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Abstract

Liquid biopsy has emerged as a minimally invasive approach to detect and monitor cancer
progression, recurrence, and response to treatment. Tumor cells release fragments of circulating
tumor (ct) DNA that can be isolated from a liquid biopsy. ctDNA is released from all tumor cells
and reflects an integrative genetic profile of all tumor subclones. ctDNA analysis is especially
useful when a tissue biopsy is not possible due to tumor localization. Uveal melanoma (UM) is the
most common intraocular tumor in adults, occurring in the posterior segment of the eye, and it is
associated with a high risk of metastasis. It can arise de novo or from a malignant transformation
from a nevus. In this thesis, ctDNA was evaluated as a biomarker of UM to monitor tumor
development and disease course. We established a novel assay to detect and quantify mutant alleles
of UM-specific early mutations in ctDNA using a liquid biopsy. Our hypothesis is that ctDNA can
be detectable using driver mutations, and fluctuations of its levels indicate tumor formation. Using
preclinical models, we also investigated the etiology and kinetics of ctDNA release under cytotoxic
and stress conditions, in order to gain insight into the mechanisms underlying cell-free (cf) DNA
release in human cancer cells.

Using a combination of in vitro cell culture systems, a human UM xenograft animal model,
and a clinical study, we demonstrated both the feasibility and clinical utility of using UM initiating
mutations to detect and quantify ctDNA. Using human UM cancer cell lines, we showed the
potential of culture systems to detect cfDNA released by cancer cells. We found a strong
correlation between blood-based ctDNA levels and tumor development and progression in a rabbit
xenografted model. We then conducted a clinical study in primary UM and nevus patients, and

healthy individuals. ctDNA levels were detected in all UM patients, whereas it was only detected



in nevus patients at risk for malignant transformation, demonstrating the clinical utility of this
biomarker assay to detect cancer development.

Finally, to gain a better understanding of the etiology and kinetics of ctDNA, we performed
robust analyses on ctDNA emission and fragmentation in response to clinically relevant cytotoxic
agents and cellular stress. We demonstrated that ctDNA release and fragment length were altered
under cytotoxic conditions, further demonstrating the relevance of ctDNA emission in cell culture
systems as a biomarker of drug response.

Taken together, this thesis provides comprehensive data demonstrating that ctDNA
through a liquid biopsy is a powerful tool to detect and monitor cancer in a minimally invasive,

sensitive, and specific approach.



Résumé

La biopsie liquide est une approche peu invasive pour détecter et surveiller la progression
du cancer, sa récurrence, et sa réponse au traitement. Les cellules tumorales libérent des fragments
d’ADN tumoral circulant (tc) qui peuvent étre isolés a partir d'une biopsie liquide. L'ADNCct est
libéré de toutes les cellules tumorales et refléte un profil génetique intégratif de tous les sous-
clones tumoraux. L'analyse de I'ADNCct est particulierement utile lorsqu'une biopsie tissulaire n'est
pas possible en raison de la localisation de la tumeur. Le mélanome de I’'uvée (MU) est la tumeur
intraoculaire la plus fréquente chez les adultes et il est associé a un risque élevé de meétastases.
Cette tumeur survient dans le segment postérieur de 1'eeil, soit de novo ou a la suite d'une
transformation maligne a partir d'un naevus. Dans cette these, nous évaluons I’ADNtc en tant que
biomarqueur du MU pour surveiller le développement tumoral et I'évolution de la maladie. Nous
avons établi un nouveau test pour détecter et quantifier les alleles associées a des mutations
précoces spéecifiques au MU dans I'ADNtc a l'aide d'une biopsie liquide. Nous émettons
I'nypothése que I'ADNtc peut étre détectée a l'aide de mutations conductrices, et que les
fluctuations de ses niveaux indiquent la formation de tumeurs. A l'aide de modéles précliniques,
nous avons également étudié I'étiologie et la cinétique de la libération de I’ADNtc dans des
conditions cytotoxiques et de stress cellulaire, afin de mieux comprendre les mécanismes sous-
jacents a la libération d'ADN acellulaire dans les cellules cancéreuses humaines.
En utilisant une combinaison de systémes de culture cellulaire in vitro, un modéle animal de
xénogreffe de cellules MU humaines, et une étude clinique, nous avons démontré a la fois la
faisabilité et l'utilité clinique de I'utilisation de mutations initiatrices UM pour détecter et quantifier
I'’ADNCct. En utilisant des lignées de cellules cancéreuses UM humaines, nous avons démontré le

potentiel des systémes de culture pour détecter I’ADN acellulaire libéré par les cellules



cancéreuses. Nous avons ensuite trouvé une forte corrélation entre les taux sanguins d’ADNCct et
le développement et la progression de la tumeur dans un modele xénogreffé de lapin. Nous avons
aussi mené une étude clinique chez des patients atteints de MU primaire et de naevus, et chez des
individus en bonne santé. Les niveaux d’/ADNCct ont été détectés chez tous les patients UM, alors
qu'ils n‘ont été détectés que chez les patients atteints de naevus a risque de transformation maligne;
démontrant I'utilité clinique de ce dosage de biomarqueurs pour détecter le développement du
cancer.

Finalement, pour mieux comprendre I'étiologie et la cinétique de la libération de I’ADNtc, nous
avons effectué des analyses robustes sur I'émission et la fragmentation de I’ADNtc en réponse a
des agents cytotoxiques cliniqguement pertinents et au stress cellulaire. Nous avons démontré que
la libération de ’ADNtc et la longueur des fragments étaient modifiées dans des conditions
cytotoxiques, démontrant d’avantage la pertinence de I'émission de I’ADNtc dans les systémes de
culture cellulaire en tant que biomarqueur de la réponse aux médicaments.

Dans son ensemble, cette theése fournit des données exhaustives démontrant que I'"ADNtc obtenue
par biopsie liquide est un outil puissant pour détecter et surveiller le cancer via une approche peu

invasive, sensible et spécifique.
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Contributions to original knowledge

In conformity with the “Guideline for Thesis Preparation” policy reported at McGill
University, this doctoral thesis is manuscript-based, presenting as a collection of four original
research articles and a review, all written by me with the collaboration of co-authors.

Chapter 1 reviews liquid biopsy, including different studies, applications, and
methodologies. It also contains an introduction about uveal melanoma [1] and the link between
liquid biopsy and uveal melanoma. Portions of the introduction are adapted from a review article
on uveal melanoma. This comprehensive review article focuses on the pathogenesis of uveal
melanoma, particularly focusing on the communication between UM cells and the liver
microenvironment, where the majority of UM metastasis occurs.

Manuscript 1: Bustamante, P., Piquet, L., Landreville, S. & Burnier, J. V. Uveal
melanoma pathobiology: Metastasis to the liver. Semin Cancer Biol 71, 65-85,

doi:10.1016/j.semcancer.2020.05.003 (2021).

Chapter 2 is based on a published manuscript [2] showing the feasibility of using UM
mutations (GNAQ, GNA11, PLCB4, CYSLTR2) to detect ctDNA. | first assessed fragmented DNA
extracted from supernatant from human UM cell lines by ddPCR. Subsequently, ctDNA levels and
tumor formation and progression were correlated using blood isolated from fifteen rabbits
xenografted with UM cells. No detectable ctDNA levels were found at the time of cell inoculation.
In contrast, ctDNA levels in rabbit plasma were detected as early as four weeks post-inoculation
(preceding clinical detection of the tumors). Moreover, eye fluid (aqueous humor) was evaluated
as a source of ctDNA. While no detectable levels of ctDNA were found at the time of cell

inoculation, ctDNA from AH was detected when tumors were formed. ctDNA levels derived from
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rabbit blood and AH correlated with tumor formation and progression. Finally, to validate our
methodology in a clinical setting. ctDNA levels in patient blood were assessed in a clinical study
conducted at the McGill Academic Eye Centre. ctDNA was isolated from patient blood from
primary UM participants, patients with a nevus (eye pigmented lesion), and healthy individuals;
and then analyzed by ddPCR using UM mutations. ctDNA levels were detected in all UM patients.
In the choroidal nevus cohort, levels of ctDNA were detected in 44% of cases and correlated with
the presence of risk factors for malignant transformation into choroidal melanoma. Overall, ctDNA
is a powerful clinical biomarker of UM, and can provide clinically relevant information on
malignant tumors from benign nevi and UM disease.

Manuscript 2: Bustamante, P. et al. Circulating tumor DNA tracking through driver
mutations as a liquid biopsy-based biomarker for uveal melanoma. J Exp Clin Cancer Res 40, 196,

doi:10.1186/s13046-021-01984-w (2021).

Chapter 3: To gain a better understanding of ctDNA, we utilized our in vitro model to
evaluate the effects of cellular stress and death on DNA emission to determine how kinetics
influence ctDNA levels. Human cancer cells were subjected to various agents, specifically valproic
acid to inhibit cell growth, APO2L (apoptosis-inducing ligand) to induce apoptosis, roscovitine (a
CDK inhibitor, which induces cell cycle arrest and initiates apoptosis), irradiation (to induce
senescence), and heat (to induce necrosis). All treatments caused increased emission of mutant
cfDNA compared to control conditions, with apoptotic cell death leading to the highest levels of
cfDNA. Treatments also influence the fragmentation of cfDNA, with different fragment lengths

associated with cell death mechanisms. This data adds to the growing body of literature



demonstrating the importance of understanding cfDNA Kkinetics in order to effectively interpret
liquid biopsy-based ctDNA data in the clinic.
Manuscript 3: Bustamante et al, 2022. The kinetics and fragmentation of cell-free DNA

from cancer cells are influenced by anticancer treatments. Submitted to Scientific Reports.

Chapter 4 is based on two published manuscripts that demonstrate the utility of ctDNA to
monitor drug response, showing that cell death is associated with increased release of cfDNA into
the culture media [3, 4]. This chapter shows the dose-dependent cfDNA release from melanoma
cells following two different treatments with potential anticancer drugs, a beta-blocker or
mifepristone, both proposed as adjuvant therapy, suggesting ctDNA can monitor their treatment
response. Our data demonstrated that ctDNA was released in a dose-dependent manner from
melanoma cells following an anticancer treatment. These findings highlighted cfDNA biomarker

role for treatment response.

Manuscript 4: Bustamante Alvarez, P. et al. Anticancer effects of mifepristone on human
uveal melanoma cells. Cancer Cell International 21, 607, doi:10.1186/s12935-021-02306-y
(2021).

Manuscript 5: Bustamante et al. Beta-blockers exert potent anti-tumor effects in

cutaneous and uveal melanoma. Cancer Med 8, 7265-7277, doi:10.1002/cam4.2594 (2019).

These studies outlined in this thesis collectively investigated whether fragments of DNA
circulating in the fluids inform cancer cell biology. In particular, by using in vitro cultures, |

extensively studied ctDNA release under cytotoxic conditions, which include mechanistically



relevant drugs and potential anticancer treatments. Using a consistent methodology in UM
preclinical model and a clinical study, this thesis validated the use of ctDNA as a first-ever blood-

based biomarker of UM development and disease progression.
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Introduction

Precision oncology is the molecular profiling of a tumor with the ultimate goal to provide
an accurate diagnosis and treatment of cancer patients [5]. To characterize tumor genomes in detail,
this profiling can be done with a biopsy followed by histology and/or next-generation sequencing
(NGS). NGS can uncover numerous types of gene alterations, including point mutations, as well
as insertions and deletions of bases, by determining the nucleotide sequence of DNA or RNA.
Since the 2000s, NGS has informed about genetic alterations in patients, leading to actionable
findings in clinical settings, such as modifying treatment based on identified alterations [5].
Moreover, immunohistochemistry on tissue is often used to profile a tumor through specific
antibodies [6]. Therefore, access to a tumor specimen for NGS or histology is paramount.
However, tumor tissue is not always available depending on a patient’s tumor localization and/or
conditions, and cannot be repeatedly performed over time, such as during and after treatment.
Tissue biopsies require specialized equipment and a medical team, limiting their utility in remote
regions [7]. Notably, procedural complications have been reported in a range from 1.6% to 17.1%
of cases in a total of 57 clinical trials [7]. Moreover, serial tissue biopsies to perform NGS or
histology analyses might be impossible to perform due to a tumor's localization and/or
invasiveness. Finally, a single snapshot from a tumor is not representative of spatial and temporal
tumor heterogeneity [8]. Tumor heterogeneity refers to the diversity in bulk tumor cells that harbor
different genetic and epigenetic characteristics across and within tumor sites or in subclones over
time [9]. Altogether, the challenge to obtain tumor material repeatedly and the lack of information
about humor heterogeneity are challenges associated with tissue biopsy as a tool to monitor tumor

burden and progression [8, 10].



To address this need, liquid biopsy has emerged as an alternative method to sample bodily
fluids, mainly blood, but also urine, saliva, ascites, spectrum, aqueous humor, and pleural fluid
[11, 12]. Since these fluids are easy to access, they are collected in a non- or minimally invasive
manner. In oncology, liquid biopsy refers to sampling and analyzing circulating tumor cells
(CTCs) and their components [11-14]. These components can specifically include circulating
tumor (ct) nucleic acids, extracellular vesicles (EVs) such as exosomes [15] and tumor-educated
platelets [16]. In particular, circulating nucleic acids encompass RNA (including small RNAs and
MRNA) and DNA [17]. Performing a liquid biopsy is especially useful when a tissue biopsy is not
possible due to tumor localization, low amount of tissue, or the vulnerable condition of a patient
[8].

Uveal melanoma (UM) is the most common intraocular tumor in adults and arises from
melanocytes in the pigmented uveal (iris, ciliary body, and choroidal) tissue of the eye, mainly
from the choroid (posterior part of the eye) [1]. This tumor occasionally arises from a pre-existing
choroidal nevus, a benign pigmented lesion [18]. Unlike most solid malignancies, the diagnosis of
UM is made through imaging, with intraocular biopsies done for prognostication. Although UM
is a rare type of cancer, with an incidence of 6-7 cases per million, it is associated with a high
mortality rate: about 50% of UM patients succumb to metastasis, mainly of the liver [1].

The spread of tumor cells from the eye to distal organs occurs through hematogenous
dissemination. It has been shown that before any clinical sign of spread, cancer cells can already
begin the process of micrometastasis [19]. By using blood as an analyte, some studies have
reported the presence of micrometastasis 2.9 years prior to primary tumor diagnosis [19, 20]. In

addition, a study that evaluated 30 primary UM cases, detected circulating tumor cells in 87.5% of



the cases regardless of their treatment [21]. Therefore, using blood as a liquid biopsy may provide
clinically useful information about disease progression [22].

To distinguish circulating DNA fragments derived from tumor cells (ctDNA) from those
derived from all cells (cell-free DNA, cfDNA), fragments can be tracked through tumor-specific
molecular alterations, such as hotspot somatic mutations [12]. UM is characterized by a mutually
exclusive hotspot mutation in either GNAQ or GNAL11, making up 57% and 41% of cases,
respectively [23, 24]. The remaining proportion of UM tumors is reported to have a mutation in
either PLCB4 [25] or CYSLTR2 [26]. Therefore, virtually all UM cases have a mutation in one of
these four genes.

This dissertation hypothesizes that initiating UM mutations can be used to detect ctDNA,
and that their levels reflect disease burden. Moreover, while it is known that ctDNA is a product
of apoptosis, necrosis, and cellular secretions [27]; the exact mechanism responsible for ctDNA
release is unclear. To overcome this gap, this work also hypothesizes that ctDNA emission is
altered by cytotoxic and stress conditions and its levels indicate drug response. To address these
hypotheses, this dissertation aims to:

1. Evaluate ctDNA as a biomarker of disease course in UM and evaluate
CtDNA kinetics to predict prognosis and disease progression in real-time (Chapter 2).

2. Determine the release pattern of ctDNA upon cytotoxic agents to
understand the mechanisms underlying DNA released by tumor cells during anti-cancer
treatment (Chapter 3).

3. Assess the release pattern of ctDNA upon potential UM adjuvant therapies

to identify a biomarker of treatment response (Chapter 4).



Chapter 1: Literature review
1. Liquid biopsy
Liquid biopsy has gained much attention in precision oncology as a tool of diagnosis and
treatment monitoring [28]. In this section, | will include a comprehensive review of the relevant
literature on liquid biopsy with a focus on ctDNA. After introducing ctDNA applications and
methodologies, | will then review UM. Finally, I will include a summary of the clinical relevance

of ctDNA in UM.

1.1. Cell-free DNA and circulating tumor DNA

Cell-free (cf) DNA is a mix of fragments of non-encapsulated DNA [17, 29]. These
fragments are mainly double-stranded (ds) DNA [30] but may also encompass single-stranded (ss)
[31], mitochondrial DNA [32], and small extrachromosomal circular DNA[33]. While cfDNA is
predominantly released by hematopoietic cells in physiological conditions [34-37], cfDNA has
been also observed in cancer [17], acute trauma [38], cerebral infarction [39], transplantation [40],
sepsis [41], and pregnancy [42]. Indeed, fetal DNA sequences in maternal blood have led to various
purposes in prenatal medicine, such as sex determination, screening for aneuploidies (e.g. trisomy
21 aka Down Syndrome), and monogenic disorders [42].

cfDNA has been detected mainly in blood but also in other bodily fluids, for instance, urine
[43], saliva [44], pleural fluid [45], and cerebrospinal fluid [46]. In the bloodstream, the half-life
of cfDNA ranges from 15 minutes to 2.5 hours [47], and the range of time may depend on cfDNA
clearance, a process that is not fully understood. Some studies have suggested that cfDNA is
cleared from the circulation via nuclease action and renal excretion into the urine [27]. In
particular, cfDNA is partially removed by plasma nucleases [48], mainly DNase I. Then,

macrophages in the liver, spleen, and kidney take up and degrade cfDNA, and it is finally



eliminated by DNase activity and renal excretion processes [49]. This short half-life of cfDNA is
particularly important in pathological conditions in which cfDNA may have a role as a real-time
biomarker.

In both physiological and pathological conditions. cfDNA encompasses small fragments from ~70
base pairs(bp) to large fragments that measure >10,000 bp [50-54]. The majority of fragments are
~166 bp [55]. This size correlates with the length of DNA wrapped around a nucleosome (147 bp),
plus an extra stretch of DNA (20bp) to link two nucleosome cores [56]. This pattern of cfDNA
size is probably a result of apoptotic inter-nucleosomal DNA cleavage coordinated by the
caspases-activated DNase and Dnase Il during dying cells or phagocytosis respectively [57]. The
size of cfDNA, thus, provides clues for its release mechanism. While ~166 bp fragments
corresponding to apoptotic cells, 10,000 bp fragments likely originate from necrotic cells.

The release of cfDNA mainly occurs during cellular turnover, such as during apoptosis [35, 58,
59], necrosis [35, 53, 59], and senescence [60]. In addition, active secretion, autophagy, pyroptosis,
and NETosis have also been shown to contribute to its release [61]. In healthy individuals, cfDNA
concentration in blood ranges from 0-100 ng/ml, with apoptotic leukocytes the main source. In
contrast, elevated levels of cfDNA, up to >1000 ng/ml, are detected in cancer patients, which may
be a result of tumor cell-derived DNA. Tumor-derived cfDNA is referred to as circulating tumor
(ct) DNA. ctDNA has gained wide interest as a real-time liquid biopsy-based biomarker [29, 59].
Various studies in oncology have reported that its levels correspond to tumor burden [47] and
tumor cell metabolism which inform about tumor behavior or aggressiveness [62]. It is therefore
important to distinguish ctDNA and normal cfDNA. This distinction is possible because ctDNA

contains genomic alterations specific to the tumor cells [35] (Figure 1.1).



1.2.  Methods to detect ctDNA
CtDNA represents a portion of cfDNA from all cells in the body, but must be identified
through tumor-specific characteristics to distinguish from cfDNA originating from normal cells.
The most commonly used method to differentiate ctDNA within total cfDNA is through genetic

alterations that are present in cancer or precancerous cells but that are absent in normal cells.

Somatic mutations and genomic alterations

Tumor-specific alterations used to detect ctDNA include single nucleotide variants,
insertions and deletions, and chromosomal abnormalities such as copy number variations and
translocations. For example, mutations in tumor suppressor gene (e.g., TP53) and oncogenes (e.g.,
BRAF and KRAS) can be used to detect the ctDNA fraction in tumors that express these signatures.
These mutations, therefore, allow us to discriminate ctDNA from normal circulating cfDNA.

Somatic mutations have been widely used to analyze ctDNA in cancer patients.
Interestingly, the first FDA approved liquid biopsy-based test, called Cobas EGRG mutation test
v2, focuses on detecting various deletions, substitutions, or mutations in exon 18, 19, 20, and 21
of the epidermal growth factor receptor (EGFR) gene in patients with non-small lung cancer
(NSCLC) when tissue biopsy is unavailable [63]. Another widely used example of a mutation to
detect ctDNA is KRAS. KRAS mutations are frequently expressed in various cancer types, such as
colorectal[64] and pancreatic cancer [65]. Detection of ctDNA via a KRAS mutation has been used
to monitor tumor progression [66] and treatment response [67]. For example, a study conducted in
150 colorectal (CRC) patients showed that KRAS mutated ctDNA correlates with clinicopathologic

factors, suggesting that KRAS-mutant ctDNA is an independent risk factor for recurrence [68].



In addition to somatic mutations, ctDNA can be also detected by loss of heterozygosity
(LOH)[69], microsatellite instability [70], and the integrity of non-coding genomic DNA repeat
sequencing [71]. However, their clinical utility is still under investigation [17].

Epigenetic events

Given that epigenetic alterations, such as methylation, are relevant in tumorigenesis and
progression, methylation profiling has been used as a marker to analyze ctDNA. One example is
the detection of methylated Septin 9 DNA which is associated with CRC occurrence. This
detection enabled the development of the Epi proColon 2.0 test, a blood-based FDA-approved test
for the early diagnosis of CRC that allows screening suspected patients, whose diagnosis will then
be confirmed by colonoscopy and sigmoidoscopy. Although lower endoscopy is still needed, this
test has shown to be highly sensitive as a CRC screening approach [72].

Fragment size

cfDNA encompasses a mix of non-encapsulated DNA with fragments mostly ranging from
140-220 bp, with a peak at 166 bp [52] and a few fragments of several kilobases [50]. The analysis
of fragment size has also been proposed as a prognostic factor, an emerging field called
fragmentomics [73]. Importantly, the fragment size differs between cfDNA from normal cells and
cfDNA derived from tumor cells (ctDNA) [74-77]. In particular, some reports have stated cfDNA
fragments derived from patients with hepatocellular carcinoma [78], melanoma [79], and localized
prostate cancer [80] are shorter compared to cfDNA isolated from healthy individuals.
Furthermore, shorter fragments have been correlated with poor prognosis in renal cell carcinoma
[81] and advance pancreatic cancer [74]. In addition, fragmentation pattern of ctDNA correlates
with tumor size, with metastatic colorectal patients showing higher fragmentation than non-

cancerous samples[82]. Interestingly, tissue-specific differences in nucleosome wrapping result in



different fragment size. Therefore, cfDNA fragmentation pattern may inform on what tissue the
fragments are coming from. For example, cfDNA size derived from hematopoietic cells is different
from fragments derived from other tissue of origin [79]. Overall, ctDNA size seems to reflect
emission procession and inform on the tissue of origin [79].

Concentration

The concentration of total ctDNA vyield of plasma has been proposed to differentiate
between healthy and cancer patients [83, 84]. While healthy patients have normal cfDNA levels
between 0 to 77 ng/ml [85], with an average of 6 ng/ml [84, 86], cancer patients have documented
a range from 0-5 [80] to >1,000 ng/ml [17, 85]. Moreover, ctDNA levels differ between primary
and metastatic patients as well according to tumor localization [87]. Higher levels of ctDNA have
been found associated with more advanced diseases, likely reflecting disease burden [12]. The
total amount of ctDNA shed into the blood by tumor cells varies from 0.01- up to 40% of the total
cfDNA[47, 59, 87-89] according to tumor burden, cancer stage, and response to treatment [90].
Given that ctDNA levels may represent 0.01% of the total cfDNA fraction, highly sensitive
technologies are needed for its analysis in the bloodstream of cancer patients[87].

Various experimental approaches have paved a better understanding of ctDNA biology and
its clinical utility [29]. Next, I will focus on some methods and experimental techniques to analyze

CtDNA.
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Figure 1. 1: Schematic representation of ctDNA as a liquid biopsy for cancer.

cfDNA is released by dying or dead cells and secretions in normal and pathological conditions.
Tumor-specific DNA (ctDNA) can be evaluated by different techniques, which inform about
cancer diagnosis, prognosis, and treatment response. Adapted from Diaz et al. 2014 [12], Heitzer

et al. 2015 [13], and Pessoa et al, 2022[91].

1.3.  Experimental techniques for ctDNA analysis

Current technologies have enabled us to advance ctDNA analysis. The most used
methodologies (Table 1) have been divided into i) targeted approaches to detect specific gene
mutations or structural chromosome rearrangements in specific genome region, and ii) untargeted
approaches to find de novo ctDNA mutations and somatic copy number variations (CNVs) [90,
92].

Targeted methods are high sensitivity, such as digital droplet (dd), qualitative-real time
(gPCR), and BEAMIing (i.e. beads-emulsion-amplification-magnetics) polymerase chain reaction

(PCR) that target DNA sequencing to a single or limited panel of tumor-specific mutations.



BEAMuIing is a sensitive technique that combines PCR with flow cytometry to detect known
mutations [93]. Another highly sensitive method to detect rare mutations is ddPCR. ddPCR allows
absolute quantification of wildtype and mutant alleles separately at an endpoint. ddPCR detects
very low levels of ctDNA. Particularly, by partitioning the reaction in twenty thousand individual
droplets per well, and then amplifying and fluorescence reading, ddPCR has up to 0.001%
sensitivity [94]. Sensitivity is defined as the ability to detect tumor DNA in a mixture of tumor and
normal DNA [12]. In other words, this technique can detect up to 3 positive events out of 300,000
screened [95]. Although both techniques rely on knowledge of the mutational profile and only
detect specific genomic sequences, they are fast, cheap, and highly sensitive [93].

Moreover, NGS encompasses targeted and untargeted approaches. Targeted methods-NGS
can simultaneously detect numerous specific mutations in ctDNA. These methods include the safe-
sequencing system (Safe-Seqs), cancer personalized profiling by deep sequencing (CAPP-Seq),
and tagged-amplicon deep sequencing (TAmSeq). On the other hand, untargeted approaches such
as whole-genome sequencing (WGS) and whole-exome sequencing (WES) allow for assessment
of genomic alterations across the genome or exome, respectively [96]. NGS-based methods are
useful when there is no or limited information on the mutations profile of the tumor. For example,
in cases where tumor biopsies are missing. Therefore, no information about the primary tumor is
available or when mutations are scattered through almost the entire domain of the gene, such as in
TP53. Although errors introduced during the NGS library construction can be mitigated by using
molecular barcoding, this technique usually offers a relatively lower (0.1%) sensitivity [28] and
often requires a high input sample volume

Altogether various methodologies can be used to detect and analyze ctDNA from liquid

biopsies, selecting the appropriate technique to study ctDNA depends on tumor burden, disease
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stage, prior knowledge of tumor-specific alterations, the amount anticipated of sample, and cost.

The ability to accurately detect ctDNA has led to multiple clinical applications [12].

Table 1 Summary of experimental techniques for ctDNA analysis

Methods

Targeted
CtDNA

Untargeted
CtDNA

NGS-based
technologies

PCR-based
technologies

NGS-based
technologies

Approach

safe-sequencing
system (Safe-
Seqs), cancer
personalized
profiling by deep
sequencing
(CAPP-Seq), and
tagged-amplicon
deep sequencing
(TAmSeq)
Quantitative-real
time polymerase
chain reaction
(PCR)

digital droplet
(dd), qualitative-
real time (q), and
BEAMuing (i.e.
beads-emulsion-
amplification-
magnetics)

whole-genome
sequencing
(WGS) and
whole-exome
sequencing
(WES)

Advantage

Provides a
comprehensi
ve view of
genomic
regions.
Detect
somatic
mutations in
a predefined
gene panel.
Amplifies
mutant DNA
molecules.
Easy and low
cost
Counts
mutant
molecules via
partitioning
of DNA
molecules.
High
sensitivity
Analysis of
entire
genome and
copy number
alterations.

Limitation

Need an assay
customized. Less
comprehensive
than untargeted
approaches.

Less sensitive
compared to other
PCR-based
methods.

A prior
knowledge of a
tumor-specific
mutation.

Test a small
number of
genomic
positions.

Low sensitivity
Expensive

Sensitivit

y

<0.01%-
2%

1%

0.01%

>5%
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1.4. ctDNA-based liquid biopsy applications

While the term liquid biopsy has gained interest recently [11], the presence of fragmented
material in blood under non-physiological conditions dates back to 1948 when it was first
described by Mandel and Métais [103]. Following this, Leon et al. in 1977 demonstrated a greater
level of ctDNA in the serum of metastatic cancer patients compared to nonmetastatic patients[104].
This study also observed an association between fluctuations of ctDNA levels in blood and
treatment response, suggesting the utility of free DNA in blood to evaluate treatment response
[104]. Later, Stroun et al. reported ctDNA in plasma in ten of 37 cancer patients, whereas no blood-
derived DNA was seen in healthy individuals [30]. In 1994, by amplifying KRAS gene with
polymerase chain reaction in three pancreatic adenocarcinoma patients, Sorenson et al. reported
the occurrence of mutated sequences in tumor tissue and plasma simultaneously [105]. In the same
year, Vasioukhin et al. showed the presence of a point mutation in the NRAS gene in DNA isolated
from plasma, blood cells, and bone marrow of ten patients suffering from acute myelogenous
leukaemia or myelodysplastic syndrome [106]. Both studies reflect the clinical utility of circulating
DNA in blood, suggesting that blood could be an alternative material to monitor disease. It was
not until the advancement in the quantitative polymerase chain reaction, the advent of next-
generation sequencing, and the cancer genome project, that seminal studies solidified the concept

that ctDNA could play a major role in cancer research [107].

1.4.1.  ctDNA as an early diagnostic and screening maker
Given that an early cancer diagnosis might allow earlier intervention and thus better
outcome [108], ctDNA has gained attention as a biomarker in early-stage cancer detection and in

screening. However, this application is limited by the low fraction, about 0.01%-1% of ctDNA to
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cfDNA in early-stage diseases [109], the presence of relevant mutations to monitor, and the
sensitivity of current detection methods [12]. Another limitation is the documented accumulation
of age-related mutations in blood and skin from noncancerous individuals [110, 111]. For example,
somatic mutations (DNMT3A, TETZ2, and ASXL1) were detected in 219 of 2300 individuals from
70 to 79 years old, 37 of 317 subjects from 80-89 years old, and 19 of 103 persons 90-108 years
of age [112]. TP53 has been also detected in 11% of 225 healthy individuals [113]. The presence
of such mutated DNA may arise due to clonal hematopoiesis in normal cells, a process in which
somatic mutations in hematopoietic stem cells may lead to clonal expansion of mutations in blood
cells [114]. Although these mutations from hematopoietic cells can be detected in the elderly
population, they have been associated with a low risk of cancer [115].

Despite limitations in the collection, detection, and analysis of ctDNA, a few studies have
reported the potential of ctDNA in early-stage cancers, mainly in cancers with common hot-spot
mutations in which high sensitivity techniques (Table 1) can be performed [113]. In particular,
one study showed that 47% of patients in stage | of colorectal, gastroesophageal, pancreatic, and
breast cancer had detected levels of ctDNA [87]. Similarly, ctDNA was detected in 35.7% of early-
stage small-cell lung cancer [113]. ctDNA has also been found in patients with early-stage breast
cancer before and after surgery [109] and who were receiving a neoadjuvant therapy [116].

In addition, the GENAIR study, which investigated the effect of air population and
environmental tobacco smoke on human health in a European cohort, found TP53 and KRAS2
mutations in healthy individuals on average 14.3 and 20.8 months before cancer diagnosis,
respectively [117]. In that study, KRAS mutations were associated with bladder cancer

susceptibility [117].
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Subsequent studies have also shown the role of ctDNA as an early biomarker. To detect
early-stage tumors noninvasively, an ultrasensitive method, named targeted error correction
sequencing (TEC-SEQ), was developed. Using TEC-Seq, ctDNA was analyzed in 44 healthy
individuals in order to detect genome alterations found in breast, colorectal, lung, and ovarian
cancer prior to knowledge of any disease. This method identified genomic modifications
associated with clonal hematopoiesis in 16% of the participants but no tumor-specific alterations.
The authors claimed, by contrast, that using the same approach, some tumor-specific alterations
were found in about 50% of 200 cancer patients, suggesting that ctDNA might be useful in early-
stage tumor detection [118]. More recently, a non-invasive blood test, called PanSeer, evaluated
methylation signatures on ctDNA from 605 healthy participants, of which 191 were diagnosed
with stomach, esophageal, colorectal, lung, or liver cancer within four years of the first blood
analysis. This study concluded that ctDNA might be a non-invasive way to detect cancer up to

four years ahead of the current diagnostic techniques [119].

1.4.2.  ctDNA to monitor tumor dynamics and treatment

Tumors change in space and over time [9]. These temporal and special changes to tumor
biology can result in therapeutic resistance. ctDNA is under investigation as a surrogate marker to
provide clinically relevant information on cancer management [29]. Various studies have assessed
non-invasive ctDNA testing to assess tumor dynamics [13, 27]. A pioneering study conducted by
Diehl et al. [88] showed the clinical utility of longitudinal sampling of ctDNA in colorectal cancer.
This study quantified ctDNA isolated from plasma from 162 advanced colorectal cancer patients
through BEAMIng repetitions and gPCR before and at various time points after treatment. ctDNA

reflected tumor dynamics throughout treatment and at a higher sensitivity than the standard
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biomarker, carcinoembryonic antigen (CEA). Moreover, high ctDNA levels were associated with
a poor outcome for breast cancer patients[120] and non-small cell lung cancer patients [121].
Subsequent publications also reported ctDNA as a sensitive and specific marker to monitor tumor

dynamics in cancer [47, 64, 122, 123].

1.4.2.1. CtDNA to evaluate tumor burden

The total amount of cancer, defined as tumor burden, has been reported as a predictive
marker [124]. A correlation between ctDNA levels and tumor burden has been highlighted in
several cancers types [125-127], For example, a retrospective study in 40 high-grade serous
ovarian carcinoma patients found that ctDNA levels were associated with tumor volume [128]. In
this study, the authors measured the tumor volume by computed tomography and evaluated ctDNA
levels by looking at TP53 mutations within ctDNA in plasma samples collected at serial time
points. Interestingly, they found that for every cubic centimeter of a lesion, mutant alleles in plasma
increased by about 0.008% and by six mutant copies per milliliter of plasma. Overall, their data
showed that ctDNA decreased by about 60% after treatment and correlated with treatment
response. This study suggested that ctDNA analysis provides a comprehensive view of tumor
burden and treatment response [128]. In addition, a study that assessed ctDNA through plasma
variant allele frequency in early stages of non-small cell lung cancer showed a linear correlation

between tumor volume and ctDNA levels [129].

1.4.2.2. CtDNA to monitor treatment response
Tumors can evolve in response to therapy which can result in drug resistance in cancer

patients [130]. Conducting multiple tissue biopsies to evaluate this resistance is often unfeasible
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[13]. Therefore, monitoring treatment response through ctDNA is another relevant application of
liquid biopsy. One example of ctDNA as a biomarker of treatment response stem from studies
conducted on anti-EGFR therapies in colorectal cancer [131-134]. For example, ctDNA increases
have been correlated to resistance to anti-EGFR therapies, indicating the emergence of therapy-
resistant clones that emerge before clinically evident progression [131-134]. ctDNA measurement
has also been used to evaluate the success of a given therapy. A study conducted by Murtaza et
al.[135] reported the utility of ctDNA to monitor early signs of secondary drug resistance [135].

In addition, liquid biopsy has been used as a surrogate indicator for disease recurrence, for
example, to identify minimal residual disease (MRD) [14]. MRD refers to the amount of remaining
cancer cells during or after treatment, which may not be detectable by current diagnostics methods.
Evidence has shown that detectable ctDNA levels predict relapse in early-stage disease [116]. An
increase in ctDNA levels after treatment or surgery has been associated with recurrence and poor
prognosis [14]. For example, a multicentre study conducted in 96 -stage 11l colon cancer patients
observed a significant association between ctDNA detection and 3-year recurrence-free interval
(RFI). While a 30% RFI was reported when ctDNA levels were detectable, a 77% RFI was noted
when ctDNA was undetectable. This data supports ctDNA as a prognostic marker [136].

Overall, various studies have indicated the potential of ctDNA as a diagnostic, predictive,
and prognostic tool that allows for non-invasive sampling. In most cases, ctDNA analysis is a
simple, fast, and cost-efficient tool that can be a particularly useful approach in tumors with

difficult access.
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2. Uveal melanoma

This section contains excerpts from Bustamante et al.[1]

2.1. Introduction

Uveal melanoma (UM) is the most common primary intraocular tumor in adults [137], and
the second most common type of melanoma, after that of the skin [138]. The tumor originates
within the pigmented uveal tract which includes the iris, the ciliary body, and choroid (Figure
1.2). While most of the cases are located in the choroid (90%), only a few cases involve the ciliary
body (6%) and iris (4%)][139, 140]. In Canada, the average-annual incidence rate of UM is 3.75
cases per million [141]. The mean age-adjusted incidence of UM in United States is 5.2 cases per
million [142], while in Europe it varies according to latitude, with more than 8 cases per million
in Northern countries and around 2 cases per million in Southern Europe [143]. Caucasian ethnicity

is the most affected population (98% of cases), with a male predominance [144].
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Figure 1. 2: Anatomy of the human eye.
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Schematic representation of a human eye. UM involves the iris, in the anterior chamber of the eye,

the ciliary body and the choroid in the posterior chamber of the eye. Figure taken from [145].

The cause of UM remains unclear. Predisposing factors have been proposed and include
light iris color [146], fair skin color [147], choroidal nevus [148], and ocular melanocytosis[140].
Among environmental factors, exposure to blue light has been suggested as a risk factor [149],
while the role of ultraviolet (UV) radiation remains controversial in UM[150]. Interestingly, UV-
hallmark mutations were found at codon 183 of G protein subunit alpha Q and 11
(GNAQ/GNAL1), codon 182 of GNA11, and codon 29 of Rac family small GTPase 1 (RAC1) in
UM, with typical C<T transitions at dipyrimidine sites, but these mutations account only for a
small percentage of those found in UM[23, 24, 151-153]. No evidence of an UV radiation
mutational signature was found in molecular data from 80 primary UMs available through The
Cancer Genome Atlas (TCGA) [154]. Previous studies have associated UM with welding [150], a
source of artificial UV radiation and blue light.

UM tumors are often asymptomatic and are thus frequently discovered during a routine
ophthalmic examination [155, 156]. The diagnosis is made primarily based on imaging modalities,
including fundus photography, fluorescein angiography, fundus autofluorescence imaging, optical
coherence tomography, and ultrasound imaging [157], making UM one of the few cancers
generally diagnosed without a tissue biopsy.

Moreover, UM accounts for only 5% of melanoma cases but it represents 13% of mortality
from melanoma [138, 158]. Therefore, this relatively rare cancer is marked by a high rate of
metastasis and associated mortality. Moreover, UM has a very high predilection to metastasize to

the liver, with over 90% of metastatic cases showing hepatic lesions. In this section, I will
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introduce the oncogenic signalling, some prognostic indicators associated with poor prognosis,

and current and prospective treatments in UM.

2.2.  Molecular signaling

Hotspot mutations in the alpha subunit of G protein-coupled receptors GNA11 [24] and
GNAQ [23] are key initiating molecular drivers in UM. According to mutation data available
through TCGA, approximately 92% of UM cases are characterized by an early mutation in one of
the two genes. GNAQ/11 play a role in activating G protein signaling cascade via inositol
triphosphate (IP3), diacylglycerol (DAG), and cyclic adenosine monophosphate (cCAMP), which
activates the mitogen-activated protein kinase (MAPK), protein kinase B (PKB, also known as
Akt), protein kinase C (PKC), phosphoinositide 3-kinase (PI13K), and mechanistic targets of
rapamycin kinase (MTOR) [137, 159]. GNAQ/11 is also involved in the Hippo-Yes-associated
protein (YAP) signaling pathway [160, 161]. Mutations in GNAQ and GNA11 occur mainly at the
codon Q209 (Q209P/L, c.626 A>C/T), within the RAS_like GTPase domain, with some rare cases
seen at a second hotspot (R183) or a third codon (G48)[23, 24, 154]. Cases in which GNAQ/11 is
not observed will present alternative initiating mutations in either the G protein-coupled receptor
cysteinyl leukotriene receptor 2 (CYSLTR2)[26], phospholipase C beta 4 (PLCB4, a downstream
effector of GNAQ signaling [25]) (Figure 1.3 A). Overall, UM oncogenesis is linked to G alpha
11/Q pathway alterations. In particular, by a mutually exclusive mutation in GNAQ, GNAL11,
PLCB4, or CYSLTR2[162], also called UM early mutations. Interestingly, these mutations have
been observed in choroidal nevi [163].

Subsequently to the early mutations, UM cases can present an alteration in BAP1 (BRCA-

associated protein 1 [164]), change-of-function heterozygous mutations of a splicing gene
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(SF3B1[151, 165]), or an N-terminal tail mutation in EIFLAX [151]. Therefore, a GNAQ, GNA11,
PLCB4, or CYSLTR2 mutation is needed but insufficient for UM development.
2.3. Metastatic disease

Metastatic disease is detectable at diagnosis in less than 4% of UM cases [166].
Interestingly, UM metastasizes preferentially and almost exclusively to the liver, with up to 90%
of metastatic UM associated with hepatic lesions, and in most cases, the liver is the only affected
organ [167, 168]. Other sites such as the lungs (24%), bones (16%), skin/subcutaneous tissues
(11%) and lymph nodes (10%) can also be affected [168], while involvement of brain and fellow
eye are rare [167]. Once metastasis is found, the mortality rate is 92% within two years[168], with
an overall survival of 3 to 16 months [142]. As such, high-risk cases are generally integrated into
a lifetime surveillance program, which includes liver imaging and function tests [169].

UM metastasis is marked by a relatively long latency between the ocular tumor diagnosis
and the detection of metastatic foci. Depending on tumor size, 3-14% of the UM patients will
develop metastasis within 5 years, up to 49% in 10 years, and up to 67% in 20 years [139, 170].
The temporal variation and latency of UM metastasis could, at least in part, be explained by tumor
cell dormancy. Evidence for tumor dormancy has been demonstrated by the observation of
microscopic foci of melanoma cells in autopsy samples from metastatic UM patients [171]. There
is evidence based on mathematical modeling of cell doubling times that subclinical and dormant
hepatic micro-metastases are already present at the time of the initial ocular tumor diagnosis [19,
20]. In an effort to estimate metastasis occurrence [19, 172, 173], Eskelin et al. used the Schwartz
formula to calculate UM tumor doubling time using three presumed sizes of metastasis at last
negative follow-up. They estimated that the development of metastasis ranged from 30 to 220 days

(median, 63 days) in untreated patients, while it ranged from 25 to 2,619 days in treated patients
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[19]. Interestingly, this group suggested that hepatic metastatic seeding in the liver (micro-
metastasis) occurred 5 years prior to clinical detection, assuming a constant growth rate [19].
Moreover, circulating tumor cells (CTCs) have been detected at the time of diagnosis, both in
patient samples and in animal models [174-176]. In light of these findings, there may be a limited
role for primary tumor control in improving mortality rate in UM patients.
2.4. Prognostic indicators of poor prognosis in uveal melanoma

The poor prognosis of UM is linked to the challenge in its early diagnosis due to the lack
of symptoms, few sensitive biomarkers to monitor the progression of the disease, and no effective
treatments for the metastatic stage [177]. In this section, | will summarize prognostic indicators of
UM, including clinical/histopathological factors and genetic indicators.

2.4.1.  Clinical and histopathological factors

Like in many other malignancies, tumor size has been shown to correlate with prognosis
in UM[170, 178]. A meta-analysis reported that the estimated 5-year mortality rate associates
negatively with tumor size (thickness and largest basal diameter), with rates of 16, 32 and 53%
reported for small (<3 mm in thickness and <10 mm in basal diameter), medium (3-8 mm in
thickness and <15 mm in basal diameter) and large (>8 mm in thickness and >15 mm in basal
diameter) UM tumors [178]. Ciliary body involvement has also been associated with poor
prognosis [179], and linked to large UM tumors [180], as well as to loss of nuclear BRCAL
associated protein 1 (BAP1) expression [140, 181]. Although extrascleral extension is rare [182],
it has been linked to poor survival with a 10-year mortality rate doubled to 75% compared to an
absence of extrascleral extension [179]. Furthermore, extraocular spread was correlated with
increased mortality because of its association with large basal tumor diameter, epithelioid cells,

and monosomy of chromosome 3 [180].
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UM can also be classified according to cell type: epithelioid, spindle, or mixed (a
combination of both)[183, 184]. Spindle cell tumors have the best prognosis, while tumors
composed of epithelioid cells have the worst prognosis, with a 15-year mortality rate of 20% and
75%, respectively [183, 184]. Accordingly, metastatic UM is predominately composed of
epithelioid- or mixed-cell populations [185]. Next, the tumor mitotic activity has been correlated
with poor prognosis, with a 6-year mortality of 56% for tumors with high mitotic activity compared
to 15% for tumors with low mitotic activity[170, 186] Highly invasive UM cells possess the ability
to organize into vascular-like channels or patterned extracellular matrix (ECM) without endothelial
lining, a process called vasculogenic mimicry [187-190]. The presence of these Periodic acid-
Schiff positive patterns in UM primary tumors has an adverse influence on patient survival (10-
year mortality rate of 50%) [188, 190], and was correlated with low BAP1 expression in primary
UM tumors[188]. Finally, increased numbers of tumor-infiltrating lymphocytes (TILs) and tumor-
associated macrophages (TAMs; M2 phenotype) in UM primary tumors were significantly
associated with poor prognosis [191, 192].

Immunohistochemistry analyses of primary and metastatic UM cases showed that
increased expression of the intermediate filament nestin is a predictor of metastatic progression
and reduced survival [193]. Moreover, the nuclear expression of BAP1 determined by
immunohistochemistry is currently used as a prognostic indicator in the clinic [181, 194, 195]. The
loss of nuclear BAP1 protein expression is linked to poor prognosis parameters such as increasing
tumor height, ciliary body involvement, and monosomy 3, whereas cytoplasmic BAP1 expression
showed no association with UM overall survival [181]. Likewise, significantly lower nuclear
BAPL1 staining was observed in primary tumors of UM patients with metastasis compared to

metastasis-free patients [194].
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2.4.2.  Genetic indicators

While intraocular biopsies are not generally performed to confirm UM diagnosis, they are
used to predict metastasis pre-irradiation or when the affected eye is not enucleated [196]. Indeed,
cytogenetic anomalies, gene expression profiling signatures, and mutations can be determined in
both fine needle aspiration biopsies and tissue blocks (frozen or fixed) [197].

2.4.2.1.  Cytogenetic features

Majority of UMs exhibit a low degree of aneuploidy and chromosomal rearrangements
compared with other types of cancers[198-200]. The most frequent chromosomal changes found
in UM are the loss of one copy of chromosome 3 (monosomy 3; almost half of UMs) and the
amplification of chromosome 8q (40% of UM), both associated with a poor prognosis [201-204].
The BAP1 gene (frequently mutated in metastatic UM) and oncogenes of interest such as MYC,
DDEF1, and NBS1 (all overexpressed in UM with poor prognosis) are located at chromosomes
3p21 and 8924, respectively[164, 205-207]. Monosomy 3 is associated with a high risk of
metastasis and remains the strongest cytogenetic indicator to predict UM metastasis[201-204]. A
loss on chromosome 8p was detected in about a quarter of UMs, and the putative metastasis
suppressor gene LZTS1 is located at chromosome 8p12-22[208]. Another frequent alteration is
chromosome 1p loss (25% of UMs), which occurs frequently with monosomy 3, and is correlated
with decreased disease-free survival [209, 210]. The chromosomal alterations associated with UM
metastasis were correlated with increasing tumor size, which suggests that these are acquired
events during tumor growth and progression [211]. The other chromosomal aberrations detected
in UM, such as loss on 6g and 9p or gain on 1q and 6p, are not associated with metastatic

progression [212].
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24.2.2. Mutations

UM early mutations, GNAQ, GNAL11, PLCB4, or CYSLTRZ2, do not appear to be associated
with the development of metastasis [154, 213]. However, a study performed with 30 metastatic
UM patients showed an over-representation of GNA11 mutations in metastatic cases [185]. To
better understand UM progression, some reports have highlighted key somatic mutations which
confer metastatic risk. One example of these mutations is a BAP1 mutation. Somatic mutations in
BAP1, resulting in loss of protein expression, are associated with increased risk of metastasis in
UM[164]. BAP1 encodes a nuclear ubiquitin carboxy-terminal hydrolase with a deubiquitinase
activity[214], and acts as a tumor suppressor gene in UM [164]. BAP1 is located on chromosome
3p21.1 and is frequently mutated on the only allele present in tumors with monosomy 3[154, 164].
Previous studies have shown that more than 80% of metastatic UM patients maintain only the
mutated allele of BAP1 [154, 164]. Interestingly, germline mutations in BAP1 have been identified
in about 5% of UM patients, and these were associated with larger tumor size and ciliary body
involvement [215]. Germline BAP1 mutations are frequent in familial UM (22%) [216], and are
associated with earlier onset of disease [217]. BAP1 is an enzyme responsible for removing
ubiquitin molecules from specific proteins to regulate their functions [214]. Histone deacetylase
(HDAC) inhibitors were shown to reverse the biochemical effects of the inactivation of BAP1,
specifically by inducing melanocytic differentiation and cell cycle arrest and blocking UM tumor
growth in mice [218]. In addition to BAP1, other genes may confer increasing risk of UM
metastasis. Metastatic UM cases wildtype for BAP1 frequently present a mutation in the splicing
factor 3b subunit 1 (SF3B1) gene involved in splicing of pre-mRNAs [151]. Mutations in SF3B1
are associated with late metastasis in UM (median of 8.2 years), as opposed to BAP1 mutations

that are linked to early metastasis [219]. In addition to SF3B1, a second gene related to pre-mRNA
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splicing is serine and arginine-rich splicing factor 2 (SRSF2) [154]. SRSF2 is involved in the
assemble of the spliceosome and mutations have been reported in hematological malignancies
[220]. Similarly to SF3B1, SRSF2 has been associated with Class 1B GEP, disomy 3, intermediate
risk of metastasis [213]. As such, primary UM tumors mutant for SF3B1 are classified as having
a late metastatic risk [219]. Finally, a mutation in the eukaryotic translation initiation factor 1A X-
linked (EIF1AX) gene is an indicator of low risk of metastasis and is associated with prolonged
survival [151]. Mutations in BAP1, SF3B1, and EIF1AX are nearly mutually exclusive and are
thought to be associated with early (BAP1), late (SF3B1), or no (EIF1AX) metastasis [154].
2.4.2.3. Prognostic classifying systems

Some classifications have been established to standardize a system to predict UM
metastasis. For example, the American Joint Committee on Cancer (AJCC)’s Tumor-Node-
Metastasis (TNM) staging [221], which classified patients according to tumor size, ciliary body
involvement, and extraocular extension, divides UM cases into 4 tumor size categories, 17
anatomical subcategories, and 4 prognostic stages [222]. A retrospective study with 522 UM cases
concluded that the TNM staging along with chromosomes 3 and 8q status enable a more accurate
prognostication in UM [223].

Several studies have highlighted the prognostic value of gene expression profiling (GEP)
signatures in classifying UMs into prognostic groups (Class 1 or Class 2), with low- or high-risk
of developing metastasis, respectively [224, 225]. As few as 15 mRNAs are used to determine the
risk of metastasis with the prognostic test DecisionDx-UM [224, 226]. Onken et at using genetic
profile categorized upregulated and downregulated genes Class 1 and Class 2 [227]. Class 1 tumors
retain a well-differentiated melanocytic phenotype, while Class 2 tumors demonstrate a primitive

neural/ectodermal stem cell-like phenotype [228]. These two molecular classes can be subdivided
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into four prognostically significant subclasses based on GEP and cytogenetic anomalies: 1A with
minimal aneuploidy (longest metastasis-free survival), 1B with gain of chromosome 6p, 2A with
loss of chromosome 3 and 2B with loss of chromosomes 3 and 8p (shortest metastasis-free
survival) [229].

The interactive web-based tool PRiMeUM, that stands for Prediction of Risk of Metastasis
in UM, predicts a patient’s risk of metastasis based on individual characteristics such as clinical
and chromosomal information [230].The authors reported an accuracy of 85% when clinical and
chromosomal features were both taken into consideration, 80% when only the chromosomal
information was considered, and 83% when only clinical data were used [230]. In addition, the
Liverpool Uveal Melanoma Prognosticator Online (LUMPQO) uses clinical information,
histological and genetic findings, and includes normal life expectancy [231]. Interestingly, a
collaborative study that analyzed data from an international cohort of UM patients using LUMPO
version 3 (LUMPOQ3) determined that it was a valuable method to predict their 10-year survival
[232].

Recently, Field et al. reported that preferentially expressed antigen in melanoma (PRAME)
is an independent biomarker of UM, which identifies increased metastatic risk in patients with
Class 1 signature or disomy 3 [233, 234]. The analysis of PRAME mRNA in 678 UM samples
showed that PRAME was aberrantly hypomethylated and activated in Class 1 and Class 2 UMs,
and that the PRAME+ status was associated with shorter time to metastasis in both GEP classes
[233, 234]. Retrospective studies have compared PRAME expression along with GEP and TNM
staging [235, 236]. They reported that GEP and PRAME showed a superior prognostic power than
TNM staging, and that PRAME+ status correlated with large basal diameter, tumor volume, and

worsening GEP class [235, 236].
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Another classification based on RNA expression, DNA methylation and chromosomal data
from TCGA separated the UM primary tumors into categories A to D based on the presence of
monosomy 3 and the degree of chromosome 8q gain [154, 237]. BAP1 mutations and immune
profiles allowed the separation into prognostically favorable (A and B) or unfavorable (C and D)
tumors, while EIFLAX mutations occurred in group A, and SF3B1 mutations mostly in group B
[154, 237] (Figure 1.3 B). A recent work comparing both TCGA and TNM classifications
confirmed that the TCGA classification had a greater power to predict UM metastasis [238]. In
addition, another team analyzed the TCGA data in order to classify primary tumors by immune
subtypes, and was able to identify three distinct groups; interestingly the immune score was
strongly associated with immune infiltration and poor outcomes, regardless of the level of

aneuploidy in tumor samples [239].
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A) GNA11 and GNAQ (GaQ/11) are the main driver mutations (rarely PLCB4 or CYSLTR2) in
UM oncogenesis (adapted from Patel M et al., 2011); it leads to activation of pathways involved
in  tumor growth and proliferation. B) Overview of UM subtypes in link

with metastasis risk (adapted from Smit KN et al., 2019).

2.5. Current and prospective treatments for primary and metastatic uveal
melanoma
2.5.1.  Current treatments

Treatment modalities for the intraocular tumor comprise radiotherapy, laser therapy, which
preserve the eye, or surgical resection (enucleation)[240]. The latter treatment is considered for
large tumors or blind painful eyes secondary to neovascular glaucoma or post-irradiation effects,
and accounts for about 30% of cases [139]. As such, eye-conserving alternatives such as
radioactive plaque (brachytherapy) are the preferred approaches and result in effective control of
the primary tumor. Despite current treatments that achieve excellent local tumor control, up to
50% of patients develop metastasis within 15 years, which are generally asymptomatic at detection
and associated with high mortality [241].

Once metastasis is diagnosed, effective treatment options are currently limited in UM.
However, some studies have reported better median survival in treated patients compared to
untreated cases [242]. While UM primary tumors can be successfully controlled with radiotherapy
or by surgical resection, response rates to chemotherapy or immunotherapy remain low in patients
with metastases [177, 243].

A surgical approach is the gold standard for patients with resectable liver metastasis but

these account for less than 10% of cases in UM since most patients present diffuse metastases
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[244]. Hepatic-directed therapies are also available such as radiofrequency ablation, stereotactic
radiotherapy, and regional chemotherapy; they have shown long-term survival in a few and highly
selected cases [243, 245, 246]. Chemotherapeutic agents originally approved for cutaneous
melanoma (e.g. dacarbazine, fotemustine) [247] have been tested in metastatic UM [243].
However, conventional systemic chemotherapy has shown poor response rates and no
improvement of overall survival in UM patients [248]. Although immunotherapy has dramatically
changed the treatment approach to skin melanoma, metastatic UM is resistant to current immune
checkpoint blockade and only rare complete responses have been reported in metastatic UM using
adoptive T-cell therapy [249, 250]. It has been suggested that UM low mutational burden [251],
as well as an upregulation of immunosuppressive factors such as IDO1 and TIGIT might contribute

to this limited success [154, 243].

2.5.2.  Prospective treatments

In an effort to improve unresectable metastatic UM prognosis, near 20 active or recruiting
clinical trials are currently outgoing according to the NIH clinical trial registry. Indeed,
immunotherapy, regional chemotherapy or radiation, epigenetic drugs or inhibitors targeting
specific signaling pathways are under investigation with cohorts of metastatic UM patients.

Checkpoint inhibitors (e.g. ipilimumab, nivolumab) with immunoembolization
(#NCTO03472586), adoptive T cell therapy (#NCT03068624, #NCT03467516, #NCT02743611),
as well as vaccination with dendritic cells loaded with autologous tumor RNA (#NCT01983748)
are among the tested immunotherapy strategies. Another clinical trial will test intravenous
injections of a modified virus to trigger a strong immune response to Kill specifically melanomic

cells expressing the tyrosinase related protein 1 (#NCT03865212).
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Mutations in GNAQ/11, present in the vast majority of UM cases, activate the central
oncogenic Ras/RAF/MEK/ERK pathway, which contributes to tumor growth (Figure 1A) [137,
252]. The MEK inhibitor selumetinib was thus tested in a phase Il trial, and showed clinical
potency in metastatic UM patients, with an improvement in objective response rate and
progression-free survival compared to chemotherapy [253]. However, significant toxicity and no
improvement in overall survival were observed [253]. Moreover, treatments targeting signaling
pathways involved in UM pathogenesis are still under investigation, such as inhibitors of ERK1/2
(ulixertinib, #NCTO03417739), protein kinase C (LXS196, #NCT02601378; AEBO071,
#NCT02273219; IDE196, #NCT03947385), PI3Ka (BYL719, #NCT02273219), c-Met
(crizotinib, #NCTO02223819) or tyrosine kinase receptors (cabozantinib s-malate,
#NCT01835145).

Additional active clinical trials involve combination of checkpoint inhibitors with regional
chemotherapy (#NCT04283890), stereotactic radiation therapy and gene therapy
(#NCT02831933), internal hepatic radiation (SirSpheres Yttrium-90, #NCT02913417),
intralesional injection of iodinated fluorescein derivatives (#NCT00986661), VEGF receptor
inhibitors (#NCT04184518), or epigenetic drugs (#NCT02697630).

Combination therapies and the targeting of the reactive hepatic stroma in addition to
metastatic cell properties are becoming more and more envisioned strategies to improve the overall

survival of metastatic UM patients.
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3. CtDNA in Uveal melanoma

As reviewed in the previous section, UM is rare but is the most common intraocular tumor
in adults. While iris melanoma, which is usually detected early, has the best prognosis [254],
choroidal and ciliary body [255] have a poor prognosis, with mortality linked to a high incidence
in liver metastasis. Metastasis risk can be assessed by gene expression, somatic copy number
alterations, and specific gene mutation [256]. These approaches require a tissue specimen obtained
by an intraocular biopsy, which is an invasive procedure with rare but important complications. A
biopsy also reflects a static view of a tumor. Consequently, in an effort to surrogate a tissue biopsy
and monitor the dissemination of UM cells in real-time, ctDNA-based liquid biopsy has been
studied in UM patients (Table 2).

Madic et al in 2012 conducted one of the pioneering studies in which ctDNA was analyzed
in the blood of UM patients with established metastatic disease. By using driver mutations
(GNAQ/GNAL11) to quantify ctDNA by bidirectional pyrophosphorolysisactivated polymerization
(bi-PAP), the authors detected ctDNA in 20 of the 21 participants. In general, these levels
correlated with tumor burden [257]. Metz et al also analyzed ctDNA using GNAQ/11 mutations
but employed ultradeep sequencing. Through this sequencing method, the authors identified
CtDNA in 9 of the 22 cases. While ctDNA was not detected in all metastatic patients, it was
associated with extensive metastasis, mainly in the bone [258]. In a study conducted by Bidard et
al [259], in which ctDNA was analyzed through detection of GNAQ/11 mutations using bi-
PAP, ctDNA correlated with disease progression, leading the authors to suggest it as a prognostic
marker. In particular, high ctDNA levels were correlated with hepatic military metastases. By
using the CellSearch technique in metastatic patient blood, that study also assessed CTCs;

however, CTCs showed less clinical significance compared to ctDNA analysis. In addition to this
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study, CTCs and ctDNA were compared in a subsequent study performed by Beasley et al[260],
in which CTCs were immunomagnetically captured by melanoma-associated chondroitin sulfate
proteoglycan, and ctDNA was detected using GNAQ/11 mutations by ddPCR. That study showed
that ctDNA can inform about early signs of metastasis, whereas CTCs support UM prognosis.
Including primary and metastatic patients, ctDNA was detectable in 8 out of 30 cases and CTCs
in 15 of 26 patients. Altogether, that study highlighted the clinical utility of CTCs to distinguish
between low versus high metastasis risk and ctDNA to monitor disease progression [260].

A subsequent work supported the clinical utility of ctDNA in UM, where Le Guin et al
[261] detected ctDNA in 17 of 21 metastatic patients. Interestingly, ctDNA detection was up to 10
months before clinical confirmation of metastasis in 10 of these 17 ctDNA-positive cases. Overall,
CtDNA sensitivity was 80% and specificity 96% across the study [261].

In an effort to successfully treat metastasis, new therapies have been proposed in UM. One
example of these treatments is immunotherapy, in which ctDNA has been used to assess therapy
response. A study conducted by Cabel, et al [262] in 2017 analyzed ctDNA plasma before anti-
PDI treatment (pembrolizumab or nivolumab) and after 8 weeks of treatment. Using ddPCR and
sequencing (when no prior knowledge of mutations was available), ctDNA was associated with
treatment response, progression-free survival (PFS), and overall survival (OS) [262]. In a case
study conducted in 2018, Rodrigues et al also reported the utility of ctDNA to monitor patient
response with anti-PD1 therapy [263].

In addition to anti-PDI treatment, the analysis of ctDNA has been used to evaluate protein
kinase C inhibition (PKCi) treatment. A clinical study conducted by Park et al in 2021[264]
evaluated ctDNA levels by using ddPCR and NGS to assess PKCi. The authors found that patients

with low ctDNA levels corresponded to a better response [264]. Particularly, these patients had
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low disease volume and low baseline lactate dehydrogenase (LDH), an enzyme associated with
tumor activity and inversely associated with good outcome [264]

In conclusion, although ctDNA has been widely studied in various cancer types, only a few
studies have explored the potential of ctDNA in intraocular tumors (Table 2). Indeed, FDA-
approval tests are currently available to screen patients suffering from non-small lung and
metastatic breast, colorectal, and prostate cancer [265], but this does not extend to intraocular
tumors. As we will present in the following chapters, our proposed goal was to perform a
comprehensive study to assess ctDNA in human cancer cell lines, a human-rabbit animal model,
and patient samples with primary disease and a premalignant lesion in the choroidal (Chapter 2).
Furthermore, once we confirmed that ctDNA is a clinically relevant biomarker of tumor
development and progression in UM and optimized our experimental methodologies, we aimed to
better understand cfDNA release mechanisms by evaluating the release pattern of cfDNA upon
cytotoxic agents (Chapter 3). In a similar way, taking advantage of our in vitro model to study

CtDNA release, we used ctDNA to evaluate treatment response in preclinical models (Chapter 4).
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Table 2 Summary of studies on clinical relevance of ctDNA in UM

Title

Pyrophosphorolysis-
activated
polymerization
detects circulating
tumor DNA in
metastatic

uveal melanoma
Ultradeep sequencing
detects GNAQ and
GNAL11 mutations in
cell-free DNA from
plasma of patients
with uveal melanoma

Detection rate and
prognostic value of
circulating tumor cells
and circulating tumor
DNA in metastatic
uveal melanoma

Circulating tumor
DNA changes for
early

monitoring of anti-
PD1 immunotherapy:
a proof-of-concept
study

Outlier response to
anti-PD1 in uveal
melanoma reveals
germline MBD4
mutations

in hypermutated
tumors

Clinical Application
of Circulating Tumor

Year

2012

2013

2014

2017

2018

2018

Patient

population and

n
Metastatic
n=21

Metastatic
n=22

Metastatic

n=40 (26 with

CtDNA
analysis)

Metastatic
n=3

Metastatic
n=1

Primary
(n=30) and

Sample and
technique of
analysis

5
mL/Plasma
Bi-PAP

1-5
mL/Plasma
NGS

5 mL/
Plasma
Bi-PAP

5 mL/
Plasma
Bi-PAP

1-5
mL/Plasma
Bi-PAP

5
mL/Plasma

Prognostic relevance

ctDNA was detected
in 20 of 21 patients
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Preamble to Chapter 2

The literature review introduced ctDNA as a liquid biopsy-based biomarker and its clinical
implementation in oncology. This biomarker approach is especially relevant in tumors where
biopsies are difficult to perform and cannot be repeated. UM is a perfect candidate for liquid
biopsy-based monitoring due to its intraocular location, its high metastatic rate linked with high
mortality, and the lack of effective biomarkers to monitor disease course. UM tumors can develop
asymptomatically de novo or from a pre-existing nevus [1] and are characterized by mutually
exclusive somatic mutations in GNAQ [23], GNA11l [24], CYSLTR2 [26], and PLCB4 [25].
Although these mutations are not sufficient to develop a tumor, they are present in all UM cases
[267] and in some choroidal nevi[163]. There is a need for a method to monitor growth and
malignant transformation of choroidal nevi non-or minimally invasive manner. Therefore, a liquid
biopsy test that informs us about nevus growth and UM development would be clinically valuable
in this context.

In this chapter, we evaluated the feasibility of using driver mutations to detect ctDNA in
UM. We hypothesized that driver mutations (GNAQ, GNA11, CYSLTR2, and PLCB4) can be
detected in ctDNA from a liquid biopsy and act as a biomarker of UM development and to monitor
disease course in real-time. We first assessed the presence of fragments of DNA in the culture
media of UM cell lines according to their parental mutations in order to establish and validate an
in vitro model. We then validated our assay in plasma and aqueous humor isolated from rabbits of
a human UM cell xenograft model. Finally, we evaluated ctDNA levels in a clinical study

including healthy individuals and patients with choroidal nevi and UM.
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This chapter is based on Manuscript 2: Bustamante, P. et al. Circulating tumor DNA
tracking through driver mutations as a liquid biopsy-based biomarker for uveal melanoma. J Exp

Clin Cancer Res 40, 196, d0i:10.1186/s13046-021-01984-w (2021).

37



Chapter 2: Circulating tumor DNA tracking through driver mutations as a liquid biopsy-

based biomarker for uveal melanoma

Prisca Bustamante®; Thupten Tsering®; Jacqueline Coblentz!; Christina Mastromonaco?,
Mohamed Abdouh?, Cristina Fonseca?, Rita P. Proenca®#, Nadya Blanchard®; Claude Laure Dugé®;
Rafaella Atherino Schmidt Andujar!, Emma Youhnovska!, Miguel N Burnier:®; Sonia A.

Callejo>® Julia V. Burnier®’8,

ICancer Research Program, Research Institute of the McGill University Health Centre, Montreal,
QC, Canada

?Department of Ophthalmology, Centro Hospitalar e Universitario de Coimbra, Coimbra, Portugal.
3Department of Ophthalmology, Centro Hospitalar de Lisboa Central, Lisbonm Portugal
“Faculdade de Medicina de Lishoa, Lisbon, Portugal

*McGill Academic Eye Clinic, Montreal, QC, Canada

®Department of Ophthalmology, Centre hospitalier de I’Université de Montréal, QC, Canada
"Experimental Pathology Unit, Department of Pathology, McGill University, Montreal, QC,
Canada

8Gerald Bronfman Department of Oncology, McGill University, Montreal, QC, Canada

Correspondence
Julia V. Burnier
1001 Decarie Blvd, EM2.2218. Montreal, QC H4A 3J1

Email: Julia.burnier@mcgill.ca

38



Abstract

Background: Uveal melanoma (UM) is the most common intraocular tumor in adults.
Despite good primary tumor control, up to 50% of patients develop metastasis, which is lethal.
UM often presents asymptomatically and is usually diagnosed by clinical examination and
imaging, making it one of the few cancer types diagnosed without a biopsy. Hence, alternative
diagnostic tools are needed. Circulating tumor DNA (ctDNA) has shown potential as a liquid
biopsy target for cancer screening and monitoring. The aim of this study was to evaluate the
feasibility and clinical utility of ctDNA detection in UM using specific UM gene mutations.

Methods: We used the highly sensitive digital droplet PCR (ddPCR) assay to quantify UM
driver mutations (GNAQ, GNA11, PLCB4 and CYSTLR2) in cell-free DNA (cfDNA). cfDNA was
analyzed in six well-established human UM cell lines with known mutational status. cfDNA was
analyzed in the blood and aqueous humor of an UM rabbit model and in the blood of patients.
Rabbits were inoculated with human UM cells into the suprachoroidal space, and mutated ctDNA
was quantified from longitudinal peripheral blood and aqueous humor draws. Blood clinical
specimens were obtained from primary UM patients (n=14), patients presenting with
choroidal nevi (n=16), and healthy individuals (n=15).

Results: The in vitro model validated the specificity and accuracy of ddPCR to detect
mutated cfDNA from UM cell supernatant. In the rabbit model, plasma and aqueous humor levels
of ctDNA correlated with tumor growth. Notably, the detection of ctDNA preceded clinical
detection of the intraocular tumor. In human specimens, while we did not detect any trace of
ctDNA in healthy controls, we detected ctDNA in all UM patients. We observed that UM patients

had significantly higher levels of ctDNA than patients with nevi, with a strong correlation between
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CtDNA levels and malignancy. Noteworthy, in patients with nevi, the levels of ctDNA highly
correlated with the presence of clinical risk factors.

Conclusions: We report, for the first time, compelling evidence from in vitro assays, and
in vivo animal model and clinical specimens for the potential of mutated ctDNA as a biomarker of
UM progression. These findings pave the way towards the implementation of a liquid biopsy to

detect and monitor UM tumors.

Keywords. Circulating tumor DNA, Liquid biopsy, Uveal melanoma, Choroidal nevi,

Biomarker, Mutated driver genes, In vitro study, Animal model, Clinical specimens.
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Background

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults [1,
268, 269], and the second most common form of melanoma after that of the skin [137]. While rare,
with an incidence of 4.2 per million [137], it is associated with a high mortality rate[1]. Patients
are most commonly treated by globe-preserving plaque radiation or by enucleation for large tumors
[243]. Regardless of primary treatment and effective local tumor control, approximately 50% of
patients develop metastasis, primarily to the liver via hematogenous dissemination [137]. Liver
metastasis is lethal in the majority of patients, with an estimated 6-12 months survival rate [137].

Predisposing risk factors for UM development include environmental factors and intrinsic
factors such us the occurrence of gene mutations (such as GNAQ, GNA11l, BAP1, CYSLTRZ2,
PLCB4)[23, 24, 143, 146, 270-272]. For instance, UM is characterized by constitutive activation
of G protein-coupled receptor signaling, with a hotspot mutation in either G protein subunit alpha
Q (GNAQ) or alpha 11 (GNA11). These mutations represent an initiating event in up to 90% of all
UM cases [23, 24]. Less commonly, mutations in cysteinyl leukotriene receptor 2 (CYSLTR2), or
phospholipase C beta 4 (PLCB4) have been reported [25, 26]. Pre-existing nevi in the choroid are
reported as potential precursors of UM [163]. Interestingly, GNAQ/11 mutations have also been
detected in these lesions [163], suggesting that such mutations may be essential but not sufficient
for malignant transformation. Choroidal nevi are the most common pigmented intraocular lesion,
with a prevalence of 4.6% to 7.9% in the USA [273]. However, because these lesions are generally
asymptomatic and found on ophthalmic exams performed for other reasons, it is believed that the
true incidence may be much higher. Generally, a nevus remains stable over time [18]; however, a

rate of malignant transformation of 2, 9; and 13% at 1, 5, and 10 years, respectively, has been
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reported [139]. Although choroidal nevi are not biopsied, they are clinically followed for signs of
growth or malignant transformation [139]. Risk factors for malignant transformation include tumor
thickness greater than 2 mm, subretinal fluid, visual symptoms, orange lipofuscin pigment, tumor
margin within 3 mm of the optic disc (i.e. peripapillary), ultrasonographic hollowness, and halo
absence [139].

Moreover and due to the asymptomatic nature of the disease, UM is often detected during
a routine ophthalmology examination, and its diagnosis is based on ultrasonography [137], making
UM one of the few malignancies in which a biopsy is generally not used to confirm the
diagnosis[274]. Detection of the classical presentations of UM generally give rise to an accurate
clinical diagnosis; however, clinical diagnosis of nevi with clinical risk factors that border onto
malignancy becomes a challenge [275]. In addition, an overlap of the size between small UM and
benign choroidal nevi adds to this challenge [276]. Therefore, having a quantitative screening
method is crucial to differentiate between benign choroidal nevi and small malignant melanomas,
as both often share several features such as size, color, location, drusen, orange pigment and
subretinal fluid.

While biopsies are generally not used for diagnosis, they are used in UM lesions for
prognostication [274]. Important prognostic factors for metastasis have been elucidated, such as
chromosomal anomalies assessed by cytogenetics, gene expression profiling, and the presence of
loss of function BAP-1 mutations [277]. However, tissue biopsies, aside from being invasive,
provide a static picture of the tumor, neglecting spatial and temporal heterogeneity and do not
sample disseminated disease, circulating tumor cells (CTCs), or micrometastasis [14, 278]. As
such, UM remains challenging as it requires accurate profiling, proper interpretation of nevi (as

nevi often share several features with UM [276] and/or right risk stratification. Given the high rate
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of metastasis associated with this malignancy, more objective monitoring is needed to determine
the best treatment options. An alternative approach that does not rely on a biopsy and that could
non-invasively sample tumor-derived material would be paramount, especially to distinguish high
risk nevi from small UM as well as to detect metastasis.

Liquid biopsy is a minimally invasive approach to detect and monitor disease progression,
recurrence and response to treatment by investigation/assessing tumor features using different
biofluids, most commonly blood, as well as other biofluids such as urine [279], saliva [44], and
pleural effusion [280]. In the eye, aqueous and vitreous humors have been proposed as sources of
circulating tumor DNA (ctDNA) in retinoblastoma [281, 282]. Cell-free DNA (cfDNA) has been
widely studied as a liquid biopsy analyte. ctDNA can be detected within cfDNA using mutations
inherent to a tumor lesion [34]. ctDNA represents as little as 0.1% of the total cfDNA [283],
making its detection a challenge. Thus, a highly sensitive and specific method is needed not only
for diagnosis, but also for monitoring disease progression. Digital droplet PCR (ddPCR) detects
allele frequencies as low as 0.01% [284], making it suitable for ctDNA analysis.

Using this highly sensitive assay, we undertook this study to investigate the feasibility and

clinical value of tracking UM-specific mutated ctDNA.

Material and Methods

Cell lines and culture conditions

MP41 and MP46 were purchased from American Type Culture Collection (ATCC). 92.1
cells were gifted by Dr. Martine Jager (Leiden University, Netherlands) [285]. MEL270 and
OMM2.5 were gifted by Dr. Vanessa Morales (University of Tennessee). OCML1 was received

from the Institute of Ophthalmology and Visual Sciences (University of Valladolid). Cells were
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cultured in RPMI-1640 (Corning) supplemented with 10% Fetal Bovine Serum, 10 mM HEPES,
2mM Corning glutaGRO, 1 mM NaPyruvate, 0.1% 10 U/ml penicillin and 10 pug/ml streptomycin
(all from Corning), and 10 pg/ml insulin (Roche) in a 37°C and 5% CO:2 atmosphere.

Animal model

Fifteen female New Zealand albino rabbits (Charles River) were used in accordance with
an animal use protocol (#2018-8028) approved by the Animal Care committee at the Research
Institute of the McGill University Health Centre (RI-MUHC). Animals were randomly divided
into three groups of five rabbits each; (i) group 1 (labeled G1:R1 to G1:R5), group 2 (labeled
G2:R1 to G2:R5) and group 3 (labeled G3:R1 to G3:%5) (Figure 2.2A). All rabbits were
immunosuppressed using daily intramuscular injections of cyclosporin A (CsA at 15 mg/kg)
(Sandimmune, Novartis), starting 3 days before cell inoculation and lasting until intraocular tumor
detection by fundoscopy. Following anesthesia using intramuscular injection of Acepromazine
(0.75 mg/kg), Ketamine (35 mg/kg) and xylazine (5 mg/kg); 1 million living 92.1 cells (in groups
1 and 2) or MP41 cells (in group 3) were inoculated into the suprachoroidal space in the right eye
[21]. All rabbits were examined weekly with fundoscopy (Keeler Vantage Plus Indirect LED
Binocular Opthalmoscope, lens 20D Indirect BIO lens from Volk Optical) and ultrasound (Master-
Vu, Sonomed Escalon) using drops of tropicamide and phenylephrine to dilate pupils. No
anesthesia or sedation were required. At fundoscopic detection of UM lesions, CsA doses were
decreased to 10 mg/Kg daily in group 1, discontinued in group 2, or reduced to 5 mg/Kg daily in
group 3. During the experiment, all rabbits were monitored daily for CsA secondary effects (i.e.
weight loss, loss of appetite, and gastrointestinal and respiratory complications). One rabbit (G3:5)
was excluded from our study at week 3 due to early death following serious CsA secondary effects.

Animals were euthanatized by intraperitoneal injection of pentobarbital sodium (120 mg/kg). After
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enucleation, eyes were fixed in 10% phosphate-buffered formalin (Fisher). Using an DSX100
microscope (Olympus) gross phatology images were obtained. During fundoscopy examinations,
tumors were measured and categorized into four categories based on basal diameter: 0 (no tumor

formation), 1 (small: <11mm), 2 (medium: 11 to 15 mm), and 3 (large: >15 mm).

Patient recruitment and categorization

Forty-five participants were enrolled for this study (14 patients diagnosed with primary
UM, 16 patients with nevi and 15 healthy individuals (controls)) at the McGill Academic Eye
Clinic in accordance to an approved ethics protocol (MAEC; IRB protocol #2018-4187) approved
by the Review Ethics Board of the RI-MUHC (Table 3-5). The enrolled healthy individuals had
no symptoms or personal history of cancer at the time of consent, and no family history of cancer.
Blood samples were obtained following acquisition of informed consent.

Patient medical records were retrieved and used to correlate ctDNA to disease
characteristics. UM patients were classified according to the American Joint Committee on Cancer
(AJCC) classification of UM (Table 3) [286]. In the UM cohort, no evidence of metastasis was
seen in any patient. Most of the UM patients had underwent episcleral brachytherapy (plaque
radiation) as a treatment, except LB36 who had not received any treatment at the time of blood
withdraw (Table 3). Patients with nevi were categorized according to risk factors for UM:
thickness, presence of subretinal fluid, visual symptoms, orange pigment, peripapillary, halo, and
ultrasonographic hollowness (Table 4) [139].

Blood specimen collection and sample preparation

In the animal model, following anesthesia (as stated above), 8 ml of peripheral blood was
collected via the central ear artery using EDTA tubes (Becton Dickinson) at the day of cell

inoculation, every 2 weeks from week 4 to 16 after inoculation and at euthanasia. For human
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donors, 10 ml blood samples were collected from a peripheral vein. Blood samples from all UM
patients, nine patients with nevi, and eight control were collected in PAX gene Blood ccfDNA
Tubes (QIAGEN/Becton Dickinson). Blood samples from the remaining seven healthy individuals
and seven patient with nevi were collected in vacutainer tubes containing clot-activation additive
and a barrier gel and left 60 min at room temperature to isolate serum (Becton Dickinson). Blood
samples were spun at 2000 g for 20 min within 1 hour after collection. A second spin (2000 g for
20 min) was performed to ensure for the elimination of contaminating cells. Resultant

plasma/serum were aliquoted and store at -80°C until DNA isolation.

Aqueous humor collection from rabbits

At the time of cell inoculation, at tumos formation (weeks 5-8), and euthanasia (18-19
weeks), a paracentesis was conducted to withdraw 100-300 uL aqueous humor from the anterior
chamber of rabbits from groups 1 and 2 using a BD Luer-Lok 1 mL syringe (Becton Dickinson).
The procedure was conducted under general anesthesia (as stated above) and following topical

application of proparacaine hydrochloride ophthalmic solution (Alcon).

DNA isolation

Genomic DNA (gDNA) was extracted from all cell lines using the QlAamp DNA Mini Kit
(QIAGEN) according to the manufacturer’s instructions. cfDNA was recoved either from (i) 3
mL cell conditioned medium: 4x10° cells were seeded in a T25 flask (Corning), once culture
reaches 80% confluency medium was renewed. Then, after 12 hours it was collected in 15 ml tubes
(Falcon) and spun at 300 g for 5 min to eliminate contaminating cells and cell debris. (ii) 2 mL
plasma/serum samples, or (iii) 100-300 pL aqueous humor samples using the QlAamp Circulating
Nucleic Acid (CNA) Kit (QIAGEN). Isolated DNA was stored in AVE buffer (RNase-free water

with 0.04% sodium azide-QIAGEN) in a 25 uL final volume and quantified using Qubit 2.0
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fluorometer with Qubit dSDNA HS assay reagents (Supplementary Figure 2A-E and 3A)

(Thermofisher Scientific).

Analysis of mutated DNA fragments

To evaluate technical reproducibility, ctDNA was quantified from 2 mL plasma in
duplicate using ddPCR. The hotspot mutations analyzed were Q209P (c.626 A>C) and Q209L
(c.626 A>T) in GNAQ, Q209P (c.626 A>C) and Q209L (c.626 A>T) in GNAL1, L129Q (c.386
T>A) in CYSLTR2 and D630Y (c.1888 G>T) in PLCB4 (Table 3).

Primers, probes, and gBlock (synthetic double-stranded DNA fragments of 125-3000 bp
used as a positive control [287]) were designed and generated by Integrated DNA technologies
(Table 3). Serial dilutions using gBlocks were performed to obtain the minimum detection of
mutant copies (Supplementary Figure 1). A 20 uL reaction mixture was prepared using 10 pL
2x ddPCR Supermix for probes (No UTP) (Bio-Rad), 900 nM forward/reverse primers, 250nM
hydrolysis probes, 1 ng DNA sample, and RT-PCR grade water (Invitrogen). DNA samples were
run in triplicates, and the no-template controls and positive controls were run in duplicates.
Droplets were generated using a QX200 droplet generator (Bio-Rad), and transferred into a semi-
skirted 96-well PCR plate (Bio-Rad). Using a C100 thermal cycler (Bio-Rad), PCR reactions were
run as follows: 10 min at 95°C, followed by 50 cycles of 30 sec at 95°C, 1 min at 56-60°C
(optimized for each primer set (Table 3)), and 30 sec at 72°C; finally, 10 min at 98°C. Processed
droplets were analyzed in a QX200 Droplet reader (Bio-Rad). Samples with £2 mutant droplets
were considered as negative for ctDNA. Copies of target and percentage fractional abundance
(%FA), which refers to the portion of the mutant allele frequencies over the wild type background)

were generated by Quanta Soft software v 1.7.4.
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Data analysis

Our data were analyzed using levels of ctDNA (molecules/mL) and %FA. The number of
ctDNA molecules was calculated following a previous reported calculation [86, 283], where the
amount of copies/pL, volume added to each reaction and amount of plasma/serum are considered,
as well as assuming 3.3 pg corresponded to the weight of a human haploid.

Graphs and statistical analyses were performed using Excel or Prism GraphPad Softwares.
Spearman correlation analyses were performed to measure the degree of association between data
outcomes, and comparison among groups was done by Kruskal-Wallis test. P < 0.05 was

considered statistically significant.

Results

Validation of wild type and mutant cfDNA detection in conditioned medium of human
UM cell line cultures

Digital droplet PCR (ddPCR), coupled to the noninvasive blood-based liquid biopsy, has
been proposed as a promising and accurate strategy to document rare variant mutations for the
monitoring of cancer development and progression [284]. By targeting well-known driver
mutations that characterize UM, we performed ddPCR analyses to determine its feasibility and
value for UM patient staging. We assayed serial dilutions of gBlocks that mimic several UM
somatic mutations to determine the minimal detection levels of mutated copies. We were able to
detect as little as 0.16, 0.08, 0.09, 041, 057 and 0.09 [copies/uL] mutated DNA for GNAQ c.646
A>T, GNAQ c¢.646 A>C, GNA11 c.646 A>T, and GNA11 c.646 A>C, PLCB4 ¢.1888 G>T, and

CYSLTR2 ¢.386 T>A mutations, respectively (Supplementary Figure 1).
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We first sought to determine whether we could detect cfDNA in a culture system of UM.
We used six well established human UM cell lines (92.1, MP41, MP46, MEL270, OMMZ2.5 and
OCM1) with known mutational status to set up our assay by focusing on mutations at GNAQ and
GNAL11. By analyzing genomic DNA (gDNA), we detected the correct mutation signature in all
UM cell lines, as previously reported, which strengths the validity of our test (Figure 2.1 A-C,
Supplementary Table 1) [288]. Notably, when we assessed DNA fragments recovered from cell-
free conditioned media of these cell lines, we detected both GNAQ/11 WT and the correct parental
GNAQ/11 mutation (c.626A>C or c.626A>T), respective to the analyzed cells, indicating the
release of different amounts of fragmented DNA (i.e. cfDNA) into the culture medium (Figure
2.1A-C). In addition, in conditioned media from OCML1, a known GNAQ/11 wild type cell line,
we did not detect any mutant copies of GNAQ/11 (Figure 2.1 B) [289]. Together, these results
indicate the feasibility of our assay to accurately and specifically detect fragmented mutant UM

cfDNA targets.

Blood mutated ctDNA levels correlated with tumor development and progression in a
UM animal model

As we had established the conditions to screen for cfDNA using the cell culture model, we
applied our assay to assess the utility of GNAQ/11 mutations in detecting ctDNA as a liquid biopsy
in vivo. For this purpose, we first took advantage of a human UM rabbit model that we developed
[21]. We used two cell lines with different driver mutations (i.e. 92.1 and MP41 cells harboring
mutated GNAQ (c.626 A>T) and GNAl1l (c.616 A>T), respectively) (Figure 2.2 A,
Supplementary Table 1). The goal is to insure the potential of screening for different UM specific

mutations in vivo. During the course of the animal experiments and once ocular tumors were
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detected by ultrasound and fundoscopy, we adjusted the dosage of CsA to reduce the adverse
effects associated with the drug (Supplementary Table 1). In addition, in the cohort of rabbits
injected with 92.1 cells, CsA administration was discontinued in Group 2 to determine the potential
of our assay to monitor for disease progression (i.e. tumor shrinkage) (Figure 2.2 A).

Rabbits developed detectable subretinal tumors within 4-6 weeks as judged by ultrasound
and fundoscopic examinations (Figure 2 B, Supplementary Table 2). As the growth of the ocular
tumors differed between rabbits, their sizes at different time points (i.e. 4, 6, 8, 10, 12, 14, and 16
weeks after cell inoculation and at euthanasia) were assessed and categorized by a clinical
ophthalmologist into four categories as stated under the methods section (Figure 2.3 A-C). In
parallel, blood samples were recovered to analyze cfDNA patterns (Figure 2.2A and 2.3 A-D).
Total cfDNA ranged from 10.1 ng to 189 ng/ 2mL of plasma along the 20 week-study
(Supplementary Figure 2A-C). In these DNA samples, and as expected, we did not detect wild
type nor mutant GNAQ/11 ctDNA of human origin at the time of inoculation (Figure 3D). In
contrast, we detected mutated GNAQ ctDNA fragments in groups 1 and 2, and mutated GNA11
CtDNA fragments in group 3 as early as 4 weeks and 6 weeks post-inoculation, respectively
(Figure 2.3 A-D), confirming the potential of our assay to screen for different UM specific
mutations in vivo. Interestingly, in group 1, while ctDNA was first detected 24 days after cell
inoculation, in all the animals intraocular tumors were seen later; on average 31.4 days post-cell
inoculation, suggesting that ctDNA was an earlier biomarker of tumor formation compared to
clinical imaging. In addition, in group 2, detection of ctDNA was highest at around 6 weeks;
however, levels decreased steadily and significantly afterward until animal euthanasia (Figure
2.3B and D). Decreased levels of ctDNA were concomitant with the shrinkage of ocular tumors

that were no longer visible (like in rabbits G2:R2 (i.e. rabbit #2 in group 2), G2:R3, and G2:R4)

50



or very small (like in rabbits G2:R1 and G2:R5) at autopsy (Figure 2.3B and D). These
observations correlated with the arrest of CsA administration, suggesting the potential of our assay
to monitor for disease progression. In group 3, where ctDNA were not detected before the 6 week,
ocular tumors were detected at the 6™ or 8" weeks (Figure 2.3 C and D), suggesting again that
UM ctDNA is an earlier biomarker of tumor formation and a valuable tool to monitor UM
progression. Overall, and by using Spearman correlation analyses, while no correlation was found
between total DNA (not tumor specific) and ctDNA or tumor size (r = -0.045, P = 0.63, orr = -
0.149, P = 0.39, respectively) (Supplementary Figure 2F and G), we found a significant positive
correlation between ctDNA level and tumor size in all the rabbits (r = 0.60, P < 0.0001), and a
negative correlation between ctDNA level and body weight (r =-0.37, P < 0.0001) (Figure 2.3E),
suggesting that the correlation of blood cfDNA levels with tumor growth was specific to DNA
originating from ocular UM tumor cells (i.e. ctDNA).

Taken together, these data bring strong evidence that blood biopsy screening for human
mutated GNA11/Q ctDNA biomarkers is a valuable and feasible tool for the early diagnosis of UM

and the monitoring of disease progression.

UM-derived cfDNA detected in the aqueous humor correlated with tumor size and
progression

In parallel to the analyses done on blood biopsies, we sought to determine whether UM
cfDNA could be detected in the aqueous humor (AH) of grafted animals. An AH paracentesis was
conducted in rabbits from groups 1 and 2, and samples were analyzed for the presence of mutated
GNAQ cfDNA. As expected, no detectable levels of UM cfDNA were found at the time of UM

cell inoculation. In contrast, we detected mutated GNAQ cfDNA at the second sampling (weeks 5-
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8, range 0-4 molecules/mL) in both groups. Interestingly, at the third sampling (weeks 18-19), we
still detected mutated GNAQ cfDNA in the AH of rabbits from group 1 (range 1-3 molecules/mL),
while we observed a sustained decrease in the AH of rabbits from group 2 with only minimal
detectable traces (Figure 2.3F and G). Using Spearman correlation analyses, we did not find any
correlation between total DNA (not tumor specific) and cfDNA or tumor size (Supplementary
Figure 2H and I). In contrast, we observed a significant and positive correlation between mutated
GNAQ cfDNA level (tumor specific) and tumor size (r = 0.71, P < 0.0001) and a negative
correlation between mutated GNAQ cfDNA level (tumor specific) and the body weight (r =-0.33,
P =0.07) (Figure 2.3H and I). These data suggest that the AH is another biological analytes that

can be used to screen for mutated cfDNA copies for the management of UM patients.

Mutant GNA11/Q cfDNA was detected in patient blood biopsy and correlated with the
degree of lesion malignancy

GNAQ/11 mutations are present in more than 90% of UM cases and, although not
sufficient, they are thought to be initiating events of the disease [23, 24]. As our assay was able to
detect these mutations in an in vivo human UM rabbit model and correlated with disease burden,
we applied this strategy to clinical samples to get more insight on its validity to screen for UM and
stratify patients presenting with ocular nevi (Tables 4-6). In addition, for cases that were negative
for GNAQ/11 mutant DNA, we verified the presence of PLCB4 and CYSLTR2 mutant ctDNA. As
expected, all analyzed samples (from 14 primary UM patients, 16 patients with choroidal nevi and
15 disease-free healthy controls) were positive for wild type GNAQ, GNA11, PLCB4, CYSLTR2

ctDNA copies (Supplementary Figure 3A). In addition, in contrast to patient (UM and nevi)
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donors, none of the 15 healthy control samples contained mutated GNAQ/11, PLCB4, CYSLTR2
cfDNA (Figure 2.4 A, B,and E).

We then focused our analyses first on blood biopsies drawn from UM patients. Mutant
GNAQ, GNA11 or PLCB4 ctDNA copies were detected in all 14 primary UM patients. We found
that these mutations were present in a mutually exclusive manner and frequencies in the range of
previously published data (i.e. 9 patients (64%) having a GNA1l mutation (range, 0.7-26.4
molecules/mL), 4 patients (29%) having a GNAQ mutation (range, 3.1-31.4 molecules/mL) and 1
(7%) having a PLCB4 mutation (2.1 molecules/mL) (Figure 2. 4A) [23, 24]. We did not observe
any correlation between the levels of ctDNA and the age of patients or total DNA amounts (r = -
0.13,P=0.48,r=0.07, P = 0.34, respectively) (Supplementary Figure 3B and C).

We searched for a relationship between the levels of mutated ctDNA copies and tumor
stage. We found a positive and significant correlation between the AJCC classification and %FA
(r=0.69, P =0.008) (Figure 2. 4C (left panel) and Table 5) [290]. In addition, and although not
significant, we observed a correlation between the tumor thickness and the %FA (r = 0.38, P =
0.079) (Figure 2.4 C and Table 3). These data suggest that our assay combined to a blood biopsy
is valuable to screen for patients with UM lesions and to monitor for disease aggressiveness.

We then sought to determine the pattern of mutated GNAQ/11 ctDNA in the blood of
patients presenting with premalignant choroidal nevi. In this cohort, we recruited 16 patients, and
blood samples were processed to isolate either plasma (9 patients: LB20 — LB45) or serum (7
patients: LB06 — LB12) (Figure 2.4 B and Table 6).

We categorized these patients according to the presence of clinical risk factors for
melanoma transformation by taking advantage of a systematic classification of clinical and

imaging features [291]. Seven patients had at least 2 risk factors, and interstingly all were positive
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for the presence of mutated GNAQ cfDNA copies. In contrast, of the two patients that had no risk
factors, one (LB37) had displayed measurable levels of mutated GNAQ cfDNA (Figure 2.4 B and
Table 6). This patient had bilateral nevi, one of which was 1mm thick. Notably, the levels of
mutated cfDNA positively and significantly correlated with the presence of factors predisposing
to nevus transformation (r = 0.92, P < 0.0001) (Figure 2. 4D).

Moreover, while the levels of mutated ctDNA in patients having nevi with risk factors did
not differ compared to those in samples from the UM patient cohort, they were significantly higher
when compared to levels in samples from patients having nevi with no risk factors and from
healthy individuals (P < 0.05) (Figure 2. 4E). This highlights that a close follow-up of the levels
of mutated cfDNA in patients with choroidal nevi may be beneficial for the early detection of
potential transformation into UM lesions. Altogether, our data bring evidence that plasma- rather
than serum-based liquid biopsy screening for UM-specific mutated ctDNA may be a new tool for
the early UM diagnosis, the staging of lesion malignancy, and the monitoring of disease

progression.
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Figure 2. 1: Wildtype and mutant cfDNA were accurately detected in human UM cell line

conditioned medium.

A. Representative 2D fluorescence amplitude plots of DNA extracted from conditioned medium
(Cond. Media; cfDNA) and cells (genomic DNA). GNAQ and GNA11 mutant DNA-positive
droplets are shown in blue (FAM channel), wild type DNA-positive droplets are represented in
green (HEX channel), droplets positive for both wild type and mutant targets are shown in orange,

and the negative droplets are shown in black. B. Copy numbers of wild type and mutant cfDNA in
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UM cells conditioned medium. Data are shown as number of molecules per mL of medium (mean
+/— SD, n= 13 independent experiments). C. Table summarizes ctDNA (molecules/mL) isolated

from condicionated medium and total DNA derived from cells and conditioned medium.
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Figure 2. 2: A human UM rabbit model was used to validate the detection of mutated ctDNA

in liquid biopsies.

A. Overview of the developed human UM xenograft model and animal follow-up procedures. For
more details, see Material and Methods section. CsA; Cyclosporine A. B. Representative
fundoscopy and ultrasound images taken at tumor formation, and post-mortem photographies of

dissected eyes (scale bares: 5 mm)
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Figure 2. 3: Mutated ctDNA plasma and aqueous humor levels mirrored the pattern of

intraocular disease behavior in rabbits.

A-C. Kinetics of the levels of mutated ctDNA in rabbit plasma (left Y-axis) and tumor size
categories (right Y-axis) following ocular inoculation of 92.1 cells (A and B; Groups 1 and 2) or
MP41 cells (C; Group 3). The legend for all panels is shown on the top A panel. D. Table shows
the number of ctDNA molecules/mL in rabbit plasma at inoculation (week 0), weeks: 4, 6, 8, 10,
12, 14, 16, and at euthanasia. E. Mutated plasma ctDNA levels were plotted against tumor size

categories (left panel) or rabbit body weight (right panel). Significant positive or negative
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correlations were found between ctDNA levels and size categories (r = 0.60, P <0.0001) or body
weight (r=—37, P<0.0001). F-G. Kinetics of the levels of mutated ctDNA in rabbit aqueous
humor (left Y-axis), and tumor size categories (Cat) (right Y-axis) in animals inoculated with 92.1
cells (F. Group 1, G. Group 2). H. Table shows ctDNA molecules/mL from aqueous humor at
inoculation, weeks 5-8, and euthanasia. I. Top panel: Mutated ctDNA aqueous humor levels were
plotted against tumor size categories, which displayed a significant positive correlation
(r=0.713,P<0.0011). Bottom panel: Mutated ctDNA levels were plotted against rabbit body

weight; no correlation was found (r=—0.33, P=0.074). SD: Standard deviation
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Figure 2. 4: The levels of mutated ctDNA in UM patients and patients with uveal nevi
correlated with the stage of disease progression and with the presence of risk factors for

malignant transformation, respectively.

A. UM patients: levels of GNA11, GNAQ, and PLCB4 mutated ctDNA (molecules/mL of plasma)
are shown in dark blue, red, and green, respectively, and %FA of GNA11l, GNAQ, and PLCB4 is
shown in light color (the table shows the mutation status in the analyzed loci). B. Nevi: levels of
ctDNA molecules/mL of plasma (dark) and %FA (in a light color) in patients (the table shows the
mutation status in the analyzed loci). Note that in all patients, only a GNAQ mutation was detected.
P:plasma. S:serum. C. Left panel: the %FA obtained with the UM samples were plotted against
the T category of the AJCC staging, which displayed a significant positive correlation
(r=0.69, P =0.008). Right panel: The %FA obtained with the UM samples were plotted against
tumor thickness (mm); no correlation was found (r=0.38, P = 0.079). D. The levels of mutated
CtDNA in plasma samples obtained from patients with nevi were plotted against the number of
risk factors in every patients, which displayed a significant positive correlation (r=0.92,
P <0.0001). E Left panel: Scatter plot depicting the levels of mutated ctDNA in the plasma of UM
patients and patients with nevi displaying or not risk factors for malignant transformation, and
serum of healthy blood donors. Note the increased levels of ctDNA that accompany increased risk
factors. The table (on the right) depicts the comparisons used and the levels of significance for

differences (P value)
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Tables

Table 3. ddPCR primers and probes information for this study

GNA11l-F

GNAl11-R
GNA1l1 A Allele
GNA11 C Allele
GNA11 T Allele
GNAQ-F

GNAQ-R

GNAQ_A Allele
GNAQ_Q209L_T Allele
GNAQ_Q209P_C_Allele
PLCB4-F

PLCB4-R
PLCB4_D630Y_G_allele
PLCB4_D630Y_T allele

CYSLTR2-F
CYSLTR2-R
CYSLTR2_T allele
CYSLTR2_A allele

Oligos

CTTTCAGGATGGTGGATGT
ACATGATGGATGTCACGTTCT
S5HEX/AC+CGC+TGG+CC/3IABkKFQ
56-FAM/AC+CGC+GGGCC/3IABKFQ
56-FAM/AC+CGC+AGG+CC/31ABKFQ
CTTGCAGAATGGTCGATGTAG
GCGCTACTAGAAACATGATAGAG
S5HEX/CCT+T+T+G+GCCC/3IABKFQ
56-FAM/CCT+T+A+G+GCCC/3IABKFQ
56-FAM/ACCT+T+G+GGCC/31ABKFQ
TAACAAACGGCAAATGAGTCG
CAGCCAGCGTTCCAGAAA
S5HEX/CGA+GT+C+G+ATT+CC/3IABKFQ
56-
FAM/CGA+GT+C+T+AT+TC+CA/31ABKFQ
CCTTGTATGTCAACATGTACAGC
GTGAACCATTGCCAGGAAAC
SHEX/TTC+C+T+GA+CCGT/3IABKFQ
56-FAM/TTC+C+A+GA+CCGT/3IABKFQ

Annealing
Temperature

58C

60 C

55C

55C
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Table 4 Summary of patient characteristics

Total
UM

Nevus

Healthy

individuals | Age at blood draw Mean (SD) years
F/U follow up. SD= standard deviation.

Number
Sex

Age at blood draw Mean (SD) years
Age at diagnosis (SD) years
Follow-up (months) Mean (SD)

Location

Tumor size (mm) Mean (SD)

Number
Sex

Age at blood draw Mean (SD) years
Age at diagnosis (SD) years
Follow-up (months) Mean (SD)

Location

Lesion size (mm) Mean (SD)

Risk factors
No risk factors
Number

Female
Male

Choroid
Iris

Base
Thickness

Female
Male

Choroid
Iris

Base
Thickness

45
14

7

7

60.1 (15.14)
51.64 (15.35)
103 (77.8)
13

1

9.42 (3.39)
3.83 (2.28)
16

9

7

65.6 (13.6)
62.53 (11.24)
67.2 (61.8)
15

1

3.1 (1.5)

1.6 (0.8)

7

9

15

30.2 (7.4)
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Table 5 UM patients characteristics

Code Sex | Age  Location | ctDNA  FA | Lesion T category, FU | Rx
LB (Y) AJCC

classificatio

n
21 F 70 Choroid | 4.3 9.5 | 3x10x9 2 77 P
22 F 60 Choroid | 2.8 3.7 | 9x1.9x5.7 4 50 P
27 F 68 Choroid | 3.0 8 9.7x9x3.3 2 39 P+
28 F 48 Choroid | 1.9 28 | 75x55x21 1 260 TT
29 M 62 Iris 12.8 2.7 | 34x38x13 |1 37 PR
30 M 69 Choroid | 2.3 17 16x16x8 3 61 P+
31 M 85 Choroid | 29.3 33 9.5x8.5x3.1 '3 229 | P
32 M 63 Choroid | 2.1 26 | 115x12x2.8 1 190 | P+
33 F 82 Choroid | 26.4 7 2.2x1x1 2 37 P+
36 M 37 Choroid | 31.6 3.1 | 13.3x109x5 2 1 P
40 F 38 Choroid | 3.2 1.6 | 10.7x8.5x3.0 |1 92 SR
41 M 71 Choroid | 9.8 13.5 | 8.2x8.7x4.3 2 164 P
42 F 38 Choroid | 0.7 4 13x9.5x2.3 2 55 P+
43 M 51 Choroid | 9.0 5 8.4x9.1x2.8 |1 150 | P

+ = anti-VEGF treatment; AJCC: AJCC classification; ctDNA (molecules/ml); FA:
percentage of fractional abundance; FU: follow-up time (months); Lesion: Lesion size (small
diameter x large diameter x thickness) (in mm); P: Plaque radiotherapy; PR: Proton beam
radiotherapy; Rx: Treatment; SR: Stereotactic radiosurgery; T: T category; TT: Transpupillary

thermotherapy.
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Table 6 Characteristics of patients with nevi

Code LB Sex | Age | Location | ctDNA |FA |B | TN FU | RX | RF | Notes
(Y)

06 F 73 | Choroid |0 0 3 Flat 81 - |0 --

07 M |72 | Choroid |0 0 NA | Flat 53 - |0 --

08 M |80 | Choroid |0 0 2 Flat 141 |-- |0 --

09 M |79 | Choroid |0 0 15 (1.3 170 |-- |0 --

10 M |83 | Choroid |0 0 3 Flat 182 |-- |0 Bilateral

11 M |64 | Choroid |0 0 4 Flat 48 - |0 --

12 F 70 | Iris 0 0 24 0.6 170 |-- |0 --

20 M |77 |Choroid | 3.1 1.1 |18 | NA 11 + 4 OP, S,
F, PP

23 F 57 Choroid | 12.1 1.8 NA | NA 5 + 4 T, OP,
F,S

24 F 68 | Choroid | 4.3 0.7 |NA |23 15 - |3 PP,F, T

25 F 35 | Choroid | 13.3 28 45 | 2.47 13 + 4 F, S, T,
G

34 M |80 | Choroid |2.3 0.6 | NA|NA 9 - |2 OP, F

35 F 60 | Choroid |0 0 2 Flat 12 - |0 --

37 F 47 | Choroid |1 7 7 OD: 82 -- 0 Bilateral

Flat.
0S:1

38 F 45 | Choroid | 2.3 6 3.2 |17 12 - |4 OP, F,
PP, S

45 F 60 | Choroid |4.4 1.8 |NA |27 18 - |2 PP, T

+ = anti-VEGF treatment; B: Basal diameter (mm); ctDNA (molecules/ml). F: fluid; FA:

percentage of fractional abundance; FU: follow-up time (months); G:Growth; OP: orange pigment;

PP: peripapillary; RF: number of risk factors; Rx: Treatment; S: visual symptoms; T: thickness

>2mm; TN: thickness (mm);
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Discussion
Although rare, UM remains the most common primary ocular cancer in adults and is

associated with a high mortality rate [137]. The disease often develops asymptomatically and is
diagnosed following a routine ophthalmic examination or as a result of following up patients with
choroidal nevi [1, 268, 269]. This argues for the development of new quantitative tools to screen
for patients at risk of developing the disease [277]. By using biological analytes mainly blood,
liquid biopsy has been investigated as a strategy to detect and monitor cancer progression,
recurrence and response to treatment [14]. Many circulating biological materials have been
proposed as a readout of tumor status, of which mutated ctDNA has gained much attention [35,
292]. The presence of specific gene mutations, like in GNAQ and GNA11, were proposed as
predisposing risk factors for UM development [23, 24]. As mutated ctDNA is present at very low
levels in the circulation, a highly sensitive and specific assay to detect mutated GNAQ and GNA11
moieties in patient blood is needed [284]. In this study, we combined a blood-based liquid biopsy
and the sensitive ddPCR assay to conduct specific UM-derived ctDNA screening [100]. We set
the validity of the analysis using cfDNA from cultures of human UM cells, verified its clinical
value in a human UM xenograft rabbit model, and applied it to clinical samples to correlate ctDNA
levels to UM patients and patients with choroidal nevi. In summary, we bring evidence that blood
biopsy permits the screening of UM-shed mutated ctDNA as a way of early diagnosis, malignancy
burden staging and disease progression monitoring.

Liquid biopsy approaches using CTCs has been proposed and applied in the context of
UM, where CTCs were found in 29 out of 40 UM patients (72%) at the time of diagnosis and after
treatment [174]. This is in contrast to the 100% efficiency (14 out of 14 analyzed UM patients) of
UM mutant ctDNA detection we report in our present study. In addition, ctDNA has been analyzed

in UM samples using other assays (i.e. ultradeep sequencing and bidirectional-
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pyrophosphorolysis-activated polymerization technigue), but no clinical value has been reported
[293]. Our patient cohort presented a hotspot mutation in GNAQ (Q209P and Q209L), GNA11
(Q209P and Q209L), PLCB4 (D630Y), which have been reported in the majority of UM cases.
However, other hotspot mutations in those genes should not be discarded. Moreover, until now, the
presence of ctDNA in patients with pre-malignant intraocular nevi had not been investigated.
Together, this makes our study the first to investigate the presence of ctDNA using initiating UM
mutations in patients with choroidal nevi and to report positive correlations between the levels of
these mutated ctDNA, and both the UM staging system and the clinical risk factor classifications
[139, 286, 290, 291]. Importantly, since ddPCR requires the prior knowledge of the specific point
mutation [294], itis not an ideal technique in cancer types with unknown driver events or in which
various point mutations can be detected. However, in UM we were able to take advantage of the
high proportion of UM cases with a mutually exclusive mutation in one of the four genes assayed.
ddPCR is high sensitive (i.e. 0.01% sensitivity: 1 mutant copy in 10,000 wild type gene copies)
and it does not rely on sequencing efforts, making the monitoring of ctDNA in UM patients
sensitive and inexpensive [96, 283, 284, 294].

In the UM rabbit model, we conducted our assay anticipated in situ detection of UM
lesions. Indeed, we observed an early presence of ctDNA days before standard clinical imaging
techniques detected ocular tumors. This suggests that ctDNA screening in a blood biopsy may be
an effective biomarker for early disease development when tumors are too small to be diagnosed
by ophthalmological examination, such as fundoscopy. In addition, we observed that mutant
ctDNA levels in the AH correlated with tumor burden, making it another analyte to test during
patient follow-up, although accessing it is more invasive. This observation is supported by the

finding that cytokine expression patterns in the AH discriminated between high- and low-risk UM
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patients [295]. During plaque brachytherapy implantation in UM patients, an anterior chamber
paracentesis is a feasible and safe procedure that can be performed [295, 296].

In our clinical study, we were unable to match the blood biopsies to ocular tumor tissue
biopsies to confirm the mutational status and validate that we screened for molecules deriving from
UM tumors. This limitation was overcome by the use of the UM animal model, where the rabbits
were inoculated with cells of known mutations. In these experiments, we found the corresponding
parental mutations in the recovered ctDNA, respective of the cell line used (92.1 vs. MP41).
Overall, in this animal model, our assay allowed us to monitor disease progression (Figure 3).
Notwithstanding, a well-designed study aimed to ensure matching of blood biopsy and ocular
lesion genotype in clinical samples is still needed. Also, detecting ctDNA in a longitudinal study
can shed light into UM dynamics and progression. A prospective study that enrolls patients from
diagnosis, monitoring throughout treatment, and follow up using a single blood collection type, is
needed and is currently ongoing at our center

We found that GNAQ and GNA11 mutated ctDNA is present in a mutually exclusive
manner and in frequencies in the range of reported data for UM [23, 24]. Notably,
while GNAllmutated ctDNA was more frequent in samples from UM patients, only
mutated GNAQ ctDNA fragments were detected in samples from patients with nevi
presenting with risk factors. Although further samples are still required to deepen this observation,
this suggests that GNA11l mutations are more commonly initiating events in de novo UM,
while GNAQmutations trigger malignant transformation from pre-existing nevi.

The incidence of choroidal nevi is likely underestimated, as these nevi are usually only
found on ophthalmic examinations for other clinical reasons. Although nevi remain generally

stable over time, malignant transformation towards melanoma increases with age and the
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appearance of clinical risk factors [18, 139, 148, 273, 291]. In addition, equivocal diagnosis of
nevi with clinical risk factors that border onto malignancy is challenging [275]. Hence, monitoring
intraocular nevi using specific ctDNA is paramount for patient follow-up. In our study, patients
LB29 and LB33 were diagnosed with ocular nevi 3 and 4 years prior to the melanoma diagnosis,
respectively. Furthermore, samples with undetectable levels of ctDNA may carry other hotspot
mutations not included in this panel. We could not explore the correlation between ctDNA levels
and thickness or base size in nevi lesions due to lack of information on medical records. However,
considering clinical risk factors, our data in the nevi cohort suggest that ctDNA may indicate
lesions transforming to malignant melanoma. Given the non-invasive and inexpensive nature of
our testing, we propose that patients with choroidal nevus are ideal candidates to be monitored
though such a liquid biopsy approach.

Preanalytical variables can influence the outcome of cfDNA [297]. Biological factors (e.g.
exercise, pregnancy, inflammation, diabetes) affect the levels of cfDNA [14] [86]. Methodological
variables can also impact the outcome of cfDNA [297]. For example, differences in recovery of
DNA have been observed using different commercial extraction Kits. In this work, the QlAamp
CNA was used, which is considered as the gold standard approach [298]. In addition, higher
cfDNA amounts with increased number of wild type loci copies were recovered from serum
compared to plasma, likely due to the release of DNA from the lysis of white blood cells that
occurs during clotting [297]. This is in line with our findings that serum was enriched in wild
type GNAQ/11 ctDNA fragments compared to plasma samples (Supplementary Figure 3G). This
observation may explain the lack of detection of ctDNA in all serum samples despite having higher
cfDNA levels, making the use of plasma more likely suitable for liquid biopsy-based platforms to

screen for mutated ctDNA.

67



Half of UM patients will develop metastatic disease many years and even decades after
primary ocular tumor diagnosis due to dormant micro-metastases foci [1, 137, 140]. Blood-based
biomarkers screening, originally designed for cutaneous melanoma, have been tested in UM
patients, but have shown little promise [137, 278, 299, 300]. As metastatic patients present higher
ctDNA compared to patients with primary disease, our assay may be used to screen for patients at

risk of UM metastasis [47].

Conclusion
Our study is of high importance to monitor UM patients and individuals at risk of

developing the disease. Liquid biopsy is especially relevant to UM where classical tissue biopsies
are generally not used for diagnosis. As a noninvasive strategy, its combination to sensitive and
reliable technologies allows the monitoring of disease progression. By combining human UM cell
culture and an in vivo animal model, we established the proof of principle for the validity of ddPCR
to screen for specific UM mutated ctDNA in clinical UM samples. We conclude that patient plasma
is an easily accessible milieu to track mutated ctDNA for the early diagnosis and staging of the
patients, and the monitoring of disease progression. Further studies targeting the analysis of other
UM mutations and involving a greater number of primary and metastatic UM patients, and patients

with choroidal nevi are necessary, and are currently in progress in our institution.
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Preamble to Chapter 3

In Chapter 2, we demonstrated that UM driver mutations can be used to successfully detect
CtDNA using a highly sensitive ddPCR approach. We first showed detection of ctDNA in the
culture supernatant of human UM cancer cells lines. This finding was supported by the detection
of ctDNA isolated from plasma and aqueous humor derived from an animal model. The
translational nature of our study was highlighted in our clinical study, showing an association
between the presence of ctDNA isolated through UM driver mutations in patient plasma with
malignancy in UM.

Our findings showed strong evidence of ctDNA as a biomarker of UM. Other studies have
also supported this biomarker role in various cancer types [12, 13, 17]. However, the biology
underlying ctDNA release in cancer is still unclear. Previous literature suggests that ctDNA
emission is highly linked to cell death, mainly apoptosis and necrosis [35]. ctDNA fragment size
seems to inform about its origin. Necrosis releases longer DNA fragments whereas apoptosis
derives shorter DNA fragments [58, 59]. Since most of ctDNA observed in the bloodstream is
short, apoptosis seems to be the major contributor [34]. In addition to cell death, active cellular
secretion is also a mechanism of ctDNA release [58, 301]. Moreover, a recent study reported
senescence influences ctDNA levels [60].

We speculate that the Kinetics of ctDNA is treatment-dependent, and treatments release
different ctDNA pattern sizes. To address this hypothesis, we characterized ctDNA kinetics release
using our validated UM in vitro system. We simultaneously assessed ctDNA from colorectal and
lung cancer cells. The next chapter, thus, aims to better understand the underlying release process

of cfDNA in cancer. Understanding the mechanisms and context that contribute to ctDNA release
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is important to understand the kinetics of ctDNA in patients undergoing cytotoxic anti-cancer
therapies, such as chemotherapy and radiation

This chapter is based on Manuscript 3: The kinetics and fragmentation of cell-free
DNA from cancer cells are influenced by anticancer treatments. Submitted to Scientific

Reports.
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Abstract

Liquid biopsy-based detection of circulating free DNA (cfDNA) is a promising tool to
monitor tumor progression and treatment response. cfDNA release is thought to result from a
combination of cell death (apoptosis and necrosis), and active cellular secretion. As such, cytotoxic
anti-cancer therapies can impact cfDNA kinetics. This makes the interpretation of cfDNA analyses
pivotal for its applicability as a biomarker. In this study, we assessed the kinetics and fragmentation
of cfDNA in cancer cells of various origins following standard anti-cancer treatments with
different cytotoxic effects and mechanisms of action.

Human colorectal carcinoma, lung adenocarcinoma, and uveal melanoma cancer cells were
subjected to different forms of cytotoxic stress, including induction of apoptosis (tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (Apo2L/TRAIL)), cell cycle arrest (Roscovitine,
Valproic acid), necrosis (radiotherapy), and senescence. Following treatments, cells were analyzed
for their cell cycle progression, level of senescence, and mechanism of cell death (apoptosis vs.
necrosis). Heat treatment was used as a control for necrosis-related cell death. Total cfDNA and
mutant cfDNA (based on the mutations of each parental cell line) were isolated from cultured
media and quantified using the Qubit assay and digital droplet PCR targeting, respectively.
Fragment length of the isolated cfDNA was visualized using the Bioanalyzer 2100.

Total and mutant cfDNA levels increased during all cytotoxic treatments in a
concentration-dependent manner. Notably, cells undergoing apoptosis shed higher levels of
cfDNA compared to necrotic and senescent cells. In addition, electropherogram images showed
that cytotoxic conditions alter fragment size distribution, with smaller fragments of <200bp

associated with apoptosis and >1000 bp with necrosis.
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The kinetics and fragmentation of released cfDNA are influenced by cytotoxic insults.
Determining the characteristics of cFDNA can facilitate and improve its use as a clinical biomarker
during anti-cancer therapy. Our data pave the way for the establishment of criteria to apply when

monitoring cfDNA for cancer management based on the anticancer therapeutic strategy.

Key words: cell-free DNA, cancer cells, Anticancer treatment, Cell death, Cell cycle,

Senescence.
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Background

Liquid biopsy has emerged as a minimally invasive approach and a promising tool to detect
and monitor disease progression in many tumor types by using body fluids such as blood, urine,
sputum, and cerebrospinal fluid [292]. One of the analytes studied in liquid biopsy is cell-free
DNA (cfDNA). cfDNA is a mix of non-encapsulated DNA thought to be produced via active
secretion from live cells, including via extracellular vesicles and microparticles release [61, 301-
303], and as a product of cell death during apoptosis, necrosis, and autophagy [35, 58, 59, 304].
Depending on the mechanism of cell death, the size of shed cfDNA is reported to vary
substantially[305]. The majority of cfDNA appears in fragments of 180 bp, consisting of
internucleosomal DNA pieces resulting from apoptosis-linked caspase-dependant endonuclease
cleavage[306]. In contrast, such fragmentation does not occur during necrosis, where rapid non-
specific cleavage of DNA prevails and gives rise to larger fragments reaching 10,000 bp [53, 59].

While in healthy conditions, cfDNA is mainly released by hematopoietic cells [37], in
cancer patients, up to 40% of cfDNA is tumor-specific (i.e. circulating tumor DNA; ctDNA) and
can be detected by tumor-specific alterations, such as somatic mutations, viral sequences or
epigenetic markers[29, 307-309]. The amount of released cfDNA has been shown to increase
substantially in cancer patients and mirror the anatomical origin of a tumor [2, 47, 310]. Moreover,
the half-life of cfDNA in circulation ranges from seconds to 15 minutes which provides real-time
information on tumor spatial and temporal heterogeneity [311-314]. This makes cfDNA an ideal
biomarker of cancer monitoring longitudinally for treatment response, acquired resistance,
minimal residual disease, tumor recurrence, and development of metastasis [34, 315, 316].

Because cfDNA is released mainly as a result of cellular turnover, recent studies have

shown a correlation between cell death and cfDNA release [35]. We and others have also
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demonstrated that cfDNA in culture systems can be used to monitor drug response [3, 4, 61, 301,
303, 304]. Anti-cancer treatments such as radiation and chemotherapies are cytotoxic to tumor
cells by causing a mitotic catastrophe, leading to cell death mainly via apoptosis [317, 318].
Different studies have shown a correlation between cfDNA release following drug treatments that
cause apoptosis[316]. Certain chemotherapeutic agents and radiation therapy also cause cellular
senescence[318]. As a result, cfDNA levels have been shown to decrease during radiation, which
may be a result of cancer cells undergoing necrosis [319]. Taken together, studies suggest that
different treatment types can trigger specific patterns of cfDNA release. This release has been
correlated to apoptosis [58, 59]. While many studies have shown the value of ctDNA in monitoring
treatment response [13], others have found that non-apoptotic fragments cause higher ctDNA
fluctuations which may be related to the type of anti-cancer treatment and timing of sample
analysis [320, 321]. Therefore, understanding the relationship between the cytotoxic insult and the
subsequent type of cfDNA released might guide the optimization of liquid biopsy applications
based on the therapeutic strategy preconized as well to elucidate the clinical utility of cfDNA as a
potential biomarker for early diagnosis and management of cancer.

In addition to differences in cfDNA levels, recent studies have shown that its fragment
length may provide important information on the etiology of cfDNA [74, 75, 79]. Cancer patients
have shown more abundant and shorter cfDNA fragments[74, 310]. In particular, while a median
fragment size of 146 bp was noted in cfDNA derived from tumors, 168 bp was the median fragment
size of cfDNA release from noncancerous cells [322]. cfDNA fragment size has therefore emerged
as a criterion informing of cell death-involved mechanisms in tumors [57, 75, 79].

To gain a better understanding of the characteristics of cfDNA during anticancer

treatments, we assessed the levels and fragmentation of emitted cfDNA following cell death, cell
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cycle arrest, and induction of senescence using in vitro cancer models of colorectal, lung, and
melanoma cancer cells. We used clinically relevant cytotoxic conditions that mimic current
therapeutic strategies for the management of cancer. We isolated and quantified mutant cfDNA
from culture media and found a strong correlation between cfDNA release and cytotoxic
treatments. Notably, the size of shed cfDNA depended on the cytotoxic effects of the different
treatment approaches. These findings have major implications for improving the use of cfDNA as
a powerful biomarker in cancer patient care.

Methods

Cell lines culture conditions

Human colorectal (HCT116 and HT29) and lung (A549) cancer cell lines were gifted by
Dr. Peter Metrakos and Dr. Jonathan Cools, respectively (McGill University, Canada). Human
uveal melanoma (UM) cell line MP41 (CRL-3297) was purchased from ATCC (Manassas, Va,
USA). Human metastatic UM cell line OMM2.5 was kindly donated by Dr. Vanessa Morales
(University of Tennessee, USA). Colorectal and lung cell lines were cultured in DMEM medium
supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin antibiotics (all from
Corning). UM cell lines were maintained in RPMI-1640 medium supplemented with 10% FBS,
penicillin-streptomycin antibiotics, 10 mM HEPES, 2 mM glutaGRO, 1 mM Na-Pyruvate (all from
Corning), and 10 ug/ml insulin (Roche). The cells were used for all experiments at early passages

(P<20).

Cell exposure to cytotoxic treatments

6 x 10° cells were seeded in their respective culture media in T25 flasks to reach 80%

confluence at the time of exposure to the different treatments. These cells were treated with 2 mM
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valproic acid (VA, Sigma), 40 mM roscovitine (RO, Sigma), or 100 and 300 ng/ml APO2L/TRIAL
(APO, Sigma) for 48 hours. Control cell cultures were run in parallel in the presence of the
respective compound vehicles. VA was dissolved in water whereas RO and APO were dissolved
in DMSO.

For gamma irradiation, 1.5 x 10° cells were seeded in a 66 mm diameter dish to reach 80%
confluence at the time of exposure. Cells were exposed to acute doses of radiation using a
MultiRad225 irradiator (Precision X-Ray, Inc., Madison, CT). MP41 and OMM2.5 UM cells
received 10 Gy (IR1) and 15 Gy (IR2), while colorectal (HCT116 and HT29) and lung cancer
(A549) cells were exposed to 5 Gy (IR1) and 10 Gy (IR2). None-exposed cells were used as a
control. Immediately after exposure, these cells were detached using 0.05% trypsin/EDTA
(Corning) and re-seeded at 1:3 dilution and kept for 5 days in their respective culture media. After
every treatment, the supernatants were collected, spun at 500 g for 5 min, and stored at -20°C for

DNA isolation.

Cell cycle analysis

To analyze the percentage of cells in each phase of the cell cycle, we fixed treated and
control cells in 70% ethanol overnight. The cells were then washed with phosphate-buffered saline
(PBS) and incubated in 50 pg/ml. RNase solution (Thermofisher) for 30 mins at 37°C. After
another wash with PBS, these cells were labeled with 10 pg/ml propidium iodide (PI, Sigma) and
protected from light for 30 mins. These cells were analyzed using the BD FACS-CANTO II flow
cytometer system at the Immunophenotyping Platform of the Research Institute of the McGill
University Health Centre (RI-MUHC). Data analyses were performed using FlowJo V.10

software.
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Cell death analyses

Cell death was analyzed using two assays: Annexin V/PI labeling and caspase 3/7
enzymatic activity. For the annexin V/PI labeling, dissociated cells were resuspended in Annexin
V binding buffer and stained using the Alexa Fluor 488-AnnexinV/Dead Cell Apoptosis Kit
(ThermoFisher Scientific) following the manufacturer's instructions. Cell acquisition was
performed in an interval of no more than 1 h using the BD FACS-CANTO I1 system. Data analyses
were performed using FlowJo V10 software to determine the fractions of cells in early or late
apoptosis or necrosis. For caspase 3/7 enzymatic activity, upon irradiation, cells were plated in a
96-well plate at 2x103 cells/well and incubated with the 1X medium (RPMI or DMEM enriched
with FBS 10%) containing Essen Bioscience Incucyte® Caspase-3/7 activity reagent (Sartorius).
The plate was subsequently placed in the Incucyte® Live-Cell analysis system for 5 consecutive
days of live-cell imaging. Plates were scanned every 24 hrs for cell confluence and mean
fluorescence intensity (MFI) of the caspases substrate. Pictures from the scan interval were

analyzed using the IC Incucyte® software.

Senescence analysis

Cell senescence was assessed on irradiated cells using the acidic senescence-associated
beta-galactosidase staining assay (Sigma) according to the manufacturer’s instructions. Plates
were observed under an Evos microscope (Thermofisher), and images were captured at 40X

objective magnification.
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DNA isolation and quantification

Following the different cell treatments, cfDNA was isolated from 3 ml of culture media,
previously centrifuged at 300 g for 5 mins, using the QIAamp Circulating Nucleic Acid kit
(QIAGEN) according to the manufacturer’s instructions. The total DNA collected was kept in 50
ml AVE buffer (Qiagen; RNase-free water supplemented with 0.04% sodium azide) and quantified

using the Qubit dSDNA HS assay kit on a Qubit 2.0 fluorometer (Thermofisher Scientific).

Measurement of cfDNA by ddPCR

Digital droplet PCR (ddPCR) was used to assess mutant cfDNA through the presence of
specific hotspot mutations in the respective cancer cell lines (Table 1). ddPCR was performed as
previously reported [2]. Samples were run in triplicates in the following conditions: 10 mins at
95°C, followed by 50 cycles of 30 secs at 95°C, 1 min at the corresponding annealing temperatures
(Table 1), 30 secs at 72°C and 10 mins at 98°C in a C100 thermal cycler (Bio-Rad). The primer
and probes used were designed by IDT-Technologies and are described in Table 1. Samples with
< 2 mutant droplets were considered negative for mutant cfDNA. Once ddPCR was performed,
the number of mutant copies was generated by the Quanta Soft v 1.7.4. cfDNA is expressed in

copies/pl. Water-PCR grade was used as no template control (NTC) and added to each assay.

Fragment size profiling
0.5 ng/ul of isolated cFDNA was used to determine fragment size distribution using an
Agilent 2100 Bioanalyzer according to the manufacturer’s instructions. The fragment size of

cfDNA was defined as the mode of the main peak.
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Data analysis

All experiments were performed in at least three biological replicates with three technical
replicates for each cell line. Data were normalized using Excel, and statistical analyses were
performed using the GraphPad Prism7.0 software (GraphPad Software) by applying an ANOVA
followed by the Dunnett post-hoc test for multiple comparisons with one control group. Spearman
correlation analyses were performed to measure the degree of association between total cfDNA

and mutant cfDNA. Differences were considered statistically significant at P < 0.05.
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Table 7 ddPCR primer and probes sequences

Cell line Mutation® | Primer sequence®

MP41 GNA11 F:
(Q209L) CCTTTCAGGATGGTGGAT
GT
R:
ACATGATGGATGTCACG
TTCT
OMM2.5 | GNAQ F:
(Q209P) CTTGCAGAATGGTCGAT
GTAG
R:
GCGCTACTAGAAACATG
ATAGAG
A549 KRAS F:
(G12S) ATCGTCAAGGCACTCTTG
C
R:
AACCTTATGTGTGACATG
TTCTAA
HCT116 KRAS F:
(G13D) GATTCTGAATTAGCTGTA
TCGTCAA
R:
CTGAATATAAACTTGTGG
TAGTTGGA

HT29 BRAF F:
(V600E) TTCATGAAGACCTCACA
GTAAA
R:
ATGGGACCCACTCCATC

@ Hotspot mutation analyzed for the respective cell lines.
bF; forward primer, R; reverse primer.
CWT; wild type, MUT; mutant.

Probe¢

WT: 5HEX/AC+CGC+TGG+CC/
31ABKFQ

MUT: 56-FAM/AC+CGC+AGG+CC/
31ABKFQ

WT: SHEX/CCT+T+T+G+GCCC/
3IABKFQ

MUT: 56-FAM/ACCT+T+G+GGCC/
31ABKFQ

WT: SHEX/CGCC+A+C+CAGCT/
31ABKFQ

MUT: 56-FAM/CGC+CA+C+T+AGC/
31ABKFQ

WT: SHEX/TA+CG+C+C+ACCA/
3IABKFQ

MUT: 56-
FAM/CTA+C+G+T+CAC+CA/
3IABKFQ

WT:
SHEX/AGATTT+C+A+CTG+T+AGC/
3IABKFQ

Mut:/56-
FAM/AG+ATTT+C+T+CTGT+A+GC/
3IABKFQ

The annealing temperatures for the respective primers were 58°C for GNA11 A>T (MP41),

60°C for GNAQ A>C (OMM2.5), and 56°C for KRAS G12S (A549), KRAS G13D (HCT116), and

BRAF V600E (HT29).
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Results

Cancer cell emission of mutant cfDNA correlates with cell viability

Tumors have been reported to shed significant amounts of cfDNA[29]. Herein, we used an
in vitro model to assess the levels of cfDNA in culture media of different cancer cell types:
colorectal cancer (HCT116 and HT49), lung cancer (A549), and uveal melanoma (UM) (MP41
and OMM2.5) cell lines. Cells were seeded at different densities (0.5 x10°, 1x108, and 2x10° cells)
and cultured for 24 hrs. We then isolated cfDNA from the conditioned media and quantified the
levels of total and mutant cfDNA (according to the specific mutations of each cell line, Table 7)
using the Qubit assay and ddPCR respectively, as we previously optimized[2-4]. We noted that
the levels of total (Figure 3.1A) and mutant cfDNA (Figure 3.1B) increased proportionally to the
number of cultured cells, with a positive correlation between the number of cells and the levels of
mutant cfDNA (r = 0.7687, ClI = 0.3485 to 0.9316, p = 0.0035). Given the use of mutant DNA to
detect cfDNA-tumor specific in liquid biopsy samples[87], we utilized specific point mutations
(Table 7) to better understand the relationship between the cytotoxic insults and the levels of

mutant cfDNA released.

Cell death significantly increases cfDNA emission levels, with the largest contribution
from early and late apoptosis

To better understand the relationship between the cytotoxic insults and the levels of mutant
cfDNA released, we assessed the kinetics of cfDNA emission following different chemical and
physical treatments. Current anticancer therapies consist of strategies to kill (i.e. induce cancer cell
death) or block cancer cell growth (i.e by counteracting cell cycle progression and inducing

senescence). To mirror the range of agents used in the clinic, we tested the effect of treatments that
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induce cell death either by apoptosis or necrosis. We first induced apoptotic cell death through 100
ng/ml and 300 ng/ml of the TNF-related apoptosis-inducing ligand (TRAIL or APO2L;
APO)[323]:[324]. Following treatment of our cell lines with APO, we observed significant
increases in both apoptotic and necrotic cells in a dose-dependent manner, as shown by
representative plots of staining for cell death by Annexin V and PI, respectively (Figure 3.2A) and
the flow cytometric histogram of each cell line treated with APO or vehicle (control) (Figure
3.2B). This corresponded to a substantial and dose-dependent increase in mutant cfDNA,
engendering the greatest cfDNA release compared to other treatments (Figure 3.2C). This
increment suggests that apoptosis triggered high cfDNA release.

In addition, we used roscovitine (CY-202 or Seliciclib; RO), a small molecule that inhibits
several cyclin-dependent kinases to induce cell cycle arrest and apoptosis[325]. We observed that
RO significantly increases the percentages of apoptotic cells; with both early and late apoptosis
being activated (Figure 3.2A and 3.2B). When we assessed cfDNA release, we found that RO-
treated UM cells released more mutant cfDNA compared to colorectal and lung cancer cells
(Figure 3.2D).

We also evaluated whether mutant cfDNA was associated with necrosis. To induce
necrosis, we applied heat treatment, which has been shown to mainly affect cell growth through
induction of cell necrosis[326]. When we exposed the cancer cells to heat (i.e. 58°C), cells undergo
exclusively necrosis (Figure 3.2A and 3.2B). Heat treatment-induced necrosis caused moderate
mutant cfDNA release, with the UM cell line OMM2.5 releasing the highest amounts (Figure

3.2E).

Cell cycle inhibition also results in cfDNA release not associated with apoptosis
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Inhibitors of the cell cycle have been used as anticancer treatments[327]. To determine
whether cell cycle disturbances alter cfDNA emission, we assessed the levels of mutant cfDNA
upon 48 hours of treatment with 2 mM valproic acid (VA) which inhibits cell cycle
progression[218]. After exposure to VA (2 mM), we analyzed these cells for their progression
through the cell cycle phases. As compared to cells maintained in control medium, we found that
VA-treated cells accumulate more in the G1 phase, and subsequently progress less to S and G2/M
phases (Figure 3.3A and 3.3B). In addition, we found that it affects neither the percentage of
necrotic cells nor that of apoptotic cells in A549 and MP41. In contrast, we observed an increase
in cells positive to annexin in HCT116, HT29, and OMM2.5 cell lines, suggesting some levels of
apoptosis (Figure 3.3C and 3.3D). When cfDNA release was assessed, we found that the cell
cycle progression inhibitor VA also induced a release of mutant cfDNA independent of whether
apoptosis was induced, as shown by substantial increases in DNA emission in cells with no

apototic signal (Figure 3.3E).

Radiation fluctuates mutant cfDNA shedding

Radiotherapy (IR) is a standard treatment for solid cancers[328]. Irradiated cells undergo
senescence and cell death[329]. We exposed the cancer cells to acute doses of gamma-radiation.
When compared to non-exposed cells 5 days post-irradiation, we observed that radiation affected
cell viability by increasing the percentage of both necrotic and apoptotic cells (Figure 3.4A and
3.4B). In addition, to further explore cell death post-irradiation, we made a follow-up of radiation-
exposed cells for 5 consecutive days post-irradiation. We found that exposed cells displayed a
time- and dose-dependent increase in caspases 3 and 7 activities, suggesting that cells are dying

by apoptosis (Figure 3.4C and 3.4D). Moreover, when we analyzed these cultures for cell
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senescence, we found that 5 days post-treatment the irradiation increased the acidic -galactosidase
activity in all cell lines, suggesting induction of cellular senescence (Figure 3.4E). Following
gamma-irradiation, we detected cfDNA emission corresponding from minimally to moderate
amounts of mutant cfDNA, with a kinetic release that varies substantially between the different
cancer cells (Figure 3.4F). Further analyses are warranted to understand this variability.

Taken together, we report here that APO (apoptotic agent) induced the greatest levels of
mutant cfDNA, compared to roscovitine (apoptotic agent), VA (cell cycle interfering agent),
irradiation (senescence- and cell death-inducing agent), heat (necrotic agent), and irradiation. We
conclude that the type of cytotoxic insults applied to cancer cells increased the levels of mutant
cfDNA, with the largest contribution from cells undergoing apoptosis and to a lesser extent from
cells arrested at the G1 phase of the cell cycle (Figure 3.5). To confirm the effect of all treatments
in cfDNA isolated from conditioned media, we also evaluated total DNA (no mutation-specific).
We observed that total DNA concentration was influenced by all the treatments (Supplementary

Figure 3.1A and 1B).

All cytotoxic treatments resulted in larger cfDNA fragment

To assess whether cytotoxic conditions cause changes in DNA processing during cfDNA
release, we measured the size of cfDNA isolated from conditioned media following the different
treatments. Changes in cfDNA fragment size may be used to monitor responses response[78]. To
this purpose, we subjected the recovered cfDNA samples to a bioanalyzer tool analysis. When we
first measured cfDNA in control conditions at different time points, we noted a well-defined peak

of about 200 bp, corresponding to the expected range of 266 bp resulting from apoptosis[56]. By
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contrast, after 5 days in standard culture conditions, the 200 bp peak tends to dissipate, while a
10,000 bp peak emerged (Figure 3.6A).

Under cytotoxic treatments, we noticed various patterns of cfDNA fragmentation, with a
tendency towards larger fragment lengths following treatments. In cultures treated with APO and
roscovitine (apoptotic agents), we noticed the presence of a pattern of cfDNA fragments
reminiscent of that derived from apoptotic cells. Specifically, while roscovitine treatment-
generated electropherogram showed a 150 bp peak and larger fragments, peaks below 150 bp and
above 750 bp were observed in cfDNA isolated upon APO treatment (Figure 3.6B and 6C). In
cultures treated with VA (cell cycle interfering agent), the electropherogram displayed mainly a
DNA peak at ~5000 bp and a smear centered around 300 bp (Figure 6D). In contrast, in cultures
exposed to heat (necrotic agent) and in irradiated cultures (senescence- and cell death-inducing
agent) we observed major peaks at 10,000 bp (Figure 3.6 E-6 G), as previously reported. We
conclude that cfDNA fragment sizes are associated with the type of cellular response to the
cytotoxic insults, and that larger fragment sizes are associated with anti-cancer treatments. These
data stipulate the presence of a link between the anticancer treatments and the length of cfDNA

released during therapy.
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The levels of cancer cell-released mutant cfDNA correlated with the number of

Cancer cells were seeded at different densities (5x10°, 1x10°, and 2x10° cells) and cultured for 24

hrs. Conditioned culture media was collected to isolate cfDNA. The levels of both (A) total and

(B) mutant cfDNA were quantified using the Qubit assay and ddPCR (targeting hot spot mutations

specific to each cell line), respectively. Graphs represent fold change of mutant cfDNA levels in

media from the different cell cultures relative to levels in cultures with 5x10° cells. Data are

expressed as mean +/— SD (n=3 independent experiments. * Indicates p<0.05, ** indicates

p<0.01, whereas *** indicates p<0.001 compared against 0.5x108 cells.
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Figure 3. 2:APO2L/TRIAL induced cancer cell apoptosis and a substantially increase in

cfDNA level.

Cancer cells were seeded in T25 flasks at 6x10° cells/ml. At 80% Confluence, cells were left
untreated (Control) or treated with 100 and 300 ng/ml APO2L (APO) for 48 hrs, 40 uM roscovitine
(RO) for 48 hrs, or heat at 58°C for 30 mins. (A) Plots of A549 cells labeled with Annexin V and
PI. (B) Graphs show the percentage of cells in necrosis (Annexin V negative and Pl positive, in
black), ), late apoptosis (Annexin V positive and PI positive, in light gray), and early apoptosis
(Annexin V positive and PI negative, dark gray), and for each cell line. Cancer cells exposed to
cytotoxic insults induced differential mutant cfDNA levels release. After treatments, culture media
were recovered to isolate the cfDNA. Mutant cfDNA levels were evaluated using ddPCR by
targeting specific hotspot mutations in the respective cancer cell lines. Cells were left untreated

(Control) or exposed to (C) 100 and 300 ng/ml APO2L (APO) for 48 hrs, (D) 40 uM roscovitine
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(RO) for 48 hrs, (E) heat at 58°C for 30 mins. Scored data are expressed as mean +/— SD (n=3
independent experiments. * Indicates p<0.05, ** indicates p<0.01, whereas *** indicates p<0.001

compared against control.
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Figure 3. 3: Valproic acid-induced cancer cell accumulation at the G1 phase of cell cycle and

is associated with cfDNA release.

Cancer cells were seeded at 6x10° cells in T25 flasks. At 80% Confluence, cells were left untreated
(Control) or treated with 2 mM valproic acid (VA) for 48 hrs. (A) MP41 cells were loaded with PI
and analyzed for their progression in the cell cycle. (B) Graph shows the percentage of cells in
G1 (in black) phase after vehicle (C) and VA treatment. %S (synthesis) in light gray and %G2 in

dark gray. Note that cells progress slowly through G1 after VA treatment. (C) MP41 Cells were
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labeled with Annexin V and loaded with PI to determine the percentage of cells in early apoptosis
(Annexin V positive and PI negative), late apoptosis (Annexin V positive and PI positive), and
necrosis (Annexin V negative and Pl positive). (D) Graph shows the percentage (%) of cells in
necrosis (black), late apoptosis (light gray), and early apoptosis (dark grey). (E) Mutant cfDNA
levels were evaluated using ddPCR by targeting specific hotspot mutations in the respective cancer
cell lines after 2 mM valproic acid (VA) for 48 hrs. Scored data are expressed as mean +/— SD
(n=3 independent experiments. * Indicates p<0.05, ** indicates p<0.01, whereas *** indicates

p<0.001 compared against control.
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Figure 3. 4: Gamma irradiation decreased induced cell death and senescence on cancer cells.

1.5 x 10° cancer cells were seeded in a 66 mm dish to reach 80% confluence at the time of exposure.
Cells were exposed or not to acute doses of radiation. MP41 and OMMZ2.5 UM cells received 10

Gy (IR1) and 15 Gy (IR2) doses, while colorectal and lung cancer cells were exposed to 5 Gy
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(IR1) and 10 Gy (IR2) doses. (A) Representative plots of MP41 cells labeled with Annexin V and
P15 days post-irradiation. (B) Graph shows the percentage of cells in necrosis (Annexin V negative
and PI positive, shown in black), late apoptosis (Annexin V positive and Pl positive, shown in
light gray), and early apoptosis (Annexin V positive and Pl negative, shown in dark gray). (C)
Representative images of HCT116 cells analyzed for the Caspase-3/7 activity during a 5-day time-
course following irradiation. Cell cultures were scanned during the 5 consecutive days at 24 hrs
intervals using the Incucyte live imaging system. Representative images are shown. Scale bars:
200 pum. (D) Data are presented as mean fluorescence intensity (MFI) of the caspases substrate.
Control (no exposure) is shown in blue, IR1 (5 or 10 Gy) in red, and IR 2 (10 or 15 Gy) in green.
(E) 5 days post-irradiation, cells were assessed for their senescence using the acidic senescence-
associated beta-galactosidase activity. (F) Culture media were recovered to isolate the cfDNA
during the 5 consecutive days of irradiation. Mutant cfDNA levels were evaluated using ddPCR
by targeting specific hotspot mutations in the respective cancer cell lines. Cells were left untreated
(Control) or exposed to acute doses of radiation. HCT116, HT29, and A549 cells were exposed to
5 Gy (IR1) and 10 Gy (IR2) doses, whereas MP41 and OMM2.5 UM cells received 10 Gy (IR1)
and 15 Gy (IR2) doses. Data are expressed as relative levels of mutant cfDNA after the treatments
compared to levels in the respective controls set to 1 (mean +/— SD, n=3 independent
experiments). * Indicates p<0.05, ** indicates p<0.01, whereas *** indicates p<0.001 compared

against control.
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Figure 3. 5: Apoptosis is the main contributor of cfDNA release.

Levels of mutated cfDNA recovered from the different cancer cell line cultures were plotted
against the different treatments. Each box in the respective treatments represents the mutant
cfDNA amount recovered from the different cancer cell cultures (5 cell lines). Representative
images are displayed. Scored data are expressed as mean +/— SD (n = 3 independent experiments.

* Indicates p<0.05, ** indicates p<0.01, whereas *** indicates p<0.001 compared against control.

94



A CONTROL CONTROL CONTROL CONTROL

4 HRS r 8HRS 24 HRS 5D
Fu) Fu) (Fu) (Fu)
100~ 366
100— 100—
ra
o ” %
Pk . 4 p P p PN
0 0 0 0 » F
o %0 ' 50 00 e Py 3 1% 0 %0 1000 1030 (oo % 150 00 %0 100 1030 ool % 1% 3% AL R
B Cc D E
RO APO300 VA HEAT
[FU) [FU] [FU] [Ful
100 J 100 100-{
4 100
P P
sad Lo 7 | "
0 0 0| A
S P % o ( 8¢
F 10Gy 5D G 15Gy 5D
[FU) [FuU]
100 100
e

Figure 3. 6: Cancer cells exposure to cytotoxic insults released cfDNA with different sizes.

Culture media were recovered to isolate the cfDNA. Then, using an Agilent 2100 Bioanalyzer,
cfDNA samples were analyzed for fragment size distribution from untreated (A) conditions or
after treatments (A-G). Representative capillary electropherograms derived from MP41 are
displayed from (A) Control and after treatment with (B) 40 uM roscovitine (RO) for 48 hrs, (C)
300 ng/ml APO2L (APO) for 48 hrs, (D) 2 mM valproic acid (VA) for 48 hrs, (E) heat at 58°C for
30 min, and single exposure to (F) 10 Gy or (G) 15 Gy. The two reference peaks at 35 bp and

10,038 bp are shown in green and magenta, respectively.
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Discussion

During cellular turnover, cells release intracytoplasmic and nuclear contents which can be
detected in culture media [330]. This process has allowed various in vitro models to be used to
study cfDNA biology [301, 302, 304, 330] and to assess drug response [3, 4, 301]. Using this
model, we previously reported cfDNA release from UM cells into conditioned media [2]. We
further demonstrated the presence of dose-dependent cfDNA release during drug treatments,
including beta-adrenoceptors-blocker and mifepristone on UM and skin melanoma cells, both
potential adjuvant antitumor drugs [3, 4]. In the present study, we used a panel of cancer cells
(colorectal cancer, lung cancer, and UM cells) and different cytotoxic agents that mimic anticancer
therapeutic agents to study changes in the kinetics and fragmentation of shed cfDNA. We brought
evidence that the levels and fragmentation patterns of released cancer cfDNA depend on the
cytotoxic treatment. These findings suggest that, depending on the anticancer therapy applied, we
could predict the characteristics of the released cfDNA, which may guide the choice of suitable
analytical method of these DNA fragments.

Circulating tumor DNA (ctDNA)-based liquid biopsy has emerged as an important tool to
detect and monitor cancer[331] that allows for the real-time analysis of tumor cells or their
products using bodily fluids[29]. Various studies have reported that ctDNA circulating in the
bloodstream reflects tumor burden from primary and metastatic sites and heterogeneity by showing
a spectrum of mutations that correlate with tumor size[332]. As a result, ctDNA seems to be a
highly specific biomarker for non-invasive monitoring, and its fluctuations may help to guide
personalized therapeutic decision-making[265]. Although ctDNA as a biomarker has been widely
studied in clinical reports[14], our understanding of its etiology remains limited. Important

knowledge gaps remain on how cfDNA release is influenced by anti-cancer treatments, which has
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major implications for clinical interpretation of ctDNA levels in patients undergoing treatment.
We undertook the present study to address this gap.

Although the biology of cfDNA release is not fully understood, studies have generally
concluded that cfDNA is mainly a product of apoptosis[35]. To get more insights on the
mechanisms governing cfDNA generation, we applied a battery of cytotoxic conditions to cancer
cells that are similar to key effector mechanisms of several anticancer therapeutic drugs, including
agents that are inducers of apoptosis, necrosis, anti-proliferative (i.e. cell cycle blocker), and
senescence. In summary, we found that the levels and fragment sizes of mutant cfDNA were
associated with the mechanism of cytotoxicity. In agreement with our findings, it has been reported
that cytostatic treatment (i.e. cell cycle progression interference) alters cfDNA kinetics. More
specifically, a cfDNA increase was observed upon the cytostatic treatment. This increase might be
associated with the preparation for cell division[301]. Tumor cells that fail a transition from
synthesis (S phase) to mitosis (M phases) within the cell cycle might undergo apoptosis and/or
necrosis, processes that are known as a source of cfDNA[301].

Radiotherapy is one of the most common cancer treatments and is the standard of care to
treat UM lesions[1, 328]. Irradiated cells undergo mitotic catastrophe, a form of cell stress that
precedes apoptosis, necrosis, senescence, and autophagy[329]. However, little is known about the
effect of irradiation in cfDNA release. A previous study conducted in head and neck squamous
cell carcinoma and non-small lung cancer cells reported that cfDNA is modulated by a treatment-
induced cell senescence[60]. Other reports identified a correlation between cfDNA levels and
clonogenic survival, suggesting that cfDNA accurately quantified cell survival upon
irradiation[333]. These observations are in line with our conclusions from the present study. We

also noticed that the levels of cfDNA in the different cancer cells following treatments varied
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substantially. This variation may be due to the carried specific mutations in the respective cancer
cell type. For instance, in irradiated cells, we observed a discrepancy in the amount of cfDNA
release between HT29 and HCT116 cancer cells. This discrepancy could be due to the fact that
HCT116 cells harbor a wild-type TP53 whereas HT29 cells have mutated TP53. As TP53 favours
radiosensitivity[334], it may also be determinant in the differential release of the cfDNA.
However, this comparison was not possible in UM (OMM2.5 and MP41), in which TP53
mutations are uncommon[335], or A549 lung cancer cells that have been reported as wild-type
TP53[336]. Further studies are therefore required to analyze the effect of specific mutations, e.g.,
TP53, in cfDNA release.

In addition to cfDNA levels, the length of cfDNA fragments may also have prognostic
value[75, 79]. In both physiological and pathological conditions, a fragment length of ~266 bp has
been suggested as a result of apoptosis, reflecting the length of DNA wrapped around a
nucleosome, 147 bp, plus a stretch of DNA, 20 bp[56]. In contrast, necrosis has been associated
with high-molecular-weight DNA. Therefore large fragment sizes of about >10,000 bp have been
found[59]. However, the pattern of cfDNA fragmentation in cancer patients remains poorly
characterized. While some studies have shown that cfDNA isolated from individuals with cancer
is longer compared to those obtained from healthy subjects, others have reported an opposite
observation[77-79, 306]. More studies are warranted and are in progress by our group to clarify
this matter. Aside from this progress, our data bring evidence that the sizes of releases cfDNA

depend on the anticancer treatments.
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On the one hand, we show that anticancer treatments determined the levels and sizes of
cancer cell-derived cfDNA. On the other hand, encapsulated DNA in extracellular vesicles such
as exosomes is another major source of cfDNA, but which was not examined in the present study.

Studies targeting this specific reservoir of cfDNA are needed to complete the scheme as
they will provide further information about the mechanism of cfDNA release from cancer
cells[337]. In addition, the next logical step is to apply the analytical strategies we used in this in
vitro study to our established in vivo model[2] by analyzing mutant cfDNA in the circulation as a
preclinical step.

Our observations will help to better understand the release pattern of cfDNA under
anticancer therapeutic strategies. This approach will be beneficial in leading to a better
understanding of cfDNA role in cancer development and how best to utilize this indicator clinically

as a biomarker of treatment response and tumor progression.

Conclusion

cfDNA is a powerful biomarker of tumor burden and treatment response. A better
understanding of cfDNA kinetics is needed for the clinical applicability of liquid biopsy-based
cfDNA monitoring. Our data gave evidence that cancer cells under cytotoxic conditions displayed
differential cfDNA release and fragment size patterns. These data may help in tailoring targeted

strategies for cFDNA analyses depending on the anticancer therapeutic strategy recognized.
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Preamble to Chapter 4

The previous chapter showed that cfDNA release is altered under cytotoxic conditions. In
particular, using an in vitro system which included colorectal, lung, and melanoma cells, we
observed an increase in cfDNA release in apoptotic conditions compared to untreated conditions.
In addition, we observed changes in cfDNA fragment size according to release mechanism.
Understanding the mechanisms underlying cfDNA release and how these are modified under
different cytotoxic conditions will help to better understand cfDNA values under different
treatments in clinical settings.

Given that cfDNA has a short life in the bloodstream, from 15 minutes to 2 hours, various
reports have suggested cfDNA as a biomarker to monitor treatment response in real-time[13],
including to monitor tumor evolution during treatment and to identify molecular relapse [14]. To
further evaluate cfDNA utility, we used UM as a model to assess cfDNA release under two
potential anticancer drugs that are being investigated in our laboratory. cfDNA analysis in
preclinical studies allows us to better understand cfDNA release and how it is associated with cell
proliferation, cycle, and death. In the next chapter, we assessed cfDNA release by UM cells treated
with two drugs, propranolol and mifepristone, which have shown antiproliferation and cytotoxic
effects and are being investigated as adjuvant therapies in UM. This chapter demonstrates the
potential of cfDNA emission in culture systems as a biomarker of drug response in pre-clinical
testing.

Data included in this chapter were taken from two manuscripts:

1. Manuscript 4: Alvarez, P. B. et al. Anticancer effects of mifepristone on
human uveal melanoma cells. Cancer Cell International 21, 607, doi:10.1186/s12935-021-

02306-y (2021).

101



2. Manuscript 5: Bustamante et al. Beta-blockers exert potent anti-tumor
effects in cutaneous and uveal melanoma. Cancer Med 8, 7265-7277,

doi:10.1002/cam4.2594 (2019).
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Chapter 4: ctDNA as a biomarker of treatment response for potential new therapies in UM

Abstract

Our laboratory has previously shown that mifepristone (MF) and propranolol have a potent
growth inhibitor role in uveal melanoma (UM). In addition, cell-free (cf) DNA suggests being a
clinically relevant biomarker of tumor development and progression, including UM. However, a
better understanding of cfDNA in UM is still needed to be used in the clinic. Here, we investigated
the role of cfDNA as an indicator of treatment response under MF and propranolol.

Upon 72 h-MF or 24 hr propranolol treatment in human 92.1, MP41, MP46, MEL270, and
OMM2.5 UM and cutaneous melanoma (WM115 and WM266.4), cytotoxicity and cell death were
corroborated by CCK8 and annexin V- FITC, respectively. cfDNA was then extracted from the
supernatant from 3mL supernatant. By assessing hot spot mutations (i.e. GNAQ/11, BRAF) using
digital droplet (dd)PCR, we observed that cfDNA release correlated with drug treatment
concentration in a dose-dependent manner.

Our work is the first study focused on understanding the pattern of release of cfDNA using
in vitro model after MF and propranolol. Further studies on in vivo models will elucidate the role
of cfDNA in UM. Understanding cfDNA Kkinetics can help to understand its role in UM

development and how best to utilize this marker clinically.
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Background

cfDNA is released into the bloodstream mainly as a result of apoptotic or necrotic death,
and cellular secretions [34]. The half-life of cfDNA in blood ranges from 15 minutes to 2 hours
before its clearance [338]. The mutant-specific fraction of cfDNA, ctDNA, may be a real-time
marker that mirrors tumor biology and burden in cancer patients [13]. Anti-cancer treatments
induce cancer cell death through several mechanisms, leading to cellular turnover, apoptosis and/or
necrosis. Such treatments can therefore impact the kinetics of ctDNA levels assessed through a
liquid biopsy. Indeed, studies have reported that cfDNA informs on treatment response [120, 132,
136, 339]. To develop new sustainable and effective adjuvant therapeutic options, there is a crucial
need to better understand the role of cfDNA and use it as a means to understand treatment response.

Ocular melanoma is the most common primary intraocular malignancy in adults and the
second most common type of melanoma. It largely arises from melanocytes of the uveal tract
(uveal melanoma, UM) [146]. Local control of UM is often by local brachytherapy or
enucleation[340]. Although these approaches are effective, approximately 50% of patients will
develop local radiation metastasis, primarily to the liver[268]. Patients with metastatic UM have
an estimated survival of 6 months [341, 342]. There is a crucial need to better understand the
mechanisms involved in tumor dissemination and develop new sustainable and effective adjuvant
therapeutic options.

Unfortunately, the discovery and development of new therapeutics are costly and lengthy,
with high failure-to-market rates [343]. In contrast, drug repurposing studies are a cost-effective
means to find new applications to approved drugs. Some of the advantages of drug repurposing
are well-described safety profiles, reduced time frame for drug development, and less investment

[344].
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To address the limited treatment options to mitigate the progression of UM, our group is
investigating the potential efficacy of two approved drugs in UM: propranolol and mifepristone
(MF). MF is an antiglucocorticoid agent originally synthesized in the 1980s; yet due to its
unexpected potent antiprogesterone activity, it was rapidly repurposed to the field of reproductive
medicine for early termination of pregnancy, emergency contraception, and menstrual cycle
regulation [345-348]. MF was further recognized for its ability to inhibit cell growth in
endometriosis, uterine fibroids, and benign cases of meningioma [349]. MF has also shown a
promising anti-cancer therapeutic agent in several cancer cells, for instance, cervical, breast,
endometrial, ovarian, gastric, lung, brain, and prostate, regardless of progesterone, androgen, and
estrogen receptor expression [347, 348]. Particularly, this drug has shown to be a potent cell cycle
and DNA synthesis inhibitor [350]. We have demonstrated a potent growth inhibitory and lethal
effects of MF on primary and metastatic UM cell lines in a concentration-dependent manner. These
effects seem to be independent of cognate PR as no mRNA expression was detected for this
receptor in any of the UM cell lines studied [4].

Another potential anticancer drug for UM is propranolol: a beta-adrenoceptor (B-AR)
blocker. B-AR are membrane receptors activated by catecholamines, such as epinephrine and
norepinephrine. These stress-related hormones are increased in patients with cancer and their
contribution to tumor growth and disease progression has been established including in melanoma
[351]. Once activated by catecholamines, B-AR stimulate several intracellular signal transduction
pathways, such as the nitric oxide synthase, related to melanoma development and progression
[352]. Propranolol is a non-selective 1 and $2-AR blocker that has been in use since 1964 to treat
coronary insufficiency [353]. In addition to its beneficial effects on the cardiovascular system,

propranolol has also been successfully used for other purposes, such as glaucoma[354] and portal
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hypertension [355]. Due to its anti-proliferative properties, propranolol has become the first
therapeutic choice for infantile hemangiomas [356], and has been designated an orphan drug for
the treatment of glioma and angiosarcoma [357]. We have previously demonstrated that
propranolol induce an anti-proliferation and pro-apoptotic effects as well as reduced migration in
several UM and cutaneous melanoma (CM) cell lines. We also report the first analysis of the
expression of B1 and f2-AR in tumors from UM patients and in human UM cell lines. Overall,
MF and propranolol are well-established drugs with a good safety profile and few
contraindications [346, 358]. In our laboratory, we previously showed that both drugs have an
anticancer effect in UM [3, 4].

Here, we aimed to investigate whether cfDNA may be an indicator of treatment response
under these drugs. To do that, we quantified cfDNA levels released from human UM cells with
and without drug treatments in our established cell culture models. Our data provide compelling

support for the use of cfDNA to assess drug efficacy in human UM cancer cells.

Methods

Cell culture

Primary human UM cell line MEL270 and metastasis human UM cell line OMMZ2.5, stem
from the same patient and were kindly gifted by Dr. Vanessa Morales (University of Tennessee).
Primary UM cells 92.1 were kindly gifted from Dr. Martine Jager [285]. MP41 and MP46 UM cell
lines were acquired from American Type Culture Collection (ATCC, Manassas, VA, USA).
WM115 and WM266.4 cutaneous melanoma (CM) cell lines were derived from primary and
metastatic CM, respectively, from the same patient (ATCC). All cultures were maintained in RPMI

+ Glutamax (Gibco, ThermoFisher, USA), 10U/ml penicillin and 10 mg/ml streptomycin (Gibco)
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containing 10% of Fetal Bovine Serum (FBS, Gibco). Cultures were incubated at 37°C and
supplemented with 5% CO2 in a humidified incubator. Cells were quantified using a TC20
Automated cell counter (Bio-Rad, Irvine, CA, USA). Cells were authenticated before use by Short

Tandem Repeat (University of Arizona Genetic Core).

Drug Treatments

Propranolol: Propranolol hydrochloride (Cat P0884, Sigma-Aldrich, St Louis, MO, USA)
was dissolved in dimethyl sulfoxide (DMSO, Tocris, Oakville, ON, Canada) in a stock solution of
50mM. The solution was diluted freshly prior to each experiment in serum free (SF) RPMI media
to different concentrations as indicated in each essay.

Mifepristone: MF (Corcept Therapeutics, Menlo Park, CA, USA) was dissolved in DMSO
to generate a 40 mM stock solution that was stored at -20 °C. Prior to each experiment, the drug
was thawed and freshly prepared in media to reach a final concentration of 5, 10, 20, or 40 uM.
The final concentration of DMSO (Corning) in the media was 0.1% and served as vehicle control
in the absence of MF.

Cell viability assay
1.5 x 10 cells per well were seeded in a 96-well plate (Corning) 24 hours prior to treatment. Cells
were kept under 5, 10, 20, or 40 uM MF treatment for 72 hours, or 0 to 200 umol/L propranolol
during 24 hours. Then, 10 ul of cell counting kit 8 solution (CCK8, Dojindo Molecular
Technologies, Kumamoto, Japan) was added. After 1 hour of incubation at 37 °C and 5% COx,
absorbance was read at 450 nm using an Infinite M200 Pro plate reader (Tecan Trading AG). Cells
with no treatment were used as a negative control. Media and CCKS8 solution in the absence of
cells were used as a blank control. Percentage of metabolic activity was calculated according to

the following equation: sample - blank / negative control - blank * 100.
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Cell-free DNA detection

cfDNA was detected using a known mutation in the cell lines. First, 3 x 10° cells were
seeded per well in a 6-well plate. Following 72 hours of MF treatment at concentrations of 5, 10,
20, or 40 uM, 3 ml of culture supernatant was collected and spun at 300 g for 5 min. cfDNA was
isolated using the QIAamp Circulating Nucleic Acid kit (QIAGEN, Hilden, Germany) following
the urine protocol. cfDNA was kept in AVE buffer (RNase-free water with 0.04 % sodium azide;
QIAGEN), and quantified by a fluorometric method using a Qubit 4 (Thermo Fisher). Droplet
digital PCR (ddPCR) (Bio-Rad Laboratories) was performed to measure the number of copies of
cfDNA using wild type sequences and hotspot mutations GNAQ (Q209L and Q209P) and GNA11
(Q209L) by following a previously reported protocol [2]. No template control was added in each

assay. Individual runs were performed in triplicates.

Cell death assay

Early and late apoptosis, and necrosis were evaluated after 24-hour propranolol treatment
(0-200 pumol/L) or 72-hour mifepristone treatment (0-40 uM). Cells were double labelling annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) using the Dead Cell Apoptosis Kit
(Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. Then,
samples were analyzed using BD FACS Canto Il Cell Analyzer (BD, Evembodegem, Belgium).
Cells staining with Annexin V-FITC without Pl were considered early apoptotic cells, cells with
double staining were considered late apoptotic cells, whereas cells that incorporated only Pl were

considered necrotic cells.

Data analysis
All experiments were done in at least three biological replicates with at least four technical

replicates for each cell line. Statistical analysis was performed using GraphPad Prism 5 software
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(La Jolla, CA, USA). Analysis of variance (ANOVA) with a post-hoc test was performed to

evaluate the number of copies of cfDNA. P<0.05 was considered statistically significant.

Results

Potential anticancer drugs induce the release of cell-free DNA into the culture media

We have previously shown the ability to utilize driver mutations in UM (GNAQ and
GNAL11 c626A>T and A>C) to detect and monitor ctDNA in UM cell lines (Chapter 2). In Chapter
3, we demonstrated that cfDNA release is associated with cellular stress and cytotoxicity. Here,
we evaluated whether cfDNA was an indicator of treatment response on cells treated with two
anticancer drugs: propranolol or mifepristone.

To assess whether increased cell death due to either drug would result in increased cfDNA
secretion into the cell culture media supernatant, we quantified cfDNA release at various
concentrations of MF or propranolol using ddPCR for wildtype and mutant GNAQ (MP46, 92.1,
MEL270, OMM2.5) and GNA11 (MP41) in UM cells and BRAF (V600D) in CM cells.

The number of wild-type copies and mutant detected upon treatment of each UM cell line
with increasing concentrations of MF is depicted in Figure 4. 1 A-B. After 72 hours of MF
treatment, we detected a concentration-dependent increase in both wild-type and mutant cfDNA.
A highly significant increase in cfDNA can be seen at the lethal concentration of 40 pM MF.
Similarly, the release of cfDNA increased in a dose-dependent manner after 24 hours of
propranolol treatment in UM (Figure 4.1 C) and CM (Figure 4. 1D) cells.

We evaluated the cytotoxicity of the drugs by CCKS8, a colorimetric assay in which

reduction of water-soluble tetrazolium salt (WST-8) produces orange formazan and informs about
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metabolic activity. We observed that cell viability decreased with MF (Figure 4. 2 A) and
propranolol (Figure 4.2 B-C) treatment.

To further assess the cytotoxic effect of treatments on the cancer cell lines, we sought to
determine whether the cells were undergoing cell death (apoptosis and necrosis) by flow cytometry
analysis. Cells were doubled labeling with annexin V- FITC (apoptosis) and PI (necrosis) after
72-hour MF or 24 hour-propranolol. Figure 4.3 A depicts the flow cytometric histograms of each
one of the UM cell lines treated with vehicle or MF. We observed early (Figure 4.3 B) and late
(Figure 4.3 C) apoptosis, as well as necrosis (Figure 4.3 D) under MF. We observed that most of
the cells with MF were under early or late apoptosis. Only two cell lines, 92.1 and MEL270,
displayed some degree of necrosis as denoted by the cells binding PI. Similarly, we evaluated
apoptosis and necrosis in cells treated with propranolol (Figure 4.4 A-D). Similarly, cells under
propranolol underwent mainly early and late apoptosis, except OMM2.5 which showed Pl-positive
staining and no Annexin V-FITC staining, suggesting that necrosis was the dominant cytotoxic

mechanism.
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Figure 4. 1: MF treatment induces the release of cfDNA into the media supernatant.

Graphs show the number of wild type (A) and mutant (B) copies of cfDNA per ml of cell-free
media obtained 72 hours after incubation with vehicle, 5, 10, 20, or 40 uM MF. Likewise, cfDNA
in the supernatant was assessed following 24 h treatment with propranolol in (C) UM (Mel 270

and OMM2.5) and (D) cutaneous melanoma (WM266.4 and WM115) cell lines. *P < .05 vs

control.
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Figure 4. 2: Cell vitality decreased after drug treatment.

Graphs show cell vitality, metabolic activity of alive cells, after (A) MF (0, 5, 10, 20, or 40 mM)
for 72 hours, and (B) UM and (C) cutaneous melanoma with propranolol (0, 12.5, 25, 50, 100,

and 200 umol) for 24 hours.
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Figure 4.3: Mifepristone induces cell death.

(A) Representative histograms depicting the distribution of UM cells exposed to vehicle, 20, or 40
uM MF, and stained with Annexin V-FITC and/or PI after 72 hours of incubation. (B) The bar
graphs depict the percent of UM cells undergoing early apoptosis as marked by the labeling with
only Annexin V-FITC. (C) Results show the percent of UM cells undergoing late apoptosis
represented by cells double labeled with Annexin V-FITC and PI. (D) The percent of cells likely
undergoing necrosis is shown as Pl only stained cells. Data were analyzed using two-way ANOVA
followed by Dunnett’s multiple comparison test. * Indicates p<0.05, ** indicates p<0.01, whereas

*** indicates p<0.001 compared against vehicle-treated controls.
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Figure 4. 4: Propranolol induces cell death.

(A) Representative flow cytometry analysis of UM with propranolol (0-200 umol/L) using
annexin V FITC (C). Bar graphs showed (B) early apoptosis, (C) late apoptosis, and (D) necrosis.

Error bars represent + 1 SD. *P < .05 vs control (0 pumol/L).
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Discussion

The release of highly fragmented cell-free (cf)DNA is amplified during cellular turnover
and death and can be detected in biofluids, such as the blood. In cancer, tumor-specific cfDNA,
CtDNA, can be detected in a liquid biopsy. ctDNA is a promising cancer biomarker [29]. It can
inform us of the current state of a tumor [13]. It also allows earlier detection, helps classify a lesion,
informs on the mutational burden, and provides real-time disease monitoring in response to a
treatment [9, 12, 13]. However, the mechanisms underlying cfDNA release from cancer cells,
especially as it relates to cytotoxicity during anti-cancer treatment, remain largely unknown. A
better understanding of cfDNA Kkinetics release on in vitro models may help to clarify the
interpretation of ctDNA in clinical settings. This study aims to explore cfDNA release from tumor
cells and determine its role as a biomarker of treatment response to two potential anticancer drugs.

We previously optimized a methodology to detect the dominant driver mutations in UM,
using wild type and mutant GNAQ and GNA11 (c626 A>T and A>C) in cfDNA [2] (Chapter 2).
Here we applied these methods to detect GNAQ/11 cfDNA released by a panel of melanoma cancer
cells in the presence or absence of two potential anticancer drugs: MF and propranolol. Both of
these drugs have been investigated in our laboratory as potential adjuvant treatments for UM. Our
findings showed MF has a growth inhibitory and lethal effects of MF on primary and metastatic
UM cell lines in a dose-dependent manner [4]. We also observed a decrease in cell proliferation
and migration, as well as an increase of cell death in cells treated with propranolol[3].

Consistent with the cytotoxicity of both drugs, the release of wild type and mutant cfDNA
increased in a concentration-dependent manner. An increase in ctDNA could show cytotoxicity
[333] or activating on cellular secretion [301, 303], whereas a decrease can be indicative of

adaptive mechanisms resulting in resistant populations[14]. Conversely, the large increase in
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cfDNA observed at the highest doses of MF and propranolol are most likely a consequence of
widespread cell death only. This is corroborated by annexin V FITC staining positive, as cancer
cells were predominately under early and late apoptosis upon drug treatment. Overall, the dose-
dependent increase in ctDNA detection following MF or propranolol suggests that such an assay
could be used through a liquid biopsy as a non-invasive monitoring tool for treatment response in

patients.

Conclusions

cfDNA analysis could be an efficient and non-invasive tool to evaluate new treatment
options for patients with UM. Our results demonstrate cfDNA levels were associated in a dose-
dependent manner under MF or propranolol treatment, indicating that a significant increase in
DNA release occurs when either drug is used at lethal concentrations. This lethal effect occurred
in association with increased annexin V-FITC/ Pl double-labelled cells. Collectively our data
suggest that cfFDNA may be effective biomarker in anticancer therapy, and further studies are

warranted to understand its release.
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Chapter 5. General discussion

5.1 Summary

Unlike a “one-size-fits-all” approach, precision oncology focuses on therapeutics
according to specific molecular and cellular features of an individual patient’s tumor. This strategy
can guide treatment decisions and inform relapses [13, 316]. To treat patients more effectively in
a personalized way, precision oncology relies on real-time molecular profiling of tumors, which
requires tissue. While tissue biopsies are important for diagnosis and profiling, they have
limitations, such as low tumor cell yield and quality [8]. Moreover, tissue biopsies taken at a single
time point provide a static view of the tumor, and may not provide information about
intratumorally heterogeneity in time or space [9]. For example, by analyzing different sites of core
biopsy and regions harvested from nephrectomy and metastasectomy from metastatic renal cell
carcinoma samples, a study showed that a single tumor could present genomic signatures for good
as well as poor prognosis in different regions of the same tumor [359]. Sampling through one
biopsy can therefore miss information about the disease, which may impact the efficacy of
treatment. Multiple serial biopsies at different time points can help to better capture representative
samples; however, they require significant resources, may be invasive, and confer risks [360, 361].
In addition, a tissue biopsy may cause dissemination of cancer cells [362]. Although under debate,
some reports have suggested that the mechanical force of a needle biopsy may risk dislodging
tumor cells into the bloodstream or tissue fluid, which could contribute to tumor dissemination
[362].

A liquid biopsy-based biomarker is an alternative and complementary method to tissue
biopsy [13]. Liquid biopsy provides a novel means to sample tumor-derived material repeatedly

in real-time and in a non- or minimally invasive manner [29]. Nevertheless, further understanding
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of liquid biopsy-based analytes is needed to fully realize the potential of liquid biopsy. In this
thesis, we sought to establish a first-ever liquid biopsy-based assay for UM, the most common
intraocular tumor in adults. We then aimed to understand the mechanisms underlying ctDNA
release, its etiology and kinetics in response to treatment. The results of this thesis provide
compelling evidence of the clinical utility of such an approach and bring us closer to the real-time
monitoring of cancer patients through liquid biopsy-based ctDNA testing.

In Chapter 2, we hypothesized that ctDNA can be detected using UM early mutations and
that fluctuations in ctDNA levels are an indicator of tumor formation and burden. By using a
consistent methodology, we assessed and quantified the presence ctDNA in human UM cell
cultures in vitro, an in vivo animal model of human UM, and in a prospective clinical study. More
specifically, we used ddPCR to quantify wildtype (WT) and mutant (MUT) fragmented DNA from
the supernatant of cultures of human UM cell lines. Once our assay was validated in a culture
system, we conducted an animal model to test the correlation between ctDNA levels and tumor
formation and progression. No detectable ctDNA levels were found at the time of UM cell
inoculation. In contrast, ctDNA levels in rabbit plasma were detected as early as four weeks post-
inoculation (preceding clinical detection of the tumors). Moreover, aqueous humor (AH) was
evaluated as a source of ctDNA. While no detectable levels of ctDNA were found at the time of
cell inoculation, ctDNA from AH was detected once tumors developed. Importantly, ctDNA levels
derived from rabbit plasma and AH correlated with tumor formation and progression. To detect
CtDNA levels in patient blood, we conducted a clinical study to assess ctDNA isolated from patient
blood of primary UM and nevus patients, and healthy individuals, using then same methodology
of detecting UM driver mutations by ddPCR. ctDNA was positive in all 14 (100%) UM patients

(13 through GNAQ/11 mutation and 1 through PLCB4 mutation). In the choroidal nevus cohort,
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CtDNA using early UM initiating mutations was detected in 8 of 18 patients, and the levels
correlated with the presence of risk factors for malignant transformation into a choroidal
melanoma. No ctDNA levels were found in healthy participants (N=15).

Chapter 3 aimed to explore ctDNA kinetics under cell death, cell cycle arrest, and
senescence by using an in vitro cancer model in order to better understand ctDNA release and its
correlation with tumor biology. We analyzed the effect of ctDNA on several cancer cells with
cytotoxic conditions by drugs: TRIAL/APO2L, Roscovitine, and valproic acid (VA), as well as
environmental stress by heat and irradiation. We observed ctDNA was increased during cytotoxic
conditions in a dose-dependent manner. Apoptosis and cell cycle disturbances through anti-cancer
drug treatment caused significant cfDNA release compared to untreated cells. The release of
cfDNA was also induced following irradiation. In addition, electropherogram images showed that
cytotoxic conditions alter fragment size distribution.

Chapter 4 explored the potential of using ctDNA as a biomarker to evaluate the response
to anticancer treatments. UM human cell lines were treated with mifepristone and propranolol, two
drugs under investigation for adjuvant treatment in UM. Once the cytotoxic effect was established
[3, 4], we quantified mutant fragmented DNA released into the supernatant by ddPCR. We found
a dose-dependent relationship between cfDNA release from UM cells and these treatments.
Evaluating ctDNA in pre-clinical studies might help to better understand its fluctuations in clinical

studies.
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5.2 Discussion

Cancer progression encompasses dynamic molecular changes that resultin cell
proliferation and growth, death dysfunction, and replicative immortality [363]. These changes can
contribute to metastasis, the most serious consequence of cancer. Tracking these molecular
changes in real-time can provide relevant information to treat tumors, with the ultimate goal to
prevent the process of metastasis. The current methodologies to monitor tumor progression include
clinical examinations and imaging, which detect large changes, such as new tumors, substantial
tumor growth or shrinkage. These methodologies cannot detect molecular changes, the early stages
of dissemination or micrometastatic disease. To overcome this limitation, liquid biopsies have

emerged as a non- or minimally invasive approach to study cancer cell progression in real-time.

5.2.1 What is the origin of cfDNA?

cfDNA may stem from a combination of cell death, predominantly apoptosis and necrosis
[34, 35], but also it might be derived from NETosis, pyroptosis, phagocytosis, autophagy or mitotic
catastrophe [34, 35]. Cellular secretions, such as extracellular vesicles and extracellular particles
can also be a source of ctDNA [58, 305].

In cancer patients, ctDNA is derived from tumor cells and circulating tumor cells (CTCs)
[364]. In this thesis, Chapters 3 and 4 showed that ctDNA is derived from dying or dead cells,
confirming data from previous studies [35, 58, 59, 304, 365]. In our analysis, ctDNA release was
highest during apoptosis (Chapter 3), with our fragment size analysis indicating peaks related to
apoptosis. The fragments commonly found in the bloodstream are usually about 166 bp, which
corresponds to 147 bp of DNA wrapped around a nucleosome plus the DNA on histone H1. This

size suggests that the fragments are derived from apoptosis [56]. Our findings were confirmed
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when we evaluated ctDNA under cytotoxic conditions by two potential drug treatments that induce
apoptosis (Chapter 4). We observed that ctDNA levels correspond to drug concentration,
indicating a strong correlation between apoptosis and ctDNA release. This was supported by other
reports in which ctDNA informs treatment response [63, 116, 136, 319]. Chapter 3 also
demonstrated the impact of irradiation on ctDNA release in cancer cells, which is supported by
previous reports [333]. This phenomenon may attributed to irradiation causing mitotic catastrophe
followed by cell death [329]. ctDNA release during apoptosis could also be related to increased
cell proliferation [366]. Apoptotic cells promote the proliferation of surrounding cells, a process
called apoptosis-induced proliferation [367, 368]. During apoptosis-induced proliferation,
caspases cleave and activate calcium-independent phospholipases Az. This increases arachidonic
acid production to prostaglandin E2 (PGE2), a key mediator of apoptosis-induced proliferation?*’.
Moreover, proliferation might induce apoptosis[367]. Thus, signaling derived from proliferation
may include compensatory signaling from proliferative cells. Altogether, the data in this thesis and
in other reports [35, 53, 58-60] strongly suggest that ctDNA release is mainly attributed to cellular
turnover.

In addition to apoptosis, ctDNA release from necrotic cells has also been reported [59], but
the extent of its contribution remains under debate. ctDNA has been correlated with tumor burden
[126], and increasing tumor size has been associated with increasing levels of necrosis [88].
Apoptotic-derived fragments are around 166 bp whereas necrotic-derived fragments are longer in
length about 1,000 bp [59, 78]. Indeed, in our study, we found a peak >1,000 bp relating to
necrosis. However, these large fragments may be digested in the bloodstream to similar

mononucleosome-sized fragments as apoptotic ones (about 166 bp) [369]. Therefore, it is unclear
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whether cfDNA fragments observed in the bloodstream are derived from apoptosis, or they are
digested fragments from necrosis [369].

Cellular secretions, including active secretion from live cells, are also a source of cfDNA
[301, 305, 365, 370]. These secretions are associated with various cell-derived vesicles, such as
exosomes, microvesicles, and apoptotic bodies [371]. By analyzing blood, some reports have
indicated that cfDNA is released via EVs and acts as an intercellular messenger, modulating the
behavior of recipient cells [372, 373]. Altogether, determining the exact origin of cfDNA from
each of its sources will provide further information about the clinical utility of cfDNA and its

potential role in carcinogenesis and tumor progression.

5.2.2 Clinical utility of ctDNA

Numerous studies, including ours, have investigated the clinical utility of ctDNA to screen
cancer, monitor tumor burden and treatment response, and detect progression and metastasis [8,
12,13, 29].

Since an ultimate goal in cancer research is to prevent or delay metastasis, this dissertation
focuses on a highly metastatic tumor: UM. UM spreads to distal organs, such as the liver, bones,
and lung, through hematogenous dissemination [1]. This makes blood a suitable analyte to be
explored as a liquid biopsy. Indeed, several studies have investigated circulating tumor cells
(CTCs) as a liquid biopsy technigue in UM [259, 260, 374]. For instance, CellSearch, an FDA-
approved test, detected CTCs in 30% of samples, with CTC count associated with metastasis,
progression-free survival, and overall survival [259]. A subsequent study that analyzed arterial and
venous blood, showed that CTCs were identified in 100% of the arterial blood-derived samples

and 53% of venous blood-derived samples [260]. By studying in parallel CTCs and ctDNA, CTCs
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informed prognosis whereas ctDNA detected early metastasis [260]. Nevertheless, the clinical
utility of CTCs in UM is still unclear, and few studies have explored ctDNA potential in UM
(Table 2).

To address this knowledge gap on the role of liquid biopsy in UM, our proposed approach
sought to demonstrate the utility of ctDNA as a biomarker in a comprehensive study that includes
in vitro, in vivo, and clinical studies. By tracking ctDNA levels over time, we can gain invaluable
insight into how UM cells regulate their molecular status to survive, sustain themselves and spread
to other organs. Furthermore, we can identify molecular changes that can be useful in the diagnosis,

prognosis, and detection of early metastasis and against which targeted therapy could be directed.

5.2.21 ctDNA as a biomarker of UM

The clinical examination of UM and a choroidal nevus is performed using the same
methods: a routine slit lamp biomicroscopy, indirect ophthalmoscopy under dilated pupil,
ultrasonography, fundoscopy, and optic coherence tomography [375]. While the diagnosis of small
and flat nevi is generally well-established using these methods, large nevi have overlapping
characteristics with UM, which may result in a more challenging diagnosis [376]. Some
indeterminate pigmented tumors may carry a clinical dilemma to be treated as melanoma or be
clinically observed as a nevi [377].

To identify risk factors for nevus growth to melanoma, the mnemonic To Find Small
Ocular Melanoma Doing Imaging proposed by CL Shields et al [291] has been used in the clinic.
This mnemonic includes identifying thickness >2 mm, subretinal fluid, symptoms (visual acuity
loss to 20/50 or worse), presence of orange pigment, melanoma acoustic hollowness, and tumor

diameter >5 mm (photography) [18, 148, 291]. Importantly, the combination of factors increases
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the risk for tumor growth by about 4% [378]. More recently, age has been also identified as a
choroidal nevus risk factor that suggests a risk of malignant transformation [379]. In addition, the
MOLES scoring system has been proposed to distinguish melanoma from nevi. This system stands
for mushroom shape, orange pigment, large tumor size, enlarging tumor, and subretinal fluid [380].
Although some factors are suggestive of malignant transformation and support clinical diagnosis,
no molecular method is available to inform on malignant transformation and aid in distinguishing
lesions with overlapping features. Tissue biopsies are performed for prognostication and
cytogenetic testing in UM tumors, but are not generally performed to analyze nevi [277]. ctDNA
could address this need, by providing a minimally invasive source of ctDNA as a biomarker to
differentiate a nevus from a small melanoma. ctDNA analysis may also be important in
nonmelanocytic lesions that could be misdiagnosed as melanoma [381]. Our data support further
investigation of ctDNA to diagnose and monitor choroidal nevus. It would be interesting to
determine in the future whether positive ctDNA is an independent diagnostic biomarker of UM or
whether it could be added as a risk factor for nevus growth and transformation.

There are different approaches that could be employed to investigate whether ctDNA can
serve as a biomarker to differentiate a nevus from a small melanoma. For example, ctDNA analysis
can be coupled with other UM markers such as prognosis mutations (EIF1AX, SF3B1, and BAP1)
or the cytogenetic analysis (loss of chromosome 3)[1]. In addition, the fragmentation of ctDNA is
related to the tissue of origin[57]. Therefore, to explore the differences between ctDNA derived
from nevi and UM, we can study ctDNA physical properties. First, we can characterize DNA
methylation status in UM and nevus by conducting whole-genome bisulfite sequencing of
DNA[382] isolated from UM cell lines and nevus-like cells (choroidal melanocytes with a point

mutation in GNAQ Q209L[4]) as well as from patients with a nevus or UM. Additionally, given
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that difference ctDNA fragment size has been reported in malignancies vs control [74, 78, 79], we
can study whether this difference exists between both cohorts. Moreover, single-stranded DNA
ends, also called jagged ends, have been reported to be increased in cancer patients compared to
nontumoral DNA[383]. The characterization of jagged ends can also help us to differentiate
between a nevus and melanoma.

The findings of our clinical study also support the use of ctDNA to monitor patients that
are diagnosed with UM. Using the methodology outlined in this thesis, we propose a future
longitudinal ctDNA assessment that would assess the impact of treatment (enucleation and
radiotherapy) on the levels of ctDNA. This would allow us to determine the potential of ctDNA to
monitor treatment response. This study is ongoing in our laboratory. In a similar light, ctDNA
could be a valuable tool in clinical trials testing novel drug treatments for UM. Previously,
response to PD-1 immunotherapy was evaluated in two studies that include 3 [262] and 42 [266]
metastatic UM patients, respectively. Both studies showed that ctDNA analysis was associated
with anti-PDI treatment response and patient outcomes. A more recent study corroborated the
utility of ctDNA to monitor and predict UM response to PKCi-based therapy during a phase |
clinical trial [264]. Additional clinical studies on ctDNA will provide further information into how
a tumor evolves over time.

5.2.4 Models to study ctDNA

Several xenograft animal models have demonstrated the feasibility to detect ctDNA from
blood [384-386]. Thierry et al 2010 [386] conducted one of the first liquid biopsy animal models,
in which nude mice were xenografted with colorectal cancer cells and then analyzed for human
DNA sequences in the blood originating from the tumor xenograft, showing a correlation between

CtDNA and tumor burden [386]. Since then, our group and others have shown similar data,
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supporting a link between primary tumor volume and ctDNA [387]. Our data in Chapter 2 revealed
a strong correlation between human-specific ctDNA levels and disease development and
progression, attesting to the potential of such an approach in the diagnosis and monitoring of cancer
patients.

Due to ethical reasons, in vitro studies should be considered before the use of animal
models. In vitro models have been shown to offer an understanding of a disease’s impact at the
molecular and cellular levels. This thesis and several other studies have investigated the role of
cfDNA using in vitro models, which have allowed us to study different cfDNA aspects such as
kinetics, size profiling, and epigenetics markers under normal or cytotoxic conditions [34, 61, 301,
303, 304, 330, 365, 370, 388]. One example of these studies is the characterization of cfDNA
concentration in normal conditions by Ungerer et al [304], in which, similar to our findings in
Chapters 3 and 4, cell death correlated with cfDNA concentration [304]. In our study, cell lines
allowed us to study the effect of drugs on cfDNA release. Similarly, a previous study established
active secretion as a source of cfDNA when treating breast cancer cells with an apoptosis inducer
and cell cycle inhibitor [301]. The detection of cfDNA has recently been studied in patient-derived
organoids (PDOs), which retains characteristics more similar to patient disease than two-
dimensional (2D) models [389]. Using PDOs from pancreatic ductal adenocarcinoma, cfDNA has
been shown to mirror genomic alterations of the primary tumor [390].

In vitro cultures have some limitations. For example, they neglect external factors which
influence cfDNA release, such as the shear forces that may impact blood-derived DNA
fragmentation[391]. This approach also misses the activity of Dnasel/3 that have a role in ctDNA
fragmentation [369]. Moreover, cultures lack some factors that influence cfDNA elimination, for

instance the binding to plasma proteins (e.g., aloumin) that have a role in cfDNA clearance [391].
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Nevertheless, in vitro models are a reliable method to evaluate ctDNA [61, 303, 304, 330, 333,
370, 388]. Indeed, results obtained from in vitro systems have been supported by findings in animal

models [385, 387] and in human disease [2].

5.2.5 Factors that influence ctDNA analysis

Pre-and post-analytical variables can alter ctDNA results [294]. These variables include
blood collection tube type, handling, and processing of specimen from blood withdrawal to cfDNA
isolation (preanalytical), obtaining cfDNA (analytic), and reporting and interpreting results (post-
analytical) [392, 393]. Plasma has been reported to be a preferent analyte as a source of ctDNA
because serum has high background due to cfDNA released by white blood cells, with 2-24X the
cfDNA concentration found in plasma. This background is mainly from wild-type signals which
can dilute tumor-derived cfDNA and mask its detection [394]. Contrary to serum, plasma presents
low wild-type (WT) DNA background which improves ctDNA detection. In our study, we
analyzed a few healthy individuals using serum-derived samples (data not shown) that showed
higher total DNA levels compared to plasma-derived samples probably due to a high WT
background. For this reason, plasma isolation using tubes with EDTA anticoagulants is preferred.
However, cfDNA isolation should be performed within 6 hours after blood collection [395]. This
is because gDNA release increases over time which contributes to the high WT background [395].
For this reason, specialized tubes can be used to stabilize cfDNA. In this study (Chapter 2), blood
was withdrawn using PAXgene tubes (BD, Qiagen) that contain fixative agents for leukocyte
stabilization and cfDNA integrity preservation. Unlike EDTA blood collection tubes, PAXgene
tubes allow cfDNA preservation for up to 7 days at room temperature, thereby preventing potential

degradation of DNA [396].
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In addition, the amount and quality of cfDNA depend on the extraction methods [395].
Indeed, cfDNA extraction protocols have reported interlaboratory variability [397]. In this project,
samples were isolated by QIAGEN QlAamp CAN kit which has shown the highest cfDNA vyield
[397].

Postanalytical variables also alter cfDNA data. For example, quantification of cfDNA by
fluorometry methods (e.g., Qubit) has been reported to be more precise than Flurospectroscopy
methods (e.g., NanoDrop) [330]. Nevertheless, gPCR and ddPCR are more accurate and precise
than Qubit [298]. This project used ddPCR which detects and quantifies low levels of cfDNA, as
low as 0.1% mutant allele fraction, by partitioning the DNA sample into 20,000 water-in-oil
droplets [98]. ddPCR uses a low input amount which may result in less consistent results than NGS
[298]. However, NGS is less sensitive compared to ddPCR [398]. We observed that ddPCR
provides a highly accurate and absolute measure of amplifiable DNA as noted in previous reports
[298].

In an effort to mitigate the impact of experimental variables using standardized methods,
some guidelines have been established. For CTC analysis, standardization and quality assurance
in CANCER-ID has been established [399]. In addition, some organizations have come together
as the International Alliance for Liquid Biopsy to support clinical decisions and regulatory
considerations [400]. Standardizing cfDNA workflow will facilitate its integration in the clinic
[400].

Overall, various variables (from collection to analysis) could affect cfDNA results [391].
Therefore, standardized workflow and validated protocol are essential. This thesis was a pioneer
on best practices for blood collection, cfDNA isolation, and analysis in our laboratory, which

focuses on liquid biopsy methodologies.
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5.3 Limitations

Using in vitro and in vivo models as well as a clinical study, this dissertation focuses on
the analysis of circulating fragmented DNA, cfDNA, and its tumor-specific fraction, ctDNA.
While this project uncovered the kinetics of cfDNA in vitro, such analyses were not performed in
patient blood samples. In the bloodstream, DNA sequences are derived from dead or dying
hematopoietic [37] and tumor cells [35], CTCs [364], or EVs and extracellular particles [372].
These DNA sequences can be altered by bloodstream-related physical constraints, such as fluid-
wall shear stress [401], which may impact DNA fragmentation. Further studies that investigate

how shear forces of blood affect ctDNA detection are still needed.

Using different cancer cell types to evaluate the kinetics of cfDNA has increased the
generalizability of our results. All previous chapters highlighted ctDNA changes after various
conditions: cancer cell inoculation, exposure to cytotoxic, and potential antitumor treatments. This
thesis, however, did not explore the role of cfDNA derived from normal cells. Normal cells are
also killed by anti-cancer treatments [318]. In addition, cfDNA size and source released by healthy
cells differ from cancer cells [74, 304]. Futures studies that investigate cfDNA origin in normal

cells and how it is interconnected with ctDNA may provide useful information on cfDNA kinetics.

Another limitation in this study is that its experiments on ctDNA in UM patients (Chapter
2) have thus far been conducted only in the primary disease setting. However, its assay can be
applied in the metastatic disease by comparing ctDNA levels across time points. Most of the UM
patients in this clinical study had also received treatment before blood analysis, and serial time
points were not included. While serial time is not used, we incorporated a patient (LB036) for

whom we had before and after treatment samples, we observed that ctDNA levels decreased after
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treatment. Despite being limited to only one patient, this assay can be feasibly reproduced with
other patients for further analysis. Indeed, there is an ongoing study in the laboratory in sequential

samples (data not shown).

Previously, some reports have compared ctDNA from blood with ctDNA from tissue
biopsy. The range of concordance rate has been reported from 65 to 95% [331]. For example, a
study that analyzed KRAS alterations by NGS in blood and tissue showed an 85% concordance
rate between both specimens [402]. Although tissue biopsies were not available for our UM cohort,
this present study compared blood with eye fluid (aqueous humor) and tissue tumor in rabbit-
derived samples (Chapter 2). We also analyzed markers of malignancy on tissue from rabbits,
which will be compared with our ctDNA data (manuscript under preparation and not included in

this thesis).

5.4 Directions for future studies

Liquid biopsy could change the current paradigm in oncology for early cancer detection
and screening, treatment response monitoring, and metastasis prediction [12, 14, 29, 403, 404].
Although there is promising evidence showing the potential of ctDNA as a liquid biopsy-based
biomarker, little is known about the exact biological role of ctDNA in cancer patients. The results
and experimental models presented in this thesis provide new avenues and additional insight into
the mechanisms contributing to ctDNA levels in patients. One such future direction is to
investigate how ctDNA clearance occurs. ctDNA has a short life [12] and, as such, the timing of
sampling can affect ctDNA results [391]. It is known that ctDNA is cleared through uptake by the

reticuloendothelial system in the liver and spleen, filtration by the renal system, and degradation
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by nucleases [338]. Investigating which mechanisms play key roles in cfDNA clearance may
provide useful information on ctDNA fluctuations in cancer patients.

In addition, the biological function of cfDNA remains unclear in healthy conditions and
cancer. cfDNA is released by hemopoietic cells under normal conditions [37], and some reports
have indicated that it may be a passive byproduct or waste product [338]. By contrast, data has
suggested that cfDNA can act as a proinflammatory factor for toll-like receptors, TLR2 and TLR4,
that trigger the innate immune response [405]. Further work on understanding the relationship
between cfDNA in blood and immune response is needed. Moreover, evidence has suggested that
cancer cell-derived EVs contain DNA. These EVs can deliver their cargo to recipient cells,
modulating behaviour and contributing to cancer progression. This process suggests that cfDNA
in EVs can alter the proliferation, gene expression, and functional responses of normal cells [372].
For example, by culturing two cell lines (mouse embryo fibroblasts and pluripotent stem cells)
with plasma derived from colorectal cancer patients, researchers have shown that cfDNA encodes
KRAS mutant which can induce an oncogenic transformation of these cultured cell lines [406].
Thus, cfDNA may have a functional role [407], warranting further research on the role of EVs
and their cargo in cell-cell communication in cancer.

By using a consistent methodology, this thesis shows that ctDNA levels informed the
disease course in UM (Chapter 2). Despite our assay demonstrating high sensitivity and specificity,
it relies on prior knowledge of tumor-specific somatic alterations. While this is feasible in UM due
to the high prevalence of GNAQ/GNA11/PLCB4 and CYSLT2 driver mutations, such an approach
is not possible in other tumor types without NGS profiling. New approaches are being investigated
to overcome these challenges. Epigenetic profiling has been performed in ctDNA and correlated

to clinical parameters. For example, a methylation profiling method has been previously reported
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in breast cancer to track cancer cell evolution without prior knowledge of mutations [408]. The
FDA-approved Epi proColon 2.0 test has also assessed an epigenetic signature [72]. A
complementary approach that investigates epigenetic profiles in UM may allow researchers to
identify changes in ctDNA, which can be complementary to using driver mutations found in
CtDNA. Indeed, our laboratory has previously demonstrated a strong association between
methylation profiles and outcome in UM [409].

In cancer patients, ctDNA is also derived from CTCs [364]. Some studies have shown a
correlation between the presence of CTCs and ctDNA. In most cases, both CTCs and ctDNA are
detected in the same patients; however, in some cases, CTCs are not detected even when ctDNA
is. In cases in which both analytes are detected, the levels of ctDNA seem to be higher than CTCs
[364], reflecting the higher sensitivity of ctDNA assays. To gain insight into the potential of CTCs
as a source of ctDNA, further studies to elucidate the functional characterization of CTCs in UM
are still needed. Future work that compares other liquid biopsy-based analytes such as microRNAs,
EVs, tumor-educated platelets, or proteins with ctDNA may support the potential of liquid biopsy
in UM.

The analysis of the fragmentation patterns of ctDNA can also inform us about diagnosis
and prognosis in cancer [75, 77, 82] [410]. Our data on fragmentation in in vitro models (Chapter
3) showed that cytotoxic conditions alter cfDNA size. We propose in the future to evaluate the
ctDNA fragment size using patient blood across the disease course. This future work may elucidate
the potential differences in fragment size that may inform us about treatment response or risk of
metastasis.

The fragmentation of cfDNA is a non-random process [411]; however, there is a lack of

knowledge about cfDNA fragmentation patterns. It could be interesting to investigate the process
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of cfDNA fragmentation and the role of nucleosomes on fragment patterns. Markers focused on
cfDNA fragmentation and topology have emerged recently. For example, plasma DNA motifs [73]
and jagged ends [383] have been suggested as cancer biomarkers [57]. Further understanding of
the fragmentation process may elucidate markers based on fragmentation patterns which can be an

alternative to genetic markers for ctDNA detection in cancer.

5.4.1 Steps to the clinic

Despite this promising data, the liquid biopsy field still presents some limitations. The
process of ctDNA analysis is laborious and can bring technical pre- and post-analytical
variables[392] that affect ctDNA results. In order to minimize analytical validity and facilitate
ctDNA workflow, we suggest looking at automatized technologies and investigating the feasibility
of analyzing plasma without ctDNA isolation. A ctDNA analysis from plasma omitting ctDNA
isolation has been conducted in previous studies [412-414]. By comparing this direct ctDNA
testing with current commercial isolation Kits, similar ctDNA concentration levels have been
reported in these studies [415]. An easier workflow will facilitate ctDNA integration into the clinic
[265].

BRAF and GNAQ/11 mutations have been found in cutaneous [416] and choroidal nevi
[163], respectively, indicating that driver mutations are needed but insufficient for melanoma
development. Our assay relies on driver mutations to evaluate ctDNA. Integrating mutations
associated with metastasis risk, such as BAP1[164], in a liquid biopsy assay would be also
clinically relevant.

The integration of ctDNA into the clinic can make a difference for UM management.

Recently, tebentafusp treatment showed to improve the overall survival in metastatic UM patients
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(21.7 months vs 16 months for the control cohort) [417]. In addition, an observational study
reported that ctDNA analysis predicted metastasis before any symptoms [418]. However, in order
to ctDNA achieve the clinic, its sensitivity and specificity of cancer detection should be measured
in a prospective study in which tumor biopsy tissue is collected to corroborate point mutations.
The collection of serial plasma samples is also needed for therapy response monitoring. Due to the
rare nature of this disease, the sample size calculation for this study should be extensively analyzed
[419] and the involving various centers are warranted. Consequently, this new therapy coupled
with the prognostic value of ctDNA may improve UM mortality. It is important to note that once
the sensitivity and specificity of ctDNA in UM is validated, this approach must be approved by
the regulatory agencies to reach the clinic [420].

Various studies have investigated liquid biopsies in cancer, including ctDNA, CTC, or EVs
in different bodily fluids. To better understand this extensive data, the use of machine learning has
been proposed. In particular, machine learning has been proposed to elucidate signatures of
different biomarkers [421] and to capture the relationship between a biomarker and cancer subtype
heterogeneity [422]. Indeed, by using machine learning, new liquid biopsy approaches have
emerged. For example, the Grail’s test, a multi-cancer screening test based on the cfDNA
methylation profiles that uses machine-learning algorithms and NGS, appears to inform an early
cancer detection [423]. Therefore, machine learning may advance the use of liquid biopsy for

cancer detection and management in the clinic.
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5.5 Conclusion

Collectively, the findings described in this thesis indicate that ctDNA is a potential liquid
biopsy-based biomarker for UM and, as a result, provide compelling evidence for its further
investigation for clinical use. It is minimally invasive, and its analysis is sensitive and specific.
Using UM cancer models, which include in vitro and in vivo models as well as patient blood, has
demonstrated that ctDNA is clinically relevant. By using preclinical models, we show ctDNA is
altered in cytotoxic and stress conditions as well as it is a potential biomarker of drug response.
The data outlined in this thesis show the importance of evaluating ctDNA in various conditions
and highlight the potential role of ctDNA as a non-invasive diagnostic biomarker and monitoring
tool. Altogether, these chapters validate the importance of evaluating ctDNA release in cancer.

Indeed, by using our experimental approaches, our work could expand beyond UM to other cancer

types.
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A.1 Supplementary Material -Chapter 2

A.1.1 Supplementary Figures

A. GNAQ

B. GNA11

g s
i

C. PLCB4
e
i

1
i

L2

D. CYSLTR2

i
§
e

Supplementary Figure 1. ddPCR is feasible and valuable for sensitive sensing of specific UM
mutated cfDNA. gBlocks that mimic A) GNAQ, B)GNA11, C)PLCB4, and D)CYSLTR2 specific
mutations were assayed by ddPCR assay on serial dilutions. Note that minimal levels of mutated

copies were detected.
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Supplementary Figure 2. Rabbit plasma total cfDNA levels did not correlate with either the
levels of ctDNA nor tumor size category. A-C. Amounts of total cfDNA isolated from the plasma
of rabbits from group 1 (A), group 2 (B), and group 3 (C). D-E. Amounts of total cfDNA isolated
from the aqueous humor of rabbits from group 1 (D) and group 2 (E). F-I: Levels of total c-DNA

isolated from the rabbit plasma (F and G) or the aqueous humor (H and 1) of rabbits were plotted

165



against the amount of ctDNA (F and H) or tumor size categories (G and I). No correlation has

been found.
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Supplementary Figure 3. UM patients blood ctDNA levels did not correlate with either the
levels total cfDNA of nor the age of patients. A. Amounts of wild type cfDNA isolated from the
plasma of enrolled patients. B and C. Levels of ctDNA isolated from the plasma of UM patients

were plotted against the age (B) or the amount of total cfDNA (C). No correlation has been found.
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D. Amounts of total DNA extracted from 2 ml of serum/plasma. E. Total DNA extracted from

plasma and serum. F. Total DNA derived from all UM patients vs. all nevus patients. G. Wild-

type copies per ml in plasma and serum. * P < 0.01, **** P < (0.001.
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A.1.2 Supplementary Tables

Supplementary Table 1. Description and mutational profile of used human UM cell

lines.

Cell line Origin GNAQ/11 mutational
status

92.1 PDX establish from primary tumor GNAQ ¢.626 A>T

MP41 PDX establish from primary tumor GNA11 c.626 A>T

MP46 PDX establish from primary tumor GNAQ c.626 A>T

MEL270 PDX establish from primary tumor * GNAQ c.626 A>C

OMM2.5 PDX establish from metastatic lesion * GNAQ c.626 A>C

OCM1 PDX establish from primary tumor Wild type

* same patient
Supplementary Table 2. Summary of UM tumor formation in rabbits.
Rabbit ID Cell line Time to tumor Tumor grade Lifespan (weeks)
(mutation) detection (weeks)

Gl:1 92.1 (GNAQ) 5 3 20

G1:2 92.1 (GNAQ) 6 1 20

G1:3 92.1 (GNAQ) 5 2 20

Gl4 92.1 (GNAQ) 5 2 20

G115 92.1 (GNAQ) 5 3 20

G2:1 92.1 (GNAQ) 5 1 18

G2:2 92.1 (GNAQ) 6 0 18

G2:3 92.1 (GNAQ) 5 0 18

G2:4 92.1 (GNAQ) 4 0 18

G2:5 92.1 (GNAQ) 5 1 18

G3:1 MP41 (GNA1l) 5 0 19

G3:2 MP41 (GNA11) 8 1 19

G3:3 MP41 (GNA11) 6 0 19

G3:4 MP41 (GNA1l) 5 2 16

G3:5* MP41 (GNA1l) - - 3*

* excluded from the study due to cyclosporine toxicity
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A.2 Supplementary Material -Chapter 3
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Supplementary Figure 5. (A) Graph shows total DNA (nontumor-specific fraction) in ng/ul after
untreated (Control), 100 ng/ml (dark green) or 300 ng/ml (light green) APO2L (APQO) for 48 hrs,
40 uM roscovitine (RO, in purpure) for 48 hrs, heat at 58°C (in orange) for 30 min or exposed to
2 mM valproic acid (VA, in blue) for 48 hrs. (B) Graph shows total DNA every 24 hrs during the
5 consecutive days of doses of irradiation. HCT116, HT29, and A549 were exposed to 5 Gy (IR1)
or 10 Gy (IR2) dose, whereas MP41 and OMMZ2.5 cells were exposed to 10 Gy (IR1) and 15 Gy
(IR2) doses. Scored data are expressed as mean +/— SD (n = 3 independent experiments. * Indicates

p<0.05, ** indicates p<0.01, whereas *** indicates p<0.001 compared against control.
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