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ABSTRAKT (C2)

Lidé jsou v pribéhu Zivota vystaveni riznym faktorim zpusobujicim posSkozeni DNA, vedouci
ke zménam v bunécné fyziologii a potencialné k expanzi imortalizovaného bunéného klonu
a vzniku nadoru. Mutace v DNA jsou jak zaznamem o pusobeni mutagennich procesu, tak
kli¢em k biologii a patofyziologii nador. Masivné paraleini sekvenovani umozriuje sekvenovani
vSech koédujicich sekvenci ¢i dokonce celych genoma lidskych nadoru. Z téchto dat je mozné
ziskat vzorce mutaci typické pro jednotlivé mutagenni procesy, stejné jako poukazat na mutace
a geny hrajici roli pfi vzniku a vyvoji nadoru. Rada popsanych vzorcti mutaci véak nema
znamou pfic¢inu a fada znamych karcinogen nema dosud pfifazen mutacni vzorec. Stejné tak
se pfedpoklada, ze dosud neni znama fada mutaci a genl s vlivem na vznik nadoru. Tato
disertacni prace charakterizuje experimentalni systém zaloZzeny na imortalizaci mysSich
embryonalnich fibroblastd (MEF) za puUsobeni mutagenu, umoznujici ur€eni vzorcl mutaci
danych mutagen( a ur€eni mutovanych genu dulezitych pro vznik nadoru. Kultivace bunék MEF
vede k jejich senescenci, ktera mize byt pfekonana mutacemi ve funkéné dulezitych genech,
analogicky ke stadiim vzniku lidskych nadord. Sekvenovani koédujicich sekvenci 25
imortalizovanych buné&cnych linii, které vznikly za plsobeni rozlicnych mutagenu, ukazalo,
Ze tento systém dokaze rekapitulovat vzorce mutaci nalezené v lidskych nadorech. Tyto
bunécné linie také vykazovaly mutace v fadé genl dulezitych pro vznik rakoviny u Clovéka
a genu ucastnicich se epigenetické regulace. Skoérovaci systém, vyvinuty v ramci této prace,
urCil jako mozné geny podporujici vznik nadort geny znamé (napf. Tp53 a Hras), ale i geny,
jejichz vliv na vznik nadorl u ¢lovéka dosud nebyl zkouman, jako je Smarcd2, kodujici
podjednotku komplexu BAF regulujiciho chromatin. Pouziti molekularniho inhibitoru ukazalo, Ze
MEF bunécéna linie s mutaci Smarcd2 je zavisla na aktivité komplexu PRC2, coz koresponduje
s vysledky ziskanymi z lidskych buné&cnych linii s mutacemi dalSich podjednotek komplexu BAF.
PfedloZena disertaCni prace ukazuje, Ze imortalizované linie z MEF bunék mohou byt vyuZity

jako ucinné modely pro studium dulezitych aspektu vzniku nadoru.

Klicova slova: mutace, vzorce mutaci, mutagen, onkogen, tumor supresor, Ras, BAF



ABSTRACT (EN)

Humans and cells in their bodies are exposed to various mutagens in their lifetime that cause
DNA damage and mutations, which affect the biology and physiology of the target cell, and can
lead to the expansion of an immortalized cell clone. Genome-wide massively parallel
sequencing allows the identification of DNA mutations in the coding sequences (whole exome
sequencing, WES), or even the entire genome of a tumour. Mutational signatures of individual
mutagenic processes can be extracted from these data, as well as mutations in genes
potentially important for cancer development (‘cancer drivers’, as opposed to ‘passengers’,
which do not confer a comparative growth advantage to a cell clone). Many known mutational
signatures do not yet have an attributed cause; and many known mutagens do not have
an attributed signature. Similarly, it is estimated that many cancer driver genes remain to be
identified. This Thesis proposes a system based on immortalization of mouse embryonic
fibroblasts (MEF) upon mutagen treatment for modelling of mutational signatures
and identification and testing of cancer driver genes and mutations. The signatures extracted
from WES data of 25 immortalized MEF cell lines, which arose upon treatment with a variety
of mutagens, showed that the assay recapitulates the signatures of these compounds found
in human tumours. The cell lines also harboured numerous mutations in genes known to act
as cancer drivers in certain contexts, as well as mutations in a list of genes implicated
in regulation of the epigenome. A scoring system devised for this study identified multiple
putative drivers of the cancer-like phenotype of the cell lines, both well-known drivers (Tp53,
Hras) as well as yet unrecognized putative ones (Smarccl, Smarcd2 subunits of the BAF
chromatin remodeling complex). Experiments using a small molecule inhibitor showed that the
Smarcd2 mutation is likely to create a dependency of the affected cells on the PRC2 complex,
as was previously demonstrated for other mutations in the BAF complex subunits in human
cancer cell lines. In summary, the data presented in this Thesis show that the MEF cell lines are

an invaluable resource for studies of certain aspects of human cancer development.

Keywords: mutations, mutational signature, mutagen, cancer driver, Ras, BAF



1. INTRODUCTION

Cancer is a group of diseases which can originate from various cell types, have diverse risk
factors as well as epidemiological and clinical characteristics. It is characterized by uncontrolled
proliferation of cells which do not respect normal tissue organization and can invade distant
sites in the body.

It was demonstrated that mutagenic compounds bind to the the deoxyribonucleic acid (DNA),
the molecular substance of genetic information, and cause its damage and base alterations
in the DNA, leading to pathological processes in the affected cell and, ultimately, expansion
of an immortal cellular clone and formation of a tumour. Thus, mutations in the DNA are central

to cancer development and physiology.

1.1. Alterations in DNA as a record of mutagenic processes

Mutations in the tumour DNA are a result of mutagenic processes operative during the tumour’s
lifetime. Most mutations are so called somatic mutations, originating and present in a specific
somatic cell clone, as opposed to germline mutations which are present in all cells of the body
since the conception. Mutations can arise due to environmental carcinogens, which alter the
DNA directly, or indirectly, or by inherent errors of the DNA replication machinery. Various

reports estimate that environmental risk factors are responsible for 60-90 % of cancer cases.™?

Human tumours usually develop under the influence of multiple mutagenic processes, making
it challenging to distinguish the individual contributions to cancer development. To address
the problem, Alexandrov et al. took an advantage of the vast amounts of data on somatic
mutations in cancer, generated by massively parallel sequencing of human tumours
and available in public repositories. Using non-negative matrix factorization method, they
decomposed the frequencies of single base substitutions in 96 classes (6 mutation types — C>A,
C>G, C>T, T>A, T>C, T>G —in 16 possible trinucleotide sequence contexts) to specific patterns
of mutations, termed ‘mutational signatures’. The method was applied on somatic mutation data
from more than 12,000 tumours from 40 cancer types and identified 30 patterns of mutations
which were termed ‘mutational signatures. Some signatures were attributed to mutagenic
processes (both innate and environmental) based on the knowledge of epidemiology
and mechanisms of action®*. However, many signatures still do not have an attributed cause,
and vice versa, many known carcinogens do not have an attributed signature. A systematic
experimental approach is needed to provide the explicit link between a mutagenic process

and a mutational signature. The most valuable will be systems based on genome-wide
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massively parallel sequencing, since they provide enough detail with a relatively small
5-10

investment, as opposed to single- and reporter-gene based approaches.
1.2. Alterations in DNA as the causes and effectors of tumour physiology

Some mutations in the DNA can confer a selective growth advantage to a cell clone, which can
lead to its expansion and result in the development of a tumour. Such mutations are called
‘cancer driver mutations’ and the genes affected by these mutations are called ‘cancer driver
genes’. Driver genes with gain-of-function mutations are called ‘oncogenes’ and driver genes
with inactivating mutations are called ‘tumour suppressor genes’. Over 600 genes were found
to be implicated in cancer so far and are now included in the Cancer Gene Census, a manually-
curated database of cancer driver genes (Futreal et al., 2004). Most tumours bear several driver
mutations; however, the majority of mutations, both somatic and germline, do not have an effect
on cell fitness. These are called passenger mutations. Discriminating the ‘drivers’ from

the ‘passengers’ is one of the main interests of cancer research.

Many key drivers that are frequently mutated in various cancer types, such as the RAS genes,
BRAF or TP53, were identified based on experimental approaches (cloning and cell
transformation assays). However, genes with lower mutation frequencies can also shift normal
cells towards the cancer phenotype. One challenge that remains is the identification of driver
genes that are mutated with low frequency.'**?

Since the mutations in driver genes confer a selective growth advantage to a cell clone,
a) the driver genes should be mutated more frequently than expected from the background
mutation rate, and b) the mutations affecting the driver gene will have a functional impact.
Computational approaches to identify cancer driver genes using the human tumour sequencing
data are based on these notions; they perform well in identifying known, frequently-mutated
drivers, but give very different predictions when it comes to genes mutated with lower
frequency.’**** A method based not on the individual genes, but on a network approach
performed better.® The driver genes produce proteins which function within protein complexes,
pathways or networks. These higher-level units could be thus seen as the ultimate cancer driver
events. Though the abovementioned studies provided a lot of information, it remains descriptive

and lacking mechanistic insight.



1.3. Mouse embryonic fibroblasts as a model of cancer development

Mouse embryonic fibroblasts (MEF) are primary cells. They grow in culture until senescence,
which is bypassed, and immortalized cell lines arise. The immortalization step is a bottle neck,
resembling those involved in the development of human tumours. MEF immortalization is easier
than that of human cells, because MEFs do not undergo replicative senescence (they express
telomerase and possess long telomeres). Senescence in MEFs is driven by other types of DNA
damage, like reactive oxygen species (ROS) due to the culture conditions, and it is overcome by
mutations in functionally important genes. Here we propose the carcinogen-exposure MEF
immortalization assay for both modelling of mutational signatures, and identifying and testing
novel driver genes (Figure 1).

2. HYPOTHESES AND AIMS OF THE THESIS

2.1. Hypotheses

| hypothesized that the carcinogen exposure and immortalization MEF assay recapitulates
features relevant to the activity of used mutagens and selects for mutations that contribute
to the cancer-like phenotype of the immortalized cells. Mutations act in a combinatorial manner
and each clonal cell line results from the selection of a specific combination of growth-promoting
driver mutations and driver genes. These can involve alterations in known, frequently-mutated
genes as well as yet uncharacterized events. | further hypothesized that the driver mutations are
introduced early in the assay due to the carcinogen treatment and are likely to become
components of the carcinogen-specific mutational signature. Driver mutations can thus be
identified from the pool of non-synonymous exposure-specific mutations with predicted

functional impact, and tested in downstream validation experiments.

2.2. Aims of the Thesis

a) To generate mutational signatures of carcinogens using MEF immortalization assay, in

order to recapitulate signatures observed in human tumour sequencing data.

b) To identify acquired mutations acting as potential drivers during immortalization of MEF

cells.

c) To functionally test the impact and roles of select candidate driver mutations, both

individually and in combination
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Figure 4: Study design. Mouse embryonic fibroblasts are exposed to a carcinogen in an early passage
and cultivated until senescence and immortalization. Exome of the resulting cultures is sequenced
at ~50x coverage. Data are analysed by the indicated pipeline and the results are used to extract
mutational signatures and mine putative driver mutations. Impact of selected mutations is tested using

small molecule inhibitors.



3. MATERIAL AND METHODS

3.1. Material

Twenty-six cell lines were used in the study (Table 1). Twenty-five were generated
in the laboratory of Dr. Monica Hollstein in the German Cancer Research Center (DKFZ),
Heidelberg, Germany, from the primary MEF cells of the Hupki (human p53 knock-in) mice
which were exposed to various mutagens in an early passage, or Hupki crosses
with a transgenic mouse expressing activation-induced cytidine deaminase (AID)'. The crosses
were generated in the group of Prof. Hiroyuki Marusawa, Kyoto University, Japan. One cell line
was generated by Hana Huskova at the International Agency for Research on Cancer (IARC),
Lyon, France.

3.2. Methods

3.2.1. Whole exome sequencing and alignment

Library preparation and sequencing was outsourced to several companies, which applied
comparable protocols, and sequenced the libraries using Illumina HiSeq2500 system. The reads
were aligned to the mm9 mouse genome build using the BWA-MEM. Duplicate marking,
realignment around indels and base recalibration was done using Picard and GATK,
respectively. The mean depth-of-coverage was 54. Bam files were uploaded to the National

Center for Biotechnology Information BioProjects web site, accession number PRINA238303.

3.2.2. Variant calling, mutational signature analysis, pathway analysis

Variants were called with MuTect software using default parameters. Variants were annotated
with ANNOVAR and single nucleotide polymorphisms according to the dbSNP database were
filtered out. Mutational spectra and signature analysis was performed using the MutSpec
toolbox in Galaxy.!’” Variants were filtered for exonic non-synonymous single base substitutions
and splice site mutations. RefSeg-annotated genes affected by these variants were analysed

using DAVID and IPA with relaxed criteria.

3.2.3. Driver gene identification and testing

Variants were filtered for exonic non-synonymous and splicing mutations and these were
inspected for mutations in cancer-related genes and chromatin associated genes and regulators
of the epigenome (Vogelstein et al., 2013, Gonzalez-Perez et al., 2013, Futreal et al., 2004).
Mutations were prioritized using a simple scoring system based on their allelic frequency,
mutation type, and predicted functional effect. Cell lines were subcloned and putative driver

mutations were validated in individual clones by Sanger sequencing. Mutations in Ras genes
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and BAF complex were chosen for testing. The effect of Ras mutations was tested using Mek
inhibitor U0126, and the interplay between BAF and PRC2 complex was tested using Ezh2
inhibitor GSK126.

Table 1: Cell lines
Cell line ID Exposuretype Exposure dose Exposure duration Origin

AA_1 AA 50 uM 4 days DKFz
AA_2 AA 50 uM 4 days DKFz
AA 3 AA 50 uM 4 days DKFz
AA_4 AA 50 uM 4 days DKFz
AA 5 AA 50 uM 4 days DKFz
AA_6 AA 50 uM 12 days DKFz
AA 7 AA 50 uM 8 days DKFz
AFB1_1 AFB1 2uM 8 days DKFz
AFB1 2 AFB1 2 uM 8 days DKFz
AFB1_3 AFB1 2uM 8 days DKFz
AID_1 None n. a. n. a. DKFzZ
AID_2 None n. a. n. a. DKFz
Bla]P_1 BaP 1uM 6 days DKFZ
B[a]P_2 BaP 1uM 6 days DKFz
B[a]P_3 BaP 5uM 2 days DKFz
MNNG_1 MNNG 20 uM 2 hours DKFz
MNNG_2 MNNG 20 uM 2 hours DKFZ
MNNG_3 MNNG 20 uM 2 hours DKFz
MNNG_4 MNNG 20 uM 2 hours DKFz
Spont_1 None n. a. n. a. DKFz
Spont_2 None n. a. n. DKFz
Spont_3 None n. a. n. a. DKFz
Spont_4 None n. a. n. a. DKFz
Spont_5 None n. a. n. a. IARC MMB
UvC_1 uvceC 20 J/m® n.a. DKFZ
UVC 2 uvC 20 J/m? n. a. DKFz

AA - aristolochic acid, AFB1 - aflatoxin B1, AID - activation-induced cytidine deaminase, B[a]P -
benzo[a]pyrene, DKFZ - German Cancer Research Center, IARC MMB — Molecular Mechanisms
and Biomarkers Group at the International Agnecy for Research on Cancer, MNNG - N-methyl-
N’-nitro-N-nitrosoguanidine, n. a. — not applicable, Spont - spontaneous immortalization, UVC -
ultraviolet light class C.
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4. RESULTS

Twenty-six immortalized cell lines derived from primary Hupki mouse embryonic fibroblasts
using modified 3T3 protocol were selected. Nineteen of the cell lines emerged after treatment
with five different carcinogens: aristolochic acid (AA, N=7), aflatoxin B1 (AFB1, N=3),
benzo[a]pyrene (B[a]P, N=3), N-methyl-N’-nitro-N-nitrosoguanidine (MNNG, N=4) and ultraviolet
light class C (UVC, N=2). Two cell lines developed from primary Hupki MEFs which were
engineered to overexpress AID, a DNA-mutating enzyme of the APOBEC family (N=2). Five cell
lines immortalized spontaneously (Spont). Twenty-five cell lines were assigned to a test set
for analyses, whereas one spontaneously immortalized cell line (Spont 5) was used

as a control for subsequent experiments.

4.1 .Mutational signatures analysis
Sequencing analysis of the 25 cell lines included in the test set yielded total of 16,061
single-base substitutions. The mutation load in the cell lines varied from ~100 to ~1,500 variants

per cell line.

Six mutational sighatures were extracted from the data using the NMF method and named
A-F (Figure 2A). The main feature of the signature A was a pronounced peak of C>G
mutations in 5-G_C-3‘ context. This peak can be also spotted in signatures B, D, E and F.
Signature A did not bear resemblance to any of the 30 COSMIC signatures, and it consisted
mostly of mutations found in spontaneously immortalized cell lines, although many other cell
lines contributed to it, too (Figure 2B). This signature is probably linked to culture conditions.
Signature B displayed high frequency of C>A mutations in various sequence contexts,
and consisted mostly of mutations found in B[a]P and AFBL1 cell lines. Signatures which were
mostly similar to signature B were signature 4 (tobacco smoking, similarity 0.82), signature 24
(aflatoxin, similarity 0.76) and signature 29 (tobacco chewing, similarity 0.72). Separate
analyses showed that both AFB- and B[a]P-treated cell lines bear higher similarity to smoking
signature, rather than to the AFB1 signature. Signhature C consisted of C>T mutations in
5-N_R-3‘ context (N — any base, R — pyrimidine). It was specific to cell lines derived from cells
treated with alkylating agent MNNG. Signature C is identical to the COSMIC signature 11
(similarity 0.98), which has been attributed to exposure to the alkylating drug temozolomide.
Similarly, signature D was identical to signature 22 (similarity 0.96), which has been linked

to the exposure to aristolochic acids. The signature was rich in T>A mutations with a peak
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in 5-C_G-3' context. Signature D was specific to cell lines derived from cells exposed to AA.
Signature E displayed high proportion of C>T and T>C mutations, and, to a lesser extent, T>G
mutations. This signature was mostly composed of mutations detected in UVC-exposed cell
lines, but many other cell lines also contributed to this signature. Signature E does not show
a considerable similarity to any of the COSMIC signatures. Signature F was defined by a high
proportion of C>T mutations with a noticeable peak in the 5-G_T-3’ context. This signature was
specific to cell lines developed from cells overexpressing the AID transgene. It is not similar
to any of the 30 COSMIC signatures. However, C>T mutations in 5-G_T-3', 5-G_A-3" and
5-G_C-3' contexts are typical for AID activity in the immunoglobulin gene (Rogozin
and Kolchanov, 1992, Puente et al., 2015). Analogous signature was identified in whole genome
sequencing data from 30 samples of chronic lymphocytic leukaemia and attributed to ectopic
activity of AID (Kasar et al., 2015).

Together, these data indicate that MEF cell lines can recapitulate mutational signatures found

in human cancers.

4.2. Functional annotation of mutations in the immortalized MEF cell lines

Pathway analysis of nonsynonymous and splicing mutations found in MEF cell lines was
performed, to evaluate the functional effects of the mutagenic processes. Among the frequently
affected pathways were those involved in structural integrity, regulation of cell cycle,
proliferation, apoptosis and differentiation, as well as chromatin maodification and transcription
regulation. The processes, which were found frequently affected in the set of 25 immortalized
MEF cell lines, are also frequently deregulated in human tumours and can be classified under
the hallmarks of cancer'®. These results indicate that processes affected by mutations in human

cancers are also affected in immortalized MEF cell lines.

We next focused on mutations in cancer genes (as listed in the Cancer Gene Census) and
genes involved in regulation of the epigenome, which have been recently identified to be
frequently mutated in cancer.>***® More than 300 hits were found by filtering nonsynonymous
exonic and splicing mutations against the Cancer Gene Census, many of the genes were
mutated recurrently (Figure 3), marking a potential selection for mutations in these genes.
Furthermore, we found 105 nonsynonymous and splicing mutations in 66 epigenome regulators,
as well as 34 mutations in 23 histone genes. Twenty epigenetic modifiers and four histone

genes were mutated recurrently (Figure 3).
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Figure 3: Recurrently mutated cancer and eEigenetic modifier genes in 25 Hupki MEF cell lines. Genes
listed in the Cancer Gene Census (black) o oncogenes (red) and tumor suppressor genes22 (blue)
and epigenetic modifiers® and histone genes (green) are indicated. Epigenetic modifiers that are also
listed in the Cancer Gene Census are indicated in bold black. Epigenetic modifiers that are also listed as
tumor suppressor genes>* are in bold blue. Epigenetic modifiers that are also listed as oncogenes® are
in bold red. Cell lines are arranged concentrically and grouped by carcinogen exposure. Red and black
dots represent exposure-predominant and exposure non-predominant mutation types, respectively.

4.3. Patterns of mutations in protein complexes regulating the epigenome

The set of cell lines contained 9 mutations in the subunits of the ATP-dependent chromatin
remodelling BAF complex. The mutations displayed a mutually-exclusive pattern, as was
published previously, and validated by our analysis of human tumour sequencing data. Another
almost mutually exclusive pattern observed in the MEF cell lines were mutations in Ep400

and Trrap subunits of the histone acetylase TIP60 complex (Figure A), and was validated
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in the human tumour sequencing data (Figure 4B). This novel finding underpins the utility

of MEFs for studying the human tumour biology.

A B
il = s ot o w1
o %' ;l %' ;l EP400 ™ }
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= =
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Trrap ---- W Nonsense mutation M Missense mutation Inframe mutation

Figure 4: Analysis of Trrap and Ep400 mutations in mouse and human samples. A - TIP60 complex
subunits Ep400 and Trrap mutated in MEF BBCE cell lines. B - TIP60 complex subunits EP400
and TRRAP mutated in human sequencing studies included in cBioPortal****. Result of X*-test indicated,
*

p<0.001.

4.4. Functional testing of selected cancer driver genes/mutations

Putative driver mutations were selected based on the scoring system devised for this purpose.
Among the high-scoring mutations were wel-known driver mutations (Hras®!", Tp53"131Y)25:26
as well as mutations in genes not yet linked to cancer in human tumour sequencing studies,
for example the BAF complex subunits (Smarcc1"*", Smarcd2®°F). After validating the effect
of activating Hras mutation in the MEF cell lines, we set to examine its interplay with BAF

complex mutations.

A previous elegant study has demonstrated that cancer cell lines with mutations in the BAF
chromatin remodelling complex cause a dependency of the cells to the function of the PRC2
histone methyltransferase complex?’. Inhibiting the function of the PRC2 complex in BAF-
mutant cell lines lead to cell death. However, the effect was attenuated in cell lines
with a concomitant Ras mutation. The same was observed in the MEF cell lines (Figure 5).
2H119L

AA 2-1 cell clone (Hras®', Smarcc
with the inhibitor of the PRC2 catalytic subunit EZH2, as shown by both MTS and colony

) was the most resistant to the treatment

formation assays (Figure 5A,B). In contrary, the MNNG_4-2 clone (Smarcd2®%°¢

) was highly
sensitive to the inhibitor and did not show any remaining viability after 3 days (MTS assay) and
7 days (colony formation assay), respectively. The cell line Spont_5, which was wild type for
both Ras and BAF, was more sensitive to the inhibitor than the AA_2-1 clone, but a fraction of
cells survived until the end of both MTS and colony formation assay experiments. Importantly,
on the molecular level, the inhibitor was comparably effective in all tested cultures, as measure
by its target H3K27me3 (Figure 5C), and the effects must therefore be attributed to the variable

sensitivity of the cultures to PRC2 inhibition. The experiment was biologically validated
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in another set of MEF cell clones with BAF mutations, either alone (MNNG_1-1, AFB1 3-2,
BaP_1-2), or in combination with an activating Ras mutation (UVC_2-3). In summary, these
results show that MEF immortalization assay selects for, and allows the testing of mutations

important for human tumour physiology.

A AA_2-1 Spont_5 MNNG_4-2 Figure 5: Effect of Ezh2 inhibitor
Ras mut, Bafmut  Raswt, Bafwt  Raswt, Baf mut treatment — first set of experiments.
GSK126 0 4 8 0 4 8 0 4 8 A — results of colony formation

assay. Cells were seeded in a low

[uM] a.e. 0&’1 ‘0 density and treated with Ezh2
'@~ ‘Q ‘® inhibitor GSK12_6, or Wlth carrier
' @ ol (DMSO). Colonies were visualized

after 7 days using crystal violet
staining. Window shows 100x
magnification. B — results of MTT
assay. Cells were treated with Ezh2

B treatment [h]: W24 mW48 W72 W % inhibitor or carrier (DMSO) and
120 - 120 - 120 - absorbance was measured at
= indicated time points. Results of
oD 90 1 three independent experiments are
22 50 - plotted as mean and standard error
o 8 of mean. C — Immunoblot for
- 30 1 H3K27me3 mark in cells treated

® 0 - with Ezh2 inhibitor and a carrier. H3

0 8 was used as loading control.
Abundance of H3K27me3 is plotted
(treated relative to untreated cells).
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C
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5. DISCUSSION

The results of this proof-of-principle study show that the MEF immortalization assay coupled
with genome-wide sequencing generates enough data for the extraction of mutational
signatures using the NMF method. It recapitulates mutation signatures of environmental
mutagenic compounds (AA, MNNG, B[a]P) and innate mutagenic processes (AID) found

in human cancer*?®%

. The signature extracted from the AFB1l-treated cell lines was more
similar to the smoking signature than to the aflatoxin signature from the COSMIC database. This
could be due to differences between mouse and human metabolism or DNA repair, and/or more
complex aflatoxin composition in the real-life human exposure (not only AFB1, but also other
types of aflatoxins). MEF UVC signature did not resemble any COSMIC signature. Potentially,
the UVC functions differently than the common UVA and UVB which are not, like UVC,

absorbed by the atmosphere and, unlike UVC, contribute to development of human cancer.

Hupki MEF immortalization coupled with massively parallel sequencing was one of the first
approaches allowing modelling mutational signatures of human cancers using mammalian
cells®*. Other systems like human renal tubule HK-2 cell line*!, human mammary epithelial cells
HMEC?*** provide useful data from human systems. The real asset of these systems is that
they produce mutational signatures specific for the cells which are the targets of the compounds
used in the assays (AA in the case of HK-2, B[a]P in the case of HMEC). However, MEFs
produce correct mutational signatures — at least for the compounds described in the Thesis —,
are much easier to handle compared to the abovementioned human cells, and the assay
is relatively short (2 months vs. 6 months for human-cell systems). The current state of research

on mutational signatures, and experimental systems which utilized to study them, was recently

|.34 |.35

summarized by Hollstein et al.”* and Zhivagui et a

Furthermore, the results described above show that MEF immortalization assay selects
for mutations in genes important for cancer development and directly allows testing them on the
corresponding mutational background. Though human tumour sequencing studies usually
include an analysis of driver genes, they either entirely lack experimental validation®®%*%’ or it is
done in a tumour cell line, on a different mutational background than on which the mutation
operated in the tumour where it was discovered.?®3® This is important, since the various

dependencies may change the outcome completely. An important outcome of the Thesis is
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a system for evaluation of putative driver mutations in MEF cell lines which developed upon

treatment with a mutagen.

Surely, there are limitations in terms of the type of research to which the MEF cell lines can
serve. Tumours are kind of organs of themselves. They start from a cell clone with specific
properties, but as they develop, they have to organize and adapt (e.g. induce vascularization
to get enough nutrition, manipulate immune cells to evade immune response). In the end,
a tumour is composed not only from the tumorigenic cell clone, but also from other cell types
which contribute to the tumour development. MEF cell line assay in its current state cannot be
used to study the interplay between different cell types in the tumour. However, it can provide
an insight into the tumour-founding clone biology: cell cycle and apoptosis alterations,
epigenetics, metabolism, migration properties.

6. CONCLUSIONS

a. Whole exome sequencing of immortalized MEF cell lines produced sufficient data to extract
mutational signatures. MEF mutational signatures of AA and MNNG closely resembled their
corresponding signatures extracted from human tumours, as did the MEF mutational signatures
of AID and B[a]P. The MEF mutational signature of AFB1 did not closely resemble the one
extracted from liver tumours, which could be due to differences between mouse and human
metabolism or DNA repair and/or more complex aflatoxin composition in the real-life human

exposure. MEF UVC and spontaneous signatures did not resemble any COSMIC signature.

b. MEF cell lines bore nonsynonymous mutations in numerous genes included in the Cancer
Gene Census, as well as in many genes involved in regulation of the epigenome. Furthermore,
MEF cell lines displayed cancer-like mutation profile in terms of affected pathways, as well as
alterations in the BAF and TIP60 chromatin-modifying complexes. Subunits of the BAF complex
were mutated in 9 out of 25 MEF cell lines in a mutual exclusive manner, as earlier described in
human cancers.™* Similarly, Ep400 and Trrap subunits of the TIP60 acetyltransferase complex
were nearly mutually exclusively mutated in 7 out of 25 MEF cell lines. The Ep400/Trrap pattern
was confirmed in sequencing data from human tumours, describing for the first time this feature

of human cancers.
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c. Driver mutations can be identified in MEF cell lines. | devised a scoring system to identify
mutations potentially driving the cancer-like phenotype of MEF cell lines among the wealth
of mutations identified by WES. The scoring system is based on mutation type, allelic frequency
and prediction of functional effect of the mutation. When applied on the Cancer Gene Census
and epimodifier genes from two cell lines, the algorithm identified known Tp53 and Ras driver
mutations, but also mutations in other BAF complex subunits, which were not previously

identified as driver genes in human tumour sequencing studies.

d. MEF cell lines, in contrary to human tumours, permit in vitro manipulations, and thus
functional testing of putative driver mutations. Inhibition of Ras signalling by Mek inhibitor
in Ras-mutant cell lines lead to decreased cell viability in serum-deprived medium, while this
effect was not observed for Ras wild type cell lines. Inhibition of Ezh2 activity in BAF-mutant
cell lines lead to elimination of the cells, in contrary to Ras-BAF double mutants. This was
demonstrated earlier in human cancer cell lines®’. We extend the list of BAF complex mutations

conferring a vulnerability to Ezh2 inhibition for Smarcd2 ¢,
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