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EPIGRAPH

“Nothing in life is to be feared, it is only to be understood. Now is the time to understand
more, so that we may fear less.”

-Marie Curie

“Remember to look up at the stars and not down at your feet.”

-Stephen Hawking
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ineffable itself, and see if we may not eff it after all.”
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In cancer, oncogenes are frequently amplified on extrachromosomal DNA (ecDNA),
circular acentric DNA fragments ranging from hundreds of kilobases to multiple megabases.
Oncogene amplification on ecDNA is associated with extremely high copy number and poor
prognosis in patients. However, the specific mechanisms through which ecDNA alter cell
behavior and tumor evolution are poorly understood. Here, I report that ecDNA are inherited
randomly by daughter cells during mitosis. This breakdown of canonical mendelian inheritance
patterns results in significant increases in population and tumor heterogeneity. I further
demonstrate that cell lines with ecDNA are able to rapidly alter their distribution of ecDNA
copy number to adapt and gain resistance to both environmental and therapeutic challenges.
Interestingly, investigations into the behavior of multiple species of ecDNA within individual
cells demonstrate that while ecDNA is inherited randomly by daughter cells, different ecDNA
species are not inherited independently of each other. Further, I show that ecDNA demonstrates
an increased frequency of missegregation into micronuclei during mitosis.

Finally, I investigate proteins that may be essential for the maintenance and inheritance
of ecDNA. Analysis of gene expression data from The Cancer Genome Atlas identifies several
proteins involved in chromosomal segregation and DNA repair and metabolism. I specifically
analyze the chromokinesins KIF4A and KIF22 and demonstrate that they may play a significant
role in ensuring proper segregation of ecDNA into daughter cells.

Taken together, the data presented here clearly demonstrate how the random inheritance
of ecDNA at each cell division generates a dynamic and heterogeneous distribution of amplified
oncogenes. This enables cancer cells to adapt to and resist environmental and therapeutic

pressures more readily. I also describe the behavior of ecDNA during mitosis and identify

XV



specific proteins that may be able to be targeted to specifically disrupt the proliferation of

ecDNA+ cell lines and tumors.
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CHAPTER I: INTRODUCTION



A. Oncogene amplification in cancer

Oncogene amplification is a common driving event in many solid human tumors
and can increase the copy number of both wild-type and mutant oncogenes'-3. The primary
mechanisms through which regions of the genome increase in copy number include: 1)
missegregation of whole chromosomes or chromosome arms?; 2) breakage-fusion-bridge
(BFB) cycles caused by telomere dysfunction®; 3) abnormally repaired DNA damage
especially near chromosomal fragile sites (CFS)%; 4) circular extrachromosomal DNA
(ecDNA) elements caused by aberrant repair of double-strand breaks (DSB)”.

Focal amplifications, in which a discrete region of the genome increases in copy
number relative to the cell’s karyotype, are the most common copy number alterations
found in cancer'2. While it is difficult to attribute specific DNA damage mechanisms to
specific amplifications, studies have shown that amplification via extrachromosomal DNA

(ecDNA) is commonly observed in cancer cell lines and tumor samples®°.

B. Extrachromosomal DNA (ecDNA)

ecDNA was first described in metaphase spreads of medulloblastoma and
neuroblastoma tumors!®!!, Early work referred to these chromatin bodies as double
minutes (DMs) as they frequently, though not always, appeared as paired circles in
metaphase!?. ecDNA are circular fragments of genomic DNA, typically ranging in size
from hundreds of kilobases to a few megabases'®. ecDNA are distinguished from other

forms of genomic rearrangement, such as neochromosomes'4, by their lack of centromere®.



ecDNA were first studied in the context of acquired drug resistance, especially to
the chemotherapy methotrexate’. Researchers found that long-term methotrexate treatment
of various cell lines from multiple species resulted in amplification of methotrexate’s
target, dihydrofolate reductase (DHFR)7!>!1¢, This amplification was frequently observed
to occur via ecDNA. Early work also demonstrated the dynamic nature of ecDNA
amplification — with ecDNA being lost from cell populations after removal of the
methotrexate pressure and ecDNA potentially being converted into chromosomal
amplifications in the form of homogeneously staining regions (HSRs)'"-'3. Studies into the
manner and mechanism of ecDNA segregation followed, including work suggesting that
ecDNA may rely on ‘tethering’ or ‘hitchhiking’ to mitotic chromosomes, similar to viral
episomes, to segregate into daughter cells'.

Previously, the only method to verify the presence of ecDNA in a tumor or a cell
population was to prepare metaphase spreads and view them microscopically. This creates
challenges for understanding how widespread ecDNA are in large samples and datasets,
such as The Cancer Genome Atlas (TCGA). To solve this problem, researchers have
developed algorithmic methods to predict the presence and structure of ecDNA from
ubiquitous whole exome and whole genome sequences>?. This has enabled insights into
the prevalence of ecDNA in human cancer patients and the impact of ecDNA on prognosis
and other outcomes. Thus far, this work has suggested ecDNA has a prevalence of around
20% across all cancers, with some sub-types such as glioblastoma (GBM) among the
highest with a prevalence of more than 50%°. Research has also suggested that ecDNA

correlates with significantly worse prognosis, controlling for tumor-type and other



demographic variables’. Measures of the frequency of ecDNA in cancer cell lines, patient-
derived xenograft (PDX) models, and immortalized cell lines have shown a clear trend that
ecDNA is essentially never found in healthy, normal tissue®. ecDNA appears, for now, to
be a phenomenon distinct to cancer as a mechanism to drive unregulated proliferation. One
interesting finding of both cell line studies visualizing ecDNA in metaphase spreads and
analyses of tumor sequencing data is that ecDNA is consistently found at a high frequency
in brain tumors, including pediatric medulloblastoma®®2! . Correlational data suggests that
aggressive cancer types that rely primarily on copy number changes, as opposed to
mutations, are likely to use ecDNA as a mechanism to drive high copy number
amplification and expression.

Recent work has also studied the structure and gene expression of ecDNA. The
circularity of ecDNA has been demonstrated both microscopically and through the use of
long-read sequencing and optical mapping!3. This circular rearrangement of the genome
results in significant alterations to the gene expression environment of the locus. In one
example, an ecDNA carrying EGFR and its neighboring regions resulted in increased
expression of genes previously distal to the EGFR promoter as they were brought into
closer proximity due to the physical rearrangement. This altered morphology can result in
the altered behavior of enhancer and insulator elements'®?2. ecDNA represents some of the
most highly transcribed genes in the genome of cancer cell lines. It has also been suggested
that ecDNA-housed enhancer elements may promote increased transcription of
chromosomal genes due to their dynamic nature and their ability to effectively license

super-enhancers to distal regions of the genome?*. Perhaps not surprisingly, the regulatory



non-coding regions that circularized oncogenes relied on for transcriptional activation
when they were housed on the chromosome are preferentially included on ecDNA in order
to continue transcriptional activation®?.

In addition to dysregulation of the normal genetic and epigenetic machinery
regulating gene expression in ecDNA regions, it has been suggested that ecDNA are prone
to forming clusters around transcriptional hubs, which may contribute further to the
increased expression of ecDNA amplified genes?®. These hubs are regulated by the
epigenetic regulator BRD4 and can be dissolved with the BRD4 inhibitor JQ1. Together,
these findings suggest that the unique properties of ecDNA cause unique behavior related
to gene expression and localization within the nucleus.

ecDNA has also been suggested to behave differently than chromosomes during
mitosis, where the lack of centromere results in different behaviors. Mitotic ecDNA has
been reported to cluster amongst other ecDNA and ‘tether’ or ‘hitchhike’ on mitotic
chromosomes, through an unknown mechanism—though similar in principle to viral
episomes'’. Since attachments between kinetochores at centromeres and the mitotic spindle
are mechanism cells use to count chromosomes and ensure equal distribution of chromatids
to daughter cells, ecDNA have been proposed and demonstrated to be distributed unevenly
to daughter cells?>?6. While this does occur at some frequency for mitotic chromosomes,
the rate is significantly lower and is generally dependent on the disruption of one or more
mitotic regulators?’. Missegregation of ecDNA is likely to be random and abnormal in cells

that retain the capability to segregate mitotic chromosomes with fidelity.



Understanding how ecDNA initially arise in cancers has been a challenge for the
field. Formation must minimally require two double strand breaks (DSB) in the DNA, at a
distance close enough—in nuclear proximity rather than genomic distance—to promote
errant repair of the breaks together forming a circle rather than repair back into the
chromosome, and at a distance far enough apart to include selectable elements including
genes and regulatory regions (Figure 1.1). Note that this niche in size distinguishes ecDNA
from smaller more ubiquitous circular DNA (eccDNA) which is too small to contain genes,
and larger circularized chromosomes which may arise as an intermediary step in breakage-
fusion-bridge cycles first characterized by Dr. Barbara McClintock?®. Given this minimal
requirement, many mechanisms which induce DNA damage have been suggested to cause
ecDNA formation. Replication stress, DNA damage caused by depletion of nucleotides or
replication enzymes, was the first mechanism described to generate ecDNA as inhibition
of the nucleotide metabolism enzyme DHFR by methotrexate caused formation of DHFR
containing ecDNA as a mechanism of resistance’. Chromothripsis, or the shattering and
rearranging of an entire chromosome or discrete genomic region, has also been
demonstrated to generate ecDNAZ?62°, These studies also suggested that the non-
homologous end joining (NHEJ) DNA repair process may be a primary mechanism for
joining broken DNA ends into circles after chromothripsis?®. The formation of ecDNA by
artificial cutting of two neighboring regions of a chromosome by a CRISPR-Cas9 approach
(CRISPR-C) further demonstrates that ecDNA formation is unlikely to be attributable to a
single mechanism of genomic insult®°. Rather, all DNA damaging events are likely to cause

ecDNA formation at varying frequencies.



C. Intratumor heterogeneity, evolution and resistance

Cancer is a broad term for an incredibly heterogeneous disease. There are many
levels of cancer heterogeneity that contribute to difficulties in treatment, especially using
pharmacologic and biologic therapeutics designed to target specific alterations—
personalized medicine?!. To begin with, there are significant differences in the growth rate,
metabolic characteristics, metastatic potential, genetic abnormalities, immunogenicity, and
prognosis for different tumor-types—breast cancer compared to brain cancer for example.
Within a given sub-type such as breast cancer, we also find significant diversity in these
characteristics, leading us to cluster patients in categories such as HR+ ER-, or triple-
negative (TNBC). However, recent work has made it increasingly clear that the presence
of intratumor heterogeneity, or heterogeneity between different cells and regions of a single
tumor, may represent the most significant challenge to successful long-term treatment of
cancer2.

Advances in sequencing technologies and our understanding of tumor behavior and
evolution have enabled a much clearer picture of how tumors evolve, especially when faced
with environmental and therapeutic challenges, such as treatment of a lung tumor with a
targeted epidermal growth factor receptor (EGFR) inhibitor®3-33. At the highest level for an
individual tumor, many tumors are made up of somewhat distinct populations of cancer
cells, referred to as clones®®. This clonal heterogeneity can be detected by sampling and

37-39

sequencing distinct regions of a tumor after resection Clones are generally

distinguished by their molecular alterations, with all clones sharing alterations that



occurred early in the tumor’s evolution and containing distinct alterations that caused those
clones to outcompete. These distinct clones compete against each other with the balance of
competition influenced by the presence or absence of various drugs or environmental
factors.

ecDNA may represent an additional level of heterogeneity that has not been
sufficiently appreciated in this field. Given ecDNA is suggested to be distributed unequally
to daughter cells, tumors with ecDNA may have significant phenotypic differences
between two neighboring cells. This additional level of complexity and diversity may help
to further explain the failure of many drugs to elicit meaningful responses. Given the
prevalence of ecDNA in cancer, this represents an important gap in our understanding of

tumor behavior and evolution.

D. Key outstanding questions

While ecDNA was first described more than 50 years ago, research into ecDNA
has only recently begun to gain significant attention from scientists and funding agencies.
The primary objective of my studies was to further our understanding of ecDNA behavior
and to connect these findings to clinical outcomes for tumors with ecDNA. Specifically, I
focused on how ecDNA behaves during mitosis, a stage which for chromosomes is
significantly defined by interactions between centromeric DNA, kinetochores, and
canonical mitotic checkpoint proteins.

In Chapter II, I both qualitatively and quantitatively describe and measure the

distribution of ecDNA to daughter cells in dividing cancer cell lines. I then aim to



understand how this distribution influences the heterogeneity of cell line populations and
patient tumor samples. Finally, I sought to connect these findings of ecDNA distribution
and heterogeneity to the ability of cancers with ecDNA to adapt and evolve to
environmental and therapeutic challenges. I will present findings that demonstrate the
immense complexity that ecDNA can introduce into a tumor by looking into cell lines and
tumors that contain more than one primary ‘species’ of ecDNA.

The field of ecDNA biology still lacks understanding of the mechanisms and
consequences of how ecDNA segregates to daughter cells without centromeric DNA to
attach to the mitotic spindle. In Chapter 111, I ask questions regarding the ability of ecDNA
to segregate successfully and the consequences of missegregation of ecDNA.

Finally, given the importance of ecDNA to our understanding of cancer and our
ability to improve therapeutic outcomes, I seek to identify novel genes and processes that
may be required to maintain ecDNA within a tumor in Chapter I'V. I will present data on a
subset of these genes, chromokinesins, which may play an important role in the successful
segregation and maintenance of ecDNA.

Improving our understanding of ecDNA and how it influences tumor evolution and
resistance is essential to improving outcomes for an estimated 20% of all cancer patients.
Identifying novel therapeutics that either target ecDNA directly or preferentially disrupt
the proliferation of ecDNA containing cancer cells would be a huge advance in cancer
therapy. In Chapter V, I will discuss the broader impact of my findings and highlight key

future directions for investigation.
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Figure 1.1 | Schematic of ecDNA formation.

a, Schematic representation of the general mechanism that is accepted for ecDNA
formation. Genomic insults that can generate double-stranded DNA (dsDNA) breaks are
likely capable of ecDNA generation. If two dsDNA breaks are localized close enough,
aberrant DNA repair mechanisms may errantly repair the breaks by rejoining the
chromosomal ends and ligating the fragment ends together, resulting in ecDNA formation
and a deletion at the chromosomal locus.
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CHAPTER II: RANDOM INHERITANCE OF ECDNA DRIVES HETEROGENEITY

AND RESISTANCE IN HUMAN CANCER
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A. Introduction

ecDNA are frequently found in human tumors®®2!. Lack of centromeric DNA
sequences on ecDNA suggests that they may behave quite differently from chromosomes
during mitosis, during which centromeres play an essential role in checkpoint signaling
and physical partitioning of equal compliments of genetic material to daughter cells*.
Initial qualitative descriptions of ecDNA segregation at mitosis suggested behavior
significantly different from that of chromosomes, with apparent clustering and tethering of
ecDNA*!. More recent research has quantitatively suggested ecDNA segregates randomly
to daughter cells?>?%. However, our understanding of the consequences of this random
segregation for heterogeneity within populations of cancer cells and tumors remains
theoretical.

Intratumoral heterogeneity represents one of the greatest challenges for achieving
long-term responses to cancer treatments, including targeted small molecules and
immunotherapy3!?%. Recent evidence has suggested that tumors are extremely
heterogeneous, often being made up of multiple genetically distinct but related clones that
have evolved from an initial cancer cell*®. These clones have differential relative fitness
that changes in relation to the changing environment of the tumor. Environmental changes
due to the growth of the tumor or due to the introduction of various treatments alter this
selection profile causing some clones to outcompete others*?. The presence of a priori
genetic (and epigenetic) diversity within a tumor increases the chances that a subset of cells
within the tumor are less sensitive or resistant to a therapeutic***+. Thus, it is believed that

tumors with higher levels of intratumoral heterogeneity are more likely to rapidly progress

12



after challenged with a treatment. Given ecDNA’s random segregation, it is thus likely that
ecDNA within a tumor increases this intratumoral heterogeneity and thus its ability to form
resistance®. Importantly, the scale at which ecDNA may influence tumor heterogeneity is
different that the clonal behavior described previously. ecDNA is likely to introduce a
higher than normal level of genetic diversity between neighboring cells within a clonal
region. This increases the level of complexity within a tumor past the level we currently
understand and use to model responses to treatments.

While tumors are recognized as heterogeneous collections of cancer cells, research
has shown that cancer cells are constantly mutating and reorganizing their genome, referred
to as genomic instability (GI)***" and chromosomal instability (CIN)*-° respectively.
ecDNA may play a role in increasing CIN as previous research has suggested that ecDNA
are more prone to genomic rearrangement with other ecDNA and other parts of the
chromosomal compartment of the genome. Thus, ecDNA may also increase the rate at
which cancers are continuously evolving.

While research into the segregation of ecDNA at mitosis has been consistent,
further qualitative and quantitative data regarding ecDNA inheritance is needed given the
potential importance of ecDNA to many different areas of tumor behavior. Further, the
connection between ecDNA inheritance and its influence on broader questions of
intratumoral heterogeneity and resistance have yet to be understood. Here, I present my
collaborative work to try to understand these processes further. First, I present qualitative
and quantitative data regarding ecDNA inheritance in multiple cancer cell lines. Then, I

demonstrate how this inheritance increases levels of heterogeneity and resistance in both
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cancer cell lines and patient samples. Finally, I will discuss data which suggests the genetic

complexity of a tumor can expand beyond a single heterogeneous pool of ecDNA.

B. Results

Quantitative and qualitative analysis of ecDNA inheritance patterns

To further understand the dynamics of ecDNA at mitosis and through segregation
to daughter cells, I first designed a method for quantitative analysis of ecDNA segregation
in fixed cells. I first identified a panel of cancer cell lines with varying levels of ecDNA
amplification (Figure 2.1A). This panel included 5 cancer types — glioblastoma (GBM),
colorectal, prostate, stomach, neuroblastoma (NB) — and 5 different oncogenes amplified
on ecDNA — MYC, MYCN, CDK4, EGFR, FGFR2. To identify late-mitotic cells
(anaphase or later) I detected Aurora B, which localizes from centromeres to the mitotic
midbody at anaphase, by immunofluorescence (IF). I combined this with detection of the
ecDNA elements by fluorescence in situ hybridization (FISH). These IF-FISH experiments
allowed quantification of both individual ecDNA by automated foci identification software
(Imagel) and total ecDNA signal by pixel intensity (ImageJ). I imaged approximately 100
of these mitoses (~200 daughter cells) on a confocal microscope. Qualitatively, these
images clearly demonstrated unequal inheritance of ecDNA (Figure 2.2A).

I quantified the fraction of total ecDNA that each daughter cell inherited from the
mother cell. For each cell line and each oncogene, this quantification clearly showed a wide
distribution of ecDNA inheritance that was centered around 0.5 (Figure 2.2B). We wanted

to understand whether these distributions are what would occur under completely random
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inheritance. For each cell line, we ran stochastic simulations of ecDNA segregation,
treating each division as a Binomial trial, such that B(n, p), where n represents the number
of ecDNA in the mother cell and p represents the probability of each ecDNA to be inherited
by one of the daughter cells. Thus, p=0.5 represents a completely random inheritance
process. We ran these simulations 107 iterations and plotted the distribution of ecDNA
inheritance fractions overlaid with the empirical cell line data (Figure 2.2B dashed curves).
We performed Kolmogorov-Smirnov (KS) tests to statistically test the similarity of the
empirical and simulated distributions. KS test p values > 0.05 suggest the distributions are
not statistically different. This held true for each cell line and oncogene analyzed. These
data provide clear quantitative evidence that ecDNA is segregated randomly to daughter
cells.

To further understand the dynamics of ecDNA during mitosis, we engineered a
system which enabled live-cell imaging of ecDNA in the PC3 prostate cancer cell line with
MY C ecDNA amplification. To accomplish this, we designed a DNA cassette of 96 TetO
repeats, as previously described. We then designed sgRNAs to direct the Cas9 enzyme to
aregion of the ecDNA between the MYC and PVT1 loci (Figure 2.3A). The donor cassette
was designed to have homology to the sgRNA regions to promote homologous
recombination of our donor segment into the cut site. We confirmed the successful
integration of the TetO array into this site by FISH, PCR, and sequencing (Figure 2.3B-D).
With this cassette inserted, we expressed a TetR-GFP fusion protein which would bind the

TetO loci.
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We then performed live-cell confocal imaging of these cells, with the DNA
visualized with H2B-JFeeo by expression of H2B-SNAP. This enabled us to observe
ecDNA dynamics prior to and throughout mitosis and the next cell cycle (Figure 2.3E). We
again observed a clear example of unequal segregation of ecDNA between two daughter
cells, further corroborating the quantitative experiments described previously. Further, this
experiment also demonstrated some novel behavior of ecDNA. Upon mitotic onset, eccDNA
appeared to conglomerate from a multitude of small foci into a few larger foci. This
behavior has not been described previously and more work will need to be done to establish
whether this is a universal behavior of ecDNA at mitosis to perhaps aid in non-centromeric

segregation.

Random inheritance of ecDNA promotes genetic heterogeneity in cancer cell
lines and patient tumors

I next wanted to understand the impact of the observed random inheritance of
ecDNA on the heterogeneity of cancer cell lines and patient tumors with ecDNA. To
accomplish this I quantified the distribution of ecDNA copy number in the cell lines
described previously by FISH (Figure 2.4A). Quantification ecDNA foci in interphase
nuclei demonstrated that there is extreme variability and heterogeneity in the ecDNA copy
number of these cells.

Next, we wanted to determine whether the extent of the heterogeneity was
attributable to the random inheritance of ecDNA as previously described. To test this, we

ran stochastic simulations in which our initial conditions were a single cell with £ ecDNA,
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where £ is the mean ecDNA number in a given cell line. We then simulated growth of this
cell until we reached a population size of 10° (Figure 2.4A). The only assumption in these
simulations was that inheritance of the ecDNA was exactly random, as we previously
demonstrated. We then analyzed the distribution of ecDNA throughout the population and
compared it to the distribution of ecDNA in the cell lines we analyzed (Figure 2.4B). The
distributions were largely similar and, accounting for multiple hypotheses, statistically not
significantly different. These data suggested that the random inheritance of ecDNA was
sufficient to generate a level of genetic heterogeneity that we observed in our ecDNA cell
lines.

I then wanted to determine whether this level of heterogeneity was also observable
in patient tumors. To test this I analyzed FISH for oncogenes suspected of being on ecDNA
(based on copy number profiles and amplicon distributions) in patient tumor tissue
samples. I analyzed samples from 6 GBM patients and 4 NB patients. The ecDNA
distributions were extremely similar to those in the cell lines, though with a smaller average
copy number. Again we wanted to establish whether random segregation of ecDNA was
sufficient to establish the level of intratumoral heterogeneity we observed in these patient
samples. We again ran stochastic simulations in which our initial condition was a single
cell with a single ecDNA — these simulations were designed to more closely mimic the
development of a tumor from a single transformed cell (Figure 2.4C). We continued these
simulations until the simulated tumors reached a size of 10'! cells, a size reasonable to
prompt detection and resection in a patient. We then compared the distribution of ecDNA

in these simulated tumors to the patient samples; we found the distributions matched
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extremely well, suggesting again that random inheritance of ecDNA is sufficient to
establish a significant degree of intratumoral heterogeneity in patient tumors (Figure 2.4E-
F). Interestingly, when analyzing the distributions at extremely high copy numbers, we
found that the simulated distributions very closely approximated a power-law process with
an exponential cutoff (Figure 2.4D). This is similar to other biological processes in nature,

suggesting ecDNA behavior results in a mathematically governed process.

ecDNA promote rapid adaptation and resistance to environmental challenges

Having demonstrated the impact of ecDNA random inheritance on intratumoral
heterogeneity, I then wanted to determine whether these abnormal inheritance patterns
affected the ability of cancer cells and tumors to adapt and gain resistance to environmental
and therapeutic challenges. I made use of an isogenic cell line model of ecDNA in
glioblastoma — GBM39-EC and GBM39-HSR. The GBM39-EC cell line harbors high copy
number amplification of the EGFRVIII variant almost exclusively on ecDNA (Figure
2.5A). GBM39-HSR similarly has a near identical level of EGFRvVIII amplification;
however, these amplicons are almost exclusively maintained on a few chromosomal
regions referred to as homogeneously staining regions (HSRs). GBM39-HSR was derived
from a single cell isolate of the GBM39-EC; thus, these cell lines are nearly identical in
terms of their bulk genetic and gene expression identity. This enabled me to experimentally
test the effect of ecDNA on how these cell lines adapt to environmental changes.

First, I verified the increased heterogeneity in GBM39-EC relative to GBM39-

HSR, as would be predicted based on our understanding of how ecDNA promotes
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heterogeneity from our prior analyses. I quantified the number of ecDNA per metaphase
spread in GBM39-EC and the number of HSRs per metaphase spread in GBM39-HSR and
calculated the Shannon Diversity Index for both cell lines (Figure 2.5B). GBM39-EC had
a significantly higher level of diversity of EGFR copy number. I also verified that this
relationship held at the protein level as well. I performed flow cytometry analysis of the
two cell lines. Using an EGFRVIII specific antibody, I found that similar to the copy
number analysis, GBM39-HSR had a narrow distribution of high EGFR protein expressing
cells while GBM39-EC had a wide distribution from almost no EGFR to high EGFR
protein expression (Figure 2.5C).

We then wanted to explore how these two cell lines would respond to
environmental challenges. We hypothesized that the diversity of phenotypes induced by
the random inheritance would make GBM39-EC less sensitive to challenges. We first
tested the ability of these cells to continue to proliferate in a low glucose environment (20%
of normal cell culture levels). We chose glucose deprivation because prior work from our
group had shown that these cells are highly glycolytic. When we grew cells in these
conditions for 1 week, we found that the growth rate of GBM39-HSR fell to about 50%
compared to control while the growth rate of GBM39-EC maintained the same rate as
control (Figure 2.6A). To understand the mechanism underlying this differential response,
we quantified the distribution of ecDNA and HSRs in the two cell lines at multiple time
points through 15 days of glucose deprivation. We expected that the distribution of ecDNA
could adapt to the glucose deprivation, while the HSRs, since they are ‘locked’ onto

chromosomes, would not be able to adjust their distribution in response to deprivation.
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Indeed, we saw the distribution of HSRs in GBM39-HSR stay remarkably constant while
GBM39-EC showed a significant and rapid decrease in the distribution of ecDNA copy
number (Figure 2.6B). The vastly differential behavior of these two cell lines strongly
suggests ecDNA can play a significant role in shaping how cells respond to environmental
challenges.

I next wanted to determine whether this was also the case in a more clinically
relevant experiment. I treated these cell lines with the EGFR tyrosine kinase inhibitor (TKI)
erlotinib, which is a frequent therapeutic option for patients with EGFR mutated tumors. I
treated both cell lines with 5 uM erlotinib for 17 days. I found that GBM39-EC was initially
less sensitive to the treatment than GBM39-HSR (Figure 2.6C). I also found that GBM39-
EC was able to eventually overcome the growth defect of erlotinib and establish resistance,
while GBM39-HSR continued to decrease in cell number (Figure 2.6C). Again I analyzed
the distribution of ecDNA and HSR before and after erlotinib therapy and found a similar
trend to the glucose withdrawal. After 7 days of treatment, GBM39-EC had significantly
decreased its distribution of EGFRVIII ecDNA while GBM39-HSR’s distribution of
EGFRVIII amplification remained remarkably constant (Figure 2.6D). 1 then withdrew
treatment for 7 days and GBM39-EC’s distribution partially recovered to pre-treatment
levels, while GBM39-HSR again remained constant (Figure 2.6D). Taken together these
data demonstrate the remarkable affect ecDNA can have on the heterogeneity and
resistance of a given population of cancer cells.

Given these results, I next wanted to determine whether we could see evidence of

this process we observed in our cell lines taking place in patients’ tumors. To study this I
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analyzed EGFR FISH done on GBM patient tumor tissue as part of a clinical trial in which
patients had their primary tumor resected and compared to a relapse that was pre-treated
with lapatinib (another EGFR TKI) for 7-10 days before resection. I quantified the
distribution of EGFR copy number in these patients’ tumor tissue and compared the
distribution of the primary (naive) tumor to the distribution of the lapatinib-treated relapse.
Both patients showed a significant decline in the distribution of EGFR copy number
(Figure 2.7A).

I sought to expand these findings into another tumor type to ensure that these effects
were not isolated to GBM. We analyzed tumor tissue of two NB patients who were part of
a clinical trial. We compared the distribution of their highly amplified MYCN oncogene in
a biopsy taken prior to treatment to the resected tumor after approximately 4-5 months of
an intensive treatment regimen, which included vincristine, a drug that we had evidence
decreased MYCN ecDNA in cell lines (Figure 2.7B). We quantified the distribution of
MYCN amplification in these patient samples and compared each patient’s copy number
distribution in the initial biopsy (naive) and the treated resected primary. We found both
patients showed a significant decrease in MYCN copy number distribution after therapy
(Figure 2.7B). Taken together these patient data strongly suggest that the dynamics we
observed and tested experimentally in vitro may be taking place similarly in patients’
tumors, both prior to treatment in establishing high levels of intratumoral heterogeneity
and after treatment in rapidly altering the genomic makeup of the tumor to generate

resistance.
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Next, I wanted to further understand how universal this adaptability is within cell
lines derived from different cancer types and ecDNA with different oncogenes and targeted
therapies. I planned to utilize the stomach cancer cell line SNU16, since it has amplification
of FGFR2, a tyrosine kinase similar to EGFR, though distinct in its specific ligand and
targeted therapeutics that block its function. Interestingly, this cell line also has significant
amplification of MYC on separate ecDNA molecules. Given the very different nature of
MYC and FGFR2 amplifications in terms of mechanisms, this provided me with an
excellent model to test the sensitivity of ecDNA populations within cells to targeted
therapeutics.

To test this, I treated SNU16 cells with 1 uM of ponatinib, a broad tyrosine kinase
inhibitor with significant activity toward FGFR2 amplified cancer models’!. After one
week of treatment, I prepared metaphase spreads and did FISH for both ecDNA amplified
oncogenes (Figure 2.8A). Similar to previous examples, I found that FGFR2 copy number
distributions declined rapidly and significantly compared to DMSO treated samples
(Figure 2.8B). Surprisingly, however, MY C ecDNA showed no significant change in copy
number distribution over this period (Figure 2.8B). This experiment suggests that eDNA
can specifically respond and adapt to targeted therapies while ecDNA not targeted can
maintain a constant distribution throughout the population. This adds an incredibly level
of complexity in terms of thinking about and modeling tumor response to therapy and the
development of resistance in the context of tumors with multiple species of ecDNA. Given
this interesting result, I wanted to understand more about how cell lines and tumors with

multiple species of ecDNA behave.
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Non-independent inheritance of multiple ecDNA species

Recent research into the behavior of ecDNA during interphase has suggested that
ecDNA form ‘hubs’ which are sites of increased transcriptional activity and intermolecular
transcriptional enhancement®*. This was found to be the case in instances where a single
cell contains multiple ‘species’ of ecDNA (i.e. 20 copies of MYC ecDNA and 40 copies
of FGFR2 ecDNA). I was interested in determining whether this interphase behavior may
influence how ecDNA behave through mitosis.

To test this I repeated the experimental design presented in Figure 2.2 in which I
used IF-FISH to identify late mitoses and quantify the ecDNA distribution in daughter
cells. Here, I used cell lines which were known to have at least 2 species of ecDNA: 1)
SNU16 (FGFR2 and MYC), 2) GBM39-EC (EGFR and MYC), 3) TR14 (CDK4 and
MYCN). I imaged these IF-dualFISH samples and quantified the inheritance of both
ecDNAs in the same pairs of daughter cells. This yielded very interesting results. While
inheritance of each individual ecDNA was random, as previously described, inheritance of
the two species was not independent of each other (Figure 2.9A-B); that is, the daughter
cell that inherits more than 50% of one ecDNA is likely to inherit more than 50% of the
other ecDNA. I verified that this was not due to rearranging of the two oncogenes onto the
same ecDNA by using a variant of the SNU16 cell line which was selected for distinct
ecDNA molecules of FGFR2 and MYC (SNU16-m1, Figure 2.10A-B). I also quantified
the frequency of colocalization of FGFR2 and MYC pixels in metaphase FISH done in this

cell line and found this value to be less than 10% — even so, this is likely to be an
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overestimate due to some steric overlap that does not represent fusing of the two molecules
(Figure 2.10C). These data add a fascinating level of complexity to our prior understanding
of ecDNA and its random inheritance. In fact, it is possible that this suggests that cancer
cells will have diminishing returns in terms of their ability to promote heterogeneity when
there are multiple ecDNA species. That is, because of the behavior of ecDNA — perhaps
influenced by failure to dissolve interphase hubs — these cancer cells are not optimizing
their level of diversity, which would be accomplished by both ecDNA segregating
randomly and independently.

These data may help to explain the results presented previously in which SNU16
cells decreased FGFR2 ecDNA copy number specifically in response to ponatinib
treatment while MYC ecDNA copy number dropped only slightly (Figure 2.8). One
question that this experiment brought up was, why did the MYC ecDNA copy number
respond at all to a TKI treatment? Given these segregation data, it is distinctly possible that
due to the non-independent inheritance of ecDNA species, MYC ecDNA are decreased to
a lesser extend due to ‘collateral’ damage. As cells with fewer FGFR2 ecDNA are more
likely to survive, given these cells were more likely to receive fewer MYC ecDNA, cells
with fewer MYC ecDNA are more likely to survive, without the need for a mechanistic
link to the drug treatment.

To understand the potential clinical impact of this finding, we next looked to TCGA
data to determine how frequently tumors develop multiple distinct ecDNA species. We
used AmpliconClassifier to determine the presence of ecDNA, but instead of a binary

ecDNA +/-, we determined whether there were distinct ecDNA species. We found that
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while the majority of tumors with ecDNA have a single species, a surprisingly high
proportion have multiple ecDNA species (30%, Figure 2.11A-B).

Next, [ was interested in determining whether multiple species of ecDNA correlated
with worse prognosis in patients, given the resultant increase in diversity that was likely to
go along. Analysis of survival outcomes of these patients, stratified into 1 or 2+ ecDNA
species showed no statistical difference between the two groups (Figure 2.11C). Given the
relatively small sample sizes we were unable to control for tumor type and other variables;
a larger analysis of this type would be informative for understanding whether increased

tumor complexity correlates with poorer survival.

Doublet structures of ecDNA in metaphase are tethered sister ‘chromatids’

Initial discoveries and research into ecDNA referred to these structures seen in
metaphase spreads as double minutes (DMs)>2. This was because they appeared often,
though certainly not always, as paired circular structures, significantly smaller than even
the smallest chromosomes. Understanding the nature of these structures is important both
for understanding the dynamics of ecDNA throughout mitosis, but also to inform
quantification methods which could yield significantly different results depending on
whether doublet ecDNA are counted as one or two ecDNA.

In order to better understand this biology, I imaged several metaphase spreads from
two ecDNA cell lines, GBM39-EC and COLO320DM. I was most interested in
determining whether ecDNA doublet structures correlated with the stage of mitosis we

were viewing. While metaphase spread procedures are intended to enrich for cells in
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metaphase, cells anywhere from prophase to metaphase are observed. The specific stage
for a given spread can be inferred based on the morphology and presentation of the
chromosomes. For example, in prophase, chromosomes are incompletely condensed, often
appearing as long slender structures and completely attached along their length to their
sister chromatid due to the continued presence of cohesin’3. Spreads that have been stalled
in metaphase for long periods of time due to the microtubule poison show the classic ‘X’
shaped chromosomes with sister chromatids only attached at the centromeres, with cohesin
having been removed from the chromosome arms by WAPL>,

I developed a simple scoring method in which I quantified the fraction of
chromosomes still cohered along their entire length and correlated this with the fraction of
ecDNA that were present in doublet structure compared to singlets. I plotted these data and
observed a clear correlation between the cohesion of chromosomes and the frequency of
doublet ecDNA structures (Figure 2.12A). This strongly suggested that doublet structures
represented the ecDNA equivalent of sister chromatids, with the lack of centromere
resulting in complete loss of cohesion when cohesin was removed form chromosome arms.

Given these data, I pursued a strategy to conclusively determine whether ecDNA
doublets are sister chromatids. I developed an assay to test this, utilizing the semi-
conservative nature of DNA replication to incorporate BrdU, a nucleotide analog, over the
course of two S-phases resulting in differential levels of BrdU incorporation between sister
chromatids (Figure 2.12B). At the conclusion of BrdU incorporation over two S-phases,
one sister chromatid will have both DNA strands labeled with BrdU while the other has a

single labeled strand and a single unlabeled strand (Figure 2.12B). With differential BrdU
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labeling, I then added Hoechst 33342, a fluorescent DNA dye that is partially quenched
when binding to BrdU incorporated DNA. Finally, exposure of these samples to UV light
to improve the differential fluorescence of the Hoechst on BrdU incorporated and normal
DNAS®, When I imaged these metaphase spreads, the results were immediately striking.
Chromosomes showed clear differential fluorescence of the sister chromatids, confirming
the success of the assay (Figure 2.12C). Interestingly, the ecDNA doublet structures
showed the exact same pattern of light-dark staining, providing conclusive evidence that
ecDNA doublet structures viewed at metaphase are ecDNA bodies that are still cohered to
their sister chromatid (Figure 2.12C). This data both confirms my hypothesis that ecDNA
doublets (DMs) are instances of ecDNA with cohered sister chromatids and provides
important insight into the dynamics of ecDNA during mitosis. Given these data (Figure
2.12A), we can infer that ecDNA likely have cohesin cleaved at a similar stage as
chromosome arms and separate completely prior to anaphase due to the lack of centromere

region which maintains cohesin until anaphase.

C. Discussion

The results presented here in Chapter II represent a thorough analysis of the
mathematical rules that inheritance of ecDNA follows and the downstream consequences
in terms of tumor heterogeneity and resistance. We quantitatively and qualitatively
analyzed the inheritance of ecDNA and demonstrated that the process can be well
represented as a random binomial test for each ecDNA molecule. This was shown to be

true across cancer types and across oncogenes.
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We further demonstrated that this pattern of random inheritance plays a significant
role in increasing the genetic diversity in patients’ tumors. We showed that this, in turn,
increased the ability of tumors to adapt and develop resistance to therapeutics. Finally, we
demonstrated that in cancers with more than 1 ecDNA species, segregation does not occur
independently which may help to suggest why patients with multiple species do not have
a worse prognosis than those with a single species.

This is the first study to our knowledge that clearly and quantitatively connects the
random inheritance of ecDNA and the clinical impact that has on heterogeneity and
resistance. It has been suggested that patients with ecDNA tumors have a worse prognosis
than those without ecDNA, controlling for tumor type and demographic variables.
However, our understanding of the mechanisms underlying this discrepancy in outcomes
is severely lacking. Here we propose that one of the fundamental properties of ecDNA may
be playing a significant role in increasing the aggressiveness and ability to achieve
resistance in tumors.

More research into this area must be done to validate and further these findings.
Our grasp of the clinical implications of random ecDNA inheritance could be furthered by
tissue level analysis done on larger cohorts of patients. Similarly, identification of patients
in trials in which a naive biopsy is obtainable followed by a treated primary resection will
enable us to further understand the ability of ecDNA to adapt and alter the genome of

tumors in response to treatment.
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Figure 2.1 | Panel of cell lines with ecDNA.

a, Representative images of metaphase FISH for all ecDNA-containing cell lines to be
included in the experiments in this dissertation. It contains a breadth of cancer types (PC3-
prostate; SNU16-stomach; GBM39-EC-glioblastoma, TR14-neuroblastoma; CHP212-
neuroblastoma; COLO320DM-colorectal) and ecDNA-amplified oncogenes. Scale bars 10

pm.
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a, Representative images of cell line panel used to measure ecDNA segregation dynamics.
IF-FISH images with Aurora B detected by IF shown in green at the midbody of late mitotic
cells, and ecDNA-based oncogenes detected by FISH shown in red. Scale bars 5 um. b,
Quantification of ecDNA segregation for each cell line presented as the fraction of mother
cell ecDNA inherited by each daughter cell. Colored histograms represent quantification
of experiment shown in a. Dashed outline of distribution represents expected distribution
for each cell line for perfectly random inheritance of ecDNA. KS test values > 0.05 suggest
no significant difference between observed data and perfectly random segregation.
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Figure 2.3 | Live-cell imaging of ecDNA behavior through mitosis.

a, Schematic depiction of strategy used to engineer a fluorescent tracker of ecDNA in PC3
cells. Briefly, a 96-mer TetO repeat cassette was inserted between MYC and PVTI on the
PC3 ecDNA via CRISPR/Cas9 mediated cutting. Homology arms (HA) were designed to
promote repair of the Cas9 cut with the TetO cassette via homologous recombination (HR).
Subsequent expression of TetR-GFP enabled live-cell fluorescent tracking of ecDNA. b,
FISH for MYC and TetO sequences in PC3 and PC3-TetO cell lines showing integration
of TetO sequences in MYC ecDNA. ¢, PCR amplification of TetO cassette region in DNA
extracted from PC3 and PC3-TetO cells showing integration of cassette. d, Sequencing of
left and right junctions of PCR amplified TetO cassette from PC3-TetO cell line showing
repair of cut region with the TetO repair template. e, Images of a cell division in PC3-TetO
cells showing unequal segregation of ecDNA at mitosis and clustering of ecDNA in early-
mid mitosis.
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Figure 2.4 | Random inheritance of ecDNA causes significant and modellable
heterogeneity in cell lines and patient tumors.

a, Schema demonstrating the acquisition of ecDNA copy number heterogeneity data from
simulations and cell line samples. b, Comparisons of the heterogeneity seen in cell line
samples (colored points) and in simulations (dotted curves) showing the high level of
heterogeneity and strong agreement of empirical and modeled data (KS tests > 0.05). ¢,
Schema demonstrating the acquisition of ecDNA copy number heterogeneity data from
simulations of tumor development and FISH on patient tumor tissue. d, Scaling of ecDNA
copy number distribution from simulated data at low frequency and high copy number
suggest a distribution which scales in a manner most resembling a power law process with
an exponential cutoff. e-f, Comparison of high level of intratumoral heterogeneity in GBM
and NB patient tissue (colored points) with simulated ecDNA heterogeneity in simulated
tumor progression (dashed curves) — also showing agreement with scaling as an
exponential and power law with exponential cutoff process.
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Figure 2.5 | Isogenic ecDNA +/- GBM cell lines.

a, Representative images of metaphase spread FISH from GBM39-EC and GBM39-HSR
showing amplification of EGFRvVIII on ecDNA in the former and amplification of
EGFRVIII on HSRs in the latter. Scale bars 10 um. b, Shannon diversity index calculated
based on the number of distinct amplicons identified on metaphase spreads from GBM39-
EC and GBM39-HSR. ¢, Heterogeneity of EGFRVIII protein levels between the two cell
lines assessed by flow cytometry showing a narrow band of high EGFRVIII expression in
GBM39-HSR and a broad range of EGFRVIII expression levels in GBM39-EC.
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Figure 2.6 | ecDNA promotes resistance and adaptation to environmental and
therapeutic challenges.

a, GBM39-EC shows no change in cell number after 7 days of glucose deprivation (20%
of normal levels) while GBM39-HSR shows significant growth defect under these
conditions. b, Quantification of EGFRvVIII ecDNA copy number distributions in the two
cell lines over time for 15 days of glucose deprivation showing adaptation of GBM39-EC
copy number and no change of the distribution for GBM39-HSR. ¢, GBM39-EC shows
less sensitivity and formation of resistance to 5 uM erlotinib treatment while GBM39-HSR
shows significant sensitivity. d, Quantification of EGFRVIII ecDNA copy number
distributions in the two cell lines after 7 days of 5 uM erlotinib treatment and 7 days of
drug removal. GBM39-EC shows left-shift in distribution after treatment which recovers
when drug is removed; GBM39-HSR shows constant distribution irrespective of treatment
condition.
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Figure 2.7 | ecDNA enables GBM and NB tumors to shift copy number in response to
therapy and changing environment.

a, Representative images of tissue FISH for EGFR for two GBM patient who followed an
approximate time course as presented on the left timeline. Quantification of ecDNA copy
number distributions in the center show intratumoral heterogeneity and high EGFR copy
number amplification under treatment naive conditions. The recurrence which was treated
briefly with Lapatinib prior to resection shows a significant decrease in EGFR copy number
distribution, similar to the behavior of ecDNA seen in controlled cell lines. b,
Representative images of tissue FISH for two NB patients treated under the protocols
outlined on either side of the panel. Quantification of the distributions of MYCN
amplification shows high levels of amplification and heterogeneity for both patients under
treatment naive conditions. After rounds of therapy including vincristine, both patients’
tumors show a significant left-shift in their MYCN copy number distribution similar to the
behavior of ecDNA seen in cell line experiments.
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Figure 2.8 | SNU16 ecDNA change ecDNA copy number in a species-specific manner.

a, Representative images of SNU16 metaphase FISH with MYC visualized in green and
FGFR2 visualized in red. The top image corresponds to 1 week of DMSO control
treatment. The lower image corresponds to 1 week of 1 uM Ponatinib treatment. b,
Quantification of the experiment described in a. SNU16 cells significantly decrease the
distribution of FGFR2 ecDNA in response to an FGFR2 inhibitor, while MYC ecDNA
stayed relatively constant.
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Figure 2.9 | Segregation of distinct ecDNA species in the same cell line is random but
non-independent.

a, Representative IF-dualFISH images for 3 cell lines with 2 ecDNA species each. Aurora
B detected by IF at late-mitotic midbody structures is shown in aqua and ecDNA is shown
with green and red FISH foci. Scale bars 5 um. b, Quantification of ecDNA segregation
fractions for the cell lines shown in a. Each point represents a single daughter cell and is
plotted as a representation of the fraction of segregation of one ecDNA species on the x-
axis and the fraction of segregation of the other ecDNA species on the y-axis. Pearson
correlations are shown for each cell line with all cell lines showing significant correlation
in the segregation fraction of both ecDNA species.
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Figure 2.10 | Non-independent segregation of ecDNA species is not due to fused
molecules.

a, Representative image of a dividing SNU16-m1 cell, which was selected to avoid
instances of fused MYC and FGFR2 ecDNA. Scale bar 5 um. b, Segregation correlation
of the MYC and FGFR2 ecDNA in SNU16-m1 showing positive and significant Pearson
correlation. ¢, Quantification of colocalization fractions for MY C and FGFR2 ecDNA from
metaphase spread FISH of SNU16-m1 cells showing minimal colocalization on metaphase
spreads indicating correlated segregation is not likely due to fused ecDNA species.
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Figure 2.11 | Frequency and prognosis for tumors with multiple ecDNA species in

TCGA.

a, Pie chart depicting the frequency of all TCGA samples analyzed containing various
numbers of distinct ecDNA species. b, Pie chart depicting the frequency of all ecDNA+
TCGA samples analyzed containing various numbers of distinct ecDNA species. c,
Kaplan-Meier curves for overall survival of patients with either one ecDNA species or
multiple ecDNA species (p = 0.34). Analyses of TCGA data done by Dr. Jens Luebeck
using AmpliconClassifier.
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Figure 2.12 | Similarity of cohesion dynamics between chromosomes and ecDNA
throughout mitosis.

a, Correlation of chromosome and ecDNA cohesion dynamics quantified from metaphase
spreads. X-axis quantifies the frequency of chromosomes that have arms still cohered
(positive) and the frequency of chromosomes that have sister chromatid arms separated
(negative). Y-axis quantifies the frequency of ecDNA appearing as doublet structures
(positive) and the frequency of ecDNA appearing as singlet structures (negative).
Significant Pearson correlations are shown. b, Schema depicting assay to cause differential
fluorescence of sister chromatids. Briefly, incorporation of BrdU over 2 successive S-
phases results in one sister chromatid with both strands labeled and one sister chromatid
with 1 strand labeled. Hoechst staining differentially fluoresces based on BrdU
concentration resulting in differential fluorescence. ¢, Representative inverted image of
COLO320DM cells after the assay described in b. Note the differential light/dark staining
of sister chromatids. d, Increased magnification and exposure of a section of the image
presented in ¢ enabling visualization of light/dark pattern on ecDNA doublet structures.
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D. Methods and Materials

Cell Culture

Cell lines were purchased from ATCC or DSMZ-German Collection of
Microorganisms and Cell Cultures (Leibniz Institute) or were a kind gift from J.H. Schulte.
GBM39-HSR and GBM39-EC were derived from a GBM patient as previously described.

PC3 cells were cultured in DMEM with 10% fetal bovine serum (FBS). COLO320-
HSR and COLO320-DM were cultured in DMEM/F12 50%:50% with 10% FBS. SNU16
were grown in RPMI-1640 with 10% FBS. GBM39-HSR and GBM39-EC neurospheres
were grown in DMEM/F12 with B27, Glutamax, heparin (5 pg/ml), EGF (20 ng/ml) and
FGF (20 ng/ml). TR14-cells were grown in RPMI-1640 with 20% FBS. Cell numbers were
counted with a TC20 automated cell counter (Bio-Rad). For drug treatments, drug was

replaced every 3-4 days.

Metaphase chromosome spreads

Cells were concentrated in metaphase by treatment with KaryoMAX colcemid
(Gibco) at 100 ng/ml for between 3 hours and overnight (based on proliferation rate). Cells
were washed once with PBS and a single cell suspension was incubated in 75 mM KCI for
15 min. at 37°C. Cells were then fixed with Carnoy’s fixative (3:1 methanol : glacial acetic
acid) and spun down. Cells were washed with fixative 3 additional times. Cells were then

dropped onto humidified glass slides and aged overnight.

Fluorescence in situ hybridization (FISH)
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Fixed samples on coverslips or slides were equilibrated in 2x SSC. They were
dehydrated in ascending ethanol series of 70%, 85% and 100% for approximately 2 min.
each. FISH probes were diluted in hybridization buffer (Empire Genomics) and added to

the sample with the addition of a coverslip or slide. Samples were denatured at 72°C for 2

minutes and then hybridized at 37°C overnight in a humid and dark chamber. Samples were
then washed with 0.4x SSC followed by 2x SSC 0.1% Tween-20 and 2x SSC (2 min. each).
DAPI (100 ng/ml) was applied to the samples for 10 minutes. Samples were washed again
with 2x SSC Tween and 2x SSC. Samples were briefly washed in water and mounted with
Prolong Gold and sealed with nail polish. EGFR, MYC, FGFR2, CDK4, and MYCN FISH
probes were purchased from Empire Genomics and diluted to manufacturer’s
recommendations. CDK4/Cenl2 and MYCN/2ql1 FISH probes used on NB tissue
samples were purchased from ZytoVision (ZytoLight SPEC) and used according to

manufacturer’s recommendations.

Immunofluorescence — fluorescence in situ hybridization (IF_FISH)

Asynchronous cells were grown on poly-I-lysine coated coverslips (mouse laminin
for GBM39-EC). Cells were washed once with PBS and fixed with cold 4%
paraformaldehyde (PFA) at room temperature for 10-15 minutes. Samples were
permeabilized with 0.5% Triton-X in PBS for 10 minutes at room temperature and then
washed with PBS. Samples were blocked with 3% BSA in PBS-0.05% Triton-X (PBS-T)

for 30 minutes at room temperature. Samples were incubated in primary antibody, diluted
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in blocking buffer, for either 1 hour at room temperature or overnight at 4°C. Samples were
washed thrice in PBS-T. Samples were incubated in secondary antibody, diluted in
blocking buffer, for 1 hour at room temperature and then washed thrice in PBS-T. Cells
were washed once with PBS and re-fixed with cold 4% PFA for 20 minutes at room
temperature. Cells were washed once with PBS then once with 2x SSC. FISH proceeded
as described above, with denaturation conditions altered to 80°C for 20 minutes. Aurora B
polyclonal antibody (A300-431A) was purchased from ThermoFisher and diluted to 1:100-

1:200 for detection.

Microscopy

Conventional fluorescence microscopy was performed using an Olympus BX43
microscope; images were acquired with a QI-Click cooled camera. Conventional
fluorescence microscopy when z-stacks were acquired and for IF-dualFISH experiments
was performed using a DeltaVision Elite imaging system (Applied Precision) and
microscope (model IX-71; Olympus) controlled by SoftWoRx software (Applied
Precision) with a CoolSNAP HQ2 camera (Photometrics). Confocal microscopy was
performed using a Leica SP8 microscope with lightning deconvolution (UCSD School of

Medicine Microscopy Core).

Flow cytometry

Single cell suspensions were made and passed through a cell filter to ensure single

cells. Cells were suspended in flow cytometry buffer (HBSS buffer without calcium and
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magnesium, 1x Glutamax, 0.5% FBS, 10 mM HEPES). EGFRvIII mab 806 was added at
1 ug per million cells and incubated on ice for one hour. Cells were washed in flow
cytometry buffer and resuspended in buffer with anti-mouse alexa-488 antibody (1:1000)
for 45 minutes on ice in the dark. Cells were washed again with flow cytometry buffer and
resuspended in flow cytometry buffer at approximately 4 million cells per milliliter. Cells
were sorted using a Sony SH800 FACS sorter and was calibrated and gating was informed

using a secondary only negative control.

Simulations of ecDNA inheritance patterns

Stochastic simulations were implemented in C++ by Dr. Benjamin Werner. A
single cell is initiated with a random number of ecDNA copies, 7, chosen from a uniform
distribution U(20,200) based on our observations of copy numbers found in our cell lines.
ecDNA is then replicated each cell cycle to 2n. Segregation of the 2n ecDNA copies are
determined using a binomial trial B(2n, 0.5). Where 0.5 represents the 50% chance each
ecDNA has of being segregated into a given daughter under perfectly random segregation.
This process is iterated 107 times and the distribution of segregation patterns is then

calculated.

Simulations of ecDNA population dynamics
Stochastic simulations were implemented in C++ by Dr. Benjamin Werner.
Simulations to mimic cell line equilibrium were initiated with a single cell with ny copies

of ecDNA. During modeled proliferation, ecDNA are doubled and randomly segregated as
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in the segregation simulations described above. For cell line models, simulations were
initiated with a single cell with n copies of ecDNA equal to the mean ecDNA number in
that cell line and iterated until a population size of 10° was reached. For tumor progression
models, simulations were initiated with a single cell with a single ecDNA. Simulations

were run until a tumor size of 10!! cells was reached.

PC3-TetO cell line engineering

pSP2-96-merTetO-EFS-BlaR and F9-TetR-EGFR-IRES-PuroR plasmids were
kind gifts from Dr. Huimin Zhao. DNA sequences for the region between MYC and PVTI1
amplified on ecDNA in PC3 cells was retrieved from UCSC Genome Browser. Guide
sequences were designed by CRISPRdirect web tool, and amplification of these sequences
on the ecDNA was confirmed using WGS data. Guide sequences were inserted into
pSpCas9(BB)-2A-Puro (PX459) — a kind gift from Dr. Feng Zhang (Addgene plasmid
#62988; http://n2t.net/addgene:62988; RRID: Addgene 62988). The DNA cassette was
obtained by PCR amplifying the pSP2-96-merTetO-EFS BlaR plasmid with primers
containing the 50 nucleotide homology arms upstream and downstream of the

predicted cutting site.
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Primer Name

Sequence

crispr-MYC-P-4-F

CACCGCTATCAGCTGTGTTGCGAGT

crispr-MYC-P-4-R

AAACACTCGCAACACAGCTGATAGC

T*T*TGTTCTTTCACTATCTAATTTGG
GGATAGTTTGTACTGGAGATCAGCCA

donor-4-for AAAGTGCCACCTGACGTCTAAG
C*A*GTAAGAGTGGAGACACTATAGT
GTGTAGACCACCCTATCAGCTGTGTT

donor-4-rev CTTAAGCTAGCAGCGCTCTCG

genotyping In-Forward

CACGAGGCCCTTTCGTCTTC

genotyping 4-rev

CGAGACAGTAAGAGTGGAGACAC

1% primer for tetO-pBEST

CACAGGAAACAGCTATGACCatgcat
DDDDDDDDDDTCCCTATCAGTGAT
AGAGADDDDDDDDDDTCCCTATCA
GTGATAGA

2"d primer for tetO-pBEST

GADDDDDDDDDDTCCCTATCAGTG
ATAGAGADDDDDDDDDDctgcagTAG
GATGAAGctcgagGTTGTAAAACGACG
GCCAGT

Transfection of CRISPR/Cas9 plasmid and donor cassette was achieved with
XtremeGENE HP according to manufacturer’s instructions. Blasticidin was added on day
3 for 3 days (timing determined by blasticidin killing of negative control cells). Surviving
clones were genotyped using primers flanking the donor cassette and sanger sequencing.

Visualization of the donor cassette in cells was achieved by infection of these cells with

F9-TetR-EGFP-IRES-PuroR containing lentivirus and selected by puromycin.
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Live cell imaging of PC3-TetO cell line

Optimization of imaging conditions was performed using the Leica SP8 with White
Light Laser and Lightning Deconvolution at the UCSD School of Medicine Microscopy
Core. Imaging included in this dissertation was performed by Dr. Liangqi Xi at the Janelia
Research Campus.

PC3-TetO cell line was transfected with PiggyBac vector expressing H2B-SNAPf
and the super PiggyBac transposase (2:1) as previously described®’. Stable transfectants
were selected using 500 pg/ml G418 and sorted by fluorescence-activated cell sorting
(FACS). Cells were adhered to 10 pg/ml human fibronectin coated 8-well chamber cover
glass (Lab-Tek). Cells were stained with 25 nM SNAP tag ligand JFee9°® at 37°C for 30
minutes followed by 3 washes with normal medium for 30 minutes total.

Cells were then transferred to imaging buffer with 20% serum in 1x Opti-Klear at
37°C. Cells were imaged using a Zeiss LSM880 microscope. The sample was illuminated
with 1.5% 488nm laser and 0.75% 633nm laser with the EC Plan-Neofluar 40x/1.30 oil
objective, beam splitter MBS 488/561/633 and filter BP 495-550 + LP 570. Z-stacks were

acquired with 0.3 um step size in 4-minute intervals for a total of 16 hours.
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CHAPTER III: IDENTIFYING GENETIC TARGETS TO DISRUPT ECDNA

SEGREGATION AND PROLIFERATION
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A. Introduction

Extrachromosomal DNA (ecDNA) are a primary mechanism for cancer cells to
amplify focal regions of their genome containing oncogenes and important regulatory
elements®!322. As described in the previous chapter, ecDNA behave quite differently than
oncogene mutations or amplifications that reside on chromosomes, primarily due to their
circular topology and lack of centromeric DNAS, Critically, recent research has found that
patients with ecDNA amplification face poorer survival odds than those with other forms
of genome rearrangement and amplification’. However, the specific mechanisms behind
this differential survival are unknown.

With approximately 20% of cancers fostering ecDNA and the concomitant worse
prognosis, it is essential that we rapidly identify biological mechanisms that ecDNA rely
on preferentially in order to design therapeutic strategies specifically targeted to disrupt
cancer cells with ecDNA. Recent research has found novelties in ecDNA behavior in a
wide range of areas, from local gene expression to intermolecular enhancer
connections'3?*, However, ecDNA behavior at mitosis is consistently suggested to be
significantly different from that of chromosomes, and evidence for this was first shown
qualitatively more than 20 years ago'®*!. The lack of centromeric DNA on ecDNA has led
to frequent speculation and observation that ecDNA behavior throughout mitosis is
abnormal. However, we do not have a strong mechanistic understanding of how ecDNA
are segregated to daughter cells without centromeres, and thus have not identified specific

targets that could be disrupted to specifically disrupt ecDNA containing cells.
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Initial observations of ecDNA in mitosis using both fixed and live-cell imaging
demonstrated that ecDNA frequently clustered and appeared to ‘tether’ to mitotic
chromosomes to facilitate segregation*!. However, a sufficient mechanistic description of
this behavior has yet to be proposed or tested.

The mitotic stage of the cell cycle has long been a primary aim for both general and

targeted therapeutics in the oncology space®-!

. Drugs targeting either specific mitotic
kinases, such as Polo Like Kinase 1 (PLK1), or functions essential to mitosis, such as Taxol
disruption of mitotic spindle formation, have shown minimal utility in the clinic, primarily
due to a narrow or absent therapeutic window in which the drugs will disrupt tumor cell
proliferation without causing significant on-target side-effects from disruption of rapidly
proliferating healthy cells, such as those in the gut and bone-marrow®?%*, One key failure
of these drugs is in their inability to specifically disrupt tumor cell mitoses without
disrupting health mitoses. Given ecDNA are predicted to behave quite differently form
mitotic chromosomes, and given ecDNA are essentially absent from healthy tissue,
identifying proteins or functions that are necessary for ecDNA segregation but dispensable
for normal mitosis is an attractive goal for improving outcomes for patients with ecDNA
positive tumors.

While very little research has been done on ecDNA in general, and regarding
ecDNA mechanisms in mitosis more specifically, some research into the function of
various mitotic proteins has focused on how cells handle acentric fragments of mitotic

chromosomes during mitosis. These experiments seek to understand how cells handle a

situation that is predicted to arise with significant frequency, as acentric fragments can be
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generated by a number of errant processes such as chromothripsis. While not circular,
acentric fragments are likely to be dealt with by the cell in similar terms to ecDNA, given
their similar size and lack of centromere.

Most research in this area has focused in on the activity of a particular family of
mitotic motor proteins referred to as chromokinesins. Chromokinesins are a specialized
family of kinesins which retain the motor domains of canonical kinesins and contain DNA
binding domains (or DNA-factor binding domains) on the n-terminus®. Their primary
functions in mitosis have been proposed to be the manipulation and spatial organization of
mitotic chromosome arms, mostly functioning away from the heavily regulated and studied
centromere-kinetochore region®®7!,

Studies in which acentric fragments are observed through mitosis have shown a
role for the two primary chromokinesins, KIF4A and KIF22 (also referred to as KID and
Kinesin-10), in promoting their eventual segregation into a daughter cell®®®%-7277 Data in
this area is shallow and sometimes contradictory. Evidence has been provided that
attributes promotion of both DNA congression toward the metaphase plate and poleward
DNA movement to both KIF4A and KIF22 in different studies. Clearly our understanding
of the function of these proteins is lacking. One aspect that is shared across the literature is
that these kinesins play a role in the movement and manipulation of acentric DNA during
mitosis.

These proteins have also been implicated in a wide range of other cellular functions,
including organization of the mitotic spindle and interphase organelle transport’®. Most

research into chromokinesins to date has focused on their role in mitosis. As mitotic genes,
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these proteins have also, unsurprisingly, been implicated in gene expression studies of
tumor genomes which has suggested they may play a role in cancer progression’>”.
Especially given chromokinesins’ potential link to acentric ecDNA segregation,

significantly more research is warranted in this area.

B. Results

Identification of upregulated genes in ecDNA-containing tumors

In order to better understand the specific mechanisms cells use to continue to
proliferate while maintaining high levels of ecDNA amplification, I wanted to study gene
expression patterns in patient tumor samples. I chose to analyze gene expression in tumors
in order to avoid the countless confounding and artificial factors that change when cells are
explanted from a patient’s tumor into cell culture or even xenograft conditions. To
accomplish this, I focused on The Cancer Genome Atlas (TCGA), a commonly used public
database of human cancers whose genomes and gene expression have been sequenced. |
also relied on a previous study which used a novel algorithmic approach called
AmpliconArchitect to determine whether ecDNA had been generated within a given
tumor®. This study stratified hundreds of tumors from TCGA based on the presence or
absence of various types of genomic rearrangements, such as ecDNA and BFBs.

Given this resource of tumors called for ecDNA or not-ecDNA status, I then
downloaded the RNA-seq profiles for the tumors for which this data was available. This
data was downloaded from the National Cancer Institute (NCI) Genomic Data Commons

(GDC) repository (Figure 3.1A). I was able to successfully obtain the gene expression
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profiles for approximately 300 ecDNA+ tumors and 1,300 ecDNA- tumors which together
spanned 21 tumor sub-types (Figure 3.1B — panel showing representation of types by sub-
group). I then generated normalized read counts for each gene for each patient using the
Bioconductor package DESeq2 in R®. I then ran Gene Set Enrichment Analysis (GSEA)3!
to identify the gene sets that were most differentially expressed in the ecDNA+ and
ecDNA- tumors. Finally, I used gene ontology (GO)®*#? analysis of the most significantly
upregulated ecDNA+ genes to identify the primary cellular functions that were upregulated
in ecDNA+ cancers.

After doing the GSEA analysis of ecDNA+ versus ecDNA- tumors, the resultant
upregulated and downregulated pathways were striking and interesting. The most
significantly overexpressed gene sets in ecDNA tumors were those focused around the G2
to M transition, proliferation and the mitotic spindle (Figure 3.2A). Other upregulated
pathways that were of particular interest for their potential direct connection to ecDNA
biology were DNA repair and epithelial to mesenchymal transition (Figure 3.2B). I also
identified the gene sets which were most significantly enriched in the ecDNA- cancers.
Here, there was a surprisingly consistent trend of various metabolic genes, such as those
involved in adipogenesis, fatty acid metabolism and cholesterol (Figure 3.2C,D).

To further understand the specific cellular processes that saw overexpression in the
ecDNA tumors, I performed a GO analysis of the top 1000 overexpressed genes from the
GSEA analysis for ecDNA tumors. This analysis demonstrated the significant
overrepresentation of genes involved in regulating mitosis and DNA metabolic processes

(such as repair and replication) (Figure 3.3A).
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Taking the GSEA and GO analyses together, these data demonstrate a significant
upregulation of mitotic genes in ecDNA tumors, as compared to ecDNA- tumors. While
these analyses were not normalized for tumor sub-type, the relatively similar distribution
of samples across tumor types suggests this result is unlikely to be due to confounding
biological differences due to ecDNA prevalence or underrepresentation in a particular type
of tumor (Figure 3.1B). This apparent reliance on higher expression of mitotic genes is
interesting in the context of the abnormal mitotic dynamics of ecDNA discussed in Chapter
II. Given these dynamics, a plausible explanation for these results is that ecDNA present
cancer cells with a significant challenge to overcome in completing mitosis without

significant micronucleation or other defect which would be detrimental to proliferation.

ecDNA promote abnormal mitoses

In order to understand this result further, I next wanted to investigate the propensity
of ecDNA containing cells to encounter problems in completing mitosis as compared to
cells without ecDNA. To answer this question, I relied on two isogenic cell line systems
that essentially only differ in the presence or absence of ecDNA. These two systems are
the colorectal cell lines COLO320HSR and COLO320DM which both have high copy
number amplification of MYC, with the amplification residing primarily on chromosomes
in COLO320HSR and residing primarily on ecDNA in COLO320DM, and the GBM cell
lines GBM39-HSR and GBM39-EC, which were described previously (Figure 2.4). For
these cell lines, I performed FISH on fixed cell line samples and quantified the frequency

of micronuclei within each population.
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Micronuclei are secondary nuclear structures which are formed when a component
of the mitotic DNA does not segregate along with the rest of the chromosomes®*. These
structures have long been used to identify mitotic abnormalities and DNA damage.
Micronuclei are not simply a result of erroneous segregation, they play additional
detrimental roles in proliferation as they are frequent sites of DNA damage, including
shattering of chromosomes called chromothripsis?>$>8, In general, micronuclei represent
evidence of errant mitosis and a worse proliferative outlook for a given cell®’.

I quantified the frequency of micronuclei in these isogenic cell lines and found
conclusive evidence that ecDNA containing cells are more likely to generate micronuclei
after mitosis (Figure 3.4A). More importantly, I also quantified the fraction of micronuclei
that contained ecDNA, to better approximate the fraction of micronuclei that may be the
direct result of problematic segregation of ecDNA. I found that the vast majority of
micronuclei in ecDNA+ cell lines contained ecDNA (Figure 3.4B). As a control, I
quantified the fraction of micronuclei in the HSR cell lines that contained the amplicons
housed on chromosomes. As expected, I found these amplicons in a minority of
micronuclei (Figure 3.4B). These data provide strong support for the hypothesis that
ecDNA represents a mitotic challenge for cells, which may then have to upregulate mitotic
genes to promote proper segregation and maintain proliferation. This is further supported
by the fact that in each isogenic system, the cell line with ecDNA grows at a noticeably
slower rate than the HSR line. Together, these data support the theory that ecDNA

represent an advantage to cancers by providing genetic diversity and adaptability (Chapter
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IT); however, they are not without their costs, which may be focused on the difficulty in

avoiding abnormal mitoses with ecDNA.

ecDNA cell lines are not more sensitive to mitotic dysregulators

Given these data, I hypothesized that ecDNA+ cancers may have a mitotic
vulnerability that could be therapeutically targeted. If ecDNA presents a mitotic difficulty
that prompts cancers to upregulate mitotic fidelity genes to overcome, it seemed likely that
these cells would be more sensitive to mitotic disruption than cells without ecDNA. To test
this, I wanted to identify the IC50 (the point at which 50% of cell proliferation is inhibited)
for mitotic drugs in these isogenic cell lines. I first tested nocodazole, a small molecule that
antagonizes microtubule polymerization, a necessary step in mitosis. Interestingly, I found
that while there was a slight difference in the IC50 for GBM39-EC compared to GBM39-
HSR, COLO320DM was significantly less sensitive to nocodazole compared to
COLO320HSR (Figure 3.5A). This result was surprising and contrary to my hypothesis. I
also tested the effect of Monastrol, a small molecule inhibitor of Eg5 (Kinesin-5) which
prevents the formation of the bipolar spindle in mitosis. Similar to nocodazole treatment, I
found a slight sensitivity in GBM39-EC compared to GBM39-HSR and a significantly
more resistant phenotype in the COLO320DM compared to the COLO320HSR cells
(Figure 3.5B). I was again surprised by these data.

One potential explanation for these results is that ecDNA containing cell lines face
a very different set of challenges in vivo as compared with these in vitro conditions. Given

growth promoting conditions in cell culture, it is possible that ecDNA+ cell lines do not

59



experience a significant growth defect due to increased missegregation and micronuclei
rates that they may experience in vivo. It is further possible that the increased ability of
ecDNA+ cell lines to adapt and gain resistance to therapy (Chapter II) may be
counteracting a real sensitivity to mitotic disruption compared to ecDNA- cells. These
experiments should be repeated in vivo to understand whether these relationships hold in
more challenging growth environments.

To further understand the influence of ecDNA on cell cycle dynamics, I next sought
to compare the distribution of cells by cell cycle phase between our isogenic ecDNA cell
lines. To test this, I performed cell cycle profiling experiments by fixing asynchronously
growing cells and adding propidium iodide (PI), which fluorescently labeled the cells’
DNA. I then analyzed the relative amounts of DNA within each cell by flow cytometry and
plotted the resultant profiles. I manually gated for the different cell cycle phases. I found
that in both of the isogenic ecDNA systems, the ecDNA containing cells lines showed a
smaller fraction of cells in S and G2/M phases and a higher concentration of cells in G1
(Figure 3.6A,B).

Taken together, these data suggest that ecDNA do not promote a prolonged mitosis.
This is not altogether surprising. Mitotic timing is primarily determined by the activation
and degradation of key mitotic checkpoint proteins. These proteins are primarily sensing
the accurate and proper attachment of the mitotic spindle at the kinetochore. Given ecDNA
are unlikely to disrupt these attachments or be sensed as unattached chromosomes, ecDNA
are likely to be more or less ignored by the primary machinery that determines mitotic

duration and timing. However, the apparent accumulation of G1 cells in ecDNA cell lines
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could be the result of aberrant mitoses causing a G1 delay in order to address increased

levels of micronuclei and DNA damage in these cells.

Role of chromokinesins in promoting ecDNA segregation in mitosis

The data presented thus far in Chapter II1 suggest that ecDNA do behave differently
in mitosis and may require increased expression of mitotic proteins to facilitate their proper
segregation. | was thus interested in identifying mitotic proteins that may be preferentially
important for ecDNA segregation compared with chromosomal segregation. I identified
potential proteins to research further based on their activity in mitosis away from the
centromere and kinetochore. I identified a class of mitotic protein referred to as
‘chromokinesins’ to investigate further. This family of kinesins binds DNA as its cargo
and uses its kinesin motor domain to manipulate and move the DNA, especially in mitosis.
Importantly, this activity occurs along the length of chromosome arms, not specific to
centromeric DNA. KIF4A and KIF22 are thought to be the primary members of this family
of kinesins active in humans.

I first wanted to identify the expression levels of these two proteins to determine
whether there was evidence that ecDNA containing tumors may preferentially rely on these
proteins to facilitate ecDNA segregation. I first compared the level of KIF4A and KIF22
mRNA expression in tumor versus normal tissue. Using the same general approach and
source of sequenced samples as previously described (Figure 3.1A), I found that both
chromokinesins were significantly overexpressed in tumor samples compared to normal

tissue (Figure 3.7A). I then compared their expression levels in ecDNA+ and ecDNA-
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tumors, again using the classifications made in a previous study. Combining all tumor sub-
types to obtain sufficient sample sizes, I found that both KIF4A and KIF22 were
significantly overexpressed in ecDNA+ tumors compared with all other tumors (Figure
3.7B). Comparisons of this type within tumor sub-types were difficult, limited by
insufficient resolution; however, many tumor types followed this overall trend, with GBM
and lung adenocarcinoma showing higher levels of KIF4A and KIF22 expression in
ecDNA+ subsets of these tumor types (Figure 3.7C-D). To further corroborate this trend,
KIF4A and KIF22 were ranked at number 25 and number 773 respectively in terms of their
overexpression in ecDNA+ tumors out of all genes. Taken together, these expression data
strongly suggest that ecDNA+ tumors are more reliant on expression of chromokinesins
and promote the hypothesis that they may be necessary to facilitate proper segregation of
ecDNA.

Next, I wanted to test the role of chromokinesins in promoting ecDNA segregation
experimental in our cell line models. To my knowledge, no small molecules have been
identified that specifically inhibit these proteins. Therefore, I used a genetic approach to
disrupt them and test the resultant effects on ecDNA segregation and proliferation of
ecDNA cell lines. While significant evidence exists that chromokinesins localize along
mitotic chromosome arms, I first wanted to establish whether they localize to ecDNA
during mitosis. To test this I generated metaphase spreads of COLO320DM cells. Using a
cytospin to spread non-fixed samples onto a slide, I was ablet to perform
immunofluorescence on the metaphase spreads, with primary antibodies for KIF4A and

KIF22. This experiment clearly demonstrated the presence of both proteins on ecDNA
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during mitosis, in addition to localization on chromosome arms (Figure 3.8A). Further,
these images corroborated prior findings that suggested KIF4A is primarily localized on
the chromosomal cortex, with KIF4A staining appearing to be localized centrally along
each chromatid arm (Figure 3.8A)%%88,

Having verified the presence of chromokinesins on ecDNA, I next tested the effects
of knocking down the levels of these proteins in the isogenic ecDNA cell lines. I was
interested in determining whether knockdown of these proteins would increase the
frequency of missegregation of ecDNA, more so than the frequency of missegregation of
chromosomes. In COLO320DM cells, KIF22 knockdown by siRNA significantly
increased the frequency of total and ecDNA-containing micronuclei, while knockdown of
KIF4A and KIF4A/KIF22 combined showed minimal impact on segregation (Figure
3.9A,B). Using shRNA knockdown in the GBM39-EC cell line, I similarly found
knockdown of KIF22 to significantly increase the frequency of total and ecDNA-
containing micronuclei (Figure 3.9C,D). To expand these findings further, I tested siRNA
knockdown of the chromokinesins in other ecDNA containing cell lines SNU16 and PC3.
These experiments showed a broader effect, with knockdown of KIF4A and KIF22 both
increasing micronuclei frequency (Figure 3.9E-H). Finally, to capture a more nuanced
understanding of how chromokinesins knockdown affects ecDNA segregation, I fixed
COLO320DM knockdown samples and performed FISH staining for the MYC ecDNA. I
imaged anaphase and telophase cells and scored the frequency of ‘catastrophic’ ecDNA
missegregation, which I defined as an anaphase or telophase cell with more than 3 ecDNA

foci not connected to the chromosomal masses. I found knockdown of both KIF4A and
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KIF22 showed significantly increased rates of ‘catastrophic’ ecDNA missegregation
(Figure 3.10A,B). Together, these knockdown data strongly suggest that chromokinesins
KIF4A and KIF22 play a significant role in segregating ecDNA to daughter cells. There is
significant variability in which chromokinesins knockdown has more of an effect across
cell lines, but the trend is clear that chromokinesin knockdown increases rates of ecDNA
missegregation. Next, [ wanted to understand whether this impact on ecDNA segregation
would result in a proliferation defect for eccDNA+ cell lines.

I repeated the knockdown experiments using siRNA for COLO320HSR and
COLO320DM cell lines. I quantified cell number at days 1, 3 and 6. The data clearly
showed that COLO320DM cells were more sensitive to knockdown of KIF4A and KIF22
than COLO320HSR cells (Figure 3.11A). I repeated this experiment doubling the dose of
siRNA to 40nM and found that the trend held firm with COLO320DM showing more
sensitivity, even at a level of siRNA knockdown that resulted in a measurable growth defect
in COLO320HSR (Figure 3.11A). I next performed a similar experiment in the GBM39
isogenic system. I also performed siRNA knockdown in PC3 cells and measured the effect
on proliferation by Cell Titer Glo. I found again that knockdown of these chromokinesins
resulted in significant defect in proliferation in an ecDNA cell line (Figure 3.11C). Using
shRNA to knockdown both KIF4A and KIF22, I again saw increased sensitivity to this
treatment by the GBM39-EC cells as compared to the GBM39-HSR cells (Figure 3.12A-
C). Together, these data clearly demonstrate a preferential growth defect on knockdown of
chromokinesins KIF4A and KIF22 in ecDNA+ cell lines. Considering the increased

micronuclei frequency in ecDNA cell lines upon chromokinesin knockdown, these data
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suggest a clear mechanism in which chromokinesins are required to promote the normal
segregation of ecDNA. When the levels of these proteins are depleted, ecDNA are more
likely to missegregate and be incorporated into micronuclei, which have been shown to be

detrimental to cell proliferation rates.

C. Discussion

The results I have presented in Chapter III aim to improve our understanding of the
specific mechanisms governing the segregation of ecDNA. In this pursuit, [ have analyzed
mRNA expression data from hundreds of ecDNA+ and ecDNA- tumors and have found a
significant enrichment of mitotic genes upregulated in ecDNA+ tumors. I have also
demonstrated that ecDNA does not extend the duration of mitosis in an isogenic ecDNA
system. However, ecDNA does appear to present a mitotic challenge for cells to overcome,
as we see increased rates of micronuclei formation and an accumulation of cells in G1.

In order to study the specific proteins that may regulate ecDNA segregation, |
focused on the chromokinesins KIF4A and KIF22 which in healthy cells manipulate the
dynamics and positioning of chromosome arms in mitosis. I found that these proteins play
a role in ecDNA segregation, showing depletion of their levels increases rates of
missegregation and micronuclei specifically in ecDNA cell lines. I also demonstrated that
there is a resultant penalty in proliferation rate when levels of KIF4A and KIF22 are
depleted, again preferentially in ecDNA cells lines. Taken together, Chapter III suggests
chromokinesins KIF4A and KIF22 may play a significant role in ecDNA dynamics in

mitosis and targeting them therapeutically may represent a mechanism to specifically
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inhibit growth of ecDNA tumors while avoiding the broad toxicity that has plagued more
general mitotic disruptors in the clinic.

Significantly more research is warranted in this area, with the most immediate next
steps to expand these experimental paradigms into in vivo models of ecDNA tumor growth.
Given the initial data presented was founded on tumor sequencing data, the role of KIF4A
and KIF22 in ecDNA maintenance and proliferation may be significantly underestimated
in cell culture conditions. Additionally, research into identifying small molecules that
specifically inhibit one or both of these chromokinesins is important. To date, there have
yet to be any therapeutic options to specifically target ecDNA cancers. Most research into
ecDNA has focused on the response of ecDNA to drugs targeting the specific amplified
oncogene, lapatinib targeting EGFR ecDNA for example in Chapter II. However,
identifying targets and drugs that can disrupt ecDNA biology agnostic of the specific
oncogene amplified could drastically improve therapeutic outcomes for a significant

proportion of cancer patients.
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Figure 3.1 | Analysis of expression data from TCGA tumor samples.

a, Schema depicting the workflow to analyze TCGA expression data for ecDNA+ and
ecDNA- tumors. b, Representation frequency of different tumor types in each sample.
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Figure 3.2 | Gene set enrichment analysis of ecDNA+ and ecDNA- tumors.

a, Depiction of enrichment profiles for the top 3 enriched gene sets in ecDNA+ tumors. b,
Table of the top 10 enriched gene sets in ecDNA+ tumors. ¢, Depiction of enrichment
profiles for the top 3 enriched gene sets in ecDNA- tumors. d, Table of the top 10 enriched
gene sets in ecDNA- tumors.
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Figure 3.3 | Gene ontology analysis of the top 1,000 enriched genes in ecDNA+ tumors.

a, Ranked figure showing the top 51 GO biological processes enriched in the top 1,000

enriched genes in ecDNA+ tumors. Processes are ranked by their log10 false discovery rate
(FDR), most significant at the top.
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Figure 3.4 | ecDNA are more prone to incorporation into micronuclei.

a, Quantification of micronuclei frequency (total micronuclei / total cells) in isogenic
ecDNA+/- cell lines. Astrocytes represent a control cell line with treatment with etoposide
(ETO) used as a positive control to induce missegregation and micronuclei. b, In isogenic
cell lines, quantification of the fraction of total micronuclei that contain the amplified
oncogene as assessed by FISH.
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Figure 3.5 | Differential sensitivity of isogenic ecDNA cell lines to mitotic disruption.

a, 10-point dose response curves with indicated IC50 values in uM values for nocodazole
treatment. b, 10-point dose response curves with indicated IC50 values in uM values for
Monastrol treatment. Proliferation rates were measured relative to a DMSO control and
readout was performed using Cell Titer Glo 2.0 which approximates ATP levels.
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Figure 3.6 | ecDNA cell lines have fewer cells in G2/M phase and a concentration of

cells in G1.

a, Cell cycle profiles of GBM39-HSR and GBM39-EC as measured by propidium iodide
staining and flow cytometry. Gating was performed manually, and percentages are
indicated along with gates. Note the increased G1 representation in GBM39-EC and
decreased G2/M frequency. b, Cell cycle profiles of COLO320HSR and COLO320DM as
measured by propidium iodide staining and flow cytometry. Gating was performed
manually, and percentages are indicated along with gates. Y-axes indicate cell counts; x-

axes indicate propidium iodide fluorescence.
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Figure 3.7 | Chromokinesins show increased expression levels in ecDNA+ tumors.

a, Quantification of KIF4A (left) and KIF22 (right) mRNA expression levels in tumor
versus normal tissue. b, Quantification of KIF4A (left) and KIF22 (right) mRNA
expression levels in tumors, classified as either having ecDNA (circular) or not having
ecDNA (Not-Circular) based on a prior publication. ¢, Quantification of KIF4A (left) and
KIF22 (right) mRNA expression levels in GBM tumors classified as either having ecDNA
(circular) or not having ecDNA (Not-Circular). d, Quantification of KIF4A (left) and
KIF22 (right) mRNA expression levels in Lung Adenocarcinoma tumors classified as
either having ecDNA (circular) or not having ecDNA (Not-Circular).
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Figure 3.8 | Chromokinesins localize to ecDNA along with chromosome arms in
metaphase.

a, Representative image of a COLO320DM metaphase spread with IF for KIF22. Second
row is a subset of the first row at higher magnification to show detail of KIF22 staining on
ecDNA. b, Representative image of a COLO320DM metaphase spread with IF for KIF4A.
Second row is a subset of the first row at higher magnification to show detail of KIF4A
staining on ecDNA.
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Figure 3.9 | Genetic knockdown of KIF4A and KIF22 increase rates of ecDNA+
micronuclei across multiple cell line models.

a, Quantification of the fraction of all micronuclei that contain the amplified MY C gene or
not under different knockdown conditions in COLO320DM and COLO320HSR cells. b,
Quantification of the total frequency of micronuclei (micronuclei / parental nuclei),
segregated by containing MY C or not, in different knockdown conditions in COLO320DM
and COLO320HSR cells. ¢, Quantification of total micronuclei frequency in control and
KIF22 shRNA condition in GBM39-EC. d, Quantification of the fraction of all micronuclei
that contain the amplified EGFR gene in GBM39-EC under control or shKIF22 conditions.
e-f, Quantification of micronuclei frequencies in SNU16 cells, similar to those presented
in a-b. g-h, Similar to e-f in PC3 cells.
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Figure 3.10 | Chromokinesins aid in proper segregation of ecDNA.

a, Representative mitoses from COLO320DM cells under indicated siRNA conditions.
ecDNA are visualized by MYC FISH (shown in red). b, Western blot showing knockdown
of KIF4A and KIF22 protein levels under siRNA knockdown. ¢, Quantification of
‘catastrophic’ ecDNA missegregation—defined as more than 3 ecDNA not attached or
overlapping with chromosomal DNA.
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Figure 3.11 | Chromokinesin knockdown reduces proliferation rates in ecDNA+ cell
lines.

a, Cell numbers of COLO320DM and COLO320HSR cell lines relative to scrambled
siCTRL conditions at day 6 after transfection of siRNA. Note significantly increased
sensitivity to knockdown in COLO320DM cells compared to COLO320HSR cells.
Western blot showing knockdown of protein levels on day 6. Likely that protein levels had
begun to recover by this point. b, Repeat of the experiment described in a with increased
siRNA concentration used to 40nM. ¢, Proliferation rates of PC3 cells measured by Cell
Titer Glo 2.0 on day 4 after siRNA transfection, relative to scrambled siCTRL condition.
Knockdown of protein levels shown in western blot (right).
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Figure 3.12 | Chromokinesin knockdown reduces proliferation in GBM39-EC relative

to GBM39-HSR.

a, Relative cell number in GBM39-EC 5 days after shRNA lentiviral infection. Relative to
shCTRL infection conditions. b, Western blot showing knockdown of KIF4A and KIF22
levels in GBM39-EC after lentiviral infection. ¢, Relative cell number 8 days after lentiviral
infection in GBM39-EC and GBM39-HSR cell lines. Note increased sensitivity to

knockdown in GBM39-EC cell line.
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D. Materials and Methods

Cell Culture

Cell lines were purchased from ATCC. GBM39-HSR and GBM39-EC were
derived from a GBM patient as previously described. PC3 cells were cultured in DMEM
with 10% fetal bovine serum (FBS). COLO320-HSR and COLO320-DM were cultured in
DMEM/F12 50%:50% with 10% FBS. SNU16 were grown in RPMI-1640 with 10% FBS.
GBM39-HSR and GBM39-EC neurospheres were grown in DMEM/F12 with B27,
Glutamax, heparin (5 pg/ml), EGF (20 ng/ml) and FGF (20 ng/ml). Cell numbers were

counted with a TC20 automated cell counter (Bio-Rad).

Metaphase chromosome spreads

Cells were concentrated in metaphase by treatment with KaryoMAX colcemid
(Gibco) at 100 ng/ml for between 3 hours and overnight (based on proliferation rate). Cells
were washed once with PBS and a single cell suspension was incubated in 75 mM KCI for
15 min. at 37°C. Cells were then fixed with Carnoy’s fixative (3:1 methanol : glacial acetic
acid) and spun down. Cells were washed with fixative 3 additional times. Cells were then

dropped onto humidified glass slides and aged overnight.

Fluorescence in situ hybridization (FISH)
Fixed samples on coverslips or slides were equilibrated in 2x SSC. They were
dehydrated in ascending ethanol series of 70%, 85% and 100% for approximately 2 min.

each. FISH probes were diluted in hybridization buffer (Empire Genomics) and added to
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the sample with the addition of a coverslip or slide. Samples were denatured at 72°C for 2

minutes and then hybridized at 37°C overnight in a humid and dark chamber. Samples were
then washed with 0.4x SSC followed by 2x SSC 0.1% Tween-20 and 2x SSC (2 min. each).
DAPI (100 ng/ml) was applied to the samples for 10 minutes. Samples were washed again
with 2x SSC Tween and 2x SSC. Samples were briefly washed in water and mounted with
Prolong Gold and sealed with nail polish. FISH probes were purchased from Empire

Genomics and diluted to manufacturer’s recommendations.

Cytospin metaphase spread immunofluorescence

Cells were concentrated in metaphase by treatment with KaryoMAX colcemid
(Gibco) at 100 ng/ml for between 3 hours and overnight (based on proliferation rate). Cells
were washed once in cold PBS. Cells were resuspended in 1 ml cold 75SmM KCI and
incubated on ice for 15 minutes. Cells were adjusted to a concentration of 50,000 cells in
400 pl of KCI. Tween-20 was added to aid in spreading at 0.1% concentration. 400 ul cell
suspension was added to cytospin funnels attached to glass slides. Cytospin was run at 800
rpm for 8 minutes. Cells on slides were then permeabilized with 0.5% Triton-X for 10
minutes at room temperature and then blocked in 5% BSA 0.05% Triton-X for 30 minutes
at room temperature. Samples were then incubated with primary KIF22 (PA5-29490
ThermoFisher) and KIF4A (PAS5-83243 ThermoFisher) antibodies overnight at 1:100
dilution in blocking buffer at 4 degrees Celsius.

Samples were washed 3 times in 0.05% Triton-X PBS (PBS-T) and incubated in

secondary antibody 1:200 (anti-rabbit 568 Life Technologies) for 1 hour at room
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temperature in the dark. Cells were wash 3 times in PBS-T and once in 0.1% PBS-T and
once in PBS. Samples were then fixed in 4% paraformaldehyde (PFA) for 20 minutes at
room temperature in the dark. Samples were washed and mounted with Prolong Gold
containing DAPI and sealed with nail polish. Secondary only controls were performed to

ensure specific signal.

Microscopy

Conventional fluorescence microscopy was performed using an Olympus BX43
microscope; images were acquired with a QI-Click cooled camera — or with a DeltaVision
Elite imaging system (Applied Precision) and microscope (model IX-71; Olympus)
controlled by SoftWoRx software (Applied Precision) with a CoolSNAP HQ2 camera

(Photometrics).

Flow cytometry

Single cell suspensions were made, washed once in PBS and passed through a cell
filter to ensure single cells. Cells were fixed in cold 70% EtOH for 30 minutes on ice and
washed in PBS once. Cells were resuspended in DNA detection buffer: PBS, 2 ug/ml
propidium iodide, 0.2 pg/ml RNase A. Cells were incubated at room temperature in the
dark for 30 minutes. Flow cytometry was performed using a BD Fortessa X-20 machine
and analysis and gating were performed using BD FACSDiva software. Approximately

20,000 events were recorded for each cell line.
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TCGA mRNA expression data acquisition and analysis

All implementation was performed in R, using RStudio. Sample barcodes for
tumors identified as either ecDNA+ or ecDNA- were acquired form a prior publication.
Gene expression data was downloaded from the Genomic Data Commons using the
TCGAbiolinks package. Once acquired, gene expression data was used to generate
normalized read counts using the DESeq2 package. Normalized read counts were fed into
the Gene Set Enrichment Analysis program and analyzed using standard settings and
Hallmarks gene sets. The ranked gene list from GSEA analysis was used to feed the top
1,000 genes preferentially expressed in ecDNA+ tumors into Gene Ontology
(geneontology.org) to identify upregulated biological processes. Visualization of GSEA
data was taken directly from GSEA output. Visualization of GO data was performed

manually.

Dose response curves for nocodazole and Monastrol

Cells were plated at 10,000 cells per well in 96-well plates. Serial dilutions of the
compounds were prepared, and each dose was equalized for total DMSO level. Cells were
treated in biological duplicate for 4 days. Then, 50 ul of Cell Titer Glo 2.0 reagent was
added to each well (prior volume of 100 pl). Reagent was incubated with cells for 10
minutes at room temperature, and the luminescence was read using a Tecan M 1000 plate
reader. Dose response curves were generated and plotted using GraphPad Prism with 1.0

set as the value for DMSO only control wells. IC50 values were calculated by Prism.
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siRNA transfections

siRNA transfections were performed following the guidelines of RNAIMAX
transfection reagent manufacturer recommendations. Briefly, RNAIMAX was diluted in
OPTIMEM media. siRNA was diluted to desired concentration in OPTIMEM. These two
dilutions were incubated at room temperature for 5 minutes and then mixed together and
incubated at room temperature for 15-20 minutes. For 6-well plates, 300 ul of siRNA
liposomes were added dropwise to cells with 2.5 ml total volume. Media was replaced the

following day and cells progressed to desired experiment.

Lentiviral infections of shRNA

Plasmids containing shRNA were grown in bacteria and isolated using Endotoxin
Free miniprep kit (Zymogen). Viral protein plasmids Gag/Pol, Tat, Rev and VSVG were
combined at concentration of 400 ng/ul. 7.5 ul of the viral mix was combined with
approximately 6 pg shRNA plasmid DNA and 1 ml of OPTIMEM. X-tremeGENE
(Millipore Sigma) was added at 27 ul and the mixture was added dropwise to HEK293T
cells in 10 cm dishes. Media was replaced the following day.

Virus was collected on days 2 and 3 post transfection. Briefly, media was draw up
into a syringe and passed through a 0.45 um filter. Titers were verified using Lenti-X
GoStix (Takara).

Infection of GBM39 cells was carried out while cells were growing as neurospheres

in suspension. Approximately 600 pl of virus was added to 10 ml media in T25 flasks.
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Media was replaced the following day and cells were progressed either onto coverslips for

imaging or into flasks for proliferation measurements.

Western blots

Cells were collected via trypsinization and washed once in cold PBS. Samples were
lysed in RIPA buffer with added protease and phosphatase inhibitors. Samples were
incubated on ice for approximately 30 minutes, with periodic agitation during incubation.
Lysates were centrifuged at max speed for 15 minutes at 4 degrees Celsius. Lysate
supernatant was collected and transferred to fresh tubes.

Protein concentration was determined using BCA assay and BSA standard. 5 ul
lysates were incubated with 100 ul BCA reagent at 37 degrees Celsius for 30 minutes.
Absorbance was read at 562 nm using a Tecan M 1000 plate reader. Having determined
protein concentrations, samples were combined with 1x Laemmli buffer with added [3-
mercaptoethanol. Samples were heated at 99°C for 5-10 minutes. Samples were loaded
onto NuPAGE 4-12% Bis-Tris gels and run at 125V for 1.5-2 hours.

Gel was washed in ddH>O and added to transfer sandwich using Trans-Blot Turbo
PVDF transfer packs (BioRad). Transfer was run on standard setting for 30 minutes using
BioRad Trans-Blot Turbo transfer system. Membranes were then washed in PBST (Tween-
20 0.1%) and blocked in 5% milk in PBST for 1 hour at room temperature. Membrane was
incubated with primary antibodies (1:1000 for KIF4A and KIF22, 1:3000 for tubulin (2125
Cell Signaling) overnight at 4°C in blocking buffer. Membrane was then washed 3 times

in PBST and incubated with secondary antibody for 1 hour at room temperature (1:1000
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for KIF4A and KIF22, 1:3000 for tubulin). Membrane washed 3 times in PBST. Bands
were detected using ECL substrate (Pierce ThermoFisher) and image using ChemiDoc

(BioRad).
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CHAPTER IV: CONCLUSIONS AND FUTURE DIRECTIONS
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A. Summary of findings

In this dissertation, I have presented a body of work in which I have sought to push
understanding in the field of ecDNA biology forward. This field can date its origins in the
1960s, when ecDNA were first described in patient tumors'®!!. While significant work was
done on ecDNA prior to 2000'>161°_ the focus on sequencing and genomic characterization
of cancer saw ecDNA largely ignored®. However, recent work pioneered by our group and
others has recently pushed this field back into the fore of cancer biology. This dissertation
seeks to continue this progress and continue to improve our understanding of how ecDNA
affects cell behavior at the point of division and how this further alters tumor behavior.

In Chapter II I present data that conclusively measures the random nature of ecDNA
inheritance at cell division. While this pattern is not exactly random, likely due to
incompletely dissolved ecDNA hubs, it can be approximated by a random binomial
process. I further present evidence that this pattern of inheritance results in more
heterogeneous populations, in cell lines and patient tumor samples, than would be expected
if amplifications were localized to chromosomal loci. I also present evidence that this
increased genetic diversity throughout the population decreases sensitivity to
environmental and therapeutic challenges. We see effects of ecDNA on initial responses to
these challenges as well as longer term resistance formation as the population is able to
shift its genetic makeup to suit the new environment — this again is significantly less likely
when alterations are fixed on chromosomes which generally assort properly. Finally, I
presented data that demonstrates that even this increased level of complexity in terms of

our understanding of how tumors with ecDNA behave may not be the full story. Studies of
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cell lines with multiple species of ecDNA show a correlation in their inheritance patterns,
while each retains random segregation when measured alone. This suggests that
significantly more complex models of heterogeneity and evolution must be developed to
consider ecDNA driven tumors with multiple ecDNA species. Taken together the data
presented in Chapter II propose a clear mathematically supported model of how ecDNA
promote tumor heterogeneity and resistance. These findings help to explain why ecDNA
tumors cause poorer survival outcomes in patients.

In Chapter III I present a sequence of data which suggests an important role for
increased expression of key mitotic regulators and machinery to decrease instances of
ecDNA missegregation into micronuclei. Given the acentric nature of ecDNA, predictions
and observations of abnormal mitoses have been made previously. However, our
understanding of the specific mechanisms that ecDNA use, and thus can be disrupted to
specifically target ecDNA, is lacking. I present genetic data demonstrating the role of
chromokinesins KIF4A and KIF22 in promoting segregation of ecDNA. Depletion of these
proteins increased micronucleation in an ecDNA-specific manner, and specifically
disrupted the proliferation of ecDNA-containing cell lines. The data presented in Chapter
III provide clear evidence that ecDNA represent a challenge for dividing cells that must be
overcome, likely through the upregulation of mitotic proteins and chromokinesins
specifically. While further data is needed in this area, the data presented herein suggest
pharmacologic disruption of KIF4A and or KIF22 may represent a real therapeutic strategy,
when used in combination with existing treatments, to increase toxicity to ecDNA-

containing tumor cells. This strategy additionally is unlikely to present significant toxicity
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to healthy dividing tissue since chromokinesins seem relatively dispensable in my

experiments to cells without ecDNA.

B. Future areas of investigation

Significant progress in our understanding of the fundamental biology of ecDNA
has been made in the past decade; however, there are important areas where our
understanding is lacking and which are important for the development of improved
therapeutic strategies for ecDNA cancers. In this section, I will outline the key areas, as I
see them, in which research investments must be made to accelerate the development of
understanding and therapeutic strategies toward ecDNA.

In vivo experiments and patient samples

In this dissertation, I present limited data showing the heterogeneous and dynamic
nature of ecDNA exists in human tumor settings. However, this data is quite limited and
thus presents a limited picture of ecDNA biology in vivo. In order to address this, we must
make use of in vivo mouse models to further our study of ecDNA. Unpublished data from
other members of our group have suggested that ecDNA cell lines may behave quite
differently when observed in cell culture conditions as compared to xenograft conditions.
The fundamental biological findings of random inheritance, increased heterogeneity and
resistance, altered gene expression patterns and the role of chromokinesins should be
replicated using carefully controlled mouse model systems in order to test whether these

findings hold in an in vivo context.
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Similarly, I have presented data in this dissertation regarding the gene expression
profiles of ecDNA+ and ecDNA- tumors. These data present a high-level view of these
tumors but require large numbers of patients to overcome the inherent noise associated
with these data, especially considering the altered expression profiles of different tumor
types. In order to push our understanding of ecDNA’s impact on tumor behavior and
outcomes, we need to invest in longitudinal studies of ecDNA+ and ecDNA- tumors.
Initially, this can be accomplished using retrospective studies of patients within a given
tumor type for which we have primary tumor tissue and sequencing data to confirm ecDNA
driven amplification. By comparing patients with and without ecDNA present in their
tumor and understanding the outcome profiles for these patients, we can more definitively
link ecDNA to various outcomes and nuances of tumor evolution, including presence and
time to metastasis and time to relapse or resistance. These studies will need to be done in
close collaboration with physicians in order to understand the nuances of different outcome
profiles.

Interrogating mitotic proteins that may impact ecDNA segregation

I have presented data here that suggest an important role for KIF4A and KIF22 in
supporting segregation of ecDNA to daughter cells. However, disruption of these proteins
did not entirely prevent proliferation of ecDNA cells, nor did it result in missegregation of
the majority of ecDNA. Thus, it is likely that these factors are working in concert with
other mitotic actors to promote ecDNA segregation. Understanding these specific
mechanisms, and how they interconnect, is important since disruption of ecDNA-specific

mitotic processes is an attractive strategy for treating ecDNA driven tumors.
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Recent studies have shed considerable light on how DNA behaves and interacts
with proteins that alter DNA condensation and segmentation. Ki-67 has been shown to act
as a biological surfactant which promotes the separation of individual mitotic
chromosomes after nuclear envelop breakdown®. This function enables safe progression
into anaphase with chromosomes that are not intermixed. Given Ki-67’s binding along the
length of chromosome arms, I would hypothesize that ecDNA are lined with Ki-67 in
mitosis as well. Ki-67 on ecDNA may actually promote missegregation and decrease the
tethering that has been proposed to be important to ecDNA segregation.

Another protein that has recently been characterized to play an important role in
mitotic DNA dynamics is barrier-to-autointegration factor (BAF). Research has shown that
BAF promotes the cross-bridging of mitotic chromosome in order to form a dense network
of mitotic DNA which enables proper segmentation of daughter cell nuclei®®. Disruption
of BAF levels results in segmentation daughter cell DNA into multiple nuclei. I
hypothesize that this may represent a mechanistic explanation for the tethering hypothesis
that was described previously. BAF may be important for ensuring ecDNA are retained
within the chromosomal DNA networks; this may represent the primary mechanism
through which ecDNA segregate, with chromokinesins and other mechanical factors only
utilized to correct failures in this system. Relatedly, VRK 1 has been shown to regulate the
timing of BAF localization to mitotic chromosomes’!. Experiments testing the role of BAF
in specifically altering ecDNA segregation dynamics are essential.

ecDNA and the immune system
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The past decade has seen a significant increase in researchers’ interest and
understanding of the interplay between cancer and the immune system®2. This has yielded
significant and tangible improvements in the therapeutic potential to treat many different
tumor types, with highly-mutagenized melanoma being the biggest stand out”>-*>. Recent
work has suggested many different paths that may connect genome and chromosomal
instability and the immune system>*°®°7. Given ecDNA is likely to represent both a
consequence and a player in this area, it is essential to understand the links that may exist
between ecDNA specifically and both innate and adaptive immune responses.

One link to the innate immune system may be found in ecDNA’s frequent
incorporation into micronuclei (Figure 3.4). Micronuclei are prone to triggering cell-
intrinsic immune reactions when their nuclear envelope is broken. The mechanism for this
is found in the cGAS-STING pathway, which interprets cytoplasmic DNA as a possible
viral invasion which must be addressed’®!?°. Given the propensity for ecDNA to be
segregated into micronuclei, understanding (especially using in vivo system with intact or
humanized immune systems) ecDNA’s role in triggering this signaling pathway is an

important future area of research.
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