (D) Bar graph depicting
the mean percentage of shRNF20 cells remaining (± SD) following BMN673 treatment (****; pvalue < 0.0001). (E) Bar graph depicting the mean number of shRNF20 colonies remaining (±
SD) following 14 day treatment with BMN673. (F) Bar graph depicting the mean colony size of
shRNF20 cells (± SD) following 14 day treatment with BMN673.
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5.3.4 BMN673 Treatment Induces Cellular Cytotoxicity in RNF20-Silenced Cells
Although the above data suggest diminished cell numbers may be due to cellular
cytotoxicity, it is equally plausible that cell cycle arrest or decreased proliferation rates could
account for reduced cell numbers. To distinguish between these possibilities, real time cellular
analysis (RTCA) was employed to evaluate changes in cell numbers following BMN673
treatment. RTCA employs electrical impedance to measure cell index (cell numbers) and is
ideally suited to identify treatment related changes in cell proliferation and viability.
We first wished to confirm cell proliferation rates were not affected by RNF20 status or
the addition of DMSO. Growth curves generated from siGAPDH and siRNF20 cells treated with
DMSO were virtually indistinguishable (Figure 5.4A). Having established that proliferation rates
were independent of RNF20 status, we wished to evaluate changes in proliferation following
BMN673 addition (Figure 5.4B). Briefly, siGAPDH or siRNF20 cells were seeded onto RTCA
plates and grown for 24 h. The following day, BMN673 or DMSO was added and cells were
monitored for 72 h in real time. Individual growth curves were generated from siGAPDH and
siRNF20 cells treated with BMN673. When comparing growth curves, siRNF20 cells exhibited a
growth curve profile indicative of a cytotoxic effect (proliferation defect followed by a rapid
decline in cell index). Using analogous experiments, these results were confirmed in HCT116shRNA cells (Figure 5.4C and 5.4D). Collectively, these data indicate that BMN673 induces
selective cytotoxicity in both siRNF20 HCT116 and shRNF20 HCT116 cells.
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Figure 5.4: BMN673 Treatment Induces Cytotoxicity in siRNF20 Cells
(A) Real-time growth curves of siGAPDH and siRNF20 HCT116 cells treated with DMSO. (B)
Real-time growth curves of siGAPDH and siRNF20 HCT116 cells treated with BMN673. (C)
Real-time growth curves of shGAPDH and shRNF20 HCT116 cells treated with DMSO. (D)
Real-time growth curves of shGAPDH and shRNF20 HCT116 cells treated with BMN673.
All treatments were initiated 24h post-seeding (arrow).

154

5.3.5 BMN673 Treatment Induces DNA Damage in HCT116 siRNF20 and shRNF20 Cells
Having established BMN673 treatment preferentially induces cytotoxicity within RNF20silenced cells, we next sought to identify the underlying mechanism of cell death. PARP1
inhibition has been previously shown to cause increases in DNA DSBs and was therefore
considered as a potential mechanism of cell death180. Accordingly, we wished to empirically
assess the abundance of DNA DSBs in BMN673-treated RNF20-silenced cells. RNF20-silenced
cells were treated with either DMSO or BMN673 as above, fixed, and immunofluorescently
labeled with an established surrogate marker of DNA DSBs, γ-H2AX. Semi-quantitative indirect
immunofluorescent imaging was performed and mean γ-H2AX signal intensity was calculated.
Analysis of variance (ANOVA) was performed and Tukey multi-comparison post-tests revealed
statistically significant differences in mean γ-H2AX signal intensity between a subset of
treatments (Table 5.S13 and 5.S14). Specifically in all DMSO-treated cells, mean γ-H2AX signal
intensities were highly similar and not statistically significant, indicating RNF20-status alone
does not cause an increase in DNA DSBs. However, when examining BMN673-treated cells,
visually evident (Figure 5.5A) and statistically significant (Figure 5.5B) increases in mean γH2AX signal intensities were observed in RNF20-silenced cells compared to GAPDH-silenced
controls. Specifically, shRNF20 and siRNF20 cells displayed a 1.68-fold and 1.99-fold increase
in mean γ-H2AX signal intensity, respectively. Collectively, these data show that BMN673
treatment increases mean γ-H2AX signal intensity in RNF20-silenced cells and thus increases in
DNA DSBs may underlie cytotoxicity.
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Figure 5.5: BMN673 Treatment Induces DNA Damage in HCT116 siRNF20 and shRNF20
Cells
(A) Representative low-resolution (10×) images presenting the qualitative differences in γ-H2AX
signal intensities. DAPI and γ-H2AX are pseudo-colored red and green respectively within the
merged images. Cells were imaged 48 h following BMN673 treatment. Images were acquired
using identical exposure times to allow for quantitative analyses. Scale bar represents 20 µm. (B)
Bar graph presenting the mean γ-H2AX signal intensities (± SD). 4 Gy ionizing radiation is a
positive control for DNA DSBs. All data are presented relative to their respective controls
(shGAPDH + DMSO) or (siGAPDH + DMSO). (ns, not significant; ***, p-value < 0.001; ****,
p-value < 0.0001).
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5.3.6 BMN673 Treatment Induces Apoptosis in HCT116 siRNF20 and shRNF20 Cells
Although the above data support the accumulation of DNA DSBs within RNF20-silenced
cells, they do not address the underlying mechanism of death. We therefore sought to evaluate if
BMN673 treatment induced apoptosis within RNF20-silenced cells. Accordingly, cells were
treated as above and immunofluorescently labeled with cleaved Caspase-3, a key indicator of
apoptosis. Visually evident increases in cleaved Caspase-3 signal intensity were observed in
RNF20-silenced cells following BMN673 treatment (Figure 5.6A). ANOVA was performed and
Tukey multi-comparison post-tests revealed statistically significant differences in mean cleaved
Caspase-3 signal intensity between a subset of treatments (Figure 5.6B, Table 5.S15 and 5.S16).
Collectively, these data show that BMN673 treatment selectively increases mean cleaved
Caspase-3 signal intensity within RNF20-silenced cells and strongly suggests apoptotic cell
death.
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Figure 5.6: BMN673 Treatment Induces Apoptosis in HCT116 siRNF20 and shRNF20
Cells
(A) Representative low-resolution (20×) images presenting the qualitative differences in cleaved
Caspase-3 signal intensities. DAPI and cleaved Caspase-3 are pseudo-colored red and green
respectively, within the merged images. Images were acquired using identical exposure times to
allow for quantitative analyses. Scale bar is 10 µm. (B) Bar graph presenting the mean cleaved
Caspase-3 signal intensities (± SD). Staurosporine is a positive control for apoptosis. (ns, not
significant; ***, p-value < 0.001; ****, p-value < 0.0001).
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5.3.7 PARP1 Expression is required for Maximum BMN673-Dependent Cytotoxicity in
HCT116 siRNF20 Cells
Previous groups have reported the requirement of PARP1 expression to enhance PARP1
inhibitor related cytotoxicity in HRR-deficient cells245-247. Using our established siRNA
approach, we performed dual silencing experiments in combination with BMN673 treatment to
establish if PARP1-depletion attenuated BMN673-dependent cytotoxicity. Indeed, PARP1depletion partially rescued siRNF20 cells from BMN673-related cytotoxicity (Figure 5.7).
Specifically when treated with BMN673, the simultaneous depletion of RNF20 and PARP1
(siRNF20 + siPARP1) resulted in a statistically significant 1.14 increase in cell numbers
compared to siGAPDH + siRNF20 cells (p-value <0.0001, Figure 5.7, Table 5.S17). These
results show the requirement of PARP1 expression for maximum BMN673-dependent
cytotoxicity in siRNF20 cells.

Figure 5.7: PARP1 Expression is Required for Maximum BMN673-Dependent Cytotoxicity
in siRNF20 Cells
(A) Graph showing the percentage of siRNA-silenced HCT116 cells remaining (± SD) following
BMN673 treatment. Data are presented relative to siGAPDH DMSO (****; p-value < 0.0001).
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5.4 Discussion
In this study, we employ RNAi in combination with Olaparib and BMN673, to identify
and validate an RNF20 PARP1 SL interaction in human cells. We specifically show that dual
silencing of RNF20 and PARP1 causes a statistically significant decrease in cell numbers relative
to controls. In addition, we show that Olaparib or BMN673 selectively kills siRNF20 cells.
Using surrogate markers for DNA DSBs and apoptosis, we show that catastrophic increases in
DNA damage and apoptosis are putative mechanisms underlying BMN673-dependent cell death.
Furthermore, we show that PARP1 expression is required for enhanced BMN673-dependent cell
death and that PARP1-depletion partially rescues siRNF20 cells. Collectively, our data identify a
novel human RNF20 PARP1 SL interaction and Olaparib/BMN673 as lead compounds to
selectively kill cancer cells exhibiting hypomorphic RNF20 expression and/or function.
There are several proposed mechanisms that describe the SL effect of PARP1 inhibition
in HRR-deficient cells242. The classical view is that PARP1 inhibition underlies increases in
DNA single strand breaks, which are converted to DNA DSBs through replication fork “dropoff” events during DNA synthesis180. As a result, cell death ensues from the catastrophic
accumulation of DNA DSBs that are restricted to HRR-deficient cells. The cytotoxic effect is
restricted to HRR-deficient cells because HRR-proficient cells, which represent normal tissues,
maintain the ability to accomplish high-fidelity DNA DSB repair. In agreement with this model,
we observed increases in DNA DSBs that were restricted to RNF20-silenced cells, suggesting
that RNF20 plays an important role in HRR repair and thus hypomorphic expression and/or
function underlies a HRR defect. Indeed several studies demonstrate the important role RNF20
plays in the HRR response106,107. Importantly, statistical increases in DNA DSBs were not
observed in RNF20-proficient (GAPDH-silenced) cells following BMN673 treatment. When
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extrapolating these observations to a cancer context, it is predicted that BMN673 would produce
minimal genotoxicity in normal tissues, and therefore be associated with fewer treatment related
side effects such as secondary cancers. This prediction is further substantiated by clinical trials
confirming the high tolerability of PARP1 inhibitors183,237,248.
An emerging model detailing the cytotoxic mechanism associated with PARP1 inhibition
is a process known as “PARP1 trapping”

245-247,249

. In this model, PARP1 inhibition prevents

PARP1 auto-ADP-ribosylation, which is a critical final step in displacing PARP1 from DNA
lesions to allow access to accessory repair factors to complete DSB repair. For mechanisms not
yet fully elucidated, PARP1 inhibitors that causes “PARP1 trapping”, are more cytotoxic that
PARP1 depletion246. In agreement with a “PARP1 trapping” model, we consistently observed a
greater cytotoxic effect through PARP1-inhibition than PARP1-depletion. Furthermore, we show
that PARP1 expression is required for enhanced BMN673-depending cytotoxicity, which further
supports the notion that BMN673 underlies PARP1-DNA trapping and enhanced cytotoxicity.
Although our results are consistent with both models above, we cannot discount other
possible RNF20 PARP1 SL mechanisms. For example, RNF20 has been shown to play a role in
transcriptional regulation76,100,104,244. Using microarray analysis, Shema et al.76,104 demonstrated
that RNF20-silencing causes both an increase and decrease in the expression of a subset of HeLa
genes. Accordingly, there remains the possibility that changes in gene expression patterns
conferred by RNF20-silencing may be responsible for producing an indirect SL interaction with
PARP1. Nevertheless, because by definition synthetic lethality represents genetic interactions,
RNF20 and PARP1 are indeed bona fide human SL interactors and the exact SL molecular
mechanism remains inconclusive.
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HCT116 cells were ideally suited for this study as they are a near diploid, karyotypically
stable human colorectal cancer cell line that has been extensively employed in similar SL
studies159,160,250. hTERT cells which are a near diploid, karyotypically stable immortalized
human fibroblast cell lines were also employed to show the conservation of the RNF20 PARP1
SL interaction across cell types. Consequently, it is predicted that the RNF20 PARP1 SL
interaction may be conserved in several other clinically relevant cancer types including lung,
breast, and prostate. However, there remains the possibility that additional genetic modifiers
found within other cell types, may modulate the SL phenotype to either enhance or suppress cell
death. Accordingly, additional pre-clinical experiments in other cell types must be performed to
better understand the clinical potential of PARP1 as a novel therapeutic target in RNF20deficient cancers. Compared to Olaparib, BMN673 consistently produced enhanced cytotoxicity.
These observations were consistent with other studies that identified BMN673 as a more potent
PARP1 inhibitor249,251. Based on the above information, additional PARP1 inhibitors should be
evaluated in an RNF20-deficient context as subtle differences in their molecular mechanism may
either enhance or suppress cell death.
Additional experiments could be performed in mouse models to evaluate the ability of
BMN673 to selectively kill RNF20-depleted cells. For example, shGAPDH- and shRNF20expressing HCT116 cells could be subcutaneously injected into the left and right flanks of
athymic nude mice, respectively. Tumor growth could be monitored over time to evaluate the in
vivo killing efficacy of BMN673. In conclusion, we have identified a bona fide RNF20 PARP1
SL interaction in human cells and have presented data that suggests PARP1 inhibitors could be
repurposed to selectively kill RNF20-deficient cancer cells.
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5.5 Supporting Information
5.5.1 Supporting Tables
Table 5.S1: Student t-tests Comparing Mean Relative HCT116 Cell Numbers - siRNA
siRNA

nA

MeanB ± Standard Deviation

siGAPDH +
siRNF20

6

96.59 ± 0.451

siRNF20 +
siPARP1

6

86.90 ± 0.265

siGAPDH +
siPARP1

6

95.87 ± 0.687

siRNF20 +
siPARP1

6

86.90 ± 0.265

p-valueC Fold Change

<0.0001

0.90

<0.0001

0.90

A

Number of wells enumerated (n)
All Means are normalized to siGAPDH (%)
C
Based on Student’s t-test
B
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Table 5.S2: HCT116 Multiplicative Model of SL Interaction Between RNF20 and PARP1
siRNA

nA

siGAPDH

6

100.00 ± 2.045

n/a

n/a

siGAPDH +
siRNF20

6

96.59 ± 1.105

n/a

n/a

siGAPDH +
siPARP1

6

95.87 ± 1.684

n/a

n/a

6

86.90 ± 0.650

92.60

5.7

siRNF20 +
siPARP1

MeanB ± Standard Deviation

ExpectedC

DifferenceD

A

Number of wells enumerated (n)
All Means are normalized to siGAPDH (%)
C
Calculated by multiplying the Means of (siGAPDH + siRNF20) × (siGAPDH + siPARP1)
D
Calculated as (Expected) - [Mean of (siRNF20 + siPARP1)]
Not applicable (n/a)
B
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Table 5.S3: Student t-tests Comparing Mean Relative hTERT Cell Numbers - siRNA
siRNA

nA

MeanB ± Standard Deviation

siGAPDH +
siRNF20

6

95.67 ± 1.506

siRNF20 +
siPARP1

6

89.50 ± 2.074

siGAPDH +
siPARP1

6

94.67 ± 2.066

siRNF20 +
siPARP1

6

89.50 ± 2.074

p-valueC Fold Change

0.0002

0.94

0.0015

0.95

A

Number of wells enumerated (n)
All Means are normalized to siGAPDH (%)
C
Based on Student’s t-test
B
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Table 5.S4: hTERT Multiplicative Model of SL Interaction Between RNF20 and PARP1
siRNA

nA

MeanB ± Standard Deviation

ExpectedC

DifferenceD

siGAPDH

6

100.00 ± 2.639

n/a

n/a

siGAPDH +
siRNF20

6

95.67 ± 1.506

n/a

n/a

siGAPDH +
siPARP1

6

94.67 ± 2.066

n/a

n/a

siRNF20 +
siPARP1

6

89.50 ± 2.074

90.57

1.07

A

Number of wells enumerated (n)
All Means are normalized to siGAPDH (%)
C
Calculated by multiplying the Means of (siGAPDH + siRNF20) × (siGAPDH + siPARP1)
D
Calculated as (Expected) - [Mean of (siRNF20 + siPARP1)]
Not applicable (n/a)
B
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Table 5.S5: Student t-tests Comparing Mean Relative HCT116 Cell Numbers - siRNA,
Olaparib
siRNA
siGAPDH
siRNF20

nA
6
6

Mean ± Standard Deviation p-valueB
100.00 ± 1.473
90.97 ± 3.389

n/a
0.0347

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B

Table 5.S6: Student t-tests Comparing Mean Relative HCT116 Cell Numbers - siRNA,
BMN673
siRNA
siGAPDH
siRNF20

nA
6
6

Mean ± Standard Deviation p-valueB
100.00 ± 0.7022
70.59 ± 3.007

n/a
<0.0001

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B

Table 5.S7: Student t-tests Comparing Mean Relative hTERT Cell Numbers - siRNA,
Olaparib
siRNA
siGAPDH
siRNF20

nA
6
6

Mean ± Standard Deviation p-valueB
100.00 ± 4.852
85.86 ± 2.475

n/a
0.0267

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B
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Table 5.S8: Student t-tests Comparing Mean Relative hTERT Cell Numbers - siRNA,
BMN673
siRNA
siGAPDH
siRNF20

nA
6
6

Mean ± Standard Deviation p-valueB
100.00 ± 2.151
85.73 ± 1.713

n/a
0.0004

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B

Table 5.S9: Student t-tests Comparing Mean Relative HCT116 Cell Numbers - shRNA,
Olaparib
shRNA
shGAPDH
shRNF20

nA
6
6

Mean ± Standard Deviation p-valueB
100.00 ± 3.480
85.61 ± 3.785

n/a
0.0188

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B

Table 5.S10: Student t-tests Comparing Mean Relative HCT116 Cell Numbers - shRNA,
BMN673
shRNA
shGAPDH
shRNF20

nA
6
6

Mean ± Standard Deviation p-valueB
100.00 ± 3.285
72.36 ± 1.471

n/a
<0.0001

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B
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Table 5.S11: Student t-tests Comparing HCT116-shRNA Colony Numbers - BMN673
shRNA
shGAPDH
shRNF20

nA

Mean ± Standard Deviation p-valueB

3
3

37.67 ± 2.848
29.00 ± 1.155

n/a
0.048

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B

Table 5.S12: Student t-tests Comparing HCT116-shRNA Colony Size - BMN673
shRNA
shGAPDH
shRNF20

nA

Mean ± Standard Deviation p-valueB

3
3

38,213 ± 329
37,211 ± 242

n/a
0.0213

A

Number of wells enumerated (n)
Based on Student’s t-tests
Not applicable (n/a)
B

Table 5.S13: Analysis of Variance of the Mean γ-H2AX Total Signal Intensities as
Determined by Semi-Quantitative Immunofluorescent Imaging Microscopy
GroupA

SSB

dfC

BG
WG

1.7 × 106 8
3.8 × 103 18

MSD

F-RatioE

2.1 × 105 954
219

P value

Reject H0F

<0.0001

Yes

A

Defines whether or not the analysis is between groups/treatments (BG) or within the
group/treatments (WG)
B
SS, sum of squares.
C
df, degrees of freedom.
D
MS, means square.
E
F-Ratio is calculated by MSBG/MSWG
F
The null hypothesis (H0) is rejected if the P value is <0.05.
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Table 5.S14: Mean γ-H2AX Total Signal Intensities as Determined by Semi-Quantitative
Immunofluorescent Imaging Microscopy
Treatment

nA

shGAPDH +
BMN673

468

115.00 ± 6.04

n/a

n/a

shRNF20 +
BMN673

344

187.90 ± 18.40

<0.001

1.63

siGAPDH +
BMN673

329

112.00 ± 17.19

n/a

n/a

siRNF20 +
BMN673

437

223.10 ± 17.99

<0.0001

1.99

Mean ± Standard Deviation

p-valueB Fold Increase

A

Number of cells analysed (n)
Based on Tukey multicomparison post-tests.
Not applicable (n/a)
B

Table 5.S15: Analysis of Variance of the mean Cleaved Caspase-3 Total Signal Intensities
as Determined by Semi-Quantitative Immunofluorescent Imaging Microscopy
GroupA

SSB

dfC

BG
WG

7.4 × 109 8
1.3 × 1010 1958

MSD

F-RatioE

9.3 × 108 142
6.7 × 106

P value

Reject H0F

<0.0001

Yes

A

Defines whether or not the analysis is between groups/treatments (BG) or within the
group/treatments (WG)
B
SS, sum of squares.
C
df, degrees of freedom.
D
MS, means square.
E
F-Ratio is calculated by MSBG/MSWG
F
The null hypothesis (H0) is rejected if the P value is <0.05.
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Table 5.S16: Mean Cleaved Caspase-3 Total Signal Intensities as Determined by SemiQuantitative Immunofluorescent Imaging Microscopy
Treatment

nA

shGAPDH +
BMN673

239

11,400 ± 2200

n/a

n/a

shRNF20 +
BMN673

108

14,446 ± 3535

<0.0001

1.27

siGAPDH +
BMN673

204

11,529± 2540

n/a

n/a

siRNF20 +
BMN673

87

14,701 ± 3363

<0.0001

1.28

Mean ± Standard Deviation

p-valueB Fold Increase

A

Number of cells analysed (n)
Based on Tukey multicomparison post-tests.
Not applicable (n/a)
B

Table 5.S17: Student t-tests Comparing Mean Relative HCT116 Cell Numbers Following
PARP1-depletion, siRNA, BMN673
siRNA

nA

MeanB ± Standard Deviation

siGAPDH +
siPARP1

6

96.63 ± 0.61

siGAPDH +
siRNF20

6

73.35 ± 1.38

siGAPDH +
siRNF20

6

73.35 ± 1.38

siRNF20 +
siPARP1

6

83.43 ± 0.57

p-valueC Fold Change

<0.0001

0.76

<0.0001

1.14

A

Number of wells enumerated (n)
All Means are normalized to siGAPDH (%)
C
Based on Student’s t-test
B

171

5.5.2 Supporting Figures

Fig. 5.S1. PARP1-Silencing Induces a Significant Reduction in siRNF20 hTERT Cells
(A) Immunoblots depicting diminished RNF20 levels following silencing in hTERT cells. Semiquantitative analyses were performed and the relative abundance of RNF20 is presented. (B)
Immunoblots depicting the relative abundance of PARP1 following silencing in hTERT cells.
(C) Bar graph depicting the mean relative number of cells remaining (± SD) following silencing
(***; p-value < 0.001) (**; p-value < 0.01). (D) Graph depicting the SL interaction observed
following dual silencing of RNF20 and PARP1 in hTERT cells. Presented are the mean
normalized percentages (± SD) for the controls siRNF20 + siGAPDH (green circle) and
siPARP1 + siGAPDH (blue square), and the value predicted (black triangle) for siRNF20 +
siPARP1 as calculated using a multiplicative model. The red triangle identifies the actual
observed value for siRNF20 + siPARP1 and is lower than predicted indicating a SL phenotype.
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Figure 5.S2: siRNF20 hTERT Cells Exhibit Increased Sensitivity to PARP1 Inhibitors
(A) Immunoblots depicting the temporal dynamics of RNF20 in siRNF20 hTERT cells. Semiquantitative analyses were performed and the relative abundance of RNF20 is presented. (B) Bar
graph depicting the mean percentages of cells remaining (± SD) following Olaparib treatment.
Data are presented relative to siGAPDH (*; p-value < 0.05). (C) Bar graph depicting the mean
percentages of cells remaining following BMN673 treatment. Data are presented relative to
siGAPDH (***; p-value < 0.001).
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DISCUSSION
6.0 Discussion and Conclusions
The results detailed in the preceding chapters focus on three complementary themes; 1)
characterizing the normal and aberrant biology associated with RNF20, DOT1L, and the
components of the H2Bub1 trans-histone pathway (H3K4me2, H3K79me2), 2) generating and
characterizing an HCT116 Cas9 expressing cell line to ultimately produce either RNF20- or
PPIB-deficient cells, and, 3) employing SL strategies to selectively kill RNF20-depleted cells
through PARP1-depletion or inhibition.
Chapter 3 details the cell cycle associated dynamics of the major components of the
H2Bub1 trans-histone pathway. This chapter documents the previously unknown human global
spatial and temporal dynamics for RNF20, H2Bub1, H3K4me2, and H3K79me2 throughout the
cell cycle with a particular focus on mitosis. We found that RNF20 exhibited a dynamic pattern,
dissociating from chromatin during the early stages of mitosis and re-associating with chromatin
during early G1. As expected, H2Bub1 showed similar dynamics and was visually absent during
mitosis and reestablished during early G1. H3K4me2 levels remained visually static throughout
the cell cycle. Most interestingly, H3K79me2 exhibited a dynamic progression pattern that
increased dramatically during mitosis and was unexpectedly uncoupled from H2Bub1. DOT1L
was identified as the mitotic H3K79me2 KMT. Additional experiments showed that mitotic
levels of H3K79me2 were important for maintaining mitotic fidelity in human cells. Taken
together, we identified H3K79me2 and DOT1L as important components required to maintain
genome stability during mitosis that when altered, induce CIN and are suspected to underlie
oncogenesis.
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Chapter 4 employed the CRISPR-Cas9 genome editing system to initiate work to develop
RNF20- and PPIB-deficient cells. This chapter focused on the essential preliminary
characterization steps required to validate a stable HCT116 Cas9-expressing clonal cell line
including Cas9 expression, cell morphology, growth kinetics, karyotype stability, and genome
editing capabilities. Out of the initial 12 candidate HCT116-Cas9 clones, we identified HCT116Cas9 E08 cells as possessing highly similar properties compared to the parental HCT116 cells.
Importantly, we converted the parental HCT116 cell line, which was initially limited by low
editing efficiency, into a ‘CRISPR-ready’ cell line capable of high efficiency editing. In an initial
proof-of-principle experiment, HCT116-Cas9 E08 cells were employed to generate RNF20- and
PPIB-deficient cells.
Chapter 5 identified a novel human SL interaction between RNF20 and PARP1. We
employed several complementary approaches to characterize and validate this SL interaction.
First, we showed that dual silencing (siRNF20 plus siPARP1) elicits a significant reduction in
cell numbers. Second, we demonstrated that two PARP1 inhibitors, Olaparib or BMN673,
selectively reduce cell numbers following RNF20-silencing relative to controls. Third, it was
revealed that RNF20-silenced cells are selectively killed following BMN673 treatment and that
DNA DSBs and apoptosis appear to underlie cytotoxicity. Finally, we showed that PARP1
expression is required for enhanced BMN673-related cytotoxicity and that PARP1-depletion
partially suppresses the SL phenotype.
In summary, the research chapters contained within this thesis have characterized
putative drivers in cancer (Chapter 3), generated a valuable research reagent for future CRISPRCas9 genome editing experiments (Chapter 4), and identified a novel therapeutic strategy to
selectively kill certain cancer cells (Chapter 5). This thesis has increased our understanding of
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the etiological origins of cancer and generated novel reagents and treatments strategies that after
further validation and clinical trials, could be employed to reduce morbidity and mortality rates
associated with cancer.

6.1 Conceptualization and Historical Progression of Research Project
The conceptualization and historical progression of the research projects within this
thesis are detailed below. The search for novel human CIN genes began with a sequencing study
performed by Drs. McManus, Hieter, and Vogelstein38. In that study, 102 human orthologs of 96
known yeast CIN genes were sequenced in 132 CRCs exhibiting CIN. That study identified 5
mutated genes in which one was RNF20. Accordingly, it was hypothesized that aberrant RNF20
biology may be a driver of CIN in CRC and warranted further investigation. Based on that
sequencing study, we wished to evaluate aberrant RNF20 biology and its potential contribution
towards CIN. However, before we could evaluate aberrant RNF20 biology, it was first necessary
to characterize normal RNF20 biology within human cells. Accordingly, we initiated work by
characterizing the spatial and temporal dynamics of RNF20 throughout the cell cycle. The next
logical step was to evaluate the normal biology associated with H2Bub1, the histone PTM that
RNF20 governs. Because of the essential role H2Bub1 plays in modulating the downstream
players of the H2Bub1 trans-histone pathway, we next sought to characterize the normal biology
associated with H3K4me2 and H3K79me2. Surprisingly, when characterizing H3K79me2, we
observed dynamic mitotic increases in H2K79me2 abundance. Based on prior literature that links
mitotic increases in histone PTMs to genome stability70-72, we hypothesized that H3K79me2 may
also play a role in maintaining genome stability. In order to test this hypothesis, we wished to
selectively deplete mitotic levels of H3K79me2 and therefore performed experiments to identify
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DOT1L as the mitotic H3K79 KMT. Armed with the identity of the mitotic H3K79me2 KMT,
we employed RNAi and a small molecule inhibitor to deplete and inhibit DOT1L and ultimately
reduce mitotic levels of H3K79me2. This approach was coupled with genome stability assays,
and DOT1L and H3K79me2 were identified as components important for maintaining genome
stability in human cells73.
To further study the aberrant biology associated with RNF20 defects, we sought to
employ the CRISPR-Cas9 genome editing system to generate RNF20-deficient HCT116 cells.
We initially employed an ‘all-in-one’ transfection approach to deliver the essential CRISPRCas9 components (Cas9 expression cassette + crRNA + tracrRNA) within HCT116 cells (data
not shown). These initial editing experiments had very limited success, as ‘all-in-one’
approaches resulted in extremely low transfection and editing efficiencies within HCT116 cells.
To increase the probability of generating RNF20-deficient cells, a Cas9 expression cassette was
stably integrated into the HCT116 genome to allow for small particle transfection (crRNA +
tracrRNA). Using this approach, the transfection particle size was reduced from 4,288 nt to 169
nt, which dramatically increased transfection and editing efficiency within these cells. Following
the generation and characterization of the HCT116-Cas9 clones, E08 cells were employed to
generate RNF20- and PPIB-deficient HCT116 cells. High PPIB editing efficiency was achieved
and PPIB-deficient cells were isolated and clonally expanded for future use. However, attempts
to isolate and clonally expand RNF20-deficient cells were unsuccessful.
There are several possible explanations as to why the initial efforts to isolate RNF20deficient cells were unsuccessful. First, it is possible that RNF20 represents an essential gene and
thus RNF20-deficient cells are non viable. However, a database query of the Cancer Cell Line
Encyclopedia (www.broadinstitute.org) has revealed six cancer cell lines that are reported to be
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homozygously deleted for RNF20. Homozygous deletions were identified in ME-1 (acute
myeloid leukemia), SK-CO-1 (colon carcinoma), KELLY (neuroblastoma), MOGGUVW
(astrocytoma), BV-173 (B-cell leukemia), and EOL-1 (eosinophilic leukemia). This at least
suggests, that under certain cellular contexts, RNF20 expression may be dispensable210. In
addition, several putative RNF20-deficient HCT116 cells were observed through lack of IIF
labeling within the CRISPR-Cas9 targeted populations (Figure 4.10A and 4.10C). Furthermore,
when examining targeted populations, multiple RNF20-deficient clonal regions were identified
suggesting they may have arisen from a single RNF20-deficient cell that continued to proliferate.
These data suggest RNF20-depleted cells may maintain the ability to proliferate in the absence of
RNF20. Second, it is possible that RNF20 inactivation may induce senescence and therefore
RNF20-deficient cells stop proliferation. However, arguing against this possibility is evidence
from Shema et al.76 who demonstrated that RNF20-depletion in NIH3T3 cells caused an increase
in cell proliferation both in vitro and in vivo (flank injections of nude mice). Furthermore, results
obtained in Chapter 5 show that that proliferation rates in RNF20-depleted HCT116 cells were
virtually indistinguishable from controls. Collectively, these results argue against the notion that
RNF20 inactivation underlies senescence. Finally and perhaps most likely, technical challenges
associated with isolating a single RNF20-depleted cell from a heterogeneous population
comprised largely of unedited cells may have adversely impacted our ability to isolate an
RNF20-deficient clone. Accordingly, additional screening may be required to isolate and
characterize RNF20 edited HCT116 clone(s). Image-based cytometry performed on targeted
populations identified a 16% RNF20 editing efficiency. Based on this percentage, it was
estimated that 8 out of the 56 isolated clones are expected to be RNF20-deficient yet none were
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identified. Nevertheless, the exact reason(s) RNF20-deficient clones could not be isolated and
expanded is beyond this proof-of-principle study.
Finally, based on the knowledge that defects within genes that encode functions within
the HRR pathway can be selectively killed through PARP1 inhibition, we directly predicted that
the role RNF20 plays in HRR106,107 makes RNF20 defects amenable to SL targeting via PARP1
inhibition (Chapter 5). Using several complimentary approaches, we determined that RNF20 and
PARP1 are SL interactors and provided important pre-clinical evidence that suggests PARP1
may be an important drug target to selectively kill cancer cells harboring RNF20-defects.
Accordingly, the next logical step in the validation of PARP1 as a clinically relevant drug target
is to perform in vivo mouse models and if successful, clinical trials in cohorts stratified based on
RNF20 status.

6.2 Histone PTMs and Genome Stability
Experiments performed in Chapter 3 demonstrated that the mitotic accumulation of
H3K79me2 is important for maintaining genome integrity during mitosis in human cells73. In
addition to H3K79me2, several other mitotic associated histone PTMs have been implicated in
maintaining genome stability including H3S10Phos70, H3K9me371, and H4K20me72.
Furthermore, the recent identification of H3K18ac252 as a genome stabilizing histone PTM
suggests that several others remain to be identified. Identifying and characterizing the specific
histone PTMs that maintain genome stability will increase our understanding of the etiological
origins of cancer and may uncover novel therapeutic targets. How can additional genome
stabilizing histone PTMs be identified? Given the apparent link between dynamic mitotic
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changes in histone PTMs and genome stability, perhaps those that exhibit cell cycle related
changes in and around mitosis should be evaluated first.
The semi-quantitative indirect immunofluorescent imaging approach employed in
Chapter 3 could be easily applied to uncover novel histone PTM with mitosis-associated
dynamics. Inherent within this approach, and perhaps the greatest challenge to accurately
identify specific mitosis-associated histone PTMs, are the specificities of the antibodies
employed for immunological detection. Several companies have developed a myriad of
antibodies targeting specific histone PTMs. However, antibodies often suffer from low
specificities. Antibody validation experiments such as those performed in Chapter 3 (peptide
competition assays, dot blots) provide an example as to the minimal types of analyses that should
be employed to ensure epitope specificity. Once validated, histone PTM-specific antibodies can
be employed to characterize the unknown cell cycle dynamics of candidate genome stabilizing
histone PTMs.
Once specific mitosis-associated histone PTMs have been identified, experiments can be
performed to empirically evaluate genome instability following PTM perturbation. In order to
selectively deplete candidate genome stabilizing histone PTMs, site-directed mutagenesis can be
performed where a histone residue is mutated to an unmodifiable residue (e.g. K to R). However,
the biological significance of altering highly conserved amino acids within core histones is
poorly understood and may produce confounding results stemming from unexpected changes to
nucleosomal structure and/or higher order chromatin compaction253. Furthermore, since several
distinct histone PTMs can occur on identical residues (e.g. H3K9me3 and H3K9ac71), the
biological impact stemming from site specific mutations may not accurately reflect the loss of
one particular PTM, but several. There are other better-suited experimental means to selectively

180

modulate a particular histone PTM. First, several transgenic knockout mice have been generated
to be deficient in a particular histone-modifying enzyme254,255. Second, RNAi, CRISPR-Cas9, or
chemical inhibition could be employed to selectively deplete, inactivate, or inhibit one or several
histone modifying enzyme(s) in established cell lines73,159,185,250. Third, overexpression of one or
several residue specific histone modifying enzyme(s) could be performed to selectively modulate
a particular PTM. In any case, once a particular histone PTM is experimentally modulated,
multiple assays such as those detailed within Chapter 3 and 4 are available to evaluate genome
stability.
In the era of “-omics”, it is foreseeable that all histone PTMs and their corresponding
modifiers will be identified. Once identified, a genome-wide interrogation of all possible histone
modifiers and their role in genome stability could be performed. Genome-wide RNAi or
CRISPR-Cas9 sgRNA libraries could be utilized to systematically deplete or inactivate
individual histone modifying enzymes. Conversely, expression plasmids could be employed to
overexpress specific enzymes. These approaches could be coupled with high-content assays such
as those developed in our lab, which detect three different phenotypes associated with CIN232.
The first assay employs high-content imaging and nuclear area analysis to identify large-scale
chromosome content changes that are revealed by changes in nuclear area. This is possible
because of the positive correlation between DNA content and nuclear area. The second assay
detects chromosome 11 copy number changes on a cell-by-cell basis. Chromosome 11 copy
number is identified by fluorescent proteins which bind to specific regions on chromosome 11.
Two foci that represent both copies of chromosome 11 are observed in karyotypically stable
cells, whereas changes in foci number typically represent copy number changes and identify
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CIN. Finally, high-content imaging can be employed to detect increases in micronucleus
formation, a classic hallmark of CIN.
It is predicted that the list of genome stabilizing histone-modifying enzymes identified by
either RNAi or sgRNA genome-wide approaches would differ modestly based on the biological
differences associated with protein depletion (RNAi) and genetic inactivation (sgRNA). It should
be noted that employing both types of genome-wide libraries could yield valuable information
pertaining to normal and cancer biology. RNAi approaches, which often produce incomplete
protein depletion, may best model the hypomorphic expression and/or function observed in
certain cancers. Conversely, complete gene inactivation conferred by sgRNA may best model
non-sense mutations and loss of heterozygosity that is typical of other cancers. Information
gleaned from these approaches are predicted to identify a subset of genome stabilizing histonemodifying enzymes that when altered, underlie oncogenesis. It is further expected that these
approaches may also identify a subset of genome stabilizing histone PTMs. However, these
results should not be over interpreted as certain histone-modifying enzymes have been shown to
target more than one residue and can modify non-histone proteins as well. Furthermore, certain
histone PTMs themselves can also undergo subsequent modifications (e.g., methylated arginine
to citrulline)256. In addition, several studies including those detailed within Chapter 3 show that
certain histone PTMs can influence changes in other histone PTMs through what is referred to as
histone cross talk. Collectively, identifying the genome stabilizing histone-modifying enzymes
and the histone PTMs they govern, may ultimately further elucidate the molecular origins of
cancer so that novel therapeutic strategies can be identified, validated and employed.
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6.3 SL Interactions Between HRR Genes and PARP1
Using a hypothesis driven approach we suspected that the role RNF20 plays in HRR
renders it amenable to SL targeting via PARP1 inhibition. As predicted, we identified RNF20
and PARP1 as human SL interactors and demonstrated that PARP1 inhibitors could be
repurposed/expanded to selectively kill RNF20-depleted cells. Chapter 5 exemplifies the idea
that PARP1 inhibitors need not be restricted to their classical role in selectively killing BRCA1/2deficient cancers but should be re-evaluated in the context of other HRR defects. Indeed, studies
currently being performed within the McManus lab now suggest that defects within RAD54B, an
additional HRR component, can be selectively killed by PARP1 inhibition (unpublished
observations). Furthermore, several other laboratories have employed both hypothesis driven
approaches and high-throughput screens to identified additional PARP1 SL interactors257-263
including as CDK12263, PTEN259, USP1261, RAD51D258, and RAD51C262. Collectively,
hypothesis driven research and novel high-throughput screens continue to identify genes that are
SL with PARP1 and sensitive to PARP1 inhibitors. Given this ever-growing list of genes, efforts
should now focus on curating all known PARP1 SL interactors and determine which are most
clinically relevant and confer the greatest susceptibility to PARP1 inhibition.

6.4 HRR Components as a Repository for PARP1 SL Interactors
Several components that function within the HRR response are altered in multiple cancer
types and are predicted to be SL interactors with PARP1234,241. The HRR response has evolved a
complex network of proteins to “sense” DNA DSBs, “transduce” the damage signal throughout
the cell, and execute error-free repair through “effector” proteins. As such, virtually any of the
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components within these three HRR “layers” may contribute to oncogenesis and thus may be
exploitable through PARP1 inhibition.
Several histone post-translational modifying enzymes have been implicated in the HRR
response including RNF20107,264 and RNF40107,265. These and other histone modifying enzymes
including RNF8266 and RNF168267 have been shown to generate important DNA-damage
dependent histone modifications surrounding the DNA break to facilitate HRR. Following DSB
induction, the RNF20/RNF40 complex is phosphorylated by ATM and recruited to the DNA
lesion where it catalyzes local H2B ubiquitination within nucleosomes surrounding the break.
H2Bub1 has been shown to be required for the timely recruitment of the HRR repair factors
RAD51 and BRCA1, presumably through the consequences conferred by chromatin
decondensation83,106,107. Other examples of histone PTMs and the DNA damage response include
the damage-dependent ubiquitination of H2A and H2AX by RNF8, which is then sustained by
RNF168267. Much like H2Bub1, H2A ubiquitination has been shown to promote chromatin
decondensation and 53BP1 recruitment144,268. Accordingly, defects in the histone modifying
enzymes that play key roles in HRR are strong candidate PARP1 SL interactors. In support of
this possibility, Chapter 5 shows that RNF20-depleted cells are selectively killed by PARP1
inhibition. Furthermore, others have shown that RNF168-depleted cells are also susceptible to
PARP1 inhibition263. Collectively, these studies show that certain histone modifying enzymes
such as RNF20, RNF40, and RNF168 are SL interactors with PARP1 and that several others
likely exist and should be evaluated.
An approach to identify all PARP1 SL interactors would be to identify all components
within the HRR network. Not only would this identify additional PARP1 SL interactors but it
would also increase our biological understanding of the HRR network. A comprehensive list of
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HRR genes may be identified by systematically interrogating the human genome by coupling
genome-wide sgRNA bi-allelic deletions with a HHR reporter assay. A variation of the I-SceI
HRR reporter assay is ideally suited for this approach269. Briefly, the I-SceI HRR reporter assay
employs drug resistance as a surrogate readout for HRR repair270. Following an I-SceI targeted
cut within the drug resistance gene, cells with intact HRR will recombine DNA elements such
that drug resistance is restored and cells remain viable. However, in HRR-deficient cells that
cannot perform high fidelity repair, drug resistance is ablated and cells are killed. When coupled
with massively parallel sequencing, sgRNA molecules that become underrepresented within the
population identify putative HRR components. As with all pooled screens, putative HRR genes
must be validated through additional approaches. Furthermore, pooled screens should be
extended to include different cell types of various genetic backgrounds to identify genetic
modifiers that either enhance or suppress the HRR response.
Synthetic lethality between PARP1 and HRR components is an attractive therapeutic
approach as several clinically relevant PARP1 chemical inhibitors have been identified and could
be easily tested. Because HRR plays a fundamental role in maintaining genome stability, defects
within these components are highly suspected to be initiating events in oncogenesis. Presumably
then, as tumors increases in size and genomic complexity, it is predicted that these initial
genomic defects will be retained in subsequent tumor progeny. This is a fundamentally important
feature as these targetable defects could be found in additional cancer subclones or metastatic
deposits and would make them susceptible to PARP1 inhibition.
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6.5 Human SL Interactions in a Cancer Context
With the global cancer burden expected to increase two-fold in the near future1, novel
highly efficient therapeutic strategies must be rapidly identified, validated and implemented.
Over the past 50 years, a large number of cancer killing compounds have been identified, yet few
can restrict their cytotoxic effects to cancer cells and as a result, damage healthy normal tissues
alike. The narrow therapeutic windows associated with these types of classical chemotherapeutic
compounds often limit the high concentrations needed to aggressively treat cancers. Even when
these necessarily high drug concentrations can be achieved, they often come at the price of
hematopoietic damage or damage to other systems such as the skin (Folinic Acid271), heart
(Fluorouracil272 or Doxorubicin273), or nerves (Oxaliplatin274). In addition, genotoxic effects
associated with certain compounds can produce mutations in normal tissues and lead to
treatment-related secondary malignancies275. Accordingly, a new generation of chemotherapeutic
agents must be identified that better restrict their cytotoxic effects to cancers cells to reduce
cancer morbidity and mortality rates worldwide.
Applying the concept of synthetic lethality to cancer treatment may overcome these
traditional limitations and broaden the therapeutic window for new and existing compounds.
Synthetic lethality is advantageous over classical approaches because cancer cells that harbor
exploitable defects are selectively killed though a SL interaction with a druggable target. In fact,
these exploitable defects are predicted to render cancer cells hypersensitive to a particular drug
such that low concentrations can be employed to induce targeted killing. Reduced drug
concentrations coupled with enhanced targeting and killing of cancer cells conferred by synthetic
lethality has the added benefit of minimizing treatment related side effects to normal tissues.
Evidently the ability to employ SL approaches for cancer treatments is contingent on identifying
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exploitable defects contained within the cancer cell itself. As we enter the era of genomics and
personalized medicine, it can be envisioned that whole genome sequencing will be performed on
ex vivo tissues collected from biopsy, surgery, circulating tumor cells, or circulating tumor
nucleic acids in order to identify the specific cancer driving mutations/alterations that could be
potentially exploitable through SL mechanisms. Inherent in the successful application of SL
approaches to cancer is a priori knowledge of validated human SL interactions. Although a SL
interaction network has been identified in yeast276, identifying rare human SL interactors
presents an even greater challenge and is the current “bottleneck” of this potential treatment
paradigm. Although Chapter 5 demonstrates how knowledge based approaches can be employed
to identify and validate human SL interactions, the ultimate end goal is to identify the human SL
interactome. Detailed below are several approaches to increase the human SL network and curate
the SL interactome.

6.6 Identifying Additional Human SL Interactors
Since the original description in flies157, SL approaches have been expanded to include
studies in numerous genetically tractable model organisms including worms277 and yeast276.
Consequently, we and others argue that SL interactions identified in model organisms could be
used to identify conserved interactions in human cells161. Since many essential biological
processes are highly conserved throughout evolution, it is likely that many SL interactions will
be evolutionarily conserved as well. Thus SL datasets generated in model organisms can be
mined to identify candidate human SL interactors. For example McManus et al.159,250 employed a
cross-species approach to identify two human SL interactions that were first identified in
budding yeast. Using RNAi-based silencing and high-content imaging, they showed that Flap
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Endonuclease 1159 (FEN1) depletion caused selective cytotoxicity within RAD54B-deficient
colorectal cancer cell but not in RAD54B-proficient controls. This identified RAD54B and FEN1
as SL interactors and FEN1 as a candidate drug target in RAD54B-deficient cancers159. Using
similar approaches, SOD1 was later identified as a RAD54B SL interactor and thus represents an
additional candidate drug target in RAD54B-deficient cancers250. RAD54B is normally involved
in HRR278 and somatic mutations are found in numerous tumor types52-54,171,279. Accordingly, SL
datasets derived from model organisms represent highly valuable repositories that will aid in the
identification of additional human SL interactions. However, employing cross-species
approaches to identify conserved human SL interactions has inherent biologically limitations and
will not elucidate the full human SL interactome.

6.7 Genome-Wide Screens to Identify Human SL Interactors
Whole genome approaches are also being employed to uncover novel candidate drug
targets by identifying SL interactors for any given cancer gene query. However, unlike the
knowledge-based and cross-species approaches detailed above that limit the number of potential
interactors interrogated, a whole genome approach represents an unbiased survey of all possible
interactors. Consequently, whole genome approaches are expected to identify additional SL
interactions beyond those identified by the above approaches. Whole genome based screens also
differ from the other two approaches detailed above in two specific ways. First, the entire
genome is evaluated, and the shRNA or sgRNA libraries are purposefully designed to include
multiple constructs targeting unique regions of the same gene. If similar results are obtained with
multiple shRNA or sgRNA molecules targeting a single gene, there is an increased likelihood
that the phenotype observed is due to a bona fide SL interaction and not an off target effect.
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Second, because genome-wide libraries are lentiviral based, a low multiplicity of infection must
be employed to increase the probability that only a single gene is interrogated within any given
cell. Furthermore, whole genome approaches are typically performed in a pooled manner where
cells are transduced en masse with genome-wide libraries. These features are critical as either
microarray analyses or massively paralleled DNA sequencing are ultimately performed to
identify those shRNA or sgRNA constructs that become underrepresented from the population
over time, which presumably occurs due to cellular cytotoxicity induced by a putative SL
interaction. As with all pooled approaches, putative SL interactions require subsequent validation
prior to confirming it as a novel candidate drug target. Although genome-wide shRNA libraries
appear to be an excellent tool to identify the human SL interactome, there are certain technical
limitations associated with shRNA approaches such as off target effects and incomplete protein
depletion. Conversely, genome-wide sgRNA libraries, which have been shown to have greater
specificities and a higher validation rate, appear to overcome some of these limitations and may
ultimately best serve to elucidate the human SL interactome.
Several studies are now employing genome-wide CRISPR-Cas9 sgRNA lentiviral libraries
to generate bi-allelic inactivation of virtually every gene within the human genome280,281. These
studies exemplify how the CRISPR-Cas9 genome editing system could be employed to
systematically interrogate genome-wide SL interactions280. For example, in a proof-of-concept
study Wang et al.280 employed a genome-wide CRISPR-Cas9 sgRNA library to identify
inactivated genes that conferred 6-thioguanin (6-TG) resistance in KBM7 cells (chronic
myelogenous leukemia cell line). 6-TG is normally lethal to KBM7 cells, however, it is well
established that defects within the DNA mismatch repair pathway confers 6-TG resistance282. As
predicted, cells bearing defects in several key components of the mismatch repair pathway were
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found highly enriched within 6-TG treated populations, validating the ability for CRISPR-Cas9
sgRNA libraries to be employed on the genome-wide scale280. It is predicted a genome-wide
CRISPR-Cas9 SL screen could be performed in a similar manner. Cells containing a cancer
query gene could be transduced en masse with the genome-wide CRISPR-Cas9 sgRNA library to
systematically interrogate SL interactors. Massively paralleled DNA sequencing could be
performed to identify those sgRNA molecules that become underrepresented within the
population, which presumably occurs due to cellular cytotoxicity induced by a putative SL
interaction. As with all screens, putative SL interactions should undergo extensive validation
before being characterized as bona fide SL interactors.

6.8 Towards a Human SL Interactome
Substantial efforts and expenditure will be required to finally identify and curate the human
SL interactome. One can imagine that advanced genome editing technologies such as the
CRISPR-Cas9 system will play a vital role in identifying and curating the human SL
interactome. For example, it may be possible to utilize CRISPR-Cas9 to produce multiple cell
lines containing a single gene inactivation for virtually every human gene in the genome
(~20,000 unique cell lines). Unique cell lines could be interrogated with the genome-wide
CRISPR-Cas9 sgRNA library, and candidate interactors could be identified using the approaches
described above. Conceivably, these efforts would be most amenable to a high-throughput
automated platform capable of generating and analyzing large amounts of data on a routine basis.
A SL interactome identified in human cells would represent a key benchmark towards the
routine evaluation of SL approaches to selectively kill certain cancers. However, there are
several biological caveats to consider. Some human SL interactions are predicted to be context
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dependent and may only elicit SL killing of a certain cell type or under certain conditions158160,277

. As a result, SL interactions identified in one particular cell type containing a unique

genetic background may not necessarily be conserved in another. It is currently unknown to what
extent polymorphisms within the human genome will either enhance or suppress a particular SL
interaction. Accordingly, SL interactomes must be identified within several diverse cell types in
order to categorize the specific genetic modifiers that either enhance of suppress a particular
interaction. These complexities are further compounded when considering the genetic diversity
associated with cancer genomes. As such, passenger and driver mutations must also be
considered as potential genetic modifiers. Adding even further complexities, are differential gene
expression patterns associated with cells grown in 2D or 3D. Differences in gene dosages
conferred by various cell culture formats may also prove to be modifiers of certain SL
interactions. It is currently unknown to what extent SL interactions identified within these
artificial systems will be conserved within a human cancer context.

6.9 Synthetic Lethality in a Precision Medicine Era
In the era of cancer genomics, identifying specific druggable SL interactions may be
amenable to a precision medicine approach, which tailors treatments to individual patients. As
next generation sequencing costs continue to decrease, it will one day be routine practice to
perform whole genome sequencing on patient-derived tumors or biopsies. When combined with
information curated within a human SL interactome, massively paralleled DNA sequencing
could rapidly identify multiple SL targets within tumor clones and/or subclones. It may then be
possible to identify a unique combination of compounds to selectively kill the primary tumor
and/or metastatic deposits within the patient.
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Although a promising concept, the clinical application of synthetic lethality is still in its
infancy. Additional clinically relevant human SL interactions and selective small molecule
inhibitors must be identified and validated, and research efforts must be expanded to curate the
human SL interactome. Nevertheless, data gleaned from this thesis (Chapter 5) coupled with
multiple pre-clinical and clinical studies strongly suggest that SL approaches to cancer may be
highly effective. Thus, SL approaches may hold tremendous potential as a novel paradigm in
combating cancers by selectively targeting the aberrant genetics driving cancer development and
progression, while simultaneously minimizing the collateral damage to patients’ healthy tissues.
Taken together, SL approaches have the potential to improve the quality of life and survival of
individuals diagnosed with cancer.
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Appendix A
Solutions and Recipes

Tris HCl (1M)
Name
Tris-HCl
Milli-Q water

Amount
15.8 g
up to 100 mL total volume

Total Volume
-titrate to pH 8.0 or 8.4 with 4 M NaOH

100 mL

NaOH (4 M)
Name
NaOH
Milli-Q water

Amount
40 g
up to 100 mL total volume

Total Volume

100 mL

75 mM KCl Hypotonic Solution
Name
KCl
Milli-Q water

Amount
558.8 mg
up to 100 mL total volume

Total Volume

100 mL

MgCl2 (1 M)
Name
MgCl2
Milli-Q water

Amount
20.3 g
up to 100 mL total volume

Total Volume

100 mL
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Ethylenediaminetetraacetic acid (EDTA) (0.5 M) pH 8.0
Name
EDTA
NaOH
Milli-Q water

Amount
186.2 g
20.0 g
up to 1.0 L total volume

Total Volume
-titrate to pH 8.0 with 10N NaOH

1.0 L

70% Ethanol
Name
95% Ethanol
Milli-Q water

Amount
737.0 mL
up to 1.0 L total volume

Total Volume

1.0 L

10× Phosphate Buffered Saline (PBS)
Name
NaCl
KCl
Na2PO4
KH2PO4
Milli-Q water

Amount
80.0 g
2.0 g
14.4 g
2.4 g
800 mL

Total Volume
-titrate to pH 7.4 with 12.1N HCL

1.0 L

1× Cell Culture PBS
Name
10× PBS
Milli-Q water

Amount
100.0 mL
up to 1.0 L total volume

Total Volume
-filter sterilize to remove salt particles

1.0 L
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-autoclave individual aliquots
10× Tris Boric Acid EDTA (TBE) Buffer
Name
Tris
Boric Acid
Na2EDTA
Milli-Q water

Amount
157.5 g
27.8 g
9.3 g
up to 1.0 L total volume

Total Volume

1.0 L

1× TBE Buffer
Name
10× TBE
Milli-Q water

Amount
100.0 mL
up to 1.0 L total volume

Total Volume

1.0 L

10× Tris Acetic Acid EDTA (TAE) Buffer pH 8.1
Name
Tris
Acetic Acid
Na2EDTA
Milli-Q water

Amount
193.6 mL
45.7 mL
29.8 g
up to 4.0 L total volume

Total Volume
-titrate to pH 8.1 with glacial acetic acid

4.0 L

1× TAE Buffer
Name
10× TAE
Milli-Q water

Amount
100.0 mL
up to 1.0 L total volume

Total Volume

1.0 L
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Microscopy Reagents
4% Paraformaldehyde (w/v)
Name
Paraformaldehyde
1X PBS

Amount
0.4 g
up to 10.0 mL total volume

Total Volume
-bring to a boil with stirring in fume hood
-allow to cool prior to use

10.0 mL

0.5% Triton X-100 PBS (v/v)
Name
Triton X-100
1X PBS

Amount
5.0 mL
up to 1 L total volume

Total Volume

1.0 L

0.1% Triton X-100 PBS (v/v)
Name
Triton X-100
1X PBS

Amount
1.0 mL
up to 1 L total volume

Total Volume

1.0 L

4’, 6-Diamidino-2-phenylindole (100mM) (DAPI)
Name
DAPI
1X PBS

Amount
100.0 mg
up to 3.606 mL total volume

Total Volume
-store at 4°C protected from light

1.0 mL
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Hoechst 33342 (1mg/mL)
Name
Hoechst 33342
1X PBS

Amount
10.0 mg
up to 10 mL total volume

Total Volume
-store at -20°C protected from light

1.0 mL

Immunoblotting Reagents
25× Protease Inhibitor
Name
Roche cOmplete Protease Inhibitor Cocktail
Milli-Q water

Amount
1 Tablet
2.0 mL

Total Volume
-50 µL aliquots
-store at -20°C
-use within 30 min of thawing

2.0 mL

Radioimmunoprecipitation Assay Buffer (RIPA)
Name
Tris 50mM (pH 8.0)
NaCl 150mM
SDS 0.1%
Sodium Deoxycholate 0.5%
NP40 1%
Milli-Q water

Amount
5.0 mL
7.5 mL
0.5 mL
0.5 g
1.0 mL
up to 100 mL total volume

Total Volume
-store at 4°C protected from light

100.0 mL

227

Nuclei Buffer
Name
Sucrose
NaCl
1 M Tris-HCL pH 8.0
1 M MgCl2
1 M CaCl2
25% (v/v) Triton X-100
Milli-Q water

Amount
8.6 g
1.16 g
1.0 mL
0.2 mL
0.1 mL
4.0 mL
up to 100 mL total volume

Total Volume
-store at 4°C

100.0 mL

3× Sample Loading Buffer (B-mercaptoethanol)
Name
Glycerol
B-mercaptoethanol
SDS
Tris
Bromophenol Blue
Milli-Q water

Amount
30.0 mL
3.0 mL
6.0 g
2.28 g
1.5 mg
up to 100 mL total volume

Total Volume
-titrate to pH 6.8 with HCl
-store at -20°C
-bring to room temperature before use

100.0 mL

5× Sample Loading Buffer (1,4-Dithiothreitol, DTT)
Name
Glycerol
1,4-Dithiothreitol (DTT)
SDS
Tris 2M (pH 6.8)
Bromophenol Blue
Milli-Q water

Amount
12.0 mL
1.54 g
2.0 g
2.5 mL
1.5 mg
up to 20 mL total volume

Total Volume
-store at -20°C
-bring to room temperature before use

20.0 mL
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30% Acrylamide:Bis-Acrylamide (29:1)
Name
Acrylamide
Bis-acrylamide
Milli-Q water

Amount
30.0 g
0.8 g
up to 100.0 mL total volume

Total Volume
-protect from light and store at 4°C

100.0 mL

4× Stacking Buffer (top gel)
Name
Tris
SDS
Milli-Q water

Amount
6.05 g
0.4 g
up to 100.0 mL total volume

Total Volume
-titrate to pH 6.8 with HCl

100.0 mL

4× Resolving Buffer (bottom gel)
Name
Tris
SDS
Milli-Q water

Amount
91.0 g
2.0 g
up to 500.0 mL total volume

Total Volume
-titrate to pH 8.7 with HCl

500.0 mL

10% Ammonium Persulfate (APS)
Name
Ammonium Persulfate
Milli-Q water

Amount
0.1 g
up to 1.0 mL total volume

Total Volume
-store at -20°C

1.0 mL
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10× Running Buffer
Name
Tris
Glycine
SDS
Milli-Q water

Amount
30.0 g
144.0 g
10.0 g
up to 1.0 L total volume

Total Volume

1.0 L

1× Running Buffer
Name
10× Running Buffer
Milli-Q water

Amount
100.0 mL
up to 1.0 L total volume

Total Volume

1.0 L

1× Transfer Buffer
Name
10× Running Buffer
Methanol
Milli-Q water

Amount
100.0 mL
200.0 mL
up to 1.0 L total volume

Total Volume

1.0 L

10× Tris Buffered Saline (TBS)
Name
NaCl
KCl
1 M Tris pH 7.5
Milli-Q water

Amount
80.0 g
2.0 g
250.0 mL
up to 1.0 L total volume

Total Volume

1.0 L
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TBS 0.1% Tween20 (TBST)
Name
10× TBS
Tween-20
Milli-Q water

Amount
100.0 mL
1.0 mL
up to 1.0 L total volume

Total Volume

1.0 L

5% Non-fat Milk (w/v)
Name
Non-fat milk
1× TBS

Amount
5.0 g
100.0 mL

Total Volume

100.0 mL

Copper phthalocyanine 3,4’,4’’,4’’’-tetrasulfonic acid tetrasodium salt (CPTS)
Name
CPTS
HCL (conc.)
Milli-Q water

Amount
50.0 mg
1.0 mL
up to 1.0 L total volume

Total Volume

1.0 L
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Cell Cycle Inhibitors
Nocodazole (15nM)
Name
Nocodazole (Sigma - M1404)
Dimethyl Sulfoxide (DMSO)

Amount
5.0 mg
1.0 mL

Total Volume
-store at -20°C

1.0 mL

Thymidine (100mM)
Name
Thymidine (Sigma - T9250)
Milli-Q water

Amount
24.2 mg
1.0 mL

Total Volume
-store at -20°C

1.0 mL
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Flow Cytometry Reagents
Propidium Iodide (1 mg/mL)
Name
Propidium Iodide (Sigma - P4170)
Milli-Q water

Amount
1.0 mg
1.0 mL

Total Volume
-protect from light and store at 4°C

1.0 mL

RNase A (1 mg/mL)
Name
RNase A (Sigma - R5500)
Milli-Q water

Amount
1.0 mg
1.0 mL

Total Volume
-store at -20°C

1.0 mL
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Cell Culture Chemical Inhibitors
SGC0946 (50 mM)
Name
SGC0946
DMSO

Amount
100.0 mg
up to 3.053 mL

Total Volume
-store at -80°C

3.053 mL

Olaparib (30mM)
Name
Olaparib
DMSO

Amount
100.0 mg
up to 7.661 mL

Total Volume
-store at -80°C

7.661 mL

BMN673 (Talazoparib) (30mM)
Name
BMN673
DMSO

Amount
100.0 mg
up to 8.763 mL

Total Volume
-store at -80°C

8.763 mL
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