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Popularvetenskaplig sammanfattning

I princip alla tumérer har férdndringar i sin arvsmassa (DNA), vilka kallas for
genetiska forandringar. Det finns flera olika typer av sddana forandringar sasom
mutationer eller ett 0kat eller minskat antal kopior av en viss del av DNA-kedjan.
Dessa kan paverka cellernas funktion pa olika satt, bland annat genom att fa
cellerna att bete sig annorlunda an vad de hade utan dessa férandringar.

Redan 1976 foreslogs teorin om cancerevolution av forskaren Peter Nowell. Den
baseras pa antagandet att en tumor borjar med en enda cell som far ett, mer &n
normalt, antal genetiska forandringar. Detta far den att omvandlas till en tumorcell
som borjar dela sig. Nar en cell delar sig och blir tva, kallar man dessa celler for
dotterceller, vilka i sin tur kan dela sig och vardera ge upphov till tva nya
dotterceller och sa vidare. De genetiska forandringar som cellen har fors vidare till
dess dotterceller, vilka dessutom kan fa nya genetiska forandringar. P& detta satt
uppstar olika populationer av celler i tumoren, som har olika genetiska
forandringar. Dessa populationer kallas for subkloner (Figur 1A). Varje subklon
har en unik uppséattning genetiska forandringar, varav vissa kan vara skadliga,
medan andra kan vara gynnsamma for cellen. Olika subkloner kan pa detta satt
utveckla olika egenskaper. Detta resulterar aven i ett naturligt urval av cancerceller
dar vissa celler, med ogynnsamma egenskaper, dér medan andra, med gynnsamma
egenskaper, kan borja dela sig oftare. Subklonerna kan dessutom skilja sig at i hur
kansliga de ar mot vissa cancerbehandlingar. De kan &ven utveckla formagan att
sprida sig till andra delar av kroppen, vilket kallas fér metastasering, vilket ger
upphov till metastaser d.v.s. sekundéra tumorer. Dér kan dessa celler fortsatta dela
sig och fa nya genetiska forandringar.

Denna evolutiondra process gor saledes att uppsattningen av genetiska
forandringar skiljer sig at mellan olika delar av en och samma tumor i en och
samma patient, men dven mellan priméartumoren (den huvudsakliga tumdren) och
metastaserna samt mellan tumérer hos olika patienter. Detta kallas gemensamt for
tumorheterogenitet. Om man bara tar en enda biopsi fran en tumér kan man darfor
tro att de genetiska forandringar som man identifierar i detta prov finns
representerade i hela tuméren samt eventuella metastaser, men det dr oftast inte
fallet dd en annan del av tumoéren kan uppvisa en delvis annan uppsattning
genetiska forandringar. Genom att i stéllet ta biopsier fran olika delar av tumoren
kan man fa en battre bild av hur den &r uppbyggd och har utvecklats.

For att visualisera tumdrheterogeniteten kan man skapa slakttrad, &ven kallade
fylogenetiska trad, baserat pa vilka genetiska forandringar cellerna har. Liknande
slékttrad anvands ofta inom evolutionsbiologin for att avgora vilka arter som &r
beslédktade med vilka. Genom att skapa liknande fylogenetiska trad for
cancerceller kan man fa en uppfattning om i vilken ordning de genetiska
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forandringarna uppstatt samt vilka olika grupper av celler (subkloner) tumoren
utgérs av. Har kan subklonerna liknas vid arter hos véxter och djur. De
fylogenetiska traden kan &ven anvéndas for att avgora vilka genetiska forandringar
som ar tidiga (da de hittas i mer eller mindre alla celler) och vilka som &r sena (da
de endast aterfinns i en liten grupp av celler) i tumorens utveckling. Det gar
dessutom att med denna metod identifiera genetiska forandringar som ar unika for
metastaser och aterfall. Man kan &ven se vilka celler som dverlevt behandlingen,
vilka som metastaserat och vilka som utgdr ett eventuellt behandlingsresistent
aterfall.

Det overgripande malet med studierna som ingar i denna avhandling var att
utveckla verktyg for att analysera det genetiska slaktskapet mellan
cancercellspopulationer i barncancerformerna neuroblastom, Wilms tumor,
rhabdomyosarkom och konscellstumorer. Darefter skulle dessa metoder anvéndas
for att ta fram ny kunskap om aterfall, behandlingsresistens och metastasering for
dessa tumorgrupper. Neuroblastom ar en tumor som utgar fran det sympatiska
nervsystemet, och oftast uppstar i binjuren. Man har tva binjurar som befinner sig
precis ovanfor njurarna och normalt utsondrar hormoner som kroppen behdver.
Wilms tumor dr en njurtumér. Rhabdomyosarkom &r en tumor som uppstar i
muskler och konscellstumdrer uppstar oftast i testiklarna eller aggstockarna.

Avhandlingen bestar av totalt 5 arbeten. | arbete | tog vi fram ett datorprogram
(mjukvara) som skapar slakttrad baserat pa cancerceller fran en och samma
patient. Vi utvarderade darefter denna med data fran 56 barntumdrpatienter samt
simulerad data. | arbete Il var vi intresserade av att utforska varfor ett
behandlingsresistent aterfall uppstar. Detta gjordes genom att tumdrceller fran
patienter med neuroblastom placerades i mdss, dar sedan tumdrcellerna fick véaxa.
Dérefter behandlades méssen med cytostatika. Vissa blev botade, en del tumdrer
svarade pa behandlingen i borjan (tuméren minskade i storlek) men borjade sedan
véxa igen, och vissa tumdrer svarade inte alls pa behandlingen, utan fortsatte véxa.
Cellprov togs fran den forsta tumoren samt fran alla moss efter behandling och
fran aterfall. Detta mojliggjorde jamforelse mellan de tumérer som svarat och inte
svarat pa behandling. Vi anvande den mjukvara som publicerats som en del av
arbete |1 samt sa utvecklade vi dven en ytterligare mjukvara som skapar slakttrad
fran individuella cancerceller. Vi kunde visa att det inte fanns ndgra genetiska
forandringar som kunde forklara varfor en tumor blev resistent mot behandlingen.
Daremot var genetiska forandringar sdsom en extra kopia av delar av kromosom 1
och 17 viktiga for tumérens utveckling, oberoende av behandlingen. Vi upptéckte i
stéllet att resistens mot behandling verkar orsakas av sa kallade transkriptionella
fordndringar. Detta betyder att cellen antingen har ett Overuttryck eller
underuttryck av specifika gener, vilket paverkar cellens beteende. Behandlingen
som mossen fick gynnade celler som ser ut och beter sig som mesenkymala celler,
vilka har kopplats till behandlingsresistens i tidigare studier. Som ett nésta steg
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kunde vi ta ut celler fran de tumaorer som aterfallit i mossen och odla dem i labbet
som sa kallade 3D organoider, vilket innebar att cellerna odlas i sma grupper i
stallet for individuellt. Dessa cellgrupper (organoider) behdll sina genetiska
forandringar, sitt mesenkymala uttryck, och behandlingsresistens som de hade i
maossen. Detta kommer mojliggora for oss att testa nya lakemedel och
behandlingsstrategier pa dessa celler i laboratoriet i framtida studier.

Aven arbete 111 fokuserade pa neuroblastom. Vi analyserade flera omraden fran
tumorer fran patienter fére och efter behandling. Vissa tumorer svarade pa
behandlingen medan andra fortsatte véxa. Vi kunde identifiera att det evolutionéra
monster tumorcellerna uppvisade, berodde pa hur effektiv behandlingen var. |
tumorer som svarade pa behandling byttes landskapet av subkloner ut och ersattes
av andra subkloner som inte kunde detekteras vid diagnos. | tumdrer som inte
svarade signifikant pa behandlingen, kunde vi i stallet se att de
cancercellspopulationer som aterfanns efter behandling var vidareutvecklingar av
de celler som fanns dar innan behandlingen.

Detta har stark klinisk signifikans avseende vilka malinriktade behandlingar man
kan och bor erbjuda patienterna. Malinriktade behandlingar ar lakemedel som
inriktar sig specifikt pa proteinprodukter av mutationer eller andra defekter som
gor cancercellerna annorlunda an normala celler. Dessa lakemedel blir allt
vanligare inom cancersjukvarden. Om de mal som lakemedlen inriktar sig pa, inte
langre finns efter behandling, kommer lakemedlet dock vara verkningslost. Om i
stallet nya potentiella mal har uppstatt efter behandling, dppnar detta upp for
ytterligare sétt att behandla patienten. | vart arbete kunde vi observera ett skifte i
vilka subkloner som fanns i tuméren fore jamfoért med efter behandling. Detta
belyser vikten av att ta nya biopsier efter avslutad behandling, da subkloner med
andra mutationer och behandlingsmal an de som hittats vid diagnos, nu kan utgora
storre delen av den kvarvarande tuméren efter behandling. Saledes har detta viktig
inverkan pa vilka malinriktade behandlingar som ar aktuella for just den patienten.

| arbete 1V undersokte vi njurtumdéren Wilms tumor. Det finns flera olika grupper
av. Wilms tumor sasom blastemala tumorer, stromala tumorer och diffust
anaplastisk  Wilms tumér (DAWT). DAWT 4&r oftast aggressiv och
behandlingsresistent. Patienter med denna tumortyp har féljaktligen oftast sémre
prognos &n patienter med blastemal eller stromal Wilms tumér. | detta arbete tog
vi flera cellprov fran olika val annoterade delar av varje tumor for att ta reda pa
vilka olika subkloner som fanns i olika omraden. Da vi visste var provet var taget
kunde vi jamfora hur cellerna sag ut i mikroskop med vilka genetiska forandringar
som fanns i det omradet. Vi kunde se att DAWT uppvisade storre intratumoral
heterogenitet och mer komplexa fylogenetiska trad med manga grenar och
genetiska forandringar jamfort med de andra formerna av Wilms tumér. Denna
komplexitet visade sig initieras av mutationer i en gen som kallas TP53, som oftast
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uppstod sent och flera ganger i tumdrens utveckling. DAWT bildar dven sma
inkapslade omraden med cancerceller som oftast bestod av en enda subklon. Olika
sadana omraden i samma tumor uppvisade subkloner med olika uppséttningar av
genetiska forandringar. Aven denna studie belyste darmed vikten av att ta cellprov
fran olika sadana inkapslade omrdden innan man initierar malinriktade
behandlingar. Som en del av detta arbete utvecklades aven en tredje mjukvara som
kallas for den modifierade maximum parsimony metoden. Denna skapar ocksa
slakttrad utifran cancerceller, men forsoker aven minimera handelser i tradet som
ar biologiskt osannolika.

| arbete V var vi intresserade av att identifiera slaktskapet mellan priméartumor och
metastaser inom en och samma patient. Vi tog flera biopsier fran primartumoren
och fran flera metastaser fran samma patient. Metastaserna visade sig ofta har en
annan uppsattning genetiska forandringar &n primartumoren och olika metastaser
inom en och samma patient kunde dessutom uppvisa olika mutationer. Genom att
skapa fylogenetiska trad kunde vi se vilka cellgrupper i primartumdren som gav
upphov till metastaserna samt hur olika metastaser var beslaktade med varandra.
Vi fann att metastaser kan uppsta saval tidigt som sent i tumorens utveckling, att
flera olika subkloner i primartumoren kan ha formagan att sprida sig samt att
metastasering kan ske i omgangar vid olika tidpunkter under tumorens utveckling.
Slutligen kunde vi visa att metastaser kan ge upphov till nya metastaser, oberoende
av primartumoren, vilket kallas intermetastatisk spridning. Detta har en viktig
klinisk inverkan, da det betyder att nya metastaser kan uppsta dven om
primértumoren tas bort.

Sammanfattningsvis har denna avhandling resulterat i publikation av tre olika
mjukvaror. Dessa har darefter anvants for att fa 6kad forstaelse for uppkomst av
behandlingsresistens och metastasering i barncancer. Resultaten som presenteras i
denna avhandling belyser dessutom vikten av utveckling av nya
behandlingsstrategier dar man tar hansyn till tumdrheterogenitet och evolutiondr
dynamik i tumdrerna.

Popular science summary

Almost all tumors have alterations in their genetic material (DNA), denoted
genetic alterations. There are several different types genetic alterations, such as
mutations or an increased or decreased number of copies of a certain part of the
DNA chain. These can affect the cells’ functions in different ways by for example
causing the cells to behave differently than they would have without these
changes.
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As early as 1976, the theory of cancer evolution was proposed by the researcher
Peter Nowell. The theory is based on the presumption that a tumor begins with a
single cell that obtains a, more than normal, number of genetic changes. This
causes it to transform into a tumor cell that begins to divide. When a cell divides
and becomes two, these cells are called daughter cells, which in turn can divide
and each give rise to two new daughter cells and so on. The genetic changes that
the cell has are passed on to its daughter cells, which can also acquire new genetic
alterations. In this way, different populations of cells arise in the tumor, having
different genetic alterations. These populations are called subclones (Figure 1A).
Each subclone has a unique set of genetic alterations, some of which may be
harmful, while others may be beneficial to the cell. Different subclones can in this
way develop different characteristics. This also results in a natural selection of
cancer cells where some cells, with unfavorable characteristics, die while others,
with favorable characteristics, can begin to divide more often. The subclones can
also differ in their sensitivity to certain cancer treatments. They can also develop
the ability to spread to other parts of the body, which is called metastastatic
dissemination resulting in metastases i.e., secondary tumors. There, these cells can
continue to divide and acquire new genetic alterations.

This evolutionary process thus causes the set of genetic changes to differ between
different parts of the same tumor in the same patient, but also between the primary
tumor (the main tumor) and the metastases, and between tumors in different
patients. This is collectively referred to as tumor heterogeneity. If only a single
biopsy is taken from a tumor, one might mistakenly think that the genetic changes
that are identified in this sample are represented in the entire tumor as well as all
metastases (if present), but this is usually not the case as another part of the tumor
can show a partially different set of genetic changes. By instead taking biopsies
from different parts of the tumor, it is possible to get a better picture of how the
tumor is structured and has developed.

To visualize tumor heterogeneity, family trees, also called phylogenetic trees, can
be created based on the genetic changes the cells have. Similar family trees are
often used in evolutionary biology to determine which species are related to one
another. By creating similar phylogenetic trees for cancer cells, one can get an idea
of the order in which the genetic changes occurred and which different groups of
cells (subclones) the tumor is made up of. Here the subclones can be compared to
species in plants and animals. The phylogenetic trees make it possible to determine
which genetic changes are early (when they are found in more or less all cells),
and which are late (when they are only found in a small group of cells) in the
development of the tumor. It is also possible with this method to identify genetic
changes that are unique to metastases and relapses and identify which cells have
survived the treatment, which have metastasized, and which constitute a possible
treatment-resistant relapse.
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The overall goal of the studies included in this thesis was to develop tools to
analyze the genetic relationship between cancer cell populations in the childhood
cancers neuroblastoma, Wilms tumor, rhabdomyosarcoma, and germ cell tumors.
These methods were then to be used to gain novel knowledge about recurrence,
treatment resistance and metastasis for these tumor groups. Neuroblastoma is a
tumor that originates from the sympathetic nervous system, and usually arises in
the adrenal gland. Each person have two adrenal glands that are located just above
the kidneys and normally secrete hormones that the body needs. Wilms tumor is a
kidney tumor. Rhabdomyosarcoma is a tumor that occurs in muscles, and germ
cell tumors most often occur in the testicles or ovaries.

The thesis consists of a total of 5 scientific papers. In paper I, we developed a
computer program (software) that creates phylogenetic trees based on cancer cells
from one and the same patient. We then evaluated this with data from 56
childhood tumor patients as well as simulated data. In paper Il, we were interested
in exploring why a treatment-resistant relapse occurs. This was done by placing
tumor cells from patients with neuroblastoma into mice, where the tumor cells
were allowed to grow. The mice were then treated with chemotherapeutic drugs.
Some mice were cured, some tumors responded to treatment at first (the tumor
decreased in size) but then started to grow again, and some tumors did not respond
to treatment at all but continued to grow. Cell samples were taken from the first
tumor as well as from all mice after treatment and from relapses. This allowed
comparison between the tumors that responded and the ones that did not respond
to treatment. We used the software published as part of paper I, and also
developed an additional software that creates phylogenetic trees based on
individual cancer cells. We were able to show that there were no genetic changes
that could explain why a tumor became resistant to the treatment. In contrast,
genetic changes such as an extra copy of parts of chromosomes 1 and 17 were
important for tumor development, regardless of treatment. We discovered instead
that resistance to treatment appears to be caused by so-called transcriptional
changes. This means that the cell either has an over expression or under
expression of specific genes, which affects the behavior of the cell. The treatment
the mice received favored cells that look and behave like mesenchymal cells,
which have been linked to treatment resistance in previous studies. As a next step,
we were able to take cells from the tumors that had relapsed in the mice and grow
them in the lab as so-called 3D organoids, which means that the cells are grown in
small groups instead of individually. These cell groups (organoids) retained their
genetic changes, mesenchymal expression, and treatment resistance that they had
in the mice. This will enable us to test new drugs and treatment strategies on these
cells in the laboratory in future studies.

Paper 111 also focused on neuroblastoma. We analyzed several areas from tumors
from patients before and after treatment. Some tumors responded to treatment
while others continued to grow. We were able to identify that the evolutionary
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pattern the tumor cells exhibited depended on how effective the treatment was. In
tumors that responded to treatment, the landscape of subclones shifted and was
replaced by other subclones that were undetectable at diagnosis. In tumors that did
not respond significantly to the treatment, we could instead see that the cancer cell
populations that were found after treatment were further developments of the cells
that were there before the treatment.

This has strong clinical significance regarding which targeted treatments can and
should be offered to patients. Targeted therapies are drugs that specifically target
the protein products of mutations or other defects that make cancer cells different
from normal cells. These drugs are becoming increasingly common in cancer
healthcare. If the targets that the drugs are designed to seek are no longer present
after treatment, the drug will, however, be ineffective. If, instead, new potential
targets have emerged after treatment, this opens up additional ways to treat the
patient. In our work, we could observe a shift in which subclones were present in
the tumor before compared to after treatment. This highlights the importance of
taking new biopsies after completion of treatment, as subclones with other
mutations and treatment targets than those found at diagnosis, may now make up
the majority of the residual tumor after treatment. Thus, this has important impact
on which targeted treatments are relevant for that particular patient.

In paper IV, we investigated the renal tumor Wilms tumor. There are several
different groups of Wilms tumor such as blastemal tumors, stromal tumors, and
diffuse anaplastic Wilms tumor (DAWT). DAWT is usually aggressive and
treatment resistant. Consequently, patients with this tumor type have a worse
prognosis than patients with blastemal or stromal Wilms tumor. In this work, we
took multiple cell samples from different well-annotated parts of each tumor to
find out which different subclones were present in different areas. Since we knew
where the sample was taken, we could compare how the cells looked under the
microscope with what genetic changes were present in that area. We could see that
DAWT exhibited a larger intratumoral heterogeneity and more complex
phylogenetic trees with many branches and genetic alterations compared to the
other types of Wilms tumor. This complexity was found to be initiated by
mutations in a gene called TP53, which usually occurred late and multiple times in
the tumor's development. DAWT also forms small, encapsulated areas of cancer
cells that usually consisted of a single subclone. Different such areas in the same
tumor exhibited subclones with different sets of genetic alterations. This study
thus also highlighted the importance of taking cell samples from various such
encapsulated areas before initiating targeted treatments. As part of this work, a
third software called the modified maximum parsimony method was developed.
This also creates phylogenetic based on cancer cells, but also tries to minimize
events in the tree that are biologically improbable.

In paper V, we were interested in identifying the relationship between the primary
tumor and metastases within the same patient. We took several biopsies from the

19



primary tumor and from several metastases from the same patient. The metastases
were often found to have a different set of genetic changes than the primary tumor
and different metastases within the same patient could also exhibit different
mutations. By creating phylogenetic trees, we could see which cell groups in the
primary tumor gave rise to the metastases and how different metastases were
related to each other. We found that metastases can occur early in the tumor's
development, that several different subclones in the primary tumor can have the
ability to spread, and that metastasis can occur several times during the tumor's
development. Finally, we were able to show that metastases can give rise to new
metastases, independently of the primary tumor, which is denoted intermetastatic
spread. This has important clinical implications, as it means that new metastases
can arise even if the primary tumor is removed.

In summary, this thesis has resulted in the publication of three different software.
These have subsequently been used to gain an increased understanding of the
emergence of treatment resistance and metastasis in childhood cancer. The results
presented in this thesis also highlight the importance of developing new treatment
strategies that take into account tumor heterogeneity and evolutionary dynamics in
the tumors.
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Cancer cell evolution

Neoplasias are a heterogeneous group of diseases driven by somatic genetic or
phenotypic alterations, often emerging through a cumulative process. The concept
of cancer cell evolution was proposed already in 1976 by Peter Nowell. * The
theory poses that most tumors originate from a single cell that acquires a certain
set of alterations causing it to get a fitness advantage compared to other cells in the
tissue. As the cell divides, its alterations are conveyed to its daughter cells. With
time, some of these cells might acquire new alterations, that in turn are inherited
by their daughter cells. In this way, different subpopulations of cancer cells are
established in the tissue, denoted subclones. Some subclones might acquire the
capability to leave the tumor and colonize other anatomic sites, forming
metastases. These metastases and the primary tumor subsequently develop in
parallel and might thus diverge from one another in their evolutionary trajectories
(Figure 1A). The landscape of subclones is further shaped by endogenous factors
such as geographical barriers, competition, cooperation between cells in the tumor
and interactions with immune cells or other constituents of the tumor
microenvironment. In addition, exogenous factors such as antitumoral therapy also
affects the subclonal composition of the tumor. Some subclones adapt to these
selection pressures and continue to proliferate, while others succumb either
through cell death or by entering a senescent state. 2

Due to this continuous subclonal evolution, it follows that each neoplasm should
harbour a unique, and heterogeneous, genetic composition due to the semi-random
process of mutations, genetic polymorphisms, and differences in
microenvironmental selection pressures. Consequently, the same interventions
should yield varied results in different patients due to this heterogeneity. Already
in the 1970s-80s, studies indeed confirmed the presence of genetic heterogeneity
within patients’ tumors. > * Advancements in next generation sequencing (NGS)
allowed for a detailed exploration of this phenomenon and it is now a well-
established fact that tumors consist of different populations of cancer cells denoted
subclones, defined as at least two tumor cells with identical genomic profiles.
Their prevalence can vary both spatially within the tumor (Figure 1B) and
temporally (Figure 1C), akin to Darwinian selection of cancer cells.
Heterogeneity within a tumor (intratumoral) as well as between tumors within a
patient or between patients (intertumoral) has today been identified across almost
all tumor types (Figure 1D). >

21



A Development of tumor heterogeneity C Temporal heterogeneity

®e

[0

®®// ®
Tumor @//’ @4%
initiation 2. 0l.0 ¢

-~ —@ —0—©®
~e
\@ \®~.@@ Metastasis
e ®
N0 Z'e
© ® (oY NG
\\\@ el

® @ —®
@
~e

\\}ntratumoral heterogeneity
Intertumoral heterogeneity
Figure 1. lllustration of the evolutionary processes resulting in intra- and intertumoral heterogeneity.
A) Initially, a normal cell acquires changes such as genetic alterations causing it to become
neoplastic. As the cell divides, these alterations are conveyed to its daughter cells. Over time new
alterations are acquired, forming new subclones, indicated here by a change in color. Some cells
might acquire the ability to leave the primary tumor site and colonize a distant organ as a metastasis,
in which the evolutionary process continues. B) This generates genetic heterogeneity both within the
tumor (intratumoral heterogeneity) as well as between tumors within the same patient and between
patients (intertumoral heterogeneity). C) The landscape of subclones also changes over time,
resulting in temporal heterogeneity. D) Treating a patient harboring a vast intratumoral and
intertumoral heterogeneity along with metastatic dissemination, is similar to trying to extinguish a
species that is both very heterogeneous as well as geographically dispersed, making the task very
difficult.

Cancer can hence be thought of as an evolutionary disease with the tumor
initiation resembling a speciation event. 2 Novel treatment strategies should thus
preferably take the evolutionary dynamics into account and try to exploit the
weaknesses it results in. ** The most common strategy today is, however, still to
use unspecific drugs targeting rapidly dividing cells, denoted chemotherapeutic
drugs. This strategy has been in use since the 1950s and has shown significant
impact on survival. * The drugs are, however, highly unspecific, and often causes
a range of side effects by harming healthy cells, that also divide rapidly but are
non-malignant. Examples of such are hair follicle cells (causing alopecia), bone
marrow cells (causing bone marrow suppression) and intestinal stem cells (causing
mucosal wounds, vomiting and diarrhea). ** Additionally, the treatment strategy is
based on the premise that all cells in a tumor are dividing rapidly, which is
unlikely. Studies have shown that the proliferative ability of the cells in a tumor is
heterogeneous and represents a spectrum with rapidly dividing cells on one end
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and cells that do not divide at all on the other. ** Evidence suggests that some cells
even can enter a hibernation state under stress and reawaken when the stress
subsides, thus circumventing chemotherapeutic agents and possibly causing a
relapse. 1

Another commonly used method to treat cancer is to surgically remove the tumor,
which is a powerful treatment strategy. It is akin to an extinction event where
almost all cancer cells are eliminated, only leaving microscopic, small islands of
cancer cell survivors scattered across a vast geographical area. Since these islands
remain and may regrow, the method is, however, seldom used as the sole
treatment for malignant tumors. Unfortunately, the regrowing tumor may also
possess a clonal landscape diverging vastly from the one before surgery since the
extinction alters the subclonal composition. Surgery itself can also release cancer
cells into the bloodstream, causing metastatic spread. The local and systemic
inflammatory response after surgery may also contribute to accelerated growth of
remaining cancer cells. " 1® Radiation therapy can also be used, exploiting the
fact that tumor cells often have faulty DNA repair mechanisms. Many tumors are,
however, not radiation sensitive and the radiation may also induce additional
genetic alterations. 1° None of these treatments thus fully consider the evolutionary
dynamics of the disease and they are neither feasible as curative treatment options
in a metastatic setting.

Current standard practice often bases the treatment decision on a single biopsy at
diagnosis, which may not accurately account for the now well-known
heterogeneous subclonal landscape of tumors. This may have a significant impact
on the treatment outcome, especially for targeted therapies, which have gained
popularity over the past decade due to their ability to be highly cancer specific.
With few, but some, important exceptions e.g., Imatinib, trastuzumab, Rituximab
and BRAF-inhibitors, targeted therapies have shown surprisingly little effect on
long-term survival. 2 When basing the drug choice solely on one biopsy, the
suggested target found in this biopsy might be absent in other parts of the tumor.
Administering the drug will thus induce a selection pressure for non-target
displaying cells. Only the cells having the target will be killed, whereas tumor
cells lacking it may continue to grow, now also having access to more space and
nutrients, resulting in the tumor rapidly becoming treatment resistant. A similar
problem is seen in various other strategies which try to harness the
microenvironment via anti-angiogenic drugs and immunotherapies. While these
approaches have shown promise in some cases, they suffer from the limitation of
only targeting a single molecule and the selection for antigen-negative cells. 22
Sampling several anatomical areas holds the possibility to provide a more
comprehensive understanding of the tumour’s genetic makeup ® %, allowing for
improved treatment decisions and patient outcomes, through multidrug targeted
therapy.
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Despite the significant improvements in survival rates between the 1970s and the
2000s there has been very little progress in the last 20 years for most types of
cancer (cancer i siffror 2023, barncancerfonden effektrapport 2018). Despite the
increasing interest in cancer cell evolution the last decade, there is still a lack of
scientific studies that consider tumor cell evolution to gain knowledge of how
resistance and tumor progression develops, especially in pediatric tumors.

In the papers encompassed by this thesis, phylogenetic methods have been used to
study tumor cell evolution across several pediatric tumors. The primary aim was to
gain increased understanding of the mechanisms underlying the development of
treatment resistance, relapse, and metastatic spread. This knowledge might
contribute to the development of novel treatment strategies, taking evolutionary
dynamics into account, hopefully curing patients that today die of their disease.

The theoretical introduction will commence with an exploration of tumorigenesis,
genetic alterations, and their relevance in tracing tumor evolution. This is followed
by an introduction to phylogenetics and evolutionary biology. Subsequently, an
overview of the pediatric tumor types included in the enclosed studies, will be
provided. The introduction concludes with a walkthrough of treatment resistance
and the metastatic cascade.
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Tumorigenesis

Why does cancer exist?

From an evolutionary perspective, tumor formation is an unavoidable side effect
of multicellular organismal life, that has been observed across almost all animal
and many plant species. 2* In the latter, tumors primarily arise due to pathogens,
such as fungal infections, although instances of spontaneous tumor formation also
do occur. Interestingly, since plant cells have a cell wall, they lack motility, and
metastases are consequently not seen. 226 At the origin of life on earth, all
organisms were unicellular, eventually evolving into multicellular colonies and
more complex organisms. With multicellular life comes demands and restrictions
on the cells making up the organism, necessitating cooperation to enhance the
collective nutritional acquisition, like the synergistic dynamics seen in groups of
various animal species. Hence, it follows that the cells develop a form of
multilevel community dynamics, operating both at the cellular and the organismal
level. Cooperation increases the chances of survival and the transmission of
genetic material to subsequent generations.

With multicellularity, however, comes drawbacks such as the inherent risk of
cancer development. Cancer can be conceptualized as a disruption in the
cooperative functioning of the multicellular entity or simply as multicellularity
gone wrong 2’ and studies have indicated that cancer may be a regression from
multicellularity to unicellularity through up- and downregulation of certain cellular
pathways (Figure 2). 27-2° 30

A Unicellular network B Multicellular network C Cancer cell network
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Figure 2. A) A simplified gene network of a unicellular species. B) With multicellular life,
additional genes are involved, resulting in the development of cooperative behavior. The unicellular
network from which it developed is, however, still there. C) In cancer, the genes related to
multicellular behavior may be downregulated and the ones supporting unicellular life may be
upregulated, promoting selfish behavior. Adaptation of Figure 1 in reference. 2
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Despite this proposed regression, cancer paradoxically, in due course, evolves into
a distinct multicellular community with its own cooperative networks both
between the cancer cells themselves, but also with the immune system and the
microenvironment, forming a tumor ecosystem. %32 In this light, cancer could be
argued to represent a form of speciation event, representing a natural process of
evolution, 123

Why do we not get more cancer considering the vast
number of cells in our bodies?

Considering the millions upon millions of cells in an organism such as the human
body, and the continuous cell turnover, it is worth asking why do we not get more
cancer than we do? Why is it so rare for a cell to develop into a tumor, such that
only one out of millions upon millions of them develop into a tumor? Previously it
was thought that the number of cells in an organism should be correlated to the
incidence of cancer such that a large animal with many cells should develop
cancer more frequently than a small one containing fewer cells. This is, however,
not the case. Mice do, for example, get a lot more cancer than elephants, despite
their vast differences in size. This lack of correlation between body size, longevity
and cancer risk across species is commonly known as Peto’s paradox. * It has
been shown that a larger body size and longer life expectancy, is associated with
better anticancer mechanisms across mammals. In the elephant it was for example
shown that it has 20 copies of the TP53 tumor suppressor gene. This thus allows
for the animal to harness more cells and living longer without the risk of
developing cancer. 2434

Cancer can hence be proposed to be rare since we throughout evolution have
developed cellular strategies to hinder tumor formation via for example the
presence of tumor suppressor genes, which actively inhibit cancer cell behaviour,
and through DNA repair systems, apoptosis pathways, redundancy in genetic
information, immune surveillance and an evolutionary pressure on the species
level favouring traits minimizing cancer. By learning from the anticancer
strategies employed by long-living species, we can also gain knowledge of
possible treatment strategies for cancer suppression that could potentially be
employed in humans. *
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Tumor initiation

In a healthy individual, each cell has a specific role, and the orchestration of these
roles maintains the overall organismal well-being. Cells typically only proliferate
in response to external signals and undergo apoptosis if damaged, ensuring a
harmonious balance. Tumors form when cells deviate from their designated
functions, becoming self-serving entities rather than contributing to the greater
good of the organism’s cellular community. How tumor initiation occurs has been
the subject of debate for centuries, evolving alongside our expanding
comprehension of cell biology. Today it is known that a combination of genetic
alterations, phenotypic changes and epigenetic changes are likely needed for a cell
to develop into a cancer cell and there may be many ways in which tumors can be
formed. 3 | will here briefly go through some of the modern theories of tumor
initiation (Table 1), and will, for reasons that does not have to be explained,
exclude older theories such as the balance of the four body fluids which have
minimal relevance in contemporary discussions.

The somatic mutation theory (SMT) posits that tumor formation is a cell-based
disease originating from the accumulation of mutations in somatic cells. These
mutations either activate oncogenes or inactivate tumor suppressors, collectively
promoting survival, proliferation, and clonal expansion. It assumes that the default
state of the cells is quiescence and that the genetic alterations cause the cells to
proliferate. The theory has been criticised, mainly by the supporters of the tissue
organization field theory (described below) for being too simplistic and the critics
additionally argue against the assumption that cells are inherently quiescent. ¥
SMT neither explains spontaneous % or hormone-driven % regression of pediatric
and adult cancers, nor the normalization of teratomas injected into blastocysts. 4

The tissue organization field theory (TOFT) challenges the gene-centric
perspective by highlighting the importance of tissue organization and
communication. It posits that cancer is a tissue-based disease, where
carcinogenesis fundamentally is a problem of tissue organization i.e., the
maintenance of the normal structure, function, and communication within a tissue.
Hence, tumor formation is something that occurs at the tissue level and cannot be
reduced to events in individual cells. This may explain the successive
transformation from metaplasia, dysplasia to carcinoma and so called pre-
cancerous lesions. #* It assumes that proliferation is the default state of all cells.
Since the problem is at the tissue level, the theory also implies that carcinogenesis
is a reversible process. ** #2 TOFT is hence in sharp contrast to the SMT. It does,
however, not account for the intratumoral heterogeneity of tumours. ° Critics also
argue that TOFT downplays the role of genetic alterations, which remains crucial
factors in understanding the pathogenesis of tumors. ¥ Nor does it provide any
specific molecular mechanisms explaining the disturbed tissue organization. “®
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In the classic theory, also denoted the two-hit hypothesis, a tumor is assumed to
arise from genetic alterations in tumor suppressor genes. Knudson proposed the
theory in 1971 and claimed that mutations must occur in both alleles of certain
genes to initiate tumor formation, as exemplified by the RB1 tumor suppressor
gene in retinoblastoma. This example does, however, constitute a rare exception,
and most cancers do not have a particular gene that is always mutated, but the
theory does play a role in hereditary cancers. #-6 The modified classic theory is an
adaptation of the classical two-hit hypothesis which acknowledges that not all
cancers strictly follow a two-hit mechanism. It posits that a combination of several
genetic alterations, each of which may have a low selective advantage, in
combination with epigenetic changes contributes to tumorigenesis through
Darwinian selection of cells harbouring spontaneously occurring mutations. 474

Almost all tumors are aneuploid in some way, * laying the foundation of the
aneuploidy theory positing that abnormal chromosome numbers are the driving
force of tumor initiation. It is the misdistribution of chromosomes that is thought
to be the cause of cancer rather than mutations. The missegregation of
chromosomes could, however, still be a result of mutations and other internal
alterations. Several studies have indicated that copy number aberrations both can
suppress and promote tumorigenesis. -5

In the last decade the theory of field cancerization has gained increased interest.
The idea is that tumorigenesis begins long before the lesion is detectable and often
also before any morphological changes are seen and is the consequence of the
evolution of somatic cells. Somatic cells gain genetic and epigenetic changes that
are positively selected for in an otherwise healthy tissue. The interplay between
the cells and their microenvironment determines which subclones are selected for.
These subclones can grow and produce patches or fields of cells that are
predisposed to progress to a neoplasm. 5 * The concept was first introduced by
Slaughter et al. in the context of oral squamous carcinoma in 1953 *, but has since
then been observed in various cancers including tumors of the oesophagus, skin
and lungs. %

The cancer stem cell theory was originally proposed by Virchow in the 19
century where he claimed that cancer is caused by the activation of dormant
embryonic cells present in mature tissues. This theory proposes that a small subset
of cells within a tumor, known as cancer stem cells (CSCs), possess the ability to
self-renew and initiate tumor growth and are also thought to be more resistant to
therapy compared to other cells in the tumor. 57-%0 There are several studies where
researchers have isolated cancer cells with and without stem cell surface markers,
followed by implanting these cells in vivo. These two cell groups were shown to
possess vastly different abilities to form new tumors, indicating that different cells
in the tumor possess different regenerative capabilities. Additionally, it was shown
that these stem cells generated tumors having both CSCs but also associated
cancer cell populations that were no longer enriched for these markers. 5 Similar
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results have been shown for breast cancer ¢ and glioblastoma % where only a
minority of the cancer cells, harbouring stem cell surface markers, were able to
generate new tumors in vivo. There is some debate regarding the definition of
CSCs, which has important implications for how to interpret the results of these
studies. Some studies indicate that the state is plastic, and that CSCs can transform
into non-CSCs and, interestingly, that both normal cells and non-CSCs tumor cells
can spontaneously convert into CSCs vitro and in vivo. 5% 54 It is, however, not
especially surprising that different cell populations have different proliferative
potential. Furthermore, it may be that subclones that have a higher proliferative
potential also easier form new tumors when implanted in vivo. This has not been
thoroughly investigated.

The bad luck theory founded in 2015 proposes that random mistakes during DNA
replication in stem cells (R-mutations) result in the inevitable propagation of
mutant clones leading to cancer. It is rather similar to the somatic mutation theory
but distinguishes between R-mutations and mutations that are heritable (H-
mutations) and those caused by external factors (E-mutations). & It suggests that
tissues with high cell division rate, regardless of external factors or inherited
predispositions, will have a higher risk for tumor formation. The theory has
received some criticism since it oversimplifies cancer risk by neither considering
the contribution of environmental factors, inherited predispositions nor the impact
of the microenvironment. It additionally assumes that cancer risk is dictated
entirely by the number of stem cell divisions, which may not be the case. ¢ The
ground state theory on the other hand focuses on the functional state of the cell (its
ground state). It suggests that a cell transforms into a cancerous state through
alterations in cells that already are in a cancer susceptible state. The susceptibility
may vary with age, damage caused by e.g., chemical agents and trauma, and
localisation within a tissue. This theory thus acknowledges the importance of
epigenetic modifications.

These diverse theories of tumor initiation reflect the complexity of cancer as a
biological phenomenon. The ongoing debate regarding how tumor formation is
initiated also highlights the need for a comprehensive understanding that integrates
genetic, epigenetic, and environmental factors, ultimately guiding the development
of more effective and tailored strategies for cancer prevention and treatment.
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Table 1. Theories of tumor initiation

Theory

Somatic mutation theory
(SMT) ¥

Tissue organization field
theory (TOFT) 4

Two-hit theory 46:6°
Modified classical theory 47
Aneuploidy theory %°

Field cancerization 5

Cancer stem cell theory 58

Definition

Cancer is a cell-based disease caused by genetic alterations of the
DNA.

Cancer is a tissue-based disease and cannot be reduced to cellular
events in single cells.

Both alleles of certain genes must be altered for cancer to
develop.

A combination of genetic and epigenetic alterations are needed
for tumors to develop.

All tumors possess aneuploidy, and it is this misdistribution of
chromosomes that causes tumor initiation.

Mutant clones in healthy tissues create clonal expansions forming
patches of cells, predisposed to cancer development.

A small group of cells with stem cell properties initiate and

maintain tumor growth. The non-stem cells cannot alone sustain
the tumor.

Random mistakes during DNA replication in stem cells induce
clonal expansions forming tumors.

The ground state (functional state) of the cell is important. The
theory especially acknowledges epigenetic modifications.

Bad luck theory 68

Ground state theory 68

Types of genetic alterations

This section will explore the various types of genetic alterations that may occur
within a cell, beginning by examining the smallest and progressively move
towards the more substantial ones.

Single nucleotide changes

Each DNA molecule consists of two strands, each comprising a long sequence of
four different nucleotide bases. These bases - A (adenosine), T (thymine), C
(cytosine) or G (guanine) — are accompanied by a deoxyribose sugar and a
phosphate group. The two strands bind together through base pairing rules: A pairs
with T and C pairs with G, forming a double helix structure. Three consecutive
nucleotide bases form a codon, that encodes a particular amino acid. With 64
possible combinations of the 4 nucleotide bases in groups of 3, multiple codons
can encode the same amino acid. During transcription the sequence is transcribed
into messenger RNA (mRNA) that is subsequently translated by the ribosome. The
sequence of codons gives instructions to the ribosome regarding which amino
acids the corresponding protein is made up of and in which order, allowing for
creation of the protein molecule (Figure 3).
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Figure 3. lllustration of the process from DNA to protein. One of the two complementary DNA
strands are transcribed into mRNA, which is used by the ribosome to translate the sequence of
codons into amino acids, constituting the protein encoded by the corresponding gene.

A single nucleotide polymorphism (SNP) is defined as a germline substitution of a
single nucleotide to another. For it to be called a polymorphism it must be present
in a considerable proportion of the population, generally at least 1 %. These
alterations might increase the risk of developing certain diseases and result in
cancer susceptibility. 7 They are investigated through familial inheritance studies
for mendelian traits or genome-wide association studies (GWAS) for polygenic
traits "

A single nucleotide variant (SNV) is a single nucleotide substitution that is not
inherited, is less frequent and does not classify as a SNP. Generally, the term is
used to refer to point mutations in somatic cells, i.e. non-germline cells such as
cells in healthy tissues or cancer cells.

SNPs and SNVs (Figure 5) can occur in exons (protein coding parts of a gene) or
introns (the sequences that separate a gene’s exons). If the substitution occurs in
an exon, it can be synonymous or nonsynonymous. A synonymous mutation does
not result in a change in the amino acid sequence. It may, however, still affect the
protein’s function by slowing down translation, thus allowing the peptide chain to
fold into an unusual conformation, making it less functional. It can also affect the
splicing. "> Nonsynonymous mutations on the other hand result in an amino acid
change. These can be further divided into either missense or nonsense mutations.
Missense mutations result in an amino acid change in the actual protein chain,
which may cause disease. Nonsense mutations result in a premature stop codon
and hence a truncated, incomplete, and usually dysfunctional or nonfunctional
protein product. Mutations in introns do not change the amino acid sequence of the
protein but may result in incorrect intron splicing, which can have deleterious
consequences on the protein’s structure and function and may play an important
role in tumorigenesis. "
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Several mechanisms contribute to the occurrence of SNPs and SNVs. They might
arise through errors during DNA replication where DNA polymerase makes
mistakes when reading the sequence, resulting in an incorporation of an incorrect
nucleotide. There is, however, a proofreading system and a mismatch repair
mechanism, but they are not perfect, and some errors may thus go undetected.
Some regions of the genome contain repetitive sequences denoted microsatellites,
which are prone to genetic alterations due to replication slippage. Mutations can
also arise due to exposure to chemicals, mutagens that modify the structure of the
DNA chain, reactive oxygen species or radiation causing direct DNA damage
through double strand breaks. This might result in loss of genetic material or that
the DNA polymerase misread damaged bases or even skip them. 7

Recent studies have suggested that spontaneous mutations could stem from a
quantum mechanical mechanism. ™ Each base pair in the DNA is held together by
two (A-T) or three (C-G) hydrogen bonds. Particles do, however, not have a fixed
position but is described by a wave function, representing the probability of
finding the particle at a certain position if its position would be measured. The
nucleotides thus share each proton via hydrogen bonds. In a standard A-T and C-G
base pair, the protons are expected to be in their regular form (Figure 4A).
Through quantum tunnelling there is, however, a small possibility to find the
protons closer to the other nucleotide, with which it base pairs, creating a
tautomeric version of the base pair, as was originally proposed by Watson and
Crick in 1953. " In their tautomeric form, T can pair with G and A can pair with
C, thus violating the classic rules of base pairing (Figure 4B). When DNA
polymerase reads the DNA sequence it actually performs a quantum measurement.
As we know from the double slit experiment, this collapses the wave function, and
the proton will now be detected at a specific position. The probability for it to be at
a certain position is given by the wave function. With a small, but non zero,
probability, this position can be with the base pair in tautomeric form. '
Consequently, the DNA polymerase might pair the tautomeric nucleotide with the
wrong base pair resulting in a SNP or SNV. It also follows that genes that are
more frequently replicated and transcribed i.e., quantum measured, should display
mutations more frequently, which is also what has been found. 7" Tautomers with
alternative proton positions thus seem to be an unavoidable source and driver of
mutations, and hence also evolution.
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Figure 4. A) Standard, but simplified, T-A and C-G base pairs with protons in their normal
positions. B) In its tautomeric forms, indicated by a *, the protons are found in the opposite position.
Consequently, it is possible for T to base pair with G and C to base pair with A. Also, G and A might
be in tautomeric forms, and form base pairs with T and C respectively.

Insertions and deletions

Insertions are incorporations of additional base pairs while deletions are removals
of base pairs in the DNA sequence (Figure 5). They are often denoted together as
indels. Unless the change is a multiple of 3 it will produce a frameshift resulting in
a faulty protein chain. Indels have been shown to play an important role in
tumorigenesis. @ If the indel is larger than 50 bases long it is often classified as a
structural variant.

A SNP/SNV B Insertion C  Deletion
CANENESE A cAMEmEEcA CANEmEECA
GlAcAccER ElACACEER ElAcACEER
cAlEEEesc A CAIIIIICA cAfiga
EfAccccEml ENACCENRACCER EH~ACH
\.mEge
ACCE

Figure 5. The DNA sequence consists of consecutive pairs of either A and T or C and G. The upper
DNA sequence is the reference sequence, and the lower one is the altered sequence. A) ldeally the
sequence should be identical in all cells and across different individuals. There are sites where the
sequence mismatch, constituting a SNP or SNV. B) If one or several base pairs are inserted into the

DNA-sequence it is denoted an insertion. C) If some base pairs are lost from the DNA sequence it is
called a deletion.
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Chromosomal translocations

A chromosomal translocation refers to the transfer of a segment of a chromosome
to another location, either on the same or to another chromosome (Figure 6). A
balanced translocation is an even exchange of material with no genetic
information extra or missing. An unbalanced translocation on the other hand
involves an unequal exchange of chromosomal material, resulting in extra or
missing genes. The translocation can also be reciprocal or nonreciprocal. In a
reciprocal translocation there is an exchange of genetic material between two
non-homologous i.e., not identical chromosomes. In a nonreciprocal translocation
there is a one-way transfer of genes from one chromosome to a non-homologous
chromosome. Finally, in a Robertsonian translocation, two acrocentric
chromosomes i.e., chromosomes where one arm is much longer than the other, get
attached to each other. Generally, the designation t(A;B) is used to denote a
translocation between chromosome A and B.

A Twonormal B Balanced C Unbalanced D Robertsonian
chromosomes reciprocal nonreciprocal

M

- O

U

Figure 6. A) Two normal chromosomes. B) There has been an even exchange of genetic material
between two chromosomes. No material is lost or gained. C) There has been an uneven exchange of
genetic material between two chromosomes. D) A Robertsonian translocation where the g-arms and
p-arms, respectively, from two acrocentric chromosomes get attached to each other.

If a translocation joins two genes that are otherwise separated, a fusion gene may
form. Fusion genes have been shown to have important implications in cancer.
The first recurrent rearrangement of this nature was the Philadelphia chromosome
in chronic myeloid leukaemia, identified in 1960. " It was shown in 1985 that it
was due to a translocation between chromosomes 9 and 22, denoted t(9;22), and
shown to form the fusion gene BCR-ABL1. ® 8 Since then, several targeted
therapies have been created against its protein product. In addition, a long range of
other recurrent gene fusion genes and corresponding proteins have been identified
across cancers.

Copy number changes

A normal human cell contains 46 chromosomes, consisting of 22 pairs of
autosomes and usually one pair of sex chromosomes, encapsulated in the cell
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nucleus. Hence, each cell has two copies of each chromosomal segment and is
referred to as diploid. Each chromosome consists of a single DNA chain wrapped
around proteins called histones. Several histones together with the DNA wrapped
around it forms a small unit denoted a nucleosome. The nucleosomes fold up,
forming a fiber referred to as chromatin. When the cell is not undergoing mitosis,
the DNA is kept in this form. Some parts are very tightly packed and is called
heterochromatin. The genes contained here are not frequently transcribed. On the
other hand, there is also lightly packed DNA called euchromatin, enriched in
genes that are under active transcription. The chromatin can be compressed and
folded further, forming condensed chromatids/chromosomes during mitosis. Each
chromosomal segment is denoted as having the allelic composition 1+1 since there
is, normally, one copy of each of the two alleles. Chromosomes are divided into
two arms, the p-arm (shorter) and the g-arm (longer) bound together by the
centromere, to which the mitotic spindles bind during mitosis to separate the two
chromosomes. The regions closer to the centromere are referred to as being more
proximal than the regions further out towards the telomeres, which are referred to
as being distal. To refer to a certain region of a chromosome, the different parts are
numbered starting from the centromere and outwards, based on which
chromosome region and band they belong to. When chromosomes are stained
using a dye called Giemsa, heterochromatin stain darker than euchromatin,
forming bands. The chromosome area pll is more proximal than p21 and g1l is
more proximal than g21. The first number refers to the chromosome region and
the second one the band within the region. In this manner it is possible to identify
where a certain alteration is by writing e.g., 17912 (chromosome 17, on the g-arm,
in region 1, band 2).

Copy number variations (CNVs) refer to the normal germline variation in the
number of copies of a DNA sequence within the population. To be called a
variation, it must exist in at least 1 % of the population. An individual may lack
e.g., a gene or have additional copies of it. These variations may be associated
with certain traits or disorders but can also be neutral. 8 Copy number alterations
(CNAs), on the other hand, refers to changes in the number of copies of a DNA
sequence that occurs de novo within somatic cells. Aneuploidy is defined as losses
and gains of entire chromosomes. In some definitions losses and gains of
chromosome arms are included in this term as well. *° A loss can be hemizygous if
one copy is lost or homozygous if both are lost. If one of the alleles is lost it is also
referred to as loss of heterozygosity (LOH). If there is a change in the allelic
composition, but still resulting in the same number of copies of the segment, it is
denoted a copy number neutral imbalance (CNNI). A gain involves the
duplication of a chromosomal segment resulting in additional copies. Losses or
gains of parts of a chromosome are denoted segmental chromosomal aberrations.
The final number of copies of each allele after these losses or gains can be denoted
as e.g., 1+0 if one of the alleles is lost or 2+1 if there is an additional copy of one
of the alleles (Figure 7). CNAs and aneuploid have been observed across almost
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all cancer forms. Loosing or gaining a large part of a chromosome may affect a
vast number of genes, including oncogenes and tumor suppressors and may have a
profound effect on cellular function, causing macro-evolutionary leaps. 48 5053

A Diploid chromosomes B Structural variation C Chromosome arm variation D Whole chromosome variation
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Figure 7. A) Depiction of the different parts of a normal chromosome pair. B) Loss or gain of a part
of a chromosome arm, denoted a structural variation. C) Loss or gain of an entire chromosome arm.
D) Loss or gain of an entire chromosome, here resulting in one copy of the chromosome
(monosomy) or three copies (trisomy), respectively.

There are several proposed mechanisms by which copy number changes can form.
During mitosis the telomeres of two chromatids may fuse together. As they are
being pulled towards the two poles during anaphase a chromatin or anaphase
bridge can form. Eventually this bridge will break by the pull of the spindle poles,
causing a disruption at some random point in the chromosomes resulting in a copy
number change. Another mechanism is through improper mitotic spindle
formation, which may result in the sister chromatids not properly separating from
one another during anaphase, referred to as anaphase lag. 8 If the cell has more
than two centrosomes, it may result in multipolar mitosis with multipolar spindles
developing. The chromosomes can hence be separated abnormally and result in
aneuploidy in both daughter cells. It can cause monotely (only one kinetochore,
where the spindles usually bind on the chromosome, is attached to a spindle pole),
synthely (where both sister kinetochores are attached to the same pole) or merotely
(one sister kinetochore is attached to both poles). 51 &

Extrachromosomal DNA

Extrachromosomal DNA (ecDNA) refers to any DNA that exists outside the cells’
chromosomal DNA, either inside or outside the nucleus. Eucaryotic cells normally
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have ecDNA confined in organelles such as mitochondria. In the context of
cancer, however, diverse manifestations of ecDNAs have been identified. 8

Early observations in cytogenetic metaphase spreads of pediatric neuroblastoma
cancer cells in 1965, revealed small chromatin bodies, often appearing in pairs.
They were consequently coined double minutes (DM). 8 These structures were
shown to comprise circular DNA molecules ranging in size from 100 kb to several
megabases, allowing them to be visually observed in metaphase spreads. Notably,
the DMs found in neuroblastoma cells were found to often harbour a gene, coined
MYCN. 88 This is now a well-known oncogene, found to be amplified in 20 % of
neuroblastoma patients, also conferring a worse prognosis. %

There are several proposed mechanisms for how DMs can be generated. One
mechanism is through chromothripsis, which is a catastrophic event where one or
more chromosomes are shattered into multiple DNA-fragments that are
subsequently stitched together randomly. Some of the fragments may ligate to
themselves or to some of the other fragments, forming double minutes. °* There
are, however, cases where there are DMs but no signs of chromothripsis. Several
models have been proposed to explain this. They all have in common that a double
strand break initiates the process of DM formation. 2

Subsequent research has revealed that DMs merely comprise 30 % of all ecDNA.
The other group is denoted extrachromosomal circular DNA (eccDNA), which are
smaller than the DMs, often < 1 kb in size, making them not visible in metaphase
spreads. Examples of eccDNA are telomeric circles, small polydispersed DNA
elements, and microDNAs. There are several competing theories for how they
appear such as after a chromothripsis event or a double strand break, through a
breakage-fusion-breakage cycle or via the episome model. 8 Studies have
unveiled the prevalence of ecDNA across most cancer types, with chromosomal
segments frequently encompassing oncogenes, that are sometimes amplified. %
The presence of eccDNA is correlated with unfavourable clinical outcomes. %

During cell division, the ecDNA is randomly partitioned between the two daughter
cells. ®97 This may result in an unequal segregation of the fragments, generating
varying quantities of ecDNA across the cells. This dynamic distribution can
quickly increase the ecDNA copy number in a single cell and drive intratumoral
heterogeneity. % %99

Gene amplifications

A gene amplification is an increase in copy number of a restricted region of a
chromosome. The amplified region is referred to as an amplicon and ranges in size
from kilobases to tens of megabases. The amplified DNA sequence can be
localized as ecDNA, repeated sequences at the same locus (forming
intrachromosomal homogeneously staining regions; HSRs) or scattered throughout
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the genome. Amplifications of genes, alongside an increased expression of the
corresponding gene product, are commonly seen across tumor types. Interestingly,
a single amplicon may contain DNA from different parts of the genome. % Genes
that has been shown to be frequently amplified in cancers are MYCN, CCND1 and
EGFR. ¥ Detection of novel amplified genes in cancer cells is of special interest
since they could be candidate oncogenes considering that they are often
evolutionarily selected for.

Several theories have been proposed to explain how amplicons may be formed.
The most popular is that they are generated through a breakage-fusion-bridge
cycle. The cycle is initiated by two chromosomes attaching to each other, forming
a dicentric derivative of a chromosome. When the cell undergoes mitosis, the
mitotic spindles bind to the two centromeres on the chromosome. This results in
the chromosome being pulled towards opposite poles, forming a DNA bridge. This
bridge will eventually break. Since the chromosome is duplicated during mitosis it
might subsequently create a dicentric chromosome again and the cycle repeats.
Depending on how the breakage occurs this process can generate many copies of
the same chromosome region, resulting in an amplicon. Other models are the
translocation-deletion-amplification model and the episome model. 102 103

Chromosomal instability and cancer

Our genetic material has evolved over millions of years, resulting in a remarkably
stable and well conserved set of chromosomes. In addition, all non-germline cells
in the human body exhibit the same number of chromosomes despite having gone
through a vast number of proliferations. Despite this, it has been observed that
almost all tumors have chromosome numbers deviating from this number, through
gains and losses of whole chromosomes or large portions thereof. 48 101 104,105 Thyjs
feature is especially common in high-grade adult carcinomas © and childhood
cancers. 2

Chromosomal instability (CIN) is defined as an elevated rate of chromosomal
missegregation. It is important to distinguish CIN from aneuploidy since they are
distinct entities. Aneuploidy refers to the presence of whole chromosome, or
chromosome arm alterations. CIN on the other hand refers to an increased rate of
chromosomal missegregation. The two do, however, co-occur since an increased
CIN also results in aneuploidy. CIN has been shown to be a recurrent feature in
aggressive cancers. 1% Genetic instability can also present itself at the nucleotide
level, comprising nucleotide excision repair (NER)-associated instability (NIN)
and microsatellite instability (MIN), often caused by mutations and epigenetic
changes in mismatch repair genes. 1%
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There are several mechanisms that may cause CIN # such as telomere dysfunction
triggering breakage-fusion-bridge cycles 1% or defects in chromosome cohesion or
in the spindle assembly checkpoint (SAC). SAC constitutes an important step of
the cell cycle through controlling the attachment of the spindles to the
chromosomes. Other causes can be faults in the kinetochore—microtubule
attachment or cell-cycle regulation. Finally an increased number of centrosomes,
so-called supernumerary centrosomes, may result in multipolar spindles increasing
the risk of merotely. 1% These changes each increases the risk of missegregation
through monotely, synthely, or merotely.

Studies have identified a distinct subset of cancer cells within tumors,
characterized by their significantly larger size compared to other cells. These
enlarged cells are known as poly-aneuploid cancer cells (PACCs) or polyploid
giant cancer cells (PGCCs), and they exhibit unique features. They have been
found to be more prevalent in primary tumors of patients with metastases and are
even more abundant in the metastases compared to the primary tumor. 1*® PACCs
demonstrate both polyploidy, resulting from one or more complete whole genome
doublings (WGDs), and aneuploidy, involving the loss or gain of chromosomes or
chromosome arms. Surviving a WGD grants these cells increased tolerance to
chromosome aberrations, promoting CIN. 1% 111 WGDs are also associated with a
poorer prognosis across various tumor types, suggesting a potential role in tumor
aggressiveness. ' Moreover, PACCs can emerge in response to stressors like
chemotherapy, 12 exhibiting resilience and enhanced evolvability, facilitating their
survival in challenging environments. ** These cells may also express cancer stem
cell markers and possess characteristics of stem cells, such as the ability to
differentiate into various cell types. % Additionally, they can undergo
depolyploidization through asymmetric cell division, producing daughter cells
with near-diploid DNA content. ** Recent findings have also highlighted the
clinical relevance of targeting PACCs. In ovarian cancer, blocking the formation
of PACCs has been shown to enhance the response to PARP inhibitors, suggesting
a promising avenue for improving treatment outcomes. 16

To conclude, CIN and aneuploidy plays a crucial role in tumorigenesis. There are,
furthermore, emerging treatments targeting CIN itself by e.g., reactivating cellular
pathways that inhibit CIN, by targeting the consequences of aneuploidy, by
increasing CIN so that the cell cannot survive. 7

How genetic alterations can be used to track evolution

Almost all tumors possess genetic alterations of some sort. Due to the evolutionary
nature of cancer, different parts of the primary tumor and metastases may display
different subclones. Since each subclone has a different set of genetic alterations,
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these sets could be seen as a form of unintentional natural barcoding of subclones
and could therefore, theoretically, be used to track tumor evolution. Early genetic
alterations in the history of the tumor, tend to be present in almost all cells, while
later genetic alterations are only present in a subset of cells. By sampling several
anatomical regions and analysing them genetically, it is possible to use
mathematical methods to determine the temporal order of the alterations and hence
also the order in which different subclones developed in the tumor. This is
performed using phylogenetic reconstruction, which will be discussed in the next
section.
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Phylogenetics

Basic tree characteristics and definitions

By analysing the genetic composition of a tumor spatially and temporally,
mathematical methods can be employed to reconstruct its evolutionary history.
This can further be visualized in the shape of an ancestral tree, denoted a
phylogenetic tree or phylogeny. It is a graph representing the evolutionary
relationship between different biological entities and is widely used in
evolutionary biology to explore the genetic relationship between species,
determine when they diverged from each other temporally, genetically, or
phenotypically and to identify similarities and differences between them. Similar
algorithms can be employed to produce ancestral trees displaying the relationship
between subclones of cancer cells (Figure 8). 118

A  The anatomy of a phylogeny B  Unrooted tree C Rooted tree

Internal node ®

Evolutionary time Evolutionary time

>
>

MRCA e Taxa Tumo H ®
® ; H ®
Root ® 5 @
Stem C ~
Tip :
® H
Branch : .

Figure 8. A) A phylogenetic tree and its constitutive parts. The red arrow indicates the direction of
time, such that the tree is read from left to right. At the bottom of the tree (leftmost), the root is
situated, leading to the most recent common ancestor (MRCA) of all the entities downstream (right).
The branches are the horizontal lines connecting a descendant to its ancestor. Their lengths are
proportional to the number of alterations separating the entities. The root and the MRCA are
connected via a branch denoted the stem, which contains all features shared between all entities
downstream (right) of the MCRA. The internal nodes indicate where a speciation event has taken
place and is followed by a branch leading to at least one descendant. The tip labels are the biological
entities or taxa. Phylogenetic trees can be used to illustrate the evolutionary history of biological
entities. In this example it illustrates the evolutionary history of the simplified tumor to the right,
where each color represents a distinct subclone. B) An unrooted tree is an undirected graph, only
showing the evolutionary distance between the entities. C) A rooted tree is a directed graph with an
inferred MRCA.
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Figure 8 depicts a phylogenetic tree (phylogeny). It can be rooted or unrooted. A
rooted tree is a directed graph where a most recent common ancestor (MRCA) is
explicitly assigned, i.e., we propose a hypothetical MRCA based on prior
knowledge. In the case of tumors, the presumed cell of origin is a normal cell
without any genetic alterations. An unrooted tree, on the other hand, lacks any
assumed ancestral line and does not indicate any beginning or direction of the
inferred evolutionary transformation, but merely illustrates the evolutionary
distances between the entities. 18

The stem of the phylogeny encompasses the alterations shared by all cells in all
sampled regions. These alterations are often referred to as truncal, clonal or stem
alterations, while alterations present in a subset of cells are called subclonal
alterations. Private alterations are genetic alterations only present in one taxon.
Internal nodes represent speciation events, the common ancestor from which at
least one lineage descends. Branches are horizontal lines that encompass the
genetic alterations separating the descendants from the ancestors, and their length
is proportional to the number of alterations separating them. A clade refers to a
group of organisms or cells believed to comprise all the evolutionary descendants
to a common ancestor. 118

In our studies we define a subclone as a population of at least two tumor cells with
identical genetic profiles which that are not present in all cancer cells in at least
one region. Otherwise, it is denoted a clone. The Fitness is the ability of a tumor
cell to survive and proliferate. Subclones with an increased fitness compared to
their neighbours will become more prevalent over time. Driver mutations confer a
fitness advantage, while passenger mutations do not affect the fitness. A selective
sweep occurs when a genotype emerges with an extremely high fitness such that it
outcompetes all other subclones in the sampled area. **°

By reconstructing a phylogenetic tree based on multiple samples from the same
tumor in a patient, it is possible to investigate its evolutionary dynamics. It is also
possible to identify early genetic changes, characterized by their presence in nearly
all cells across all samples, constituting possible targets for precision medicine.
Furthermore, we it can be used to visualize the heterogeneity of the tumor and to
determine which subclones survive therapy, which cause relapses, metastasize and
when. It also allows exploration of how different metastases are related to one
another and to the primary tumor before and after therapy. Comparing the
evolutionary history of tumors across different patients holds the possibility to
elucidate similarities and differences, that may account for variations in treatment
outcomes.
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Methods for phylogenetic reconstruction

There are many ways in which phylogenetic trees can be reconstructed. The oldest
and simplest methods are distance-based ones such as the neighbour joining
method (NJ), the unweighted pair group method with arithmetic mean (UPGMA)
and the weighted pair group method with arithmetic mean (WPGMA\). There are,
however, other methods, such as the maximum parsimony (MP) method, the
maximum likelihood (ML) method and Bayesian methods. ! The following
sections will provide an overview of each of these methods, highlighting their
respective strengths and weaknesses. This exploration aims to inform our decision
on the most suitable methods for our studies. A comparison between software used
in cancer research can be seen in the methods section.

Distance-based methods

Distance based methods, as the name implies, uses the evolutionary distance
between sequences to construct a tree that most accurately represents the observed
dataset. The branch lengths are intended to mirror the extent of evolutionary
change between distinct entities. Each distance can be visualized as the branch
length that separates each taxon in the tree, which is the best unrooted tree for that
pair of sequences. The overarching objective is to find the tree that best integrates
all these individual two-sequence trees into a cohesive, larger structure, 120121

The distance matrix

The distance matrix utilized in distance based phylogenetic methods is a square
matrix containing the pairwise distances between the entities to be analysed. For N
elements, the matrix will have the dimensions N x N. The matrix is symmetric
since the distance between entity i and j is the same as between j and i, D(i,j) =
D(j,i). Each matrix element represents the distance between the corresponding
entity of the row and column. A larger distance suggests a greater degree of
dissimilarity or divergence between a pair of entities, while a smaller suggests a
greater similarity. The distances in the matrix can be derived from various data
sources such as DNA sequences, RNA sequences, or amino acid sequences in
proteins. It can also be binary data, indicating the presence or absence of certain
traits or genetic alterations. The choice of method to compute the distance between
the entities depends on the available data. Various methods exist for calculating
the distance between two sequences. The most used and simplest metric is the
Hamming distance 2 12! put other distance metrics such as the Manhattan
distance, and the Euclidean distance are sometimes used (Figure 9).
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The Hamming distance was originally proposed by Richard Hamming in his
fundamental paper on Hamming codes in the 1950s 22, and is widely used in error
detection systems. It is defined as the number of positions at which two strings of
the same length differ from one another, i.e., the minimum number of substitutions
needed to transform one string into another.

H(AB) = ) 8(ay by) M
i=1

Where A and B are two sequences, n is the length of the sequences, a; and b; are
the characters at position i in sequences A and B, and &(a;, b;) is the Kronecker
delta function, equalling 1 if the two entities are not equal or 0 otherwise. It is
important to note that this measure is Boolean, meaning it yields either true or
false, and solely focuses on whether the characters differs or not, disregarding
their actual values. This is often sufficient when comparing DNA sequences or the
presence or absence of a genetic alteration, but it does not capture the complexities
of evolutionary processes such as transitions and transversions in nucleotide
sequences. It also assumes equal weights for all character changes, which may not
be appropriate, but is suitable for cases where only character presence or absence
matters.

The Manhattan distance is defined by the absolute difference between the actual
cartesian coordinates of two entities in a multidimensional space. Only the
distance and not which path is taken is important. If the data is binary the
Manhattan distance is equal to the Hamming distance.

MC4,B) = ) la; = byl @
i=1

Where A and B are two sequences, n is the length of the sequences, a; and b; are
the characters at position i in the sequences A and B, respectively. It is more
robust to outliers compared to the Euclidean distance and it is applicable to both
binary and multistate character data. It does, however, assume that there are linear
relationships between the characters, and it is also sensitive to the scale used.

The Euclidean distance is the length of a straight-line segment between two
points.

E(A,B) = 3)

Where A and B are two sequences, n is the length of the sequences, a; and b; are
the characters at position i in sequences A and B, respectively. The result is most
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often not a whole number and its biological interpretation for genetic alterations is
a bit unclear. It is also very sensitive to outliers, which can disproportionately
influence the distance measure. The method is well-suited for continuous and
multistate data. It does, however, assume linear relationships between characters.
In high-dimensional space the curse of dimensionality can impact the
interpretation of the distance i.e., the dissimilarity between entities may become
less meaningful as the number of dimensions increases. In addition, the distances
are not scale invariant, meaning that if the data is multiplied with a common
factor, it will change the distances. It is, however, translation invariant such that
shifting the entire dataset by a constant value does not affect the distances.

In genetic analyses the data is usually either binary (an event is present or not) or
nucleotide sequences (A, T, C and G). Therefore, the most used method for
computing evolutionary distances is the Hamming distance, where the absolute
number of differences between two sequences are compared.

Example 1 Example 2

A:t1001101110 C:1001203410
B:1111100110 D:1521200410

Hamming distance = 3 Hamming distance = 3
Manhattan distance = 3 Manhattan distance = 10
Euclidean distance = V3 Euclidean distance = V38

Figure 9. Two examples of how to calculate the Hamming, Manhattan and Euclidean distance
between sequence A and B or between C and D. The Hamming distance is the number of instances
where the two sequences do not match. The Manhattan distance is the absolute difference between
the cartesian coordinates that each position in the sequence represents. The Euclidean distance is the
line segment between the two points that the sequences represent.

A limitation of using distance matrices is that they may oversimplify the true
underlying evolutionary processes and that information may be lost in the process.

The event matrix

An event matrix is a binary matrix indicating whether a genetic alteration is
present or not in a biological entity. For studies of tumor evolution, each column
could represent a subclone, and each row a genetic alteration. The matrix elements
indicate the presence or absence of each of these, denoted 1 or 0, respectively.

One useful feature of using an event matrix is that all genetic alterations are
treated equally during the phylogenetic reconstruction. This is especially
advantageous when working with copy number changes, which can span entire
chromosomes. Using merely the Hamming distance directly on copy number
calling data, could yield millions of differences between the sequences, even
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though it might only be due to a very large segmental copy number change or a
whole chromosome gain or loss.

To use the event matrix for distance-based phylogenetic reconstruction, the
pairwise distances between the entities in the event matrix are computed using
e.g., the Hamming distance.

The neighbour joining method

The neighbour joining method was developed by Naruya Saitou and Masatoshi
Nei in 1987 2, and is a clustering algorithm. The algorithm iteratively joins the
closest neighbours based on their pairwise distances.

The algorithm works as follows. 120123, 124

1.
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Start with a star phylogeny where all taxa connect to a central node. The
branch lengths are set to half the sum of the pairwise distances for each
taxon.

Calculate the matrix Qj;
Q) = (= 2dG) - ) dG1 = ) dG 1 @
k=1 k=1

Here i and j are the two clusters that are being compared, ¢ is the current
number of clusters, Q(i,i) = 1V i, and d is the pairwise distance between
the clusters specified in the parentheses. The equation considers how close
two clusters are to each other as well as how far away they are from other
clusters. Clusters that are close to each other but far away from other
clusters are primarily merged. The scaling factor (¢ — 2) is needed for the
function to not be taken over by the part of the equation with the sums,
which would result in a merging of clusters that are far from each other.

The pair of clusters that has the lowest value in the Q-matrix are the ones
that should be merged, since they are considered the nearest neighbours.

Calculate the branch lengths from the two clusters to their shared node. In
the equation, u represents the shared node, f and g are the two clusters to
be merged and k represents the other clusters in the dataset. The
computation is performed for each of the two clusters individually.

_d(fg) 1 [< :
) LZ d(f k) — kZld(g, k)] (5)




_deh 1 N C
sgw) =— +2(C_2)[;d(g,k)—;d(f,k)] (©)

5. Calculate the branch lengths from the other clusters to the new node.

d(f, k) +d(g k) —d(f g)
5 @

6. This results in a new distance matrix. Go back to step 2 and redo it. When
there are no more taxa the algorithm is ended, resulting in an unrooted
tree.

d(u,k) =

Advantages: It is fast for smaller data sets, and it often produces accurate
phylogenies if the distance matrix is correct. Furthermore, it does not assume
uniform evolution rates (molecular clock).

Disadvantages: The algorithm relies on an unweighted distance matrix. It may
also give negative branch lengths. Additionally, it only yields one phylogeny. IT
also has a computational complexity which scales as 0(n®), making it rather slow
for larger datasets.

Unweighted pair group method with arithmetic mean (UPGMA)

UPGMA is in principle a hierarchical clustering algorithm, introduced by Sokal
and Michener in 1958. 12> The algorithm operates on a distance matrix and scales
as 0(n?log(n)) and is hence slightly computationally faster than the neighbour
joining method. Unfortunately, the algorithm employs a strict molecular clock i.e.,
it assumes a constant rate of genetic change over time across the different entities
in the dataset. This means that the amount of genetic change accumulates at a
constant rate, resulting in an ultrametric tree where all tips are equidistant from the
root.

The algorithm works as follows 212
1. Begin with a distance matrix, denoted D;.

2. ldentify the pair of taxa a and b separated by the shortest distance in the
matrix.

3. Create a new cluster u by combining clusters a and b. The branch lengths
(distance, D) from the cluster u to a and b are assumed to be the same.
Dl (al b)

D(a,u) =D(b,u) = >

(8)
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4. Cluster a and b in the distance matrix are replaced by cluster u. The
distances in the distance matrix are subsequently updated by calculating
the distance from cluster u to all other entities in the distance matrix.

la|D(a,u) + |b|D(b,u) )

lal + |b]

5. Go back to step 2 and repeat the steps using the updated distance matrix. If
all entities have been handled, the algorithm is ended.

D((a, b),u) =

Advantages: The algorithm is slightly faster than the neighbour joining method
and it often produces accurate phylogenetic trees if the distance matrix is correct.

Disadvantages: The UPGMA results in an ultrametric tree, assuming a strict
molecular clock. While this assumption may offer a convenient simplification for
dating fossils and tracking the divergence of animal species, it is an overly
idealized assumption. Several studies indicate that the rate of evolutionary change
varies significantly among different biological taxa 1% and in cancer it has been
shown that different subclones possess varying mutation frequencies. ¥” True
phylogenies rarely exhibit ultrametric characteristics and reliance on such an
assumption might bias the interpretation of the results. Most phylogenetic methods
today therefore employ relaxed clock models, allowing for different rates of
molecular evolution among lineages. 8 It is worth noting that certain molecular
markers or specific regions of the genome, such as mitochondrial DNA and
microsatellites may exhibit relatively constant substitution rates. 12° 130 Conversely,
some exhibit such high mutation rates that they comply to the assumption of a
strict molecular clock with a linear relationship between mutations and time.
Polyguanine tract repeats provide an example of such genomic elements. 3

Another limitation of the UPGMA method is that the tree may not be additive.
This means that the branch lengths may not correspond to the absolute distances
between the entities according to the distance matrix.

Weighted pair group method with arithmetic mean (WPGMA)

WPGMA is a distance-based phylogenetic method, also developed by Sokal and
Michener in 1958. It is a weighted version of the UPGMA method, aiming to
address some of the limitations of UPGMA regarding its assumption of a strict
molecular clock. Weights are therefore used to assign varying degrees of influence
to characters in the phylogenetic reconstruction. ' The algorithm operates as
follows.

1. Begin with a distance matrix, denoted D;, where i equals the number of
iterations. In the first iteration the matrix is thus denoted D, .
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2. Find the pair of taxa a and b separated by the shortest distance according
to the distance matrix.

3. Create a new cluster (a,b) by combining clusters a and b. The branch
lengths from cluster u to a and b are assumed to be of equal lengths.

Di(a,(a,b)) = D;i(b,(a, b)) = M (10)

4. Update the event matrix, which now will have one row and one column
less. When the distances are updated in the matrix the distances are
averaged between each element of the first cluster (a,b) and each of the
remaining elements, k. The selection of the weights w; and w;, varies
depending on method.

w;D;(a, k) + w;D;(b, k)
Dis1((a,b) k) = ———————

5. Go back to step 2 and repeat until all entities have been handled.

(11)

Advantages: The method is simple and computationally efficient. It is also
capable to somewhat handling situations where the assumption of a strict
molecular clock is not true.

Disadvantages: It still produces ultrametric trees and thus implies a constant rate
of evolution across lineages, despite attempts to use weights to certain characters
in the phylogenetic reconstruction procedure. It is also sensitive to outliers and,
just as for UPGMA, branch lengths may not accurately reflect the actual amount
of evolutionary change when the molecular clock hypothesis is violated.

Maximum parsimony

The maximum parsimony (MP) method aims to find the tree that minimizes the
total number of evolutionary changes. Hence, the goal is to identify the shortest
and easiest tree that explains the observed data, referred to as the most
parsimonious tree. The foundational work was performed by Edwards and Cavalli-
Sforza in 1963 **2 and subsequent advancements were made by James S. Farris in
1970 % and Walter M. Fitch 1971. 134 The idea behind the method is that genetic
alterations are rare and that the solution encompassing the fewest number of
substitutions, while still explaining the data, is preferred over those necessitating
additional substitutions.

Finding the most parsimonious tree is challenging due to the large increase in the
number of possible phylogenies as the number of taxa increases. Performing an
exhaustive search through all possible trees in the tree space (a theoretical space
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encompassing all possible trees for a given set of taxa) and calculating the length
of each, may thus not be possible. Therefore, several algorithms have been
developed to perform this tree search to find the most parsimonious tree. 13

The branch-and-bound method (BB) prunes branches that cannot lead to a more
parsimonious solution. **® For a higher number of taxa, however, a heuristic
search is needed. Heuristic search techniques use various strategies to try to find
the optimal tree without looking at all possible solutions. They often use a hill
climbing strategy (Figure 10). This does, however, not guarantee that the one
found is the best, since there is the possibility of ending up in a local optimum.
One example of a heuristic search method is the nearest neighbour interchange
method (NNI), in which subtrees in a tree topology iteratively are exchanged to
explore different tree rearrangements. In some versions all nearest neighbours are
explored while others halt as soon as a better one is found. If a nearest neighbour
tree is found that is more parsimonious than the current tree, this one is used as the
current tree for the next iteration of nearest neighbour search. If none of the
rearrangements are more parsimonious, the tree is localized at a maximum point in
the tree landscape and the search is ended. This might, however, be a local
maximum, but since not all trees are investigated, it is not known. 2% 135 Another
method is the subtree pruning and regrafting method (SPR), which selects and
removes a subtree from the main tree and reinserts it in all possible places to create
a new node and compute a new parsimony score for each combination. Hence, the
SPR method carries out a much wider search than the NNI method and is thus
more likely to find a better peak in the tree landscape. 2% *® The tree bisections
and recombination (TBR) method is similar, in that it removes a subtree from the
main tree, but it iteratively tries all possible connections between the two trees in
all possible ways. It thus carries out an even wider search than the SPR method.
Note that all these methods assume that we start with an initial tree. This tree can
be obtained by random construction, by sequential addition, a star phylogeny or by
using e.g., a distance-based method such as the neighbour joining method. 20 13

Global optimum

Parsimony
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Figure 10. lllustration of a hypothetical tree space. The search is initialized with a starting/initial tree
using for example random construction, sequence addition, a star phylogeny or by using a distance-
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based method such as the NJ method. This is followed by a heuristic hill-climbing strategy to
identify a maximum, here exemplified by trying to find the maximum parsimony score, using e.g.,
NNI, SPR or TBR. Depending on the start position and the algorithm used, the search might end up
in a local optimum (red path) or the global optimum (blue path). By using a method such as the
parsimony ratchet this can be circumvented by investigating several paths using different initial trees,
choosing the best tree of all searches.

Another method to find the most parsimonious tree is the parsimony ratchet. Here,
5-25 % of the characters in the dataset are selected and are given a higher weight
compared to the other ones. This is followed by a tree search using e.g. TBR, as
described above, until a maximum is reached, resulting in a recommended tree.
Similar tree searches are repeated at least 50-200 times, each time with a different
set of characters given increased weight. The best tree discovered among all
searches is retained. In our studies, we have employed the parsimony ratchet
method with 2000 iterations using the TBR method for tree search.

Advantages: MP is conceptually straightforward, and it aligns with Occam’s
razor. It is also possible to generate several possible solutions.

Limitations: MP assumes that evolutionary change is rare and might thus
underestimate the actual evolutionary change. It is also computationally
challenging as the tree space might be vast. In addition, the method assumes that
all similarity is homologous, and the method can be sensitive to convergent
evolution or other processes that result in homoplasy (similarity that is not due to a
common ancestor).

Maximum likelihood

The maximum likelihood method (ML) is a widely used method in mathematics. It
aims at maximizing the likelihood function L for a given dataset. In phylogenetics
this boils down to finding the tree parameters that maximizes the likelihood
function, given a certain data set with multiple sequence alignment data. The
method was developed by R.A. Fisher in the beginning of the 20" century and has
since then been widely used. *" The likelihood is, by definition, given by

L(8) = P(D|6) (12)

Where @ are the tree parameters and D is the data set representing the taxa. It gives
the likelihood, L, given the data set, D, and the tree parameters, 6. The goal in
phylogenetic inference is to estimate the tree parameters, 85, so that the likelihood
function is maximized. The tree parameters 65 are the estimate of the true tree
parameters 8. These are the parameters, given the data set (which is not a perfect
representation of reality), that maximize the likelihood function. To calculate the
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probabilities, a so-called substitution model is used, providing information about
how probable a certain state change is in the data set.

Define the data set as D = (D,, D, ... Dy) where D; is the data from each cell at
position i in the genome. To aid the computational load further, it is often assumed
that changes at different sites, as well as the evolution in different lineages, are
independent of each other. This aids the mathematical computations greatly. 2
Using the assumptions stated above, the likelihood function can be expressed as

N N
L(0) = Ly - Ly ... Ly = P(D]6) = HP(DiIG) — HLi(e) (13)
i=1 i=1

The total likelihood for the whole sequence, L(8), is the product of each of these
likelihoods. Since the probabilities often are very small numbers it is convenient to
use the loglikelihood function instead, which has its maximum at the same
parameter values.

N
In(L(8)) = In(Ly) + In(Ly) .. In(Ly) = Z P(D,|6) (14)
i=1

This function computes the loglikelihood given a certain data set and tree
parameters. By maximizing this function, the most likely model parameters, 6%,
and hence the phylogenetic tree, can be obtained. This is done by computing the
derivative of the function, setting it equal to zero and by solving for the tree
parameters, 120138

To perform the computations, an initial tree is needed, using for example the
neighbor joining method. It also requires knowledge of the probability of each
state change the phylogeny implies. This information is provided through a
substitution model, describing the probability of evolutionary change between the
states. The state changes could be that between macromolecules, for example the
probability of transitions or transversions between A, C, T, and G or transitioning
between amino acids, or it can be between binary states. There are many
substitution models (Table 2) and most assume independence among sites i.e., that
an alteration at one site is independent of an alteration in another site. These
substitution models also assume that the probability of transforming one state into
another only depends on which state it currently is in, and not which state it was in
previously. It can hence be seen as a form of Markov chain. 12

Each model is based on a certain set of parameters. Q is the rate matrix, indicating
how frequently a certain state transforms into another. 7 is the base frequency,
indicating how frequent a state is. Many models assume that the base frequency is
constant meaning that the prevalence of each state is equal initially. P(t) is the
transition probability matrix, indicating the probability of a certain state change.
They have the properties such that
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m;Q;;(8) = m;Q;;(t) (15)
mP(t);; = m;P(t) j; (16)
Vi, j,t

There is a plethora of different substitution models. Some use a strict molecular
clock where the mutation rate is considered constant, regardless of taxa, while
others use a relaxed molecular clock which considers a variability in the rate of the
molecular clock between evolutionary lineages. Finally, some models are time
reversible and do not differentiate between the sequence from the ancestor and the
descendant i.e., there are no special taxa in the model (Table 2). 120 13°

Table 2. Overview of some of the available substitution models along with a short description of
their assumptions. 13 A graphical representation of each model can be seen in Figure 11.

Model Year Description

The Jukes and Cantor 1969 Assumes equal transition and transversion rates as well as equal base

model *4° frequencies.

K2P or K80 1980 It has two parameters, one for transitions and one for transversions
and it assumes equal base frequencies.

K3ST, K3P or K81 #? 1981 It has three parameters: One for transversions between A and T as

well as C and G. Another parameter for transversions between A and
C as well as G and T. A separate one for the transitions. It also
assumes equal base frequencies.

Fg1 1% 1981 Assumes equal transition and transversion rates.
Allows the base frequency to change.

HKY85 (K80+F81) 14 1985 It distinguishes between the rate of transitions and transversions and
allows the base frequencies to change.

GTR 1986 It has 11 parameters. It allows all substitution frequencies and base
frequencies to vary.

T93 145 1993 It has three parameters: One for transversions and then a separate one

for transitions between A and G and one for transitions between C
and T. The base frequencies are also allowed to change.
Two-state substitution 1971-78 The Cavender-Farris-Neyman model. It is identical to the JC69 for
models 2 two states.

In our studies we have used the Jukes and Cantor model (JC69). It was proposed
by Jukes and Cantor in 1969 and is the oldest and simplest substitution model. It is
based on the presumption that time can be discretized into infinitely small
subunits, during each of which only one genetic alteration can occur. Additionally,
it assumes equal transition rates and equilibrium frequencies (Figure 11). 14
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Substitution model JC69 K2P/K80
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Figure 11. An overview of the substitution models, as listed in Table 2. Here, A, C, T and G refers
to the nucleotide bases. Transitions are changes between the nucleotide bases A and G, as well as
between C and T. Transversions are changes between the nucleotide bases A and T, C and G, A and
C as well as between G and T. The annotations «, 8, y, &, € and 6 are substitution rate parameters.
For each substitution model there is a visualization of the substitution rate parameters used in each
substitution model. For the JC69 there is also a visualization of the probability of maintaining the
same state after each time increment. This is the probability 1 minus the sum of the probabilities to
change into another base. In this case it is 1 — 3a. For the other substitution models, | have omitted
this part of the figure to make the figures less messy, but all information is there to compute it.

Advantages: The ML method is less affected by sampling error than other
methods and is robust to violations of the evolutionary model. Even with short
sequences, it outperforms the parsimony and distance-based methods when
analysing a large number of characters. 1 It is also statistically well informed,
evaluates different tree topologies and allows for direct usage of sequencing data.

Limitations: It is rather slow, and the result depends on which evolutionary model
is chosen. 20
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Bayesian methods

Bayesian methods for phylogenetic reconstruction have been employed since the
60s. They are methods of statistical inference where Bayes’ theorem, developed in
the 18™ century, is used to update the probability for a hypothesis when new
evidence or information becomes available. **” The equation is:
P(D|H) - P(H)

P(D)

To explain the equation in an intuitive way, imagine two circles overlapping.

P(H|D) = (17)

Let P(A) be the probability to get an A and P(B) the probability of getting B. The
conditional probability describes the probability of a certain event given the first
one. The probability of getting A given B is P(A|B) and can be written as
P(A,B)

P(B)
Where P (A4, B) is the probability of getting an A and a B. In a similar manner, the
probability of getting a B when we have an A is

P(A|B) =

(18)

p(sl4) = D) 19)
P(A)
Note that the nominator is the same in (18) and (19). It thus follows that
P(A|B) - P(B) = P(B|A) - P(A) (20)
Which gives us Bayes’ theorem!
P(A|B) - P(B
P(BlA) = PaIB) - P(B) lP?A) (B) (21)

The probabilities in Bayesian inference are the degree of belief and hence a way to
quantify the uncertainty. Bayesian inference in phylogenetics is like the maximum
likelihood method, just that it instead uses a prior distribution of the tree being
inferred. Now let’s look at the theorem again.

P(D|H) - P(H)

P(H|D) = R0

(22)
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e P(H|D) is the probability of the hypothesis being true given the data. This
is denoted the posterior probability.

e P(D|H) is the probability of the data being true given the hypothesis
(phylogeny), also denoted the likelihood.

e P(H) is the prior probability of the hypothesis (the suggested phylogeny).
e P(D) is the probability of the dataset.

To use these methods for phylogenetic inference one often uses Markov Chain
Monte Carlo (MCMC) methods to draw a random sample from the posterior
distribution. MCMC methods are a class of algorithms for sampling from a
probability distribution. A Markov chain is a method for generating a sequence of
variables where the current value only depends on the previous one. Hence, what
happens next depends only on the state right now i.e.

P(xiy1lx) (23)

A Markov chain consists of a set of states. For each pair of states there is a
transition matrix that describes the likelihood of moving from one state into
another. A hidden Markov model is an extension of the Markov chain where the
states are hidden, and some variables are observed. If one wants to decipher the
most likely Markov chain given the observed data, Bayes theorem is useful. 147

A Monte Carlo method is a technique for randomly sampling a probability
distribution and approximating a desired quantity. The most commonly used

technique for MCMC is the Metropolis-Hastings method, which can be described
as 120, 148

1. Draw atree T; from the posterior distribution.
2. Draw another tree T; close to T;.

3. Compute their ratio R = f(T;)/f(T;). If the ratio is = 1 it is accepted as
the new tree. Else a random number n between 0 and 1 is drawn. If R < n
the new tree is rejected. If R > n it is accepted.

4. Return to step 2.

This method is a Markov chain since the next one only depends on the current
state. A problem is that this algorithm never terminates so a limit must be set.

Limitations: A serious issue with Bayesian methods is the choice of priors that
are chosen subjectively, and greatly influences the results. In addition, Bayesian
methods are very computationally demanding. 2 147

Advantages: It allows the incorporation of prior information, which can be useful
when dealing with complex models or limited data.
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Rooting a phylogeny

It is necessary to root a tree i.e., having a predetermined common ancestor of the
entities of the phylogeny, to draw conclusions about the order of events. There are
two different methods denoted the outgroup criterion and the use of a molecular
clock. In the first method, a common ancestor is chosen based on previous
knowledge followed. In the second method, it is assumed that the alterations in the
tree follow a clocklike behaviour meaning that it aims at finding the point on the
tree that has an equal expected amount (not the same as the observed) of change
(branch lengths) from there to all tips (an equidistant point), which can be difficult
and may not be correct.
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Evolutionary biology

Evolution by natural selection

Natural selection describes how organisms with advantageous traits are more
likely to survive and reproduce, than those without such traits. This results in a
gradual evolution of populations over time, such that the traits that give a survival
advantage become more prevalent in the subsequent generations. It is important to
note that natural selection acts on the phenotype, rather than the genotype, but in
the end it is the genetic composition that is inherited by its offspring and will
increase its allele frequency in the population. 14°

In the middle of the 19" century, the naturalist Alfred Russel Wallace
independently formulated the theory of natural selection after his extensive travels.
Rudimentary versions of the idea had, however, been proposed by various
researchers before him. He later composed an essay on the subject, which he sent
to Charles Darwin, who had, unbeknownst to Wallace, also been independently
developing the idea. A joint paper with Wallace’s essay and a writing from
Charles Darwin was published in 1858. %° This was followed by Darwin
publishing his book “On the origin of species” in 1859, which he had been
working on for many years. The book encompasses a detailed exposition of natural
selection and how it can explain the diversity and complexity of life on Earth,
which established him as the founder of the theory. !

According to Darwin, competition for limited resources such as food, water,
partners and space, results in organisms that are better adapted to their
environment and have an advantage in producing offspring. This leads to the
transfer of advantageous traits to the next generation, resulting in the development
of complex adaptations like the ability to fly, swim, or see. Natural selection also
explains how organisms can adapt to narrow ecological niches (microevolution),
leading to the emergence of new species over time (macroevolution). 14 151

For evolution by natural selection to operate, there must be, 4% 151
1. Heritable variation in the population.
2. Fitness differences in the population.

3. Competition between species.
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Natural selection in the context of cancer

Since tumors consist of a genetically and phenotypically heterogeneous population
of cancer cells, it has been proposed that cancer evolution may operate through
natural selection, but of cancer cells. - 2% 31152 | et us delve into each of the three
criteria, presented above, and discuss what they mean and whether they are
fulfilled or not in a tumor.

Heritable variation

Heritable variation is a key component of natural selection. Variation arises from
mutations, which are generated through a more or less random process that can
give rise to variants that are beneficial, neutral, or deleterious. While the origin of
a new genetic variant occurs at random, the probability of it being passed on to the
next generation is not if it impacts the survival and reproductive probability of the
organism. It is this non-randomness that forms the basis of natural selection,
resulting in a change in the proportion of the variants already present in the
population. Natural selection does not by itself generate variation but acts upon it.
In fact, natural selection can even lead to a reduction in genetic variation within

populations. Hence, natural selection is by itself incapable of producing new traits.
149

The generated variants must also be heritable. Note that the theory of natural
selection was developed before the concepts of modern genetics was developed.
Darwin himself believed in something called pangenesis, which is an outdated
theory of heredity which suggests that every part of the body produces small
particles called gemmules, which travel to the reproductive organs and are passed
on to offspring during reproduction. These gemmules contain information about
the traits of the parent organism. When they combine during reproduction, they
determine the traits of the offspring. In this way the characteristics acquired during
the lifetime of an individual can be passed on to the next generation. It was later
pointed out that if this theory would be true it would result in so called blending
inheritance. This means that if two gemmules fuse together during fertilization the
traits of the offspring would be an average of the parents’ ones. In time this would
result in all traits blending out, resulting in a uniform average phenotype that
would make natural selection impossible. %3

Lamarckian inheritance is another discredited theory of inheritance which was
proposed by the French naturalist Jean-Baptiste Lamarck in the early 19" century.
It dictates that the characteristics acquired by an organism during its lifetime could
be passed on to its offspring. This theory is, however, not supported by modern
genetics and is incorrect. % %5 In 1892 August Weismann proposed the theory of
the germ plasm, arguing that the body harnesses a germ plasm which formed the
body during the development, but that the body could not influence the germ
plasm i.e., that there was a one-way interaction. To prove his theory, Weismann
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cut of the tails of mice and showed that the offspring had normal tails. This was

used as proof that both pangenesis and Lamarckian inheritance were impossible.
155

In the middle of the 19" century the monk Gregor Mendel, often referred to as the
father of modern genetics, developed Mendel’s laws of inheritance. The
unification of Darwin’s theory of evolution and Gregor Mendel’s ideas on heredity
into a mathematical framework called the modern synthesis, was first coined in
1942 by Julian Huxley in his book “Evolution: The modern synthesis”. 1°° After
this, scientists came to accept natural selection. Furthermore, in 1918 it was shown
by R. A. Fisher how continuous variation could come from several discrete genetic
loci. Thus, a process generating new variation in combination with the possibility
of inheriting this variation is essential for evolution to operate. **® Since then our
understanding of cell biology and genetics has developed markedly, allowing us to
explain how genetic alterations can be inherited by offspring.

In the context of tumors, it is a well-established fact that cancer cells harbour both
genetic and phenotypic alterations. 8 Furthermore, different parts of the tumor
contain different genetic alterations and many cells display the same genetic
alterations. These observations implies that the variants generated are passed on to
their daughter cells, and that these descendant cells retain the ability to undergo
further divisions. ® Consequently, there exists a heritable variation in the cancer
cell population and the first criteria is fulfilled.

Fitness

Fitness refers to how successful an organism with a certain genotype is at
reproducing in a particular environment compared to the other organisms in the
same environment. Fitness can be defined on the population level as the average
fitness of all individuals with a certain genotype, or at an individual level as an
individual’s ability to reproduce compared to other individuals in the same
population. Mutations are completely random with respect to fitness. Natural
selection will, in a non-random manner, result in an increase in the proportion of
variants with higher fitness and decrease in the proportion of variants with lower
fitness. 149

The same trait can thus have different fitness, depending on the environment. It is
also worth noting that traits with high fitness, may have been present long before
the current environment arose. Natural selection can only operate here and now
and thus changes the proportion of organisms with a certain trait based on the
current situation. Natural selection cannot make a trait more prevalent just because
it might be advantageous in the future and cannot create new traits. 4

Herbert Spencer introduced the phrase “survival of the fittest” in 1864 after
reading “On the origin of the species”, a phrase which Darwin subsequently
included in the fifth edition of the book. **” This term is rather unfortunate since it
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often creates confusion. It puts emphasis on survival, while fitness generally refers
to the trait’s reproductive advantages, and not survival per se. A species can have a
longer survival time, but still a lower fitness, than a species with shorter life span
but better reproductive ability. The term leads to the confusion that fitness has to
do with survival per se, which it does not. 1*° The term also implies that the fittest
organisms survive. At the same time the organism that survives is also the one that
is fittest. This is somewhat a circular argument. Evolution by natural selection may
also result in fixation, meaning that “survival of the fittest” not necessarily leads to
a fitness increase of the fittest individual, but merely that the lesser fit variants are
removed from the population while the fittest variant persist in status quo, referred
to as fixation. 14°

To aid the visualization of fitness, Sewall Wright introduced the concept of a
fitness landscape where each position represents a genotype, and the height the
fitness. An adaptive landscape on the other hand changes shape with changes in
population densities and survival strategies used by the species. %8 A fitness
landscape can be useful for visualizing evolutionary trajectories, identifying
optimal genotypes and for explaining or predicting evolutionary outcomes. It may
also be used to develop strategies to guide organisms to specific positions in the
landscape. 159 160

Studies have shown that tumor cells can gain various genetic alterations, which
can be broadly categorized into three types: (1) Advantageous alterations,
conferring an increased fitness; (2) Neutral alterations, having little or no effect on
fitness; and (3) Deleterious alterations, resulting in a fitness decrease due to a loss
of functionality. Advantageous and neutral alterations are often referred to as
driver and passenger mutations, respectively. % 162 Since a tumor possess
intratumoral genetic heterogeneity and different genetic alterations confer varying
levels of fitness, it can be concluded that there are fitness differences among
different cellular lineages in a tumor. Consequently, the second criterion is also
fulfilled.

Competition

Competition is defined as an interaction between organisms in which the fitness of
one is lowered by the presence of another. In theory, all species populations should
have the capacity to increase in number exponentially. However, this is rarely
observed in nature due to limitations in available resources such as food and
physical space, often referred to as “a struggle for existence”. 1

Cancer cells compete for nutrients, oxygen, glucose, space, growth signals, and
interact with other tumor cells as well as the tumor microenvironment. 1
Additionally, antitumoral therapies confer a selection pressure where sensitive
cells are killed, leaving the resistant ones. ! Therefore, we can conclude that there
is competition between the subclones in a tumor as well as between the subclones
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and their environment. Consequently, the third criteria for natural selection to act
is fulfilled.

A tumor thus harbours all the necessary conditions for natural selection to operate.

Fundamental types of evolution

Several evolutionary concepts are essential for the understanding of evolutionary
biology (Figure 12). Divergent evolution occurs when two or more populations
diverge from a common ancestor, resulting in dissimilarity among their
descendants. This process leads to the development of distinct species over time,
exemplified in nature by the wolf, fox and dog diverging from a common ancestor.
In cancer, divergent evolution is common, manifesting as intratumoral and
intertumoral heterogeneity, within a patient, leading to genotypic divergence
between subclones over time. °

Speciation is the evolutionary process through which populations become distinct
species. It often requires reproductive isolation in some way, reducing gene flow.
Allopatric speciation occurs when populations are separated by geographical
barriers, while peripatric speciation involves isolation of a small peripheral
population. Parapatric speciation is caused by species evolving reproductive
isolation within a population and sympatric speciation occurs within the same
geographical areas without any physical barriers to gene flow, which can be seen
in tumors through polyploidization such as doubling of the genome. Determining
what constitutes a new species can be challenging. Some researchers have
proposed that tumor formation itself can be viewed as a form of speciation event
that happens convergently across humans and other animals and plants.

Adaptive radiation is a process whereby organisms diversify rapidly from a
common ancestor into a plethora of new forms. A classic example of this is the
finches in the Galapagos, described by Darwin in “On the origin of species”,
which display a surprising variety. In cancer the theory of a big bang model of

development of colorectal cancer could be viewed as a type of adaptive radiation.
127

If distantly related organisms, independently evolve similar traits to adapt to
similar necessities, it is denoted convergent evolution. An excellent example of
this from nature is the development of wings in bats, butterflies, and birds, which
developed independently to achieve a similar goal. Such structures are also
denoted analogous structures or homoplasy (similar function). In cancer the
process of cancer development itself could be seen as convergent evolution, as it
develops in a similar fashion across animals and plants independently. ** Whole
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genome alterations and certain mutations that are recurrent in tumors from
different patients, can also be considered examples of convergent evolution.

Parallel evolution, on the other hand, occurs when independent species acquire
similar characteristics while evolving together in the same environment or eco-
space at the same time, often resulting in homologous structures. In contrast to the
case of convergent evolution, the species are more closely related, and their
descendants are thus even more like one another. An example is placental
mammals and marsupials as well as the development of arms and legs. In cancer,
identical whole chromosome alterations can occur independently, in parallel, in
different parts of a tumor. %4

Coevolution is the process by which two species’ evolution affect each other’s
evolution through natural selection. Examples include flowers adapted for
pollination by insects or birds, coevolving alongside their respective pollinators.
These flowers exhibit distinct shapes tailored to attract specific insects or birds,
facilitating successful pollination and reproduction. In return, the insects and birds
derive essential nutrients from their interactions with these specialized flowers. 1
In tumors the interplay between the microenvironment and the cancer cells, can be
considered a coevolutionary phenomenon. 166

Divergent Convergent Parallel Coevolution
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Figure 12. lllustration of the evolutionary concepts divergent, convergent, parallel and coevolution.

Modes of tumor evolution

How tumors grow has been extensively studied, and there are several proposed
modes of evolution (Figure 13). 7 The oldest and simplest is linear evolution,
suggesting that mutations are acquired in a stepwise manner, leading to new
subclones that outcompete others through consecutive selective sweeps. According
to this model, all cancer cells within the tumor should be identical until an
additional genetic alteration occurs, causing the new variant to dominate the
tumor. % This model has, however, faced criticism for presuming a homogenous
cancer cell population living in a deterministic environment. *° Limited
experimental evidence supports linear evolution as the sole mode of tumor
evolution. If the model was accurate, one would expect to observe a dominant
clone with rare persistent clones from previous selective sweeps when analysing a
tumor. This contradicts the widespread intratumoral heterogeneity observed in
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nearly all tumors. ° As a result, this theory has been largely set aside in the context
of advanced cancer but may still play a role in tumor initiation scenarios with a
small number of cancer cells and in benign tumors. ¢’

In the branching evolution model, subclones are considered to diverge from a
common ancestor and evolve in parallel, both diverging subclones having an
increased fitness. Clonal sweeps are not as common in this model, leading to the
detection of multiple lineages at the same time point. This model is well supported
from studies using bulk and single cell DNA sequencing, across various cancer
typeS. 6, 170

Punctuated tumor evolution suggests that numerous genomic aberrations occur
rapidly in the initial stages of tumor evolution, followed by a few dominant clones
expanding to form the tumor mass. This results in a long root followed by a
branching pattern. This model is also referred to as “the big bang model of tumor
evolution”. *¥" This big bang event could be a chromothripsis or chromoplexy
event, frequently observed in tumors, 71 172

Neutral evolution posits that random passenger alterations, which confer no fitness
advantage, accumulate over time. This leads to genetic drift and extensive
intratumoral heterogeneity. Consequently, there is no active selection for fitness
during most of the tumor’s lifespan, and the observed intratumoral heterogeneity is
viewed as a by-product without functional significance in tumor growth. "3

Linear evolution (LE)
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Figure 13. Proposed modes of tumor growth. Linear evolution suggests a stepwise acquisition of
mutations with new subclones sweeping and outcompeting the previous ones. Branching evolution
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involves the development of several subclones, each with increased fitness compared to the ancestor,
and which co-exist in the tumor. Punctuated evolution entails rapid genomic changes followed by a
few of these persisting in the dominant clones. Finally, neutral evolution involves the accumulation
of random alterations conferring no fitness advantage or disadvantage, resulting in extensive
intratumoral heterogeneity, but which is considered merely a by-product.

Antitumoral therapy from an evolutionary perspective

Despite the success of current antitumoral treatments for many cancer patients, a
notable subset of patients are not cured. The efficacy of most current therapies is
limited by their tendency to be either overly generalized or excessively specific.
As Gatenby et al. formulated, “it is chess, not whack-a-mole”. % It is, however,
more akin to playing chess, without knowing the rules, and the rules that exist
change with time and depending on who you play against. Evolution plays a
crucial role in determining the success or failure of current therapies. By
understanding why they fail, this knowledge might be used in order to develop
new treatment strategies. Let us initiate this exploration by examining current
therapeutic modalities through the lens of cancer evolution (Figure 14).

Current antitumoral therapeutic modalities

The introduction of chemotherapeutic agents has greatly improved survival across
cancers. * These drugs kill fast dividing cells, such as the cells in a fast-growing
tumor, but unfortunately also rapidly dividing normal cells. They are thus highly
non-specific and causes extensive side effects by harming non-malignant cells
such as mucosal cells, which results in vomiting, extensive wounds in the guts and
mouth and diarrhea. The drugs also harm hair follicles, causing hair loss, and
affect inflammatory cells, leaving the patient immunocompromised.
Additionally, it has been shown that the proliferative potential of different
subclones in the tumor is heterogeneous, that is, different subclones proliferate at
different rates, resulting in fitness differences between them. %2 Furthermore,
some cancer cells can enter a hibernating or a quiescent state under stress, where
they do not proliferate, just to reawake as the stressor is relieved. These dormant
cells can confer treatment resistance and late relapses. %174

Introducing chemotherapeutic agents into the tumor environment will thus kill the
cells that divide fast, while it may leave those that divide slowly, imposing an
intense selective pressure for slowly or non-dividing cells. There may also be cells
that are resistant to the agent via the development of resistance strategies such as
upregulation of efflux pumps, increased drug metabolism, DNA repair, increased
cell size or inactivation of apoptotic pathways. * Following the death of the
sensitive population, the surviving cells will have access to additional growth
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space and more resources. This may promote the surviving population to grow in a
manner it could not before, when the dominant population was present. This is
called competitive release, which is an evolutionary mechanism by which the
removal of a dominant species allows for a less dominant species to flourish. 17
This has e.g., been shown to happen during chemotherapy in prostate cancer. 1’

Efforts have been made to investigate the mechanisms by which cancer cells
develop resistance to chemotherapy, but fundamentally the treatment will always
select for cells that divide slowly, whether they are resistant or not. Some tumors
may also be growing so fast that the mitotic frequency surpasses the rate by which
cells die of chemotherapy. So, it is important to remember that not all cells
surviving therapy have to be resistant. Rapidly dividing cells that are resistant are,
however, a major problem. A possible way to remedy this problem would be to
develop drugs that hinder the cells from using their resistance mechanisms,
hinders them from hibernating or by combining chemotherapy with drugs
specifically targeting cells that is starting to develop a hibernating phenotype.

Another common treatment strategy reserved for solid tumors is surgery, which in
theory is an extinction event or severe mechanical bottleneck. Tumor cells that
have escaped the tumor and metastasized will survive the localized extinction.
Moreover, the surgery may alter the microenvironment in the area in a way that
may be favorable or unfavorable for the surviving cells. " 18 Studies have also
indicated that removal of the primary tumor can increase the division rate of
metastases, possibly through the removal of suppressive signals from the primary
tumor. 7

Radiation therapy also represents a form of extinction therapy and is often used in
combination with other therapeutic modalities. Extensive advances has been made
in the field of radiation oncology in the last 50 years. ¥'” The treatment mainly
results in DNA double strand breaks. If the damage is not adequately repaired, the
cell dies. Studies have indicated that cancer cells exhibit slower DNA repair
compared to normal cells. It is important to note that the radiation therapy itself
induces DNA damage, potentially leading to additional genomic aberrations if the
cell manages to survive. *°

During the past decade, targeted therapies have gained immense popularity. These
therapies are highly specific for certain cellular targets, and it was believed that
they could act as a golden bullet, killing all cancer cells. Despite the initial interest,
they have shown surprisingly little impact on overall long term survival, only
prolonging survival with a couple of months. 2° The reason is that in almost all
cases, there will be cells that does not display the target, or cells that display a
different version of it, which the drug does not react to. This results in the
selection of non-target displaying cells, and eventually treatment refractory
disease.  There are, however, some exceptions such as NRTK-blockers, such as
Gleevec, and kinase blockers in hematological cancers. 178
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In recent years, immunotherapies have gained increasing interest, where the goal is
to harness the immune cells in the microenvironment to kill the tumor cells. These
therapies have shown a surprisingly good effect on initial tumor shrinkage,
particularly for malignant melanoma and hematological cancers. ’° A limitation of
this method is that current therapies mainly target a single marker on the surface of
the tumor cells. This results in a selection pressure for cells not having the marker
for destruction. There is also an extensive heterogeneity regarding how patients
respond to the treatment. Some patients even progress during treatment and some
get vast side effects, such as activating autoimmune diseases, resulting in
termination of the treatment. It has been shown that the concept of immune cold
(tumors having few infiltrating immune cells) and warm (tumors having many
infiltrating immune cells) tumors plays a role in whether the tumor responds to
treatment or not, where immune warm tumors show better responses. 2% 17°

Novel therapeutic strategies that exploit evolutionary dynamics

There are several novel antitumoral therapeutic strategies that have been
developed in the past 20 years (Figure 14). Adaptive therapy aims at treating
cancer as a chronic disease, focusing on tumor size control. The approach operates
on the premise that without therapy, resistant cells have a fitness disadvantage,
whereas non-resistant cells have a fitness advantage. Upon the administration of
treatment, the fitness of resistant cells rises, while the fitness of the sensitive cells
decreases. The tumor is treated until it has shrunk to a certain degree, determined
radiologically or through measurement of a biological biomarker in the blood.
Upon halting therapy, the fitness of the sensitive cells rises relative to the resistant
cells, allowing the sensitive cells to recover while the resistant population is kept
in check. This dynamic interplay between the two cell populations is leveraged to
extend the patient’s lifespan by maintaining tumor control. The strategy also
allows administering the minimum effective dose of chemotherapeutics,
contributing to an improved quality of life. ¥ Early clinical studies in prostate
cancer have shown promising results with a significantly increased survival, along
with the need for a lesser amount of chemotherapy, compared to standard of care,
which minimizes side effects and increases the quality of life. 8!

In sucker’s gambit antitumoral therapy is administered to shape the evolution of
cancer resistance so that the surviving cancer cells become easier to target. This is
similar to the evolutionary double bind where the tumor is treated with one drug
which makes it more susceptible to treatment with another drug. The order in
which the drugs are given will consequently have a major impact on the efficacy
of the overall treatment. 12

In extinction therapy, also denoted first-strike second-strike therapy, antitumoral
agents are administered in order to mimic the dynamics of extinctions as seen in
nature. The idea is to treat the tumor in a two-step process. In the first strike
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treatment, the drug is given such that it diminishes the population size
dramatically. The surviving population will be small, fragmented and have lower
genetic diversity and spatial dispersion compared to the original population. At
this stage, the population is less capable of withstanding additional stressors or
environmental perturbations which the original population might not have been
affected by. This is exploited during the second strike, where another treatment is
given compared to the first strike, pushing the population over the extinction
threshold or minimum viable population, resulting in an extinction vortex from
which there is no return. Note that a good second-strike agent does not necessarily
represent a good first strike agent and vice versa. Curing cancer is similar to trying
to extinguish a species which is both geographically dispersed and extensively
heterogeneous, which is very difficult. The species is also blended with species
that we do not want to harm. There are several examples from nature where an
initial perturbation, leading to a diminished population size, was followed by a
series of seemingly independent and non-catastrophic insults, ultimately resulting
in a complete extinction of the species. This unfortunate series of events happened
to for example, the passenger pigeon, heath hen, the goats on the Galapagos
Islands, and possibly also the dinosaurs after the asteroid hit the Earth. 8% 18 |f the
second strike in a tumor is not successful, a plethora of subclones may start to
proliferate through a form of competitive release, similar to what has been seen in
nature after mass extinctions.

An ecology-based treatment strategy is the target the public goods strategy.
Elements of the ecosystem that produce public goods are targeted to suppress the
tumor in various ways. This can involve blocking the acquisition or production of
growth factors, proangiogenic factors, and metabolites. Metronomic therapy is a
type of protocol where anti-cancer drugs are administered in a lower dose than the
maximum tolerated dose intermittently over a long time. This gives less severe
side effects and is more cost effective. % Some recent studies have been
performed where anoxic bacteria are used to treat cancer. They thrive in the anoxic
environments at the center of the tumor and may be used to deliver drugs. &’

Evolutionary game theory has gained increasing interest in the development of
novel antitumoral treatment strategies. The tumor cells are conceptualized as
players in a game where they compete for nutrients, survival, and proliferation.
The theoretical framework can be used to model strategies and payoffs between
different cell types, such as sensitive and resistant cells, in different environments
and when subjected to various treatments. Game theory can thus aid in finding
optimal drug combinations and developing novel strategies to steer the tumor and
cure patients. 188

Hence, several treatment strategies considering the evolutionary dynamics of
cancer have been developed and are under development. Hopefully these strategies
hold the possibility to prolong life, increase quality of life during treatment and
cure patients that today die of their disease.
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Pediatric tumors

Pediatric tumors differ from adult tumors in several aspects. Firstly, tumor
development is considerably less common in children than adults. Each year 350
children are diagnosed with cancer in Sweden, compared to 69 000 cases for
adults (cancer i siffror 2023). Secondly, the types of cancers that affect children
differ from those occurring in adults. The most common cancer subtypes in
children are leukaemia, brain tumors, neuroblastoma, rhabdomyosarcoma, Wilms
tumor and germ cell tumor. The latter three are rarely seen in adults. Conversely,
the most common tumors in adults are lung cancer, breast cancer and prostate
cancer, none of which typically manifest in children. Thirdly, pediatric tumors
often exhibit very few somatic pathogenic mutations, and mainly harbour larger
chromosomal aberrations. Fourthly, many pediatric tumors are believed to arise
due to a faulty embryonal development. In contrast, tumors occurring in adults are
thought to arise from an accumulation of somatic genetic aberrations and
transcriptional cellular changes, sometimes influenced by environmental factors
such as smoking and UV light exposition. For a detailed exploration of
embryogenesis and its connection to pediatric cancers, see the following
references. 189194

Neuroblastoma

Neuroblastoma (NB) is a pediatric tumor believed to result from a faulty
embryonal development of the sympathetic nervous system. It often originates in
the adrenal medulla or sympathetic ganglia. In Sweden, approximately 20 patients
receive a NB diagnosis each year, with a median age at diagnosis of 18 months.
Notably, patients under 18 months old at diagnosis exhibit significantly better
overall survival % compared to children diagnosed later. *** About 50 % of
patients present with disseminated disease at the time of diagnosis, and NB
accounts for a total of 15 % of all childhood cancer-related deaths. * No clear
environmental causes for the development of NB have been identified, and only 1-
2 % of the patients have an identified hereditary component, such as germline ALK
or PHOX2B gain-of-function mutations. For the remaining patients, the cause is
not identified. 17 198
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In early studies of metaphase spreads of NB, researchers observed signs of a gene
amplification and double minutes in a subset of NB patients. & Subsequent
investigations revealed that the amplified region at 2p24 encompassed a novel
oncogene, coined MYCN. It encodes the N-MYC protein, located in the cell
nucleus. It is a transcription factor, affecting genes related to cell cycle progression
and differentiation. It has a basic helix-loop-helix (bHLH) domain that must bind
to another bHLH protein, such as the protein Max, to be able to bind to DNA and
initiate transcription of the target genes. * While N-MYC is typically highly
expressed in the fetal brain and mesenchymal tissues, its expression in adult
tissues is minimal. 2 In NB though, MYCN-amplification and associated
increased protein expression is seen in 20 % of patients and is related to worse
prognosis, disease progression and advanced disease stage. % 22 The amplicon
appears in the form of double minutes (DMs), and studies of NB cell cultures
indicate that a higher copy number confers a greater growth advantage compared
to neuroblastoma cells with a lower copy number. During cell division the
distribution of the DMs follow a skewed binomial distribution, allowing cell-to-
cell variation of the copy numbers, and subsequent selection for specific numbers
of copies. Interestingly, there appears to be some level of selection against very
high amplicon numbers, as NB cells rarely exhibit more than 200 copies. *

The MYCN locus also harbours an antisense version of MYCN denoted MYCNOS.
It is always co-amplified with MYCN and encodes the protein N-CYM which
stabilizes N-MYC. In addition, N-MYC induces transcription of N-CYM,
resulting in a positive feedback loop. There are other proteins also stabilizing N-
MY C such as Aurora kinase A, a protein kinase that plays an important role in cell
cycle regulation and mitosis. 2%

Another commonly affected gene in NB is ALK (anaplastic lymphoma kinase), a
cell-surface receptor tyrosine kinase typically highly expressed in the developing
embryonal and neonatal brain. 22 Germline mutations in ALK is the major cause of
hereditary NB. %7 Somatic ALK mutations, cause a ligand-independent activation
of the receptor, and is found in 14 % of high-risk NBs. 2 This activation causes
increased PI3K signalling, resulting in the stabilization and elevated levels of N-
MYC. Additionally, ALK mutations cause an upregulation of RET and RAS-
signalling, subsequently activating the MAPK pathway, which is often activated in
relapsed NB. 2% 2% Dye to ALK’s proximity to the MYCN locus on 2p, it can, with
or without mutations, be co-amplified, resulting in an increased expression of the
protein and hence upregulation of its downstream pathways. 27

Another recurrently affected gene is LIN28B, encoding a protein that binds small
RNA molecules. LIN28B is highly expressed and important in developing tissues.
Polymorphisms and subsequent misexpression of the LIN28B gene product
increase N-MYC expression, stabilizes Aurora kinase A, promotes NB
tumorigenesis and is related to high-risk NB. 2% 2° Other genes such as TP53,
which is also a target of N-MYC, is rarely mutated in NB, but mutations in TP53
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are related to worse prognosis. 21 PHOX2B, encoding a master regulator of neural
crest development, is sometimes mutated in NB and has an increased expression in
NB cells in some patients. It has also been implicated in some cases of hereditary
NB 202

A recent study suggests that TERT rearrangements, ATRX deletions and MYCN
amplifications occur in mutually exclusive groups in high-risk NB. % 22 TERT
encodes the protein telomerase reverse transcriptase which lengthens the
telomeres, allowing cell division beyond the Hayflick limit. It is also a N-MYC
target gene. Rearrangements of TERT are seen in 25 % of NB patients, resulting in
an increased expression of the corresponding protein product, and is related to
more aggressive tumors. 2!t ATRX encodes a chromatin remodelling protein shown
to repress alternative lengthening of telomeres (ALT). Inactivation of ATRX results
in activation of the ALT program, with a lengthening of the telomeres as a result,
allowing the cells to preserve their telomeres and continue dividing. #* Loss-of-
function genetic alterations of this gene is seen in 10 % of patients. Studies have
indicated that all NBs require a way to activate TERT, either through TERT
rearrangement, MYCN amplification (activating TERT) or by bypassing the
checkpoint through ATRX loss-of-function alterations, resulting in ALT. 202212

NB also harbours recurrent segmental copy number alterations. Gain of 17q is
seen in > 50 % of NB patients, and loss of 1p is seen in 33 % of patients, both of
which correlate with MYCN amplification and poor prognosis. 24 Loss of 11q is
on the other hand inversely correlated to MYCN amplification and is seen in 33 %
of high-risk patients and is associated with worse prognosis. #* Losses of 17p and
6q have been found to be recurrent in relapsed NB. 2% Other detected alterations in
NB are losses of 3p, 4p and 14q as well as gains of 1g and 2p. Approximately 20
% of NB tumors also display chromothripsis events. 216

Transcriptional and epigenetic profiling of NB cell lines has revealed the presence
of two different cell states, denoted as adrenergic (ADR) and mesenchymal (MES)
cells. 27 ADR cells are lineage-committed sympathetic noradrenergic cells, while
MES cells are immature neural crest cell like or undifferentiated mesenchymal like
cells. Neural crest cells are multipotent stem cells usually found in proximity to
the neural tube during embryogenesis. Mesenchymal cells are multipotent stromal
cells. Cells in the MES cell state are more chemotherapy resistant in vitro and are
enriched after therapy as well as in relapsed tumors, based on studies on biopsy
samples from patients. 28 Recently we also discovered a similar pattern in PDX
models. 2° Additionally, it has been shown that the ADR and MES cell states each
possess their own super-enhancer (a genomic region with several enhancers in
close proximity with a high level of transcription factor binding) landscape and
super-enhancer-associated transcription factor network. #8 Each cell type has a
core regulatory circuitry (CRC) composed of a set of genes involved in each cell
state, identified both in vitro and in patient samples. ?® Rather than being two
distinct binary cell states, the truth is probably a continuum of cell states, and it
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has been shown that transitions between them is possible, hence the cell states are
plastic. 28 Some researchers are arguing that there might be neuroblastoma cancer
stem cells, 2! but they seem to overlap with the now well characterized ADR and
MES cell states.

There are cases of spontaneous regression of neuroblastoma, even in a metastatic
setting. 222 This feature is most often observed in small children < 18 months of
age. Studies have seen that these tumors have a high expression of nerve growth
factor (NGF), encoded by the gene TRKA. NGF usually regress as part of normal
development. Since the tumor cells become dependent on NGF, they may regress
in its absence. 22 It has also been shown that the tumor may regress if there are
many immune cells in the tumor or if there is no TERT-expression, resulting in a
telomere crisis, since neuroblastoma seems to need TERT activation to grow. 22

In 50 % of the patients, NB presents in the adrenal medulla, but it can occur
anywhere in the sympathetic nervous system. Tumors presenting in the adrenal
medulla have a worse prognosis compared to those in the thorax. 22> The most
common symptoms are pain, hypertension (caused by excretion of adrenalin and
noradrenalin from the adrenal gland and tumor cells), diarrhea and a palpable
abdominal resistance. Tumors arising in the ganglia next to the spine can cause
spinal cord compression, while those in the neck can result in Horner’s syndrome.
In 2-3 % of patients the paraneoplastic disorder opsoclonus myoclonus syndrome
may occur, characterized by rapid involuntary eye movements, muscle
contractions, ataxia, and cognitive impairment. Blood plasma levels of
normetadrenaline, metadrenaline and methoxythymine can be measured, which are
elevated in NB patients. In 90 % of patients with NB dopamine, homovanillic acid
(HVA) and vanillylmandelic acid (VMA) can be detected in the urine. 2%
Neuroblastoma screening programs have been evaluated, but they resulted in
overdiagnosis, i.e., detection of tumors that might have spontaneously regressed
and did not decrease the incidence of advanced-stage disease. 226-22

When neuroblastoma is suspected, the investigation typically involves imaging
modalities such as an ultrasound, CT, or MRI. Subsequently, a biopsy of the tumor
is taken, followed by histological assessment by a pathologist. The tumors
typically present with small round blue cells. Additional analyses may include
Fluorescence In Situ Hybridization (FISH) to detect MYCN-amplifications and
DNA sequencing to identify mutations in e.g., ALK. The combination of these
results guides the pathologist in establishing the diagnosis and risk assessment. 2%

Patients are subsequently staged according to the International Neuroblastoma
Staging System (INSS) into Stage 1, 2A, 2B, 3, 4 and 4S, based on the extent of
surgical excision and the presence of metastases. 2° The stage is combined with
other prognostic information such as age and genomic alterations to group the
patients into risk groups. This is done according to The International
Neuroblastoma Risk Group (INRG) Classification system, into very low, low,
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intermediate, and high-risk groups, and the stage dictates the treatment schedule.
230 patients with very low and low-risk tumors make up 50 % of the patient cohort.
230 patients < 1 year of age, with a tumor < 5 ¢cm in diameter in the adrenal gland
only undergo clinical observation since the tumor may spontaneously regress.
Otherwise, patients are usually treated with surgery alone, but if the patient
presents with symptoms, they are usually administered a short chemotherapy
protocol. The 5-year survival for very low and low-risk NB is > 90 %. %! The
intermediate risk group makes up 10 % of the patients 2° and they are treated with
surgery and chemotherapy for 2-8 cycles and have a 5-year survival of almost 90
%. %! Patients with high-risk NB constitute 36 % of the patients 2° and have a
dismal 5-year survival of merely 50 %. 2*! These patients often obtain a
multimodal induction therapy denoted COJEC (cisplatin, vincristine, carboplatin,
etoposide, and cyclophosphamide) followed by surgery. This can be followed by
myeloablative therapy, which is a treatment approach where the cells in the bone
marrow are killed before stem cell transplantation. This is achieved using
chemotherapeutic agents including melphalan followed by autologous homologous
stem cell transplantations (AHSCT). Studies have shown that administering
isoretinoin, which reduces proliferation and induces differentiation of NB cells,
after myeloablative therapy and AHSCT increase the event free, but not the overall
survival. 232 Studies have subsequently shown that a combination of both anti-GD2
antibody, IL-2, GM-CSF and isoretinoin after myeloablative therapy and AHSCT
improve outcome compared to administering isoretinoin alone. This is therefore
given as a standard therapy in North America after myeloablative therapy. 2%

In relapsed NB the 5-year survival is essentially zero. Patients might be treated
with additional rounds of chemotherapy or be enrolled in a clinical trial. Examples
include 131-1-mIBG, a radiopharmaceutical, which has been used in pilot studies,
234 ALK-inhibitors 2*°, aurora kinase inhibitors and immune checkpoint inhibitors.
202,23 Novel treatment strategies are needed to cure the patients that today die of
their disease.

Wilms tumor

Wilms tumor (WT), also denoted nephroblastoma, is the most common pediatric
kidney tumor, accounting for 6 % of all childhood cancer. 2" Approximately 5-10
patients are diagnosed with WT each year in Sweden with a peak at 3 years of age.
In 5-10 % of the cases the tumors are bilateral or multifocal, presenting at an
earlier age compared to unilateral tumors. % 2% Around 15 % of patients with WT
have an underlying predisposition such as genetic alterations encompassing WT1,
CTR9, REST or TRIM28, changes in the familial WT loci FWT1 (17912-g21) and
FWT2 (19913.5) %° or a genetic syndrome like Wilms tumor-aniridia syndrome
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(WAGR) (11p13;WTL1 deletion), Denys-Drash syndrome (defect WT1), Beckwith-
Wiedemann syndrome (11p15.5;WT2 deletion) and Frasier syndrome. 240 238

WT is thought to develop from an aberrant renal development. Nephrogenic rests
are defined as groups of normal embryonic metanephric cells persisting beyond
the gestational age of 36 weeks. Metanephric cells are cells that are part of the
normal development of the fetal kidney. Approximately 1 % of infants still have
nephrogenic rests at birth but they usually regress shortly thereafter, while,
strikingly, 40 % of WT patients with unilateral and 90 % with bilateral tumors still
have them. These nephrogenic rests have consequently been proposed to act as
precursor lesions for WT development, suggesting a connection to renal
development. 24! Studies have since shown that WT can arise from premalignant
clonal expansions in the kidney. 22 As the tumor forms, an extensive branching
evolution and intratumoral genetic heterogeneity can develop. 2317

Around 10 % of the sporadic WTs have inactivating mutations of the WT1 gene at
the 11p13 locus, while 25 % instead have an LOH and 9 % a homozygous deletion
at this locus. WT1 encodes several different isoforms of a zinc finger transcription
factor, containing four zinc-finger domains. The protein regulates cell growth,
differentiation, and apoptosis and is expressed in the kidney, gonads, spleen, and
mesothelium. It has been shown to play a central role in renal and gonadal
embryogenesis and disruption of the gene results in genitourinary developmental
abnormalities, 1° and has also been detected in nephrogenic rests. 243 Mutations in
the CTNNBL1 gene is seen in around 15 % of WT patients and a study showed that
19 out of 20 tumors harboring activating mutations in the CTNNB1 gene on 3p22.1
also had mutations in WT1. 2424 CTNNB1 encodes the protein B-catenin, which
is a transcriptional co-activator and constitutes an integral part of the Wnt
signalling pathway, through promoting target gene transcription. The Wnt
signalling pathway is essential for normal renal development. It also results in a
dysregulation of the mesenchymal-epithelial transition. 2° Hence, both WT1 and
CTNNBL1 play central roles in normal renal development. Furthermore, it has been
shown that genes involved in the first contact between the ureteric bud and the
metanephric mesenchyme, an important step in the development of the kidney, are
overexpressed in WT and that genes often expressed at later stages in the renal
development are conversely downregulated. 246-248

Another locus that is recurrently affected is WT2 (11p15). The region is divided
into two imprinted domains: IGF2/H19 and KIP2/LIT1. Imprinting is a type of
epigenetic inheritance where the gene expression is dependent on the genetic sex
of the individual. IGF2 encodes a growth factor that is important for renal
development and H19 encodes RNA molecules that may act as a tumor
suppressor. 2%° It has been shown that this region is affected by LOHSs in 29 % of
patients and that loss of imprinting of IGF2 occurs in 40 % of WT patients. 2*°
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This region is affected in patients with the genetic syndrome Beckwith-
Wiedemann, and they display an increased risk of WT development.

AMER1 deletions or mutations are seen in 20 % of WT cases, and typically occur
late in the evolution of the tumor. This gene is part of the S-catenin-destruction
complex and is involved in kidney development. 2° Also MYCN gains can be seen
in 6 % of patients and is associated with anaplasia and poor outcome.?* 25!

TP53 (17p13) mutations are found in 5 % of patients with WT and their presence
are associated with tumor progression. Mutations are particularly correlated to
anaplastic WT where 75 % of patients display disrupted TP53. 22 Anaplasia is
defined by three criteria: 1) the presence of nuclear enlargement > 3-fold, 2)
hyperchromasia due to extra chromosomes and, 3) enlarged abnormal mitotic
figures. Anaplasia is divided into being focal, located only to one or a few
localized areas in the primary tumor, or diffuse, multifocally spread throughout the
tumor. 2> WT with focal anaplasia is considered an intermediate-risk disease
while diffuse anaplastic WT (DAWT) is classified as a high-risk histology based
on the guidelines from Société Internationale d’Oncologie Pédiatrique Renal
Tumours Study Group (SIOP-RTSG). Patients with DAWT have a worse
prognosis compared to other subtypes of WT, despite a more intense treatment. 2%
It was recently suggested that the chemoresistance observed in these patients may
be partly explained by the high proliferative capability of anaplastic cells and the
fact that these cells also have a high tolerance to CNAs and double strand breaks
(DSBs). %5 Mutations in TP53 are late events in the evolutionary history of WT,
and thus appear regionally. Interestingly, almost all areas with anaplasia have
either mutations or LOHSs of TP53, but these changes are not limited to anaplastic
tumors. 2° Anaplastic WTs seem to appear gradually, through an initial LOH of
TP53, followed by a mutation of the TP53 gene, after which full-scale anaplasia
develops, indicating that it grows more aggressive in time. 2%

Mutations in SIX1 and SIX2, two other genes with importance for renal
development, have also been detected in WT. Mutations in these genes are
detected more frequently in blastemal tumors compared to necrotic or regressive
tumors. 2*° Finally, there are several larger chromosomal aberrations that are
frequent in WT such as 1p-, 1g+, 2+, 7p-, 7q+, 8+, 12+, 13+, 16g- and 22q-. ¢

Patients with WT may present with various symptoms at the time of diagnosis
such as a painless resistance in the abdomen, decreased appetite, weight loss,
hematuria (30 % of patients), hypertension (25 % of patients), pain, varicocele,
fever, malaise, tumor rupture resulting in instant pain, malformations,
hypercalcemia, decreased levels of VWF (von Willebrand Factor) and lung
metastases giving rise to symptoms. It is diagnosed using radiological techniques
such as a CT-scan or MRI, and the diagnosis is set based on the radiological image
alone. No biopsy is needed before the treatment is initiated according to the
guidelines used in Sweden.
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Patients older than 6 months undergo a preoperative chemotherapeutic treatment
protocol including the agents: vincristine weekly and actinomycin-D biweekly for
27 weeks, with the addition of doxorubicin in the metastatic setting. After this the
tumor is surgically removed, at which point the pathologist investigate the tumor
further through histological staining and genomic analyses. Children younger than
6 months undergo biopsy directly to rule out the possibility of another diagnosis
and thereby avoiding unnecessary treatment. 27

WTs display a characteristic histological pattern containing three different tissue
components: blastemal, epithelial, and stromal components. The blastemal
component consists of round/oval cells with a large nucleus and a sparse amount
of cytoplasm. It often displays mesenchymal features, and patients with a
blastemal predominant subtype after surgery have a worse outcome. ¢ The
epithelial component often represents primitive glomeruli, comma, or s shaped
bodies. Finally, stromal cells are similar to fibroblasts in their appearance, but they
can display differentiated structures such as smooth muscle, skeletal muscle, or
neural elements, raising the suspicion that WT arises from undifferentiated renal
mesenchyme, 191259

Depending on how the tumor is risk classified and staged, the patient might
receive additional chemotherapy or radiation therapy. 2" 2° Treatment has
improved significantly in the past century and the disease today has a 5-year
survival over 90 %, but the prognosis of patients with DAWT remains around 58
% (https://nccrexplorer.ccdi.cancer.gov). 2

Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children,
thought to arise from skeletal myoblast-like cells. It accounts for approximately 7
% of all cancers in children and has a 5-year survival of 60-70 %
(https://nccrexplorer.ccdi.cancer.gov/), all subtypes included. %262 The incidence
for children aged below 14 years old in Sweden is approximately 4.9 per million,
resulting in 5-10 cases each year. 22 There has not been any GWAS studies for
RMS, but it has been reported that germline susceptibility syndromes such as the
Li-Fraumeni syndrome, neurofibromatosis type 1, Beckwith-Wiedemann
syndrome and DICER1 syndrome are associated with an increased risk of
developing RMS, accounting for approximately 7 % of cases. 264 265

Based on histopathological features, several different subtypes of RMS have been
identified. The two major groups are embryonal rhabdomyosarcoma (ERMS) and
alveolar rhabdomyosarcoma (ARMS). %6 ERMS accounts for 60-70 % of all
RMS cases and is most frequent in early childhood around 0-4 years of age, but
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some data have indicated that the age distribution is bimodal with a second peak in
the early teens. 21 ERMS has a better prognosis than ARMS, with a 5-year
survival of 66 % compared to 39 %. The tumors most often appear in the head and
neck or in the genitourinary areas. 2 Common genetic alterations are whole
chromosome gains and losses and 11p LOH. %7 ARMS on the other hand accounts
for 20-25 % of all RMS-cases, %! and has an even incidence across ages. The
tumors are more often located to the extremities compared to ERMS. 261288 ARMS
can be further subdivided into fusion-positive RMS (FPRMS) and fusion-negative
RMS (FNRMS).

FPRMS accounts for 80 % of all ARMS cases and the patients are marginally
older than those with FNRMS. 261 26° The term fusion-positive refers to the tumors
displaying one of two fusion genes: PAX3-FOXO1 t(2;13)(q35;914) or PAX7-
FOXO1 t(1;13)(p36;914), seen in 60 % and 20 % of ARMS patients respectively.
269 210, 211 pAX3 and PAX7 encode paired box protein 3 and 7 respectively. They
are transcription factors usually expressed in skeletal muscle progenitor cells, and
their target genes are related to skeletal muscle development. 272 FOXO1 encodes
forkhead box protein O1, which also is a transcription factor playing an important
role in skeletal muscle differentiation. 2”° The gene fusions result in the
transcription of a fusion protein, with enhanced expression and transcriptional
activity compared to its wild type proteins separately. The expression of the
PAX3-FOXOL1 protein is increased due to a copy-number independent process,
while PAX7-FOXOL1 is increased due to an amplification of the segment.?’
PAX3-FOXO1 is stabilized by the proteins PLK1 and KAT2B, and inhibition of
these results in degradation or downregulation of the fusion protein respectively.
215, 216 Both fusion proteins dysregulate several cellular pathways and affect
multiple downstream target genes. PAX3-FOXOL1 establishes a myoblastic super
enhancer circuit in collaboration with MYOD1, MYCN, MYOG, ALK, FGFR as
well as chromatin remodelling proteins such as BRD4 and CHD4 driving ARMS
cancerogenesis. 2’7 Some patients with ARMS have other fusion proteins such as
PAX3-NCOAL1, but their clinical relevance is unclear. 2’® FNRMS accounts for 20
% of ARMS cases 2 and is more like ERMS in the sense that it has more whole
chromosome changes than FPRMS, point mutations and 11p15.5 losses. 279281

There exist additional RMS subtypes that are less common, such as spindle
cell/sclerosing RMS. It most often arises in paratesticular sites or in the head and
neck and has a 5-year survival of 85 % in pediatric patients. %2 Botryoid RMS,
mainly occurring in children < 1 years of age, frequently appears in mucosa lined
tissues such as the vagina, bladder, or nasopharynx. The prognosis is generally
good. Pleomorphic/anaplastic RMS is a heterogeneous and rare subtype that
mainly arises in the extremities in adults. Histologically it displays three types of
cells: classic RMS cells, round cells, or spindle cells. It is associated with a poor
prognosis with a 5-year survival of 0 % for metastatic disease and 30 % for
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localized disease at diagnosis. 22 There are also RMS cases which display a mixed
type histology or ganglionic differentiation.

It is thought that RMS arises from an aberrant myogenesis, but the cell of origin is
not well characterized since both myoblasts and non-myogenic cells are able to
initiate the disease. 2% Genes implicated in myogenesis such as MYOD1, MYOG
and MYLG are frequently involved in RMS pathogenesis, affecting developmental
pathways such as causing Wnt activation, Hedgehog activation, Notch activation
and Hippo signalling suppression, 234 285

Some frequently mutated genes in RMS are CDKN2A, TP53 and PTEN. %7 In
addition, alterations affecting the RAS-PI3K axis have been shown to be present in
93 % of all RMS patients. 2 There are also various receptor tyrosine kinases that
can activate the same pathway, such as FGFR4, which has activating mutations in
7 % of patients with FNRMS. 28 FPRMS often has an increased expression of
FGFR4 and 2, through increased transcription due to the PAX3-FOXO01.2”" Other
RTKs of importance are the IGF1R and PDGF. 24 LOH of 11p15.5 and mutations
in the RAS pathway genes in FNRMS and the PAX3/7-FOXOL1 fusion event has
been shown through phylogenetic analyses, to occur early in the evolutionary
history of the tumors. % 287 Together the mutations, copy number, developmental
pathway effects and the fusion proteins drive the disease.

RMS usually presents as a painless growing resistance or with symptoms caused
by a mass effect due to the tumor growth. 26* Metastases are present in 20 % of
patients at diagnosis with the most common sites being the bone marrow, lung,
and skeleton. %2 RMS is diagnosed through histopathological assessment and
molecular testing for the absence or presence of FOXO1 gene fusions. ARMS is
generally composed of small, densely packed, round cells, with lining septations
having some resemblance with pulmonary alveoli. ERMS is on the other hand
very stroma-rich, contains rhabdomyoblasts and display no alveolar pattern. Some
tumors may display a mixed pattern. The tumor may also express skeletal muscle
proteins such as myosin, myoglobin, MYOD1, MYOG, desmin and Z band
protein, which may aid the diagnosis but are not pathognomonic. The RMS fusion
genes can be detected from clinical biopsies using RT-PCR and FISH, which is
clinically relevant to subgroup the tumor. 24

Most patients are treated with a combination of surgery, radiotherapy, and
chemotherapy. In Europe, the treatment regimens are decided by the European
paediatric Soft Tissue Sarcoma Study Group (EpSSG), stratifying patients as
either low, standard, high or very high risk. Low-risk patients are treated with VA
(vincristine and actinomycin D), while for patients with standard, high-risk and
very high risk obtain the chemotherapy protocol IVA (ifosfamide, vincristine,
actinomycin D). 288 Patients with high-risk and very high-risk tumors may receive
an addition of doxorubicin, vinorelbine and cyclophosphamide. 2 Recurrent RMS
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has a very dismal prognosis and novel treatment strategies are needed for this
patient group. So far, CAR-T cell therapy have shown promising results in one
case of metastatic, refractory and relapsed rhabdomyosarcoma. 2% 21

Germ Cell Tumors

Germ cell tumors (GCTSs) are a group of neoplasia derived from germ cells, which
are the cells that normally give rise to the gametes of an organism. GCTs most
often arise in the testes or ovaries, known as gonads, but can also occur at other
anatomical sites due to errors in the migration of germ cells during embryogenesis.
292 Examples of such extragonadal sites include the brain (particularly the pineal
gland), mediastinum, the oral cavity, neck, and pelvis. *** There is an ongoing
debate regarding whether some extragonadal GCTs may represent metastases from
a regressed primary tumor in the gonads. 2*® This hypothesis is supported by the
observation that patients with extragonadal GCTs generally have a worse 5-year
survival than patients with gonadal GCTs, as expected for metastatic disease. 2%
GCTs are rare and only account for 3.5 % of all childhood cancer cases in children
< 15 years of age, but this proportion rises to 16 % for adolescents aged 15-19
years. 2%

The symptoms of GCTs depend on the subtype and location of the tumor.
Intracranial tumors can present with vomiting, nausea, neurological symptoms,
and headaches. Tumors in the testes may manifest as a palpable mass, while
ovarian tumors may cause abdominal pain, a palpable mass, precocious puberty,
hirsutism and in post pubertal patients, amenorrhea, and menorrhagia. If there is
suspicion of a GCT the child may undergo a CT scan or ultrasound, followed by a
biopsy if a tumor is detected. 2%

GCTs are a heterogeneous group of neoplasms comprising several different
subtypes. Diagnosis is based on the histopathological classification of tumor
biopsy samples. Each subtype has its own age distribution, treatment plan and
prognosis. 2°® Some examples of GCT subtypes are: Germinoma (dysgerminoma
and seminoma), embryonal carcinoma, endodermal sinus tumor (yolk sac tumor),
choriocarcinoma, teratoma, polyembryoma, gonadoblastoma and mixed type (may
contain both malignant and benign components). 2% The following sections will
cover the subtypes included in paper V of this thesis.

Malignant juvenile granulosa cell tumor

Granulosa cell tumors are most common in patients 50-55 years old, accounting
for 95 % of all granulosa cell tumors. There are, however, a juvenile subtype,
constituting 5 % of all granulosa cell tumors, which is similar to the adult type but
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is histologically distinct. 2" 28 The incidence of juvenile granulosa cell tumor is
approximately 0.4-1.7 cases per 100 000 women. 2%

The tumors arise from granulosa cells, excrete the hormone oestrogen and is
consequently categorized as a functioning tumor. The most common symptom is
abdominal pain. If the patient is prepubertal the patient may present with an early
onset of puberty. Patients post puberty may suffer from menometrorrhagia (heavy
and irregular menstruation). The tumors most often arise in the ovaries but there
are rare cases of it appearing in the testes, in which cases it is usually benign.

The enzyme AKTL1 plays a role in these tumors. Duplications of the chromosomal
segment covering the corresponding gene has been identified in > 60 % of patients
with malignant juvenile granulosa cell tumor < 15 years of age. The tumors not
displaying duplications, instead have point mutations of the gene. AKTL1 is a
serine/threonine kinase that regulates several processes including cell survival,
proliferation, and growth. ** There is a lack of studies of the CNA and mutational
landscape of juvenile granulosa cell tumors. One study suggested that trisomy 12
and 14 were frequent in granulosa cell tumors overall. Only three juvenile tumors
were included in the study, of which one displayed trisomy 12. The other two
tumors were completely diploid. 2

Diagnosis is based on histopathological assessment of a biopsy from the tumor.
The tumors usually stain for the hormone inhibin. The cells have a moderate-
abundant eosinophilic vacuolated cytoplasm, increased mitotic activity, and
display disorganized follicles. Sometimes there are also tumor giant cells. 27 33

Treatment often includes surgical removal of the primary tumor, sometimes
including unilateral or bilateral salpingo-oophorectomy. The latter can be
performed with or without hysterectomy. This is followed by adjuvant
chemotherapy, most often using the chemotherapeutic protocol BEP (bleomycin,
etoposide, and cisplatin). 2% %4 juvenile granulosa cell tumors generally have an
excellent prognosis with a 5-year survival rate of 92 % if it is in stage I, but merely
0-22 % in advanced stage. 3%

Teratoma

A teratoma is a tumor that can contain tissues from all three germ layers
(ectoderm, endoderm and mesoderm). They are the result of an abnormal
embryonal development of pluripotent cells. The tumors may contain epidermis,
sweat and sebaceous glands, teeth, hair follicles and neuroectodermal derivatives.
The tumors are usually benign but there are cases of malignant transformation or
teratomas being part of a mixed germ cell tumor also containing malignant
elements, 2%:305
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The tumor may cause pain, a mass effect and vascular steal. Acute symptoms can
arise if the tumor haemorrhages or ruptures. Teratomas are treated using surgical
removal with the addition of chemotherapy if it is categorised as malignant. The 5-
year overall survival rate is > 90 %. 3%

Embryonal carcinoma

Embryonal carcinomas are aggressive germ cell tumors. Around 10-40 % of
patients have metastatic disease at diagnosis. The median age at diagnosis is 30
years and it is very rare in children. It most often appears in the ovaries or testis,
but can also arise in the brain, primarily in the pineal gland and third ventricle.
The embryonal carcinomas are rare and make up 3 % of all ovarian, 10 % of all
testicular and 5 % of all intracranial germ cell tumors, 306-308

The tumors are often surgically removed and followed by chemotherapy. A pure
embryonal carcinoma in the brain has a 3-year overall survival rate of 27 %. If it is
mixed with germinoma or teratoma it is approximately 70 %. 3®° There are
currently no overarching studies of the survival rates for ovarian and testicular
embryonal carcinoma in children.
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Treatment resistance

Despite considerable advancements in cancer therapy, avoiding treatment
resistance and relapse continues to pose a substantial challenge in the quest to cure
cancer patients. 1% Treatment resistance refers to a reduced sensitivity or complete
lack of response of cancer cells to therapeutic interventions, such as
chemotherapy, radiation therapy, targeted therapies, or immunotherapies. 3%
Understanding the mechanisms underlying the development of treatment
resistance is essential for the development of novel treatment strategies that can
improve patient outcomes.

Much research has been dedicated to address this challenge. The adoption of
combination chemotherapy has improved survival remarkably since its
introduction 50 years ago. Combination chemotherapy was initially inspired by
approaches used for tuberculosis treatment. 32 Despite the development of
increasingly intricate treatment schedules, survival rates have plateaued in the last
two decades for the majority of tumor types. 3! Chemotherapy treatment
eliminates rapidly proliferating cells and resistance to these agents can arise
through various mechanisms. The cancer cells can utilize drug efflux pumps where
the chemotherapeutic drug is actively pumped out of the cell, consequently
decreasing its intracellular concentration and effectiveness. 3 Cells may also
hinder the drug from entering the cell, 3% or upregulate enzymes causing an
increased metabolism of the drug. The cancer cells may also enhance their DNA
repair capability or evade death signals, thus hindering apoptosis. 31° Furthermore,
an altered expression of certain signalling pathways, epigenetic changes or
mutations may result in various resistance mechanisms. 36 317 Finally, some cells
enter a non-proliferating dormant state, evading the effect of the chemotherapeutic
agents. 38-31° Similarly the hypothesized cancer stem cells have been implicated to
be treatment resistant, explained by that they are usually not highly proliferative.
When the treatment is halted, they may, however, continue to self-renew and start
a regrowth of the tumor mass, causing a relapse. %

Advancements in cell biology and biotechnology have enabled the exploration of
somatic genetic alterations, mRNA expressions, methylation profiles and neo-
antigens, spiring a plethora of novel treatment strategies to further increase
survival. Targeted therapies against BCR-ABL, HER2 and EGFR as well as
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immunotherapy have shown remarkable responses in patients. 1’® 1° Treatment
resistance does, however, still pose a major problem. 2 2 Administration of
targeted therapies and immunotherapies, eliminates cells having the therapeutic
target while selecting for non-target-displaying cells. Since a target almost never
exists in all cancer cells, the treatments often have an initial effect, followed by a
rapid regrowth. Resistance may also appear through mutations in signalling
pathways, making the pathway independent of receptor activation. Hence,
blockade of the receptor using an antibody, will not affect the signalling. 2°

A larger tumor size and higher tumor heterogeneity increases the risk of treatment
resistance, 32 %21 which could possibly be explained by providing a greater
subclonal diversity, setting the stage for resistance and relapse. There is a debate
regarding when the resistant cells appear. Some studies suggest that resistant cells
are present in the tumor already before administration of the drug, while others
believe they are induced by the treatment through the appearance of genetic
alterations or through phenotype switching. 176 311, 322-324

The tumor microenvironment also plays a role in treatment resistance. It can shield
the cancer cells from the therapeutic agents, resulting in a lower concentration
reaching the cancer cells and an inferior treatment response. Some tumors are
poorly vascularized, such as pancreatic tumors, making it difficult to administer
the chemotherapeutic drug to all cells. The poor vascularization may also create a
pro-tumorigenic hypoxic environment. % Tumor cells can evade the immune
system by e.g., downregulating surface molecules that could be recognized by the
immune system and cause destruction of the tumor cells. In addition, tumor cells
may also reside in anatomical sites where it is harder for both immune cells and
certain drugs to reach them. Examples of such anatomical sites are the central
nervous system, testes, and the peritoneum. These tumor cells residing here might
result in a relapse, if not extra measures are done to eradicate them such as
intraperitoneal or intrathecal chemotherapy (administered to the fluid around the
brain and spinal cord). 3

Numerous strategies have been proposed to tackle the issue of treatment
resistance. Efflux pump inhibitors have unfortunately, so far, proven ineffective
and displayed high toxicity. 3 Cancer stem cells are believed by some researchers
to be responsible for treatment resistance and relapse. Efforts are therefore being
made to identify, classify, and target these cells to hinder such development. %
Furthermore, there has been an increasing interest in using combinations of
targeted cancer therapies to circumvent treatment resistance, since it is less likely
that a cell has developed treatment resistance against several different agents. 32
There has been little attention paid so far to the role of dose scheduling in targeted
therapies, posing an attractive way of decreasing toxicity and optimizing treatment
response. In addition, mutations in MYC, MYCN, RAS, KRAS, BRAF and TP53,
the most affected oncogenes and tumor suppressor genes, remain undruggable.
Continuing efforts are being made to target them. 32/
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There is also evidence that cancer cells are plastic and can switch between
different cell states, denoted phenotype switching. This can allow the cells to e.g.,
switch between being treatment sensitive and resistant depending on external cues.
Targeting the phenotype switching, hindering cancer cells from switching to the
treatment resistant state could be used as a treatment strategy. 324 328

Right now, we are entering an era of personalized medicine. Traditionally, patients
with a specific diagnosis have received standard of care treatment. The shift
towards personalized medicine, would, theoretically, enable the design of a
treatment protocol customized for an individual patient’s tumor. Such a treatment
protocol could include a combination of different targeted therapeutic agents based
on the genetic and phenotypic profiling of the tumor. Ideally, it would allow for
adaptive treatment strategies, where the physician could adjust the treatment plan
based on the changing molecular profile of the tumor or to the emergence of
resistance. 3

Finally, early detection of a primary cancer or a relapse remains an attractive
strategy to combat treatment resistance. Studies have shown that early detection as
well as providing adjuvant treatment decrease the risk of relapse. ! When the
number of cells is small and the diversity low, it is possible to exploit the
vulnerabilities of small populations, preventing the development of full-blown
resistance and tumor regrowth. There are currently several cancer screening
programs such as mammography for breast cancer, HPV tests for cervical cancer,
and detection of blood in the stool for colorectal cancer. They have, however, been
getting critique for having low sensitivity and specificity. In addition, more
patients may be treated for benign tumors, which would not have manifested
symptoms. Another critique to screening programs is that if the time points for the
screening are too far apart, tumors may arise and give symptoms in between these
time points, in which case the screening has not helped to identify the tumor early.
Some studies have also indicated that the screening programs do not increase
survival as much as was initially expected. 3% Another approach for early
detection is to detect circulating tumor cell DNA (ctDNA) in the blood, opening
the possibility for easier cancer screening as well as disease monitoring. To detect
the ctDNA, there must be a significant amount of DNA present, which might
result false negatives. It may also be difficult to decipher from where in the body
the ctDNA originated, but there are methods being developed, relying on
epigenetic profiles to identify the affected organ. 3!* The usage of ctDNA could aid
both early detection of cancer before symptoms arise as well as disease monitoring
for relapses.

To conclude, treatment resistance remains challenging. There is, however, much
ongoing research on how to combat this difficult clinical situation.
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Treatment resistance in neuroblastoma

Approximately 50 % of patients with high-risk NB do not respond to first-line
treatment or is subject to a relapse within two years. Treatment resistance thus still
constitutes a major problem in the quest of curing these patients.

There are several mechanisms used by NB cells to develop resistance. NB cells
can increase their expression of the ATP-binding cassette transporter family
proteins. This is a group of efflux pumps, associated with resistance to several
chemotherapeutic agents across various cancers, including neuroblastoma. 313 3%
Some of these genes are targets of N-MYC, whose corresponding gene, MYCN, is
amplified in a subset of NB tumors. Inhibiting these efflux pumps might pose an
attractive treatment strategy. Efforts creating drugs targeting efflux pumps has,
however, so far shown poor effect in preclinical studies and cause extensive
toxicity. 331332

Chemotherapy has been shown to induce autophagy, where the cell digests parts of
itself, in NB cells both in vitro and in vivo. By administering hydroxychloroquine,
it is possible to inhibit the autophagy, sensitizing NB cells to chemotherapy. 3%

Several targeted treatment strategies have been developed against NB such as
ALK and AURORA A inhibitors. They do, however, face the same problem as in
adult cancers i.e., that not all cancer cells exhibit the target protein or that some
cells obtain mutations resulting in the target protein changing shape, not allowing
the drug to bind, thus selecting for non-target displaying cells. While targeting N-
MYC is an appealing strategy, its pursuit has been challenging primarily due to its
complex chemical structure, with no single drug currently undergoing clinical
trials. 334 Continuous research endeavors are ongoing to explore new druggable
target and develop new drugs. As we approach the era of personalized medicine,
the potential for combining multiple targeted therapies tailored to individual
patients’ diseases becomes increasingly plausible. 2% 3%

Studies have revealed two distinct cell identities in NB, a sympathetic
noradrenergic cell state (ADR) and a neural crest like mesenchymal cell state
(MES). 28 220 The MES cells have been shown to be more resistant to
chemotherapy in vitro and to be enriched after chemotherapy treatment and in
relapses. 28 These states are plastic such that NB cells can transition between the
ADR and MES phenotype depending on external selection pressures. 38 Some
researchers believe that there are cancer stem cells in neuroblastoma, and that
these might explain treatment resistance and relapse. It was shown that NB tumors
with poor prognosis harboured a population of cells having markers suggesting an
undifferentiated stem cell state. It is somewhat unclear whether these cells are
what today is referred to as cells with the MES phenotype, or if it really is a
distinct subgroup of cells. " 36 3% Targeting the MES phenotype could be a
possible way to tackle treatment resistance in NB.
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MicroRNAs can either inhibit translation of mMRNA or accelerate its degradation.
A misexpression of microRNAs has been detected in NB and is associated with
poor outcome. N-MYC can modulate the expression of microRNAs. 3% Another
postulated mechanism for treatment resistance is the transfer of small extracellular
vesicles (EVs) and exosomes. ¥ Exosomes from MYCN amplified NB cells can
induce migration and resistance in non-MYCN amplified NB cells. 34° Exosome-
mediated transfer of microRNAs between NB cells and monocytes give rise to
cisplatin resistance. 3! Anti-GD2 monoclonal antibody immunotherapy has
significantly improved the overall survival in NB. Many patients treated with anti-
GD2 monoclonal antibodies do, however, not respond to treatment or develop
resistance. In a study it was found that EVs attenuated the efficacy of the treatment
in vivo. They also modulated the tumor microenvironment to make it more
immunosuppressive. By inhibiting these EVs the efficacy of the anti-GD2
treatment could be enhanced in vivo. 34

In conclusion, NB faces many of the same challenges posed by resistance in adult
cancer. Significant efforts are being conducted on elucidating the mechanisms by
which treatment resistance develops, and how these mechanisms could be targeted
to hinder resistance development and increase survival in these patients.
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The metastatic process

Metastases are secondary tumors resulting from the migration of cancer cells from
the primary tumor, establishing themselves in a different anatomical location.
They can manifest in any part of the body, but certain cancer types exhibit a
tendency to spread to specific sites, denoted organotropism. 3 Metastatic spread
is a complex clinical scenario where neither radiation therapy nor surgery are
feasible curative treatment options. Furthermore, the situation is often exacerbated
by tumors displaying resistance to chemotherapy. Efforts have been made to
identify the genetic drivers of metastasis, aiming to target them through precision
oncology. However, so far, the search has not been fruitful, and no single recurrent
genetic alteration or group of genetic alterations has been shown to universally
drive metastasis in patients. 1% 34 Furthermore, there is an extensive intertumoral
heterogeneity between different metastases and relative to the primary tumor,
further complicating treatment. 1* To cure the patients with metastatic disease, that
today die of their disease, novel treatment approaches are needed, necessitating a
deeper understanding of the metastatic process.

The formation of a metastasis is a multistep process (Figure 15). Initially, cancer
cells at the primary site detach from the surrounding cells and invade the
surrounding tissue, followed by intravasation into the lymph and blood vessels.
Subsequently, the cells must survive the tumultuous journey within the vessels.
Upon reaching another organ, the cells need to extravasate, colonize and establish
a new tumor at the site. This intricate process has been the subject of extensive
research aimed at understanding each step, and to determine whether any of these
steps could be targeted for therapeutic intervention.
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Figure 15. The metastatic cascade. 1) It begins with a local invasion of the surrounding tissue. Cells
undergo an epithelial-to-mesenchymal transition and start to migrate towards the vessels, either as
single cells or as part of a tumor invasion front. 2) The cancer cells can prime a distant site for future
colonization, denoted premetastatic niche formation. 3) The cancer cells enter the blood or lymphatic
vessels through either transcellular or paracellular migration and by passing the basement membrane.
4) In the circulation they travel either as single cells or as part of a circulating tumor cell (CTC)
cluster, which can be monoclonal or polyclonal. The cells may even coat themselves with platelets,
stromal cells, and immune cells, to evade the immune system in the blood. 5) As the cells reach the
smaller vessels, they can either roll on the endothelial surface and attach to ligands to extravasate, or
they can get stuck, causing a local inflammatory response followed by vasodilation and easier
extravasation. 6) The cells may then colonize the site, which requires a mesenchymal-to-epithelial
transition, upregulation of certain cellular pathways, suppression of the local immune environment
and angiogenesis.

1. Invasion of the surrounding tissue

The initial trigger of invasion is not known, but various mechanisms are thought to
be involved. Typically, tumor cells are immobile and tightly bound to surrounding
cells and the extracellular matrix (ECM), similar to epithelial cells. To invade the
surrounding tissue, the cancer cells have to acquire an increased mobility, which
can be achieved through a process called the epithelial-to-mesenchymal transition
(EMT). This is a normal cellular process, playing an important role in embryonic
development, organogenesis, and wound healing. 3 The EMT is epigenetic and is
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hence not dependent upon DNA-sequence alterations, possibly explaining the
absence of universal genetic drivers for metastasis. During EMT, tumor cells lose
their cell polarity and connections to the surrounding cells and instead gain
migratory and invasive properties (Figure 16). Mesenchymal cancer cells,
resulting from EMT, often display an increased resistance to therapy compared to
epithelial cells, making EMT an attractive therapeutic target. 3

Epithelial cells Mesenchymal cells
Tight, gap and/or adherence junctions
Apical
T MET
EMT
Basal Hemidesmisomes
o Y Basal layer
Polarization Possess apico-basal polarity. Lack polarization.
Appearance Cells tightly bound to each other. Have a spindle-shaped morphology.
Connections Tight, gap and/or adherence junctions between cells. No physical connections between the cells. They
Bound to a basal lamina at their basal surface interact with each other only through focal points.
via hemidesmosomes and a6B4 integrins.
Expression High levels of E-cadherin. Specific cytokeratins High levels of N-cadherin, fibronectin, and vimentin
that stabilize desmosomes to ensure the resilience as well as B1 and B2 integrins

of epithelial cell layers to various physical stresses.

Migration Non-migratory Migratory

Figure 16. Overview of some of the characteristics of epithelial and mesenchymal cells. EMT refers
to an epithelial to mesenchymal transition and MET a mesenchymal to epithelial transition.

It has been confirmed across several tumor types both in vitro and in vivo that
there are cancer cells expressing a mixture of both epithelial and mesenchymal
markers. Rather than a binary process, with the tumor cells existing in either an
epithelial or a mesenchymal state, there consequently is a spectrum of intermediate
states. Tumor cells in these intermediate states are more effective in developing
drug resistance, reaching the circulation, and forming metastases. 34" 3% Cells in
separate EMT states also aggregate in distinct tumor regions, rather than being
evenly spread out. The most mesenchymal cells are frequently located close to
inflammatory cells and endothelial cells, and they may also secrete chemokines
that promote angiogenesis and attract immune cells. 34

The transition from an epithelial to a mesenchymal state involves various growth
factors, signaling pathways and gene regulatory networks. 34° 3% The growth factor
TGF-g has e.g., been shown to stimulate the transition, and may serve as a
potential target for anti-metastatic therapies. 3 *! Furthermore, chromosomal
instability (CIN) plays a pivotal role in initiating EMT and driving metastatic
spread. 2 33 |t has been shown that metastases are enriched in cells with an
increased CIN and number of CNAs compared to the primary tumor *** and cells
with high CIN display an enrichment of mesenchymal markers, indicating that
they have undergone EMT. ** Additionally, a high CIN predisposes cells to spill
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DNA into the cytosol, activating the cGAS-STING cytosolic DNA-sensing
pathway and downstream noncanonical NF-kf signaling, promoting metastasis. 3**
Notably, administration of STING inhibitors reduce CIN mediated metastasis in
malignant melanoma, breast cancer and colorectal cancer in vivo. 3%

Other triggers of EMT include hypoxia, metabolic stressors and matrix stiffness.
35 Hypoxia and HIF-dependent signaling has additionally been shown to promote
CIN and metastasis. *% 37 A recent study showed that metastatic subclones in
clear cell renal cell carcinoma preferentially originated from the tumor interior,
which is often subject to hypoxia caused by rapid tumor growth and inadequate
blood supply. The tumor area was also more necrotic and had an increased copy
number burden, and proliferation rate compared to peripheral tumor regions. 58

To reach the blood stream or lymphatic vessels, cancer cells must navigate the
tumor microenvironment, interacting with normal cells, including fibroblasts and
immune cells. Cancer cells can modify the extracellular matrix (ECM) by
excreting enzymes such as matrix metalloproteinases (MMPs), resulting in
remodeling or a breaking down of its components, creating gaps and holes that
allow the cells to migrate through the tissue. *° Great efforts have been made to
study how cancer cells interact with cancer-associated fibroblasts (CAFs) and the
immune microenvironment, interactions that can either promote or inhibit
proliferation, providing important clues for possible therapeutic interventions. 8

The migratory process itself involves the use of protrusions like lamellipodia or
filopodia, driven by polymerizing actin filaments, pushing against the cell
membrane. Studies have indicated an alternative way to migrate used by cancer
cells, called blebbing migration, in which internal pressure creates a bubble on the
surface of the cell, which is followed by the formation of actin and myosin fibers
within it, moving the cell forwards. %° Cancer cells can either migrate as single
cells or collectively in a coordinated movement with several cells, forming a tumor
invasion front. 36!

The most common routes of spread are via the lymphatic or blood vessels, but
there are also perineural spread and dissemination via cavities such as the
abdominal and pleural spaces. *2 The lymphatic and blood vessels in a tumor are
often more fragile than regular vessels, due to the rapid angiogenesis. The fact that
the vessels are leakier, may aid the transport of the cancer cells into the fluid
stream. *¢2 To reach the blood or lymphatic vessel cavity, the cells have to migrate
through the compact tumor and surrounding tissue, followed by the endothelial
layer lining and finally in between two cells (paracellular route) or through
(transcellular route) a cell lining the blood or lymphatic vessel walls. 34 When the
tumor cells migrate between the cells lining the blood and lymphatic vessel walls,
the nucleus might be squeezed. This can challenge the integrity of the nuclear
envelope and the DNA, resulting in rupture of nuclear membrane blebs, and
rearrangements causing genomic instability, or cell death. The migration hence
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results in a substantial physical stress on the nuclear envelope and the cell,
requiring an efficient repair of the envelope and DNA for the cells to survive. *%° A
high interstitial fluid pressure in the tumor is correlated to a worse therapy
response and it might also aid metastatic spread through pushing the cells
outwards, but more studies have to be conducted on this area. **® Cancer cells may
furthermore possess a mechanical memory. This means that the cancer cells
change their phenotype based on the physical microenvironment and that this
phenotype can be retained even after the physical stimulus has been withdrawn. 367

Thus, utilizing a combination of chromosomal instability, epithelial-to-
mesenchymal transition, extracellular matrix remodeling and degradation, tumor
microenvironment interaction and blebbing migration, cancer cells can maneuver
their way toward the blood and lymphatic vessels.

2. The premetastatic niche (PMN)

There is evidence suggesting that the primary tumor selectively primes specific
organ sites for future metastatic spread even before the arrival of any tumor cells.
%8 This process, known as premetastatic niche (PMN) formation, is believed to be
driven by various factors and extracellular vesicles (EVs) secreted by the cancer
cells. These EVs are taken up by normal cells in the host tissue, inducing changes
such as vascular leakiness, ECM remodeling and immune suppression, all of
which are essential for PMN establishment. %8 Cancer cells can also release EVs
carrying mRNA which are taken up by non-malignant cells, which subsequently
display enhanced migratory behavior and even metastatic capacity, suggesting a
transfer of metastatic characteristics between cells.

Furthermore, there is evidence of PMN formation before cells migrate to the
lymph nodes, making it easier for the tumor cells travelling through the lymphatic
vessels to colonize the lymph nodes. This process involves local repression of
immune surveillance and the activation of specific stromal cells. There are also
theories that EV's may help to initiate this lymph node remodeling. 37°

In summary, primary tumors may prime specific organ sites, creating a favorable
environment for migrating cancer cells to successfully colonize it. Targeting this
PMN formation holds the possibility to hinder future metastatic colonization.

3. Circulation

The circulation is a very harsh and turbulent environment, highlighting the
importance of the fluid dynamics in the metastatic dissemination and extravasation
process. Regions with low hemodynamic flow are at greatest risk of colonization.
371 Cancer cells usually travel as single cells, being exposed to great shear forces,
which is likely to induce apoptosis before they have the possibility to lodge in a
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capillary in a distant organ. Although rarer, tumor cells can also travel in
circulating tumor cell (CTC) clusters. These clusters are more resistant to the shear
forces and cytotoxic immune cells. Additionally, the CTC clusters are prone to
becoming lodged in small blood vessels, where they may fragment and trigger an
inflammatory response, facilitating extravasation. A study showed that CTC
clusters merely constitute 2.6 % of all CTC events, with single CTCs making up
the remaining 97.4 %. However, CTC clusters exhibit a 23-50-fold increased
metastatic potential compared to single CTCs. Notably, knockdown of
plakoglobin, an agent which helps maintain CTC cluster integrity, suppresses CTC
cluster formation and lung metastases in vivo. %2 These clusters can form either
during the extravasation or mechanically when single cells adhere to each other in
the small capillaries. 3" Furthermore, research suggests that tumor cells may travel
in clusters together with stromal cells and immune cells. ** CTCs also recruit
platelets and use them as a physical barrier for protection against elimination by
immune cells and it may possibly also aid the adherence of the CTCs to the vessel
walls. 37 376 377 |t has not been studied whether there are “metastases” of TME
elements alone without cancer cells, that preconditions the other organs to accept
the tumor cells.

Studies are being conducted on using CTCs and cell free DNA (cfDNA) in the
blood in cancer patients to monitor disease and detect relapses early. The
specificity for detection of CTCs is, however, poor since the number of CTCs is
very low in comparison to the number of healthy cells in the blood stream.
Moreover, since tumors are heterogeneous, the CTCs may express different
surface markers, complicating systematic differentiation between normal cells and
tumor cells. Despite these challenges, CTC analysis is a technique that holds great
clinical potential for disease monitoring and early relapse detection. 3
Interestingly, for malignant melanoma patients, a photoacoustic method has been
developed which can detect CTCs and destroy them using laser pulses. *7°

A study suggested that there were an increased number of CTCs during sleep
compared to awake hours in breast cancer patients. Hence, there may be hormonal
factors influencing the capability of cancer cells to intravasate into the
bloodstream. The cancer cells in the blood during the night also had a higher
probability of forming metastases. 3° This does somewhat contradict previous
studies which have emphasized the importance of sleep on prognosis. A regular
circadian rhythm enhances the immune system, while systematic sleep disruption
can promote systemic inflammation and confer a poorer cancer survival rate. 381382
Circadian rhythm disruption also increases the risk for breast cancer development
in vivo, 3¢

There are emerging studies showing the importance of chemoattractant
chemokines excreted by non-malignant tissues, which in part might explain
organotropism. 3¥+3¢ Cells at a distant site release protein molecules denoted
chemoattractant chemokines, which bind to specific surface receptors on the tumor

93



cells. This causes the cells to follow the chemokine concentration gradients to the
tissue site of emission, a process called chemotaxis. ¥’ Chemokines could pose
attractive therapy targets. Breast cancer cells express the chemokine receptors
CXCR4 and CCR7, whose ligands CXCL12 and CCL21 are highly expressed in
organs that are common sites of metastatic spread. In addition, blocking these
interactions, significantly impaired metastasis to regional lymph nodes and the
lung in vivo. 3

The seed and soil hypothesis was proposed by Stephen Paget in 1889. He noticed
that the sites of metastatic spread were nonrandom, and that some organs such as
the skeleton, lung and liver, more frequently harbored metastases compared to
other sites. He claimed that this organotropism was due to interactions between the
soil (the microenvironment in the target organ) and the seed (the metastatic tumor
cells). 3 The truth probably lies in a combination between the seed and soil
hypothesis and that the organotropism partly can be explained by the anatomy of
the vascular and lymphatic drainage. It is today well established that the
microenvironment plays an important role in tumorigenesis and metastasis
formation, 386389

4. Extravasation into the new tissue

As tumor cells traverse the small capillaries, they can get stuck. This either causes
the cell to die, the vessel to rupture or the cell to extravasate. In the bones and the
liver, the sinusoidal vessels are highly permeable facilitating extravasation into
these organs, possibly explaining why metastases are common in these sites. 3%
Cancer cell extravasation may also occur in a similar way as leukocyte
transendothelial migration, starting with a rolling on the endothelium and a
subsequent attachment to ligands on the endothelial cell surfaces. This is followed
by a disruption of the junctions between the endothelial cells, allowing the tumor
cells to squeeze between them. The cancer cells then crosses the basement
membrane and enter the secondary site. 3!

5. Colonization and growth at the secondary site

A large number of cancer cells are released into the circulation daily in each
cancer patient, but most cells die due to a failure of solitary cells to initiate growth
and the micrometastases not being able to continue to grow into macroscopic
tumors. In a study, merely 2.5 % of extravasated cells formed micrometastases and
only 1 % of these progressed to macrometastases in an in vivo model for breast
cancer, while most micrometastases disappeared. %> 3% Other studies have
indicated that only 1.5 % of cells survived 24 hours in the blood stream and just
0.002 % of all circulating cancer cells survived 14 days. Of these only a subset
formed micro- and macrometastases. 3%
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The colonization of the metastatic site requires upregulation of growth and
survival pathways, suppression of the local immune system, and angiogenesis. The
process is possibly also aided by a premetastatic niche formation before the
metastatic tumor cells has arrived. %% 3% Some studies have suggested that cells
may undergo a mesenchymal-to-epithelial transition (MET), the reverse process as
EMT, resulting in more epithelial like cells. It is not established whether this is
necessary for metastasis formation, but the epithelial subtype is more proliferative,
which is advantageous when forming a new tumor. 3%

Emerging evidence suggest that disseminated cancer cells also may be lingering in
distant organs in a quiescent or dormant state. They may be dormant for a long
period of time, perhaps due to the stress posed upon the cell by the migration, just
to reawaken and start proliferating. These dormant cancer cells might cause late
relapses. Developing drugs targeting the induction of dormancy or reawakening of
them poses attractive treatment possibilities. 16 3% 3%

Metastatic trajectories

Metastatic spread can occur via several different routes and in different directions.
Monoclonal seeding involves one or several cells from the same subclone
colonizing a metastatic site. In polyclonal seeding several different subclones
colonize the metastatic site together at the same time (direct clonal cooperation) or
sequentially (indirect clonal cooperation). The first subclone reaching a distant site
could in theory remodel the metastatic niche, making it attractive for additional
subclones to colonize it later. Phylogenetically, metastases can be monophyletic or
polyphyletic. Monophyletic metastases refers to when one phylogenetic branch
leads up to all metastases in the patient. In contrast, polyphyletic metastases refers
to when metastases at different sites originate from different phylogenetic
branches in the phylogeny. Furthermore, cancer cells may spread between lymph
nodes or between distant metastatic sites, denoted intermetastatic spread. Finally,
there is also a possibility that cancer cells recolonize the primary tumor site
through self-seeding (Paper V: Figure 1A-B).

One prevailing model of metastatic dissemination is the so-called sequential or
linear progression model which posits that metastases arise late in tumor
evolution and the genetic divergence between the primary tumor and metastases is
minimal. On the other hand, there is the parallel progression model, proposing
that metastases may occur early in the evolution in the tumor. After dissemination
both the primary tumor and metastases diverge from one another genetically.
Evidence from several different tumor forms suggests that both linear and parallel
metastatic progression, monoclonal, polyclonal, monophyletic, and polyphyletic
spread can occur in the same patient. 397 3%
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Traditionally lymph node metastases have been considered precursors of distant
metastases. This view is the foundation of the widely used TNM staging system
used clinically to group patients and determine treatment schedules. It is widely
known that lymph node status is an important prognostic factor, but there is
emerging evidence that lymph node removal does not always improve patient
survival and it is not known whether lymph node removal influences distant
dissemination. In a randomized clinical trial encompassing 891 patients with
sentinel node positive breast cancer, sentinel lymph node dissection alone did not
result in inferior survival compared to complete axillary lymph node dissection. 3%
Studies on malignant melanoma have shown that removal of locoregional
metastatic lymph nodes provides no benefit on overall survival. 4% 4! This has
raised the question whether the subclones found in the lymph nodes actually are
the ones resulting in the distant metastases, or merely an indication that the tumor
has metastatic capability. Lymph nodes may merely act as a highly efficient
bioassay for catching metastasis-competent cells. “°2 In a study on colorectal
cancer, it was shown that 65 % of distant metastases arose from subclones in the
primary tumor not found in the lymph nodes. % In prostate cancer it was
suggested that lymph node metastases and skeletal metastases constitute distinct
metastatic lineages, and that the lymph node metastasis is not a necessary
intermediate step. > Tumor cells in the lymph nodes can invade the blood vessels
covering the lymph nodes and spread to distant organs rather than via the lymph
providing another route for subclones in lymph nodes to reach distant sites. 4% 4%

Much research has been conducted to investigate the evolutionary trajectories of
metastatic disease across cancers. In colorectal cancer, a study encompassing 118
biopsies from 23 patients, showed that metastatic spread can occur early. 4%’
Another study on colorectal cancer elucidated the evolutionary relationship
between 94 tumor samples from 10 patients, including samples from the primary
tumor, lymph node metastases and liver metastases. Intermetastatic spread was
identified between liver metastases as well as between lymph node metastases.
The latter could also occur through so-called skip spreading where cancer cells
bypassed lymph node layers in their migratory path and that different lymph nodes
have different metastatic potentials. They also showed that metastatic spread to the
liver could occur either via hematogenous or lymphatic routes. “°®® In another study
on colorectal cancer it was shown that lymph node metastases were polyphyletic
and polyclonal while distant metastases were monophyletic and preferably
monoclonal, implicating a wider evolutionary bottleneck for metastatic spread to
the lymph nodes compared to distant sites. Many cells from the primary tumor are
hence capable of colonizing lymph nodes compared to distant sites, which may
partly be explained by a high seeding frequency to locoregional lymph nodes. The
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monophyly of distant metastases could partly be explained by a selection pressure.
409

In a study on 51 samples from 10 prostate cancer patients it was found that 8 out
of the 10 patients displayed clear patterns of intermetastatic spread, concluding
that this is a common feature in prostate cancer. The intermetastatic spread could
occur through either monoclonal or polyclonal seeding. * In another study on 26
whole genome sequencing samples from 4 metastatic prostate cancer patients it
was found intermetastatic seeding as well as self-seeding from a distant bone
metastasis to the surgical bed of the primary tumor site resulting in a local
recurrence. They also found that metastatic spread from the primary tumor site
could occur several times during its evolutionary history. 41

In pancreatic cancer, a study based on autopsy samples from seven pancreatic
cancer patients showed that metastatic spread is a late event relative to tumor
initiation and the metastases had mainly clonal alterations. 32° Pancreatic cancers
are poorly vascularized, making it difficult to deliver chemotherapy to the tumor
interior. Hypoxia might also create an environment that triggers the formation of
additional mutations and metastatic spread. A recent paper showed that metastases
in renal cancer often occur from cells in the center of the tumor, which was shown
to be more hypoxic. *8 A study encompassing 40 patients across 13 cancer types
with metastatic spread encompassing 310 samples (median 4 samples from the
primary tumor and 3 samples from metastases for each patient) showed that
metastases can arise early and from several different subclones in the primary
tumor. 4!

In breast cancer it has been observed that minor subclones in the lymph nodes can
give rise to distant metastases, but in other cases the metastatic clone is not found
in the lymph nodes. ¥ In another study where 299 samples from 170 patients were
analyzed concluded that metastatic spread most often occurred late in the
evolutionary history of the tumor, *2 while another, encompassing 99 samples
from 38 patients, indicated occurrence of both early and late metastatic spread.
They also found that metastases were mainly monophyletic. 43

There are unfortunately few studies on metastatic trajectories in pediatric cancers.
A recent study on evolutionary trajectories in neuroblastoma included 470 samples
from 283 patients. From this cohort metastatic trajectories could be mapped from
19 patients having at least one sample from the primary tumor site and at least one
sample from either a locoregional or distant metastatic site. This analysis resulted
in the identification of intermetastatic spread and polyclonal seeding, in this tumor
type. 414
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Present investigation

Aim

The overarching aim of this thesis was to develop bioinformatical tools for
analysing the phylogenetic genetic relationship between cancer cell populations in
the pediatric cancers, neuroblastoma, Wilms tumor, rhabdomyosarcoma, and germ
cell tumors. Furthermore, the purpose was to apply these methods to gain insights
into the development of local relapse, metastasis, and treatment resistance in these
tumor types.

The specific aims of each paper were as follows:

Paper | - Develop a bioinformatical tool capable of reconstructing phylogenetic
trees of cancer cell populations based on their genetic profiles. To be applicable to
pediatric cancers, the software should be able to handle copy number alterations
with or without additional information about point mutations.

Paper Il - To investigate treatment resistance and relapse in neuroblastoma, using
PDX-models of mice and an adapted treatment protocol containing the drugs
encompassed by the COJEC chemotherapy treatment protocol, administered to
patients.

Paper Il - To decipher the phylogenetic origin of neuroblastoma cells surviving
treatment.

Paper IV - To identify key events in the pathogenesis of the typically drug
resistant diffuse anaplastic Wilms tumor, compared to blastemal and stromal
Wilms tumor, respectively.

Paper V - To identify the most likely ancestral relationship between tumor cells at
different metastatic sites and in respect to the primary tumor before and after
treatment.
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Materials and methods

Sample collection

Biopsies and entire tumors were collected and stored during the years 2000-2021,
from pediatric cancer patients with the diagnoses neuroblastoma, Wilms tumor,
rhabdomyosarcoma, and germ cell tumors. The archive includes samples collected
both from the primary tumor at diagnosis, and for some patients, samples after
chemotherapy, from relapses and several metastatic sites. Sometimes entire tumors
were stored after surgery. Additionally, for a subset, there are post-mortem
samples. The collection has been made with informed consent from the children’s
parents and an ethics permit has been approved with d.nr. L289-11. It was updated
for further data- and material collection in 2017 and renewed in 2023 by the
Swedish Ethics Review Authority (2023-01550-01). The projects also includes the
handling of genetic and clinical data, which is classified as sensitive information.
All raw sequencing data is anonymized and stored at a secure server. Throughout
all studies, all clinical data is anonymized.

The families together with the child are informed about the study together with a
medical doctor and nurse. They also receive written information about the study,
which they can take with them home. They usually get a couple of days to think
before they decide on whether to sign up or not.

If they would like to be in the study the caregivers have to sign a form. If the child
is at least of an age of 15 years old, the child has to sign as well. Younger children
can sign if they want to, but it is not required. The patients are automatically in the
study until they actively say that they do not wish to anymore. No new agreement
is signed if the child dies, but if an autopsy is to be conducted, the caregivers must
be asked for permission.

DNA extraction

To generate the data in paper I, IlI, IV and VV, DNA was extracted from Formalin-
Fixed Paraffin-Embedded (FFPE) material. The majority of older clinical tumor
specimens are stored in this way, since it holds several advantages, such as
preserving tissue architecture and allowing the material to be stored at room
temperature. This contrasts with fresh frozen (FF) samples, requiring storage in
ultralow temperatures, consequently constituting a higher cost for maintenance of
the stored material. Furthermore, storing samples as FF specimens makes it more
challenging to assess the material histologically. It does, however, maintain a
better DNA quality, aiding subsequent genomic analyses.
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Performing genomic analyses on DNA and RNA extracted from FFPE-material is
technically challenging. When DNA is extracted from FFPE tumor tissue, the
formalin and paraffin must be washed away using chemical agents, some of which
might interfere with genomic analyses. The extracted macromolecules are often
fragmented, and the total amount of DNA may be low. The total amount of DNA
may, however, be low for FF samples as well if the sample is small. Many
methods used for sequencing have limits of how fragmented the input DNA can
be. There are also limitations on the amount of DNA needed to perform the
analysis. The formalin itself might also damage the DNA sequence, affecting the
results. In general, FF tissue yields DNA that is less fragmented, and the amount
of DNA is greater. Consequently, using FFPE material constitutes a limiting factor
regarding which analyses can be performed on the material compared to FF tissue.

Despite samples being stored for many years, it has been shown that both DNA,
RNA, and proteins can be extracted from FFPE material while maintaining a
quality which in many cases is comparable to FF samples. 4'° Several studies have
compared the results from targeted deep sequencing (TDS), whole exome
sequencing (WES) as well as RNA sequencing (RNAseq), using DNA extracted
from either FFPE or FF material, showing strong correlations between the results.
416419 1n one study, whole genome sequencing (WGS) was performed on paired
FFPE and FF samples, showing a SNV agreement of 71 % in reliable regions with
sufficient coverage, but the copy number data was noisier in the FFPE data set. 4%
It has also been shown that the RNA quality is similar from 10 year old samples as
from FFPE blocks that are a couple of months old, “** and there have been
advances in the use of single cell RNAseq on FFPE samples. 422

Papers I-V have included SNP-array to obtain the copy number of each genomic
region. To reliably obtain mutational data WES and TDS up to 10000x sequencing
depth was used. Papers Il and 1l also included FF samples, allowing single cell
whole genome sequencing as well as RNAseq.

Patient derived xenograft models

A xenograft is a heterologous transplant of living cells, tissues, or organs from one
species to another. A patient derived xenograft (PDX) is a model of cancer where
entire parts of a tumor, including the tissue around the tumor encompassing e.g.,
stromal cells, are implanted into immunodeficient or humanized animals, most
often mice. PDX models are used to create an environment that allows for a more
natural growth of the cancer cells, compared to culturing the cells in vitro. > This
allows monitoring of the tumor size and evaluation of for example different
treatment protocols. The tissue can either be placed heterotopically
(subcutaneously) or orthotopically i.e., at the same anatomical site as it was
extracted from the patient. In the latter case it is called a patient derived orthotopic
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xenograft (PDOX) model. #?* When the tumor burden becomes large the tumor is
passaged over to a new mouse. In this way it is possible to follow tumor evolution
over time.

PDX models have been used since 1969 when colon adenocarcinoma fragments
were removed from patients and planted into nude mice (lacks a thymus and have
a T-cell deficiency). #° The transplantation success rate did however remain low
for many years. Instead, cell line-based models have been widely used for drug
development. They are cheaper, easier to use and do not cause direct harm to any
animals. In 2001 it was, however, shown that there is a great inconsistency in drug
response between cell line derived models and clinical trials. ?® PDX models
have, on the other hand, been shown to excel in reflecting tumor characteristics,
conserving the genetic patterns from the primary tumors as well as paralleling the
patients’ clinical outcomes. “” They simulate the tumor progression and evolution
seen in the patient, and provide promising models for identifying prognosis
biomarkers, investigating tumor evolution and for evaluating new drugs. #2442 |n
paper Il and 11 we employ neuroblastoma PDX models in collaboration with
Daniel Bexell’s research group at Lund University. These PDX models have been
shown to retain the genotype and phenotype of the patient tumors and may also
display infiltrative growth and metastasis to distant organs such as the bone
marrow, 428431

To avoid transplantation rejection, mice which are immunocompromised to
varying degree are used. In our studies nude mice and NSG mice (lacks mature T
cells, B cells and NK cells) were used. Since the immune environment has been
shown to play an important role in tumorigenesis, this is a serious shortcoming of
these model systems. 42 There are ongoing studies where attempts are being made
to reconstitute the human immune system in the animals by injection of human
hematopoietic stem cells. “*2 Another limitation is that the interaction between the
murine stroma and human tumor cells may be different than that between human
stroma and human tumor cells. Finally, establishing neuroblastoma PDXs based
on the implantation of single tumor biopsies might not cover the entirety of the
wide genomic changes found in high-risk patient tumors. It could lack the
mutation or mutations possibly driving tumor progression and/or treatment
resistance. Implantation of tissue from several tumor areas might mitigate this
issue but could still disturb the balance regarding the proportions of each subclone.

There have also been discussions concerning the usage of PDX-models as patient
avatars with the aim to try drugs to support clinical decision-making for the
corresponding patient. Besides the ethical aspect concerning harm to the animals,
one additional limitation is the time frame since it may take several months to
establish a PDX model. Furthermore, there are pharmacokinetic differences
between mice and humans making direct comparisons difficult. It is also labor-
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intensive, expensive, low throughput, and it currently lacks the flexibility required
for target screening. *** Despite these limitations, PDXs have been shown to
parallel clinical outcome in various tumor types and is an excellent model system
for trying new drugs and treatment schedules. 424 427-429

Organoids

Organoids are three-dimensional (3D) tissue cultures derived from cells. In
contrast to 2D cell cultures, 3D organoids more closely resemble tissues and
organs in vivo. They also simulate the spatial organization of cells and cellular
interactions, making them widely used in cancer research for study of
tumorigenesis and in vitro drug testing. They have been shown to maintain the
genetic and phenotypic heterogeneity, morphology, and treatment resistance
observed in the original tumor. % 45 Additionally, studies suggest that tumor
organoids can predict patient responses to drugs. 4% 47 However, it is important to
note that organoids, as model systems also have limitations. They are simplified
representations of tumors and lack for example vasculature. While capturing
certain aspects of tumor heterogeneity they do not fully replicate the cellular
diversity and does not recapitulate the tumor microenvironment observed in vivo,
but they provide valuable tools for cancer research and drug development. 4%

Single nucleotide polymorphism microarray

A single nucleotide polymorphism microarray (SNP-array) protocol uses SNP
probes to compare the signal intensity of the tumor sample to a reference sample
created from a population of many normal samples. This allows for the
identification of SNPs, copy number changes, CNNIs and LOHs.

In project I, Il and 111 the CytoscanHD assay was used to analyze DNA extracted
from FF-material and in paper IV and V the OncoScan FFPE assay was used, the
latter of which is preferred for genomic copy number analysis of FFPE samples.
OncoScan relies on the Molecular Inversion Probe (MIP) technology. In the
OncoScan method 335 000 probes are used, each being 20 base pairs long. Each
probe is designed to bind to a certain region of the DNA using two homology
regions located at the two ends of the probe (Figure 17). The probes are mixed
with the DNA in a test tube. When a probe comes in close proximity to a location
of the genome to where it fits, the homology regions will bind to the DNA. There
will, however, be a one base pair gap in between the two homology regions,
resulting in the probe forming an incomplete circle. The solution with the probes
and DNA is then split into two tubes: one containing A and T nucleotides and one
containing G and C nucleotides.
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PCR primers

/ Tag sequence
Homology region v Homology region
A) Probe I ~ /‘_

Cleavage sites

B) Probe bound to
a DNA fragment

E— d
DNA fragment
C) Nucleotides added / \
to the solution with Gt nucleotides A/T nucleotides
probes bound to Sdded added
DNA fragments

Figure 17. A) The design of the probes used in the OncoScan FFPE assay. The homology regions
bind to a specific part of the DNA chain. The PCR primers are needed for PCR amplification. The
cleavage sites are areas at which enzymes will cleave the probes. The tag sequence is a unique
barcode for the particular probe. B) The probes are added to a solution with the DNA fragments to be
analyzed. The homology regions of the probes bind to the fragmented DNA. There is a gap in
between the two homology regions, resulting in the probe forming an incomplete circle. C) The
solution with the probes, probes bound to DNA, and unbound DNA is split into two tubes. To one of
the tubes, G and C nucleotides are added, and to the other, A and T nucleotides. Adapted from. 4%

The nucleotide that fit the gap binds to fill it, making the probe forming a
complete circle (Figure 18). Exonucleases are subsequently added that digest
incomplete circular forms of the probes and the DNA, leaving only circular
probes. In the next step, enzymes cleave the circular probes, resulting in linear
forms of the probes, which are amplified using PCR. This is followed by cleavage
of the probe again. The remaining fragment is composed of a tag sequence, which
acts as a barcode for a particular genomic DNA region, and a PCR primer site. The
fragments are then applied into two different arrays, one for each of the two tubes.
The tag sequences hybridize at a specific position in the array that matches the tag
sequence. A fluorescent signal is generated from the tag sequences that has
hybridized in the array and the light is detected. The intensity data along with
information about where the locus is, and which tube it originated from is stored.
The Cytoscan HD method operates in a similar manner but does not apply the MIP
technology but uses straight probes.
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Figure 18. D) Nucleotides bind to the empty spot if possible, forming a complete circle. E)
Exonucleases remove the probes that have not formed complete circles, not bound to DNA and the
genomic DNA (gDNA). F) The circles that remain are cleaved and PCR amplified. G) The amplified
fragments are cleaved again. The remaining fragments, containing only the tag sequence and one
PCR primer is added to the array. Adapted from.*3

For each analyzed sample, CEL-files are obtained containing the fluorescence
intensity data. It can be used to calculate the log2-ratio (log2R) of the intensity
relative to a reference signal intensity.

(24)

A/T signal intensity + G/C signal intensity
log2R = log2 ( . : . )
Reference signal intensity

Where a log2R of 0 indicates that the region has the same copy number as the

reference sample, a value > 0 indicates that there is a gain and a value < 0 that
there is a loss. The B-allele frequency (BAF) can be calculated as
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G/C signal intensity
BAF = —— . —— , (25)
A/T signal intensity + G/C signal intensity

The values obtained, if the tumor cell fraction is 100 %, will be 0/2, 1/2 and 2/2
for a diploid segment (1+1), 0, 1/3, 2/3 and 1 for a region with a gain (2+1), 0/1
and 1/1 for a region with a loss (1+0) and finally 0/2 and 2/2 for a region with a
CNNI (2+0). Normally a tumor sample will also contain some normal cells. The
proportion of cells in the sample being tumor cells is denoted the tumor cell
fraction (TCF). Depending on the TCF, the BAF will deviate from these expected
values. It will also deviate if not all tumor cells have the CNA. Hence it is, from
this data, possible to calculate the proportion of cancer cells having each CNA.

The software Chromosome Analysis Suite (ChAS) and Nexus were used in the
studies to normalize the CEL-files, as well as for visualizing the copy numbers
across each chromosome through plotting the log2R for each genomic location as
well as providing the BAF for each location. This allowed detection of the copy
numbers present in each sample. The log2R and BAF could be used to calculate
the proportion of cancer cells that have a particular genetic alteration.

Next-generation sequencing (NGS)

Next-generation sequencing (NGS) encompasses the new technologies used to
identify the nucleotide sequence of DNA or RNA molecules. For DNA the
methods involve whole genome sequencing (WGS; the entire DNA is sequenced),
whole exome sequencing (WES; sequencing is focused on the protein coding parts
of the genome) and targeted sequencing (TDS; sequencing is focused on a certain
number of genes and genomic regions).

There is a plethora of different techniques used to perform sequencing. The
NovaSeq 6000 platform was used in study Ill, IV and V. It constitutes the
following general steps, most of which are shared with several other sequencing
methods. Library preparation: (1) Fragmentation of the DNA (unless it already is
fragmented) and ligation of the fragments to oligonucleotide adaptors. By adding
different adaptors to different samples, they can be sequenced simultaneously
(multiplexing), since the reads can be demultiplexed later. (2) Quality control and
guantification of the DNA. (3) Indexing, normalization, and pooling of the sample.
Cluster generation: (4) The fragments are added to a so-called flow cell where the
adaptors bind. (5) Amplification of the sequences using bridge PCR. Sequencing:
(6) A primer is added that binds to the beginning of the strands. (7) Fluorescently
labeled nucleotides are added. (8) These will bind to the DNA-sequence one at a
time. Each nucleotide subsequently get excited by a laser and when it deexcites it
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will emit a photon corresponding to that base pair. (9) The light pulses are detected
one at a time by the machine. Different base pairs will emit light pulses with
different frequencies. A software assigns each frequency to a base pair and outputs
the DNA sequence. In paired-end sequencing, DNA fragments are sequenced in
both directions, which aids the identification of true variants. This is followed by
data analysis, covered in the next section.

Bioinformatical processing of high throughput sequencing data

The major steps in bioinformatical pipelines used to analyze sequencing data are
similar for WGS, WES and TDS. There are, however, some important differences
regarding data size, the need of parallelization and how the variants are filtered.
The data files from WGS are significantly larger than those from TDS, often
requiring parallelization during the computational steps. The section below mainly
highlights the steps used for TDS analysis in paper V.

As stated in the previous section, several samples can be sequenced together, due
to the unique adapter sequences used for each sample. This process is known as
multiplexing. When multiple samples are sequenced together, the raw data
obtained after sequencing needs to be demultiplexed before further analysis. This
is necessary because the dataset contains a mixture of reads from several samples.
After demultiplexing, the samples are converted into fastq files, containing
information about all reads. For each read the file includes a read name, the called
genomic sequence and the base call quality score for each nucleotide, indicating
the probability of that nucleotide being a sequencing error. Subsequently, quality
control is performed on the raw fastq-files, most often using the software FastQC
and MultiQC. *° This is followed by mapping/aligning the reads to a reference
genome, in our case the hg38/GRCh38 reference genome, using the Burrows-
Wheeler aligner, implemented by the software bwamem2. % If the reads are
small, as is common in FFPE-material, they could theoretically map to several
different regions of the genome, which might be a problem. Also, indels may
cause the read to map poorly to the reference genome and may wrongly be filtered
away. Sequencing reads can also be paired-end sequenced, meaning that
sequencing has been performed in both directions. In these cases, there will be two
fastg-files for each sample, both of which are used as an input to the bwamem?
software for alignment to the reference genome. This increases the probability that
each read will be mapped correctly.

The read depth, also denoted sequencing depth, refers to how many reads have
detected a specific nucleotide. If a region has 40 reads mapping to it, it is said to
have a 40x read depth. The deeper the sequencing is, the more reads you have, and
thus the read depth increases. How deep the average sequencing should be, is
determined before sequencing is performed, and is most often limited by the cost.
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The coverage is the proportion of an area that is covered by reads. It does not
provide information about how many reads have mapped to the area, just the
fraction covered (Figure 19).

Depth = Number of reads mapped to that location

Area covered by reads
Total area

Coverage =
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Figure 19. lllustration of read depth and coverage. The read depth is the number of reads that have
mapped to a specific genomic location. The coverage is the fraction of a specified area that is
covered by reads.

For WGS the average read depth is usually around 10-100x, while that for WES
typically is 30-200x. TDS can, however, be performed up to 10000x. Note that all
sequencing techniques theoretically can be sequenced deep, but as a larger fraction
of the DNA is to be sequenced, it will require a higher number of total reads and
will consequently be more costly. Sequencing deeper allows for the identification
of rare subclonal variants, and the possibility to calculate the proportion of cancer
cells harboring a specific variant more reliably, by decreasing the number of false
positives and negatives.

After the mapping to the reference genome, Sequence Alignment Map files (SAM-
files) are obtained. A SAM-file contains a header and information about the
alignment of each of the reads, such as where it was mapped and the mapping
guality. The SAM-files are very large, and the information is consequently usually
stored as a Binary Alignment Map (BAM) file instead. A BAM-file consists of a
compressed binary representation of the SAM-file. The BAM-files are sorted and
indexed to make subsequent steps faster. During library preparation duplicate
reads might be generated. These duplicate reads can be identified and marked
using the MarkDuplicates software from Picard tools. As mentioned, the
sequencing machine also gives information about the base quality score, which is a
measure of how certain the machine is about the nucleotide it has called. To detect
and correct for systematic errors made by the sequencing machine when
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estimating the accuracy of each call, base quality score recalibration can be
performed using Picard tools (http://broadinstitute.github.io/picard).

This is followed by variant calling. This process involves detecting differences
between the sample’s genome and a reference genome using software collectively
denoted variant callers. There is a plethora of variant callers, specialized at
detecting certain genetic alterations. Each software has its own advantages and
flaws. 4! It is becoming common practice to perform the analysis using several
variant callers and only selecting variants detected by at least two. It is also highly
recommended to include a normal sample from the same patient to filter out
somatic variants from germline variants. In study V, Manta, Strelka2, Varscan2
and Mutect2 were used for variant calling, also including a normal sample from
each patient in the analysis. 4424 The variant calling results in the generation of
vcf-files (variant calling format files). These are text files that store all detected
genetic variants in a standardized manner. During variant calling, some software
such as Mutect?2, also allows correction for strand bias and orientation bias.

After the variants have been called, they must be filtered. Most variant callers have
tools specifically produced to filter variants detected by it, to reduce the number of
false positives. In addition, it is recommended to filter variants found in the
genome aggregation database (gnomAD) and exome aggregation consortium
(EXAC) database. These are comprehensive catalogues of genetic variants in the
human population. Variants found in a relevant custom panel of normal are also
filtered out, to further reduce the number of false positives. After filtering, the
variants can be annotated using Annovar, generating a txt file with information
about each detected variant. 4

When analysing WES or TDS data it is also recommended to use the
accompanying Browser Extensible Data (BED) file during variant calling. The
BED-file contains information on which genomic regions were sequenced by the
sequencing platform.

In our studies we subsequently perform post filtering using customized scripts to
fuse data from several variant callers to filter variants detected by several software
as well as to remove variants with low sequencing depth or poor mapping quality.
The variants can also be confirmed by visualizing them in the Integrative
Genomics Viewer. 7

Each variant has a variant allele frequency (VAF) which is the proportion of

variant alleles in a that specific locus. This value can be used to calculate the
proportion of cancer cells having each variant.
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Single cell low pass WGS

Multiple techniques are available for analyzing the karyotype of individual cells.
Fluorescence In Situ Hybridization (FISH) uses fluorescently labeled DNA probes
that bind specific target sequences on chromosomes. FISH is, however, limited by
the number of probes that can be utilized simultaneously. Multicolor FISH enables
the use of several different fluorescent probes that are each labeled with a different
color. It allows the visualization of more chromosomal alterations than traditional
FISH, but it is still limited by the number of probes that can be used. % Spectral
karyotyping (SKY), which is also a FISH based technique, stands out by allowing
staining of all 24 different (22+X+Y) human chromosomes simultaneously
without a priori knowledge of any abnormalities, but is limited to larger
chromosomal aberrations. 4 All these methods require the cell to be in metaphase
and relies on the hybridization quality. Other methods, such as array comparative
genomic hybridization (aCGH) measure the average DNA content, discarding the
single cell resolution, but there is a possibility to perform subclonal deconvolution
based on such data in some cases.

In paper 11 and 11, we adopted a modified single cell whole genome sequencing
(scWGS) protocol for estimating the copy number profile of individual cells. %°*
This involves using fresh frozen tissue followed by nuclei isolation and sorting of
single nuclei using Fluorescence-Activated Cell Sorting (FACS). % 452 Both the
sample of interest and controls are included, where the latter constitutes at least
one sample with normal reference cell nuclei (positive control) and one sample
without any nuclei (negative control). Libraries are prepared without whole
genome preamplification to reduce PCR amplification induced bias using a
modified version “! of a previously published protocol. “* Each library is
barcoded allowing pooling (multiplexing) of libraries for sequencing using the
Illumina HiSeq2500 sequencing platform.

The reads are subsequently demultiplexed followed by alignment to the human
reference genome. The resulting BAM-files are sorted, and duplicate reads are
marked. Duplicate reads and reads with a poor mapping quality are filtered out.
The copy number is estimated using the software Aneufinder. “** It bins the
mapped reads into approximately 1 Mb large, non-overlapping areas. Aneufinder
subsequently uses a Hidden Markow Model (HMM) to predict the copy number
state of each bin. The absence of pre-sequencing PCR amplification does,
however, result in a poor coverage, since the total number of reads will be lower
than it would with PCR amplification. Losses during library preparation will be
random and the distribution of reads across the genome will thus be rather even.
Since it is the distribution of reads across the chromosomes that is used to estimate
the copy number, the absence of PCR amplification, consequently, still allows
estimation of the copy number. More reads are expected in regions with a higher
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copy number and fewer in a region with a lower copy number. The software can
estimate copy numbers ranging from 0 to 10 copies. All copy number states are
evaluated for each bin by fitting a binomial distribution or a delta distribution (for
nullisomy) to the aligned reads and the Baum-Welch algorithm is used to find the
best distribution parameters, transition probabilities and posterior probabilities for
each. The copy number state resulting in the highest posterior probability is the
copy number assigned to that bin. Aneufinder also includes quality control steps
since the single cell sequencing data can be noisy. 4

Despite its advantages, this method has limitations, for example, it requires FF
material. Furthermore, since the analysis is performed on single cells, degradation
and contamination might have a pronounced effect on the quality of the
sequencing data. Another risk is that two cells might be sequenced together,
mistakenly classifying the cell as tetraploid. The data can also be noisy and thus
requires robust filtering steps. On the other hand, since amplification is not
performed, the risk of false positives and negatives is reduced. It also allows a
detailed analysis of individual cells’ karyotypes, which has important applications
in cancer research, given that the tumors are highly aneuploid and heterogeneous. °

For bulk DNA data, it is often necessary to perform subclonal deconvolution. This
process involves deducing the subclones present in a sample using various
mathematical methods. In scWGS data, each copy number profile represents a
single cell. Hence for scWGS data it is not necessary to perform subclonal
deconvolution to identify genomic subclones of cancer cells, significantly aiding
downstream phylogenetic analyses.

Phylogenetics

Papers |-V involved phylogenetic analyses to track tumor subclones across space
and time. When using bulk DNA data, it is important to note that each sample,
usually contains several different tumor cell subclones. This makes it necessary to
perform subclonal deconvolution and the phylogenetic reconstruction should
ideally be based on these subclones as taxa. There are, however, many studies
where each sample is assumed to only contain a single subclone, and the
phylogenies consequently display so called sample trees, not representing true
phylogenies. % Paper | involved the development of a software we called
DEVOLUTION that performs subclonal deconvolution. It creates an event matrix
illustrating the genetic alterations present in each identified subclone, which can
be used as input for phylogenetic reconstruction. See the section below for more
details. Paper Il involved the development of a software we named Single Cell
Event Matrix (SCEM). SCEM generates an event matrix based on scWGS data,
which can be used as input for phylogenetic reconstruction.
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For downstream phylogenetic tree reconstruction, well established phylogenetic
methods were used such as the maximum likelihood and maximum parsimony
method, described in the introduction. For maximum parsimony the Hamming
distance was used to obtain the distances between each of the biological entities
followed by usage of the pratchet algorithm with the TBR search method with
2000 iterations to search for the most parsimonious tree. For maximum likelihood
the Hamming distance was used to obtain the distances between the biological
entities. To reconstruct the maximum likelihood tree, a neighbour joining tree was
used as a starting point and the Jukes and Cantor model as a substitution model.

Paper 1V involved the development of a novel method for phylogenetic
reconstruction we named the modified maximum parsimony (MMP) method,
whose basic principle is similar to the maximum parsimony method, but it
additionally has a criterion to minimize instances of backmutations by integrating
information about the prevalence of each subclone in each sample in the
phylogenetic reconstruction.

Software: DEVOLUTION

Because of the extensive intratumoral genetic heterogeneity, each tumor is
composed of a wide variety of different subclones with distinct genetic profiles.
Single cell sequencing has opened up new possibilities to identify which subclones
are present in a tumor, but it is, unfortunately, too costly to implement on the
scales needed in the clinic. Hence, bulk sampling analysis methods such as WGS,
WES and TDS are still being widely used. This poses a set of problems. Firstly, it
means that millions of cells are analyzed at once. Secondly, each biopsy will
encompass several different subclones, whose relative proportion will vary across
samples. Thirdly, it is not known whether the mutations detected in a sample are
present in the same subclone, or in different ones since the data constitutes a
mixture of the signal from several different subclones (Figure 20). Subclonal
deconvolution defines the process of using the information available from each
biopsy to try to deduce, or deconvolve, which subclones are present in the sample,
often using various mathematical methods. In this way, it is possible to elucidate
which genetic alterations are located in which cells and hence which subclones are
present in the tumor.
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Figure 20. lllustration of the problem with bulk genotyping data. A) A simplified tumor. Differently
colored circles represent different subclones. Imagine taking two biopsies, P1 and P2. These samples
will encompass different proportions of and types of subclones. B) The true evolutionary relationship
between the subclones in the tumor. This is not known by the researcher but reflects what we are
trying to reconstruct with the data at hand. C) The data obtained through bulk DNA genotyping. The
proportion of cancer cells having each detected genetic alteration can be calculated. Note that some
mutations are not detected since the biopsies did not cover them. D) To figure out which subclones
are present in the tumor, based on the available data, which genetic alterations are in the same cells,
and which are in different ones has to be deduced.

There are several different software tools that use bulk DNA genotyping data to
perform subclonal deconvolution. Some even integrate subclonal deconvolution
with the phylogenetic reconstruction. Most methods are limited to the usage of
somatic mutational data and do not allow the integration of CNAs. This is a
serious shortcoming since almost all tumors have CNAs, which have been shown
to be of integral importance for the understanding of tumorigenesis and cancer
evolution, 48 106

PyClone and SciClone are two popular methods for subclonal deconvolution, but
they require sequencing data to operate and are mainly clustering algorithms.
SciClone focuses exclusively on regions of the DNA that are copy number and
LOH neutral. PyClone may integrate information regarding copy numbers but
assumes that the CNA is clonal in the sample, i.e. that all cells display the
aberration, which is, in many cases, not true. % %" MAGOS has been shown to
outperform both PyClone and SciClone, but it requires sequencing data and only
includes variants found across all samples. **® Our group published the software
CRUST which can segregate clonal and subclonal variants, while also adjusting
the VAFs for copy number changes during the subclonal deconvolution. It was
also shown to outperform both MAGOS and SciClone. It does, however, also
require sequencing data. The output from PyClone, SciClone and CRUST may be
used with DEVOLUTION, described below. #°

Besides the popular PyClone and SciClone software, there are several other ones.
Clomial requires sequencing data and assumes that the variants are located at
diploid segments. “° LiCHeE requires deep sequencing data and does not
incorporate CNAs. “* SCHISM require sequencing data and only consider
variants in diploid regions. 42 SPRUCE on the other hand can create phylogenetic
trees jointly from SNVs and CNAs but require sequencing data to operate. “3
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REVOLVER requires sequencing data and is mainly designed to detect repeated
cancer evolution and common evolutionary trajectories across many patients. “%
Methods such as TITAN and THetA are also limited to sequencing data, and
additionally can only integrate information from a single biopsy at a time. 46% 46

PhyloWGS can include both sequencing data and CNAs to create phylogenetic
trees, but it requires WGS-data. It does allow input data from several samples but
does not integrate the information between samples during the inference
procedure, which is a serious shortcoming. 4" HATCHet also allows CNAs and
even handle them jointly across multiple tumor samples from the same patient, but
it also requires WGS data to operate. The output is a file indicating the proportion
of cells in each sample having a particular alteration. 468

TuMult can create phylogenetic trees based on CNAs, but it is limited to sample
trees and cannot integrate point mutations. “° MEDICC2 is a software that is
specifically designed for CNA evolution, but it does not allow inclusion of point
mutations. #° Hence, there is a lack of tools that allows the integration of both
CNAs and point mutations in the subclonal deconvolution procedure for
multiregional sampling data from the same patient.

To fill this methodological gap, we created DEVOLUTION, a software that
mitigates some of these problems. It allows the user to create phylogenetic trees
using CNA data alone, SNV data alone, or by combining the two modalities in the
same phylogeny. The input of the software is a so-called segment file or mutation
list. It is a table in which, for each sample, all genetic alterations are present, along
with their genomic location, the type of alteration and in which proportion of
tumor cells it was detected. During the subclonal deconvolution the algorithm
initially clusters genetic alterations using the dbscan algorithm. 4’* Subsequently it
nests the clusters based on the pigeonhole principle, while integrating information
available from all samples during the inference procedure, trying to minimize
occurrences of back mutations and parallel evolution (Figure 21). The output file
contains information about which subclones are present in each sample along with
the proportion of cells having each genotype. This information is further used to
reconstruct phylogenetic trees using the MP and ML method. The software can
also generate several phylogenetic trees when there are multiple possible solutions.
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Figure 21. An illustration of the basic principle of the DEVOLUTION algorithm. A) A simplified
tumor. Each shade of color represents a unique subclone. P1-P4 represents four biopsies collected
from the tumor. B) The true evolutionary relationship between the subclones. This is not known. C)
Using the data obtained from bulk DNA genotyping it is possible to calculate the proportion of cells
having each genetic alteration in each sample. The numbers in the matrix correspond to the
percentage of cells having each of the genetic alterations (y-axis) in each sample (x-axis). D) By
using the pigeonhole principle, it is possible to deduce which subclones are present in each sample
and to what extent. In this example there is only one possible solution for the nesting that does not
result in back mutations or instances of parallel evolution. E) Based on the nesting we can infer
which subclones are present across samples. F) An event matrix is generated, illustrating which
genetic alterations are present in each subclone. G) Based on the event matrix, a phylogenetic tree
can be reconstructed. Note here that the subclone having mutation m7 is not included in the
phylogeny, since no cell having this alteration was sampled.

Software: Single cell event matrix (SCEM)

To create phylogenetic trees based on scWGS data for paper Il and |11, a software
named Single Cell Event Matrix (SCEM) was developed. It is freely available at
github: https://github.com/NatalieKAndersson/SCEM.

It uses the raw single cell copy number data obtained after using Aneufinder as
input. “* In the data matrix, each column corresponds to a single cell, with each
row representing a genomic bin covering approximately 5 Mbp. The value of each
matrix element indicates the copy number at the corresponding genomic position.
Before running the algorithm, the user specifies the cutoff for a copy number
being considered a stem event, both within and between groups. A stem event is
defined as a copy number alteration that all cancer cells have had. If the cutoff is
set to e.g., 90 %, it means that if a CNA is present in at least 90 % of the analyzed
cells, it is inferred in the remaining cells as well, and has subsequently been lost in
these cells. The algorithm also allows the user to specify whether some cells are
grouped in some ways e.g., have been collected at the same time point or area, or
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if the dataset involves several patients, each patient can be designed to a group.
This is taken into consideration throughout the algorithm when inferring
alterations. The user can also specify the cutoff for stem events considered within
such groups.

The algorithm begins by merging columns having identical genomic profiles. The
number of cells represented by each column is annotated in row two in the matrix.
Subsequently the algorithm loops through each row for each column (representing
a single cell or a group of cells with identical genomic profiles) in the matrix. The
start and end positions along with the copy number of each CNA for each column
is stored in a separate matrix (Figure 22).
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Figure 22. An overview of the first steps of the SCEM algorithm. The algorithm takes single cell
copy number profiles as input and first fuses columns with identical genomic profiles. The second
row in the matrix indicates the number of cells with each genetic profile. For example, C1_1
represents 20 cells and C1_5 represents 5 cells. The algorithm then loops through each row for each
column. It identifies all changes in copy number and stores the information in a separate matrix,
exemplified by cell C2_4 and C2_5 here.

Subsequent steps of the algorithm handle various situations that can appear in the
data set (Figure 23). Further details can be seen in the extensive manual in the
github page: https://github.com/NatalieKAndersson/SCEM.

(1) Overlapping CNAs: After a CNA, additional CNAs can occur, covering the
same region.

(2) Isochromosome events: It involves the loss of one arm and a duplication of the
other. If there are cells having an isochromosome event it might need to be
inferred for other cells being subject to consecutive CNAs covering the same
region.

(3) Duplications or losses of chromosomes: Duplications or losses of
chromosomes will cause an integer copy number increase or decrease of all bins
covering the duplicated or lost chromosomal segment. The previous copy number
state thus need to be inferred in the event matrix.
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(4) Consecutive events: There might be CNAs having the same break points but
with different copy number states. In these cases, the one with the lowest copy
number is set to be an inferred event in the cells with consecutive alterations.

The algorithm outputs an event matrix which can be used to reconstruct
phylogenetic trees using e.g., the MP and ML method. See the github page for a
flow chart of the workflow along with examples.
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Figure 23. An overview of some of the situations that can arise in the scWGS dataset. The SCEM
algorithm handles all of these to not underestimate the evolutionary relationship between the cells.
There is also the possibility to add information about whether some of the cells are grouped in some
way, for example by being collected at the same time point or belonging to the same patient, if
several patients are included in the input data set. This is taken into consideration during the
inference procedure when stem alterations are being identified. A) Cell C1_3 can be interpreted as
having five separate CNAs in the area. It is, however, evident from the information in C1_1
(encompassing 20 cells) and C1_2 (encompassing 5 cells) that there most likely has been a copy
number of 3 initially, followed by two smaller CNAs resulting in a small region with copy number 4
and another with copy number 1. Hence, C1_3 is considered having three separate CNASs in the
visualized region, by the SCEM algorithm. B) The cells encompassed by column C1_2 have an
isochromosome event followed by a loss the second part of the event. C) If a cell has undergone a
duplication or loss of a region already encompassing a CNA, it will cause a shift in the copy numbers
of the corresponding bins. In these cases, the previous copy number state have to be deduced, using
information from other cells in the data set, and subsequently inferred in the event matrix. Here Cells
C1 2 and C1_3 most likely have had the profile seen in the 20 cells represented by C1_1 followed
by a duplication of the entire visualized region. D) Some cells might undergo additional copy
number gains of a segment already affected by a gain. In these cases, the one with the lowest copy
number state is inferred in the cells having consecutive alterations.

Software: The modified maximum parsimony method (MMP)

In paper IV a novel method for phylogenetic reconstruction named the modified
maximum parsimony (MMP) method was developed. This software integrates an
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event matrix with information regarding the proportion of cells in each sample
having each genetic alteration. The goal is to minimize the number of events in the
phylogeny, similar to the MP method, while also adhering to the pigeon principle
to minimize occurrences of backmutations.

The input to the MMP algorithm is the output of the DEVOLUTION algorithm.
Specifically, MMP requires an event matrix indicating which genetic alterations
are present in each subclone, pie sizes representing the proportion of cells in each
sample with a particular genotype, and a heatmap depicting the distribution of
genetic alterations across samples (Figure 24).

Create an empty phylo object

- edge: Indicates which edges are connected.

- tip.label: The subclone names that will be placed
at the tips of the phylogeny.

- Nnode: The number of nodes in the phylogeny.

Input

- Event matrix

- Pie sizes: Proportion
of cells having each
genomic profile.

- Heatmap

Identifying
genetic alterations

that may cause
contradictions
in the phylogeny

- edge.length: The length of the branches
connecting the edges indicated in "edge”.
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Figure 24. An overview of the initial steps of the MMP algorithm. It takes three matrices as input: 1)
An event matrix illustrating the presence or absence of genetic alterations in each subclone. The
column “Type” indicates whether the CNA is a whole chromosome alteration. These will be allowed
to be parallel in the phylogeny. 2) The proportion of cells in each sample having a particular
genotype. 3) A heatmap illustrating the MCF of each genetic alteration in each sample. Before
running the main MMP algorithm the software scans through the dataset to identify possible
instances of parallel or back mutations and alerts the user if that is the case. The user can thus choose
whether to continue running the code or halting. The main MMP algorithm code begins with the
creation of an empty phylo object (the main object used for storing information about a tree
structure). Furthermore, a matrix is created, indicating which subclone have been allocated to the
phylo object and which ones remains.

The software analyzes the event matrix and alerts the user of whether or not there
are contradictions in the dataset, that might lead to back mutations or parallel
evolution in the phylogeny. If the user wants to proceed, an empty phylo object is
created. It is an R object that will contain the information needed to plot the
phylogeny. The software also creates two matrices that will be used in the main
loop: (1) allocated: Indicates which subclones have been allocated to the phylo
object. (2) remaining: Indicates which subclones have not yet been allocated to the
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phylo object. The algorithm loops from 1 to the total number of subclones,
including the ones denoted stem and normal in the event matrix (Figure 25).

First iteration

!
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edge length=0
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from remaining.
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l
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edge.length=0
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L)
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3) If there are other subclones that are
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certain state based on pie sizes.

It also handles levels: In some cases we
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Figure 25. Illlustration of the main loop of the MMP algorithm and the last three steps to obtain the
final phylogenetic tree. Subclones are iteratively added to the phylo object, providing information of
how to plot the phylogenetic tree. In the first iteration of the loop, the column denoted stem,
encompassing the stem alterations, and the normal cell, are considered. They are allocated to the
phylo object i.e., information is stored about how to plot their evolutionary relationship. For the
remaining subclones the algorithm uses a set of strategies to choose which subclone to allocate to the
phylo object. When all subclones have been allocated, the loop is ended, and the phylogenetic tree is
plotted. The user is also informed about whether there are instances of back mutations or parallel
evolution in the phylogeny.

For the first iteration information about where the stem and normal should be
plotted are stored. These are now said to be “allocated” to the tree structure. For
each subclone that is allocated to the tree structure, the most similar not allocated
subclone is identified. The software considers several situations when deciding on
which subclone should be allocated to the tree structure. When a subclone has
been selected, information about it is added to the phylo object. The subclone
name is also added to the allocated and removed from the remaining matrix.
When all subclones have been allocated, the loop is ended. The user is informed

118



about whether there are instances of back mutations or parallel evolution in the
final phylogeny, followed by plotting the phylo object, resulting in a MMP tree.

Results

Paper |

DEVOLUTION — A method for phylogenetic reconstruction of aneuploid
cancer based on multiregional genotyping data

This paper involved the development of a software for subclonal deconvolution,
denoted DEVOLUTION (see the methods section for more details). It was
validated using data from 56 pediatric tumors including 22 neuroblastomas, 20
Wilms tumors and 8 rhabdomyosarcomas, comprising a total of 253 biopsies. For
each patient, phylogenetic trees were reconstructed using the maximum parsimony
method and the maximum likelihood method. For 20 patients there was both SNP-
array data as well as sequencing data, in which cases phylogenies were
reconstructed using the SNP-array data alone, sequencing data alone, as well as
with both datasets conjointly.

We showed that the phylogenies represented plausible biological scenarios and
illustrated key events in the evolution of these tumors. For example, genetic
alterations known to arise early in the evolutionary history of NB, WT and RMS
were found in the stem of the phylogenies in almost all patients. DEVOLUTION
also turned out to be a useful tool for tracking metastatic spread, e.g., in one
patient denoted NB5 (Manuscript Figure 2a) there were signs of polyclonal
seeding from the NB primary tumor to the bone marrow, indicating that several
subclones from the primary tumor colonized the same distant site. A similar
scenario was seen in patient NB22 (Manuscript Figure 2b), where signs of
polyclonal seeding was seen in several metastases, suggesting that it might be a
common feature in these tumors. Additionally, there were also tendences towards
subclonal variation being higher among lymph node metastases compared to
distant sites across patients, suggesting a weaker threshold for metastatic spread to
the lymph nodes compared to distant sites.

To assess the accuracy of DEVOLUTION, the algorithm was tested on simulated
data. Three tumors with increasing mutation frequency was simulated. Virtual
biopsies were taken at random sites across these tumors. Each virtual biopsy
contained a certain number of cells, each harboring a set of genetic alterations.
This allowed calculation of the proportion of cells in each sample having each
genetic alteration, providing the input data for the DEVOLUTION algorithm.
Subsequently, the DEVOLUTION algorithm computed which subclones were
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likely present in what sample and to which proportion. This was followed by
reconstruction of phylogenetic trees based on this data. The generated
phylogenetic trees and subclonal deconvolution was compared to the true
evolutionary relationship and subclonal composition, known via the simulations.
The data revealed a robust performance of DEVOLUTION. As expected, the total
absolute number of correctly timed genetic alterations increased with the number
of biopsies at hand, but surprisingly the proportion of correctly timed events did
not. The reason for this is that when increasing the number of samples, the chance
of finding an area with a late genetic alteration that is hard to allocate correctly in
the phylogeny, also increases, due to limited information. Upon excluding genetic
alterations present in only one biopsy, the result was almost perfect for this
simulated dataset.

Finally, an external WES dataset from the TRACERX project on non-small-cell
lung cancer was used to benchmark the software against a similar bioinformatic
tool called MAGOS. “%8 472 DEVOLUTION provided a more detailed picture of
the tumor, since MAGOS could only include somatic point mutations present in all
biopsies analyzed.

In conclusion, DEVOLUTION, provides a standardized framework for subclonal
deconvolution and phylogenetic analysis of multiregional data, aiding tree-to-tree
comparison during downstream analysis. It additionally allows reconstructing
phylogenetic trees using both CNAs and SNVs. By analyzing a tumor’s
phylogenetic tree, an overview of the genetic heterogeneity can be obtained, and it
allows the user to identify early genetic alterations. These mutations pose as
attractive therapy targets since they are present in most, or all cancer cells in the
tumor. The phylogeny can also be used to dynamically track subclones in time and
space. DEVOLUTION makes it possible to identify which subclones survive
therapy, which ones make up relapses, which ones metastasize and when as well
as identify how different metastases are related to one another. Hence, by using
DEVOLUTION, it is possible to unlock the evolutionary history of the tumor and
gain increased insights into the evolutionary dynamics of the tumor during
treatment and tumor progression, which may have important clinical implications.

Paper 11

Clinically relevant treatment of PDX models reveals patterns of neuroblastoma
chemoresistance

This study sought to uncover COJEC treatment resistance in high-risk NB,
through analysis of genomic and transcriptomic changes during treatment and at
relapse using high-risk NB PDX models.

Tumor samples from three patients were dissociated, and organoids were formed
which were implanted subcutaneously in nude and NSG mice. One high-risk NB
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patient derived xenograft (NB-PDX) mice model #?° 43! was established for each
patient, labeled as PDX1, PDX2 and PDX3. All three PDX models had a MYCN-
amplification, 1p deletion and 179 gain (Manuscript Figure 1A). PDX1
encompassed a total of 33 mice, PDX 22 mice and PDX3 41 mice. When the
tumor reached a size of 500 mm? the mouse was randomized into one of three
treatment arms. The mice were either treated with 1) a COJEC like in vivo
protocol, 2) cisplatin to simulate a poor treatment choice or 3) saline solution to
simulate free tumor growth. All agents were administered intraperitoneally.
Samples were collected from the parental tumor organoids before injection, from
the tumor after therapy and at relapse. RNAseq was performed on all collected
samples while SNP-array and single cell low-pass WGS was performed on a
subset.

Response to treatment

PDX1 was derived from a COJEC refractory tumor, while PDX2 and PDX3 were
from tumors that showed an initial response followed by a later relapse. As
expected, all mice treated with saline solution rapidly progressed in their disease.
In PDX1, all mice treated with cisplatin displayed progressive disease, while there
was a trend of mice treated with COJEC surviving a bit longer, but this difference
was not statistically significant compared to treatment with saline solution alone.
A subset of mice in the PDX1 group were subjected to high-dose COJEC (HD-
COJEC). It significantly increased the survival but still resulted in progressive
disease in 7/8 mice and stable disease in 1/8 mice, thus mirroring the lack of
response seen in the corresponding patient. PDX2 displayed a significant tumor
size reduction and increased survival in response to either cisplatin or COJEC
compared to control mice. In 5/8 tumors, a partial response was seen, in 2/8 stable
disease and in 1/8 a complete response with a relapse 110 days after treatment
initiation. Finally, PDX3 displayed a significant tumor size reduction and
increased survival in response to either cisplatin or COJEC, but 5/7 rapidly
progressed after treatment was halted and 2/7 had a complete response but later
relapsed. To resemble the clinical regimen in patients, 9 mice underwent surgical
removal of the remaining tumor after COJEC treatment and tumor shrinkage < 200
mm?. Of these merely 2 relapsed, while the others were classified as cured
(Manuscript Figure 1B). Collectively, the PDX models mirrored the diversity in
responses seen in the corresponding patient group.

Histology

COJEC treated PDX1 tumors were the least differentiated and PDX3 the most. All
tumors were positive for PHOX2B and had an intense staining for Ki67. In
addition, PDX1 and PDX2 had large and collapsed blood vessels, a feature related
to a worse prognosis, 4”® while the vessels were smaller and open in PDX3.
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Bulk whole genome copy number profiling

Whole genome copy number profiling was performed on the parental organoids as
well as on samples after therapy and from relapses. This was followed by
phylogenetic analysis using DEVOLUTION, developed in Paper 1. 4™ For each
PDX model, one phylogenetic tree was reconstructed using the ML method. All
PDXs displayed a high number of subclones and branching evolution.

In PDX1 the parental organoid had undergone a whole genome doubling (WGD),
giving rise to a vast number of subsequent subclones. The copy number aberration
burden (CNAB) and genetic diversity was, surprisingly, comparable between the
group treated with COJEC and the group treated with saline solution, suggesting
that the COJEC treatment did not induce additional CNAs. The fraction of private
aberrations was, however, significantly higher in the treated samples, indicating
diverse evolutionary trajectories despite arising from the same parental material. In
addition, two of the treated tumors displayed a selective sweep.

PDX2 had fewer private clones and a lower CNAB compared to PDX1. The
genetic diversity and CNAB were also comparable between COJEC treated
samples and controls. No selective sweeps were seen, but treatment specific copy
number losses were identified on chromosomes 22q (LARGE1) and 8g (RABA2A
and CDHY7).

Finally, PDX3 had additional copies of an already gained 17g+ and 1pq, both of
which were detected in the majority of samples. The 17q+ and 1pg+ gains were
also subject to parallel evolution. These gains were seen both in the controls and
the treated samples, suggesting that they are selected for by intrinsic evolutionary
forces rather than by the chemotherapy.

The CNAB was increased in relapsed tumors and in regrown tumors compared to
the other treatment groups. There was, however, a linear correlation between high
CNAB and how long time the tumor had grown, hence again suggesting that the
COJEC treatment did not give rise to additional genetic alterations. The CNAB
increased over time, while the genetic diversity remained stable.

Across the PDX models, small deletions of certain genes were detected.
Interestingly, deletions of MACROD2 and LSAMP were found in both controls and
treated samples across all three PDX models. MACROD2 has been suggested to
cause CIN, 4 and it was associated with heavy branching and accumulation of
CNAs. LSAMP encodes a neuronal surface glycoprotein and has been suggested to
be a tumor suppressor. 4® PTPRD was deleted in PDX1 and 3 and is a tumor
suppressor in NB. #7 A low transcriptional expression of the regions covered by
the small deletions, correlated with poor prognosis both in the PDX3 model and in
patients (Manuscript Figure S9 G-I).

In conclusion, no specific genetic subclone was found to be responsible for
chemotherapy resistance and relapse in any of the PDX models.
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Single cell DNA sequencing

ScWGS copy number analysis was performed on samples from the intrinsically
resistant PDX1 and the responsive PDX3. The software SCEM, developed as part
of this paper (see the methods section for more details), was used to analyze the
scWGS data. Interestingly, PDX1 displayed an extensive genetic diversity with no
subclone being detected in more than one sample, possibly contributing to an
evolutionary mechanism for treatment resistance in this model. In PDX3 two
major subclones denoted A (1p-, MNA, 5p+, 17g+) and C (1p-, MNA, 5p+, 179+,
1pg+, 17g++) were identified across all tumors. Subclone C was enriched after
treatment but was also found in the controls. Individual NB cells also seem to be
able to accumulate high numbers of CNAs. Consistent with the results from bulk
DNA analysis, no significant enrichment of distinct subclones after treatment were
found that could explain the treatment resistance. Hence, the single cell data
confirmed the absence of resistance specific subclones.

RNAseq analysis — Identification of specific cell states

Bulk RNAseq was performed on all tumors. The samples clustered, as expected,
strongly by PDX model. Tumors that were cured displayed increased expression
of nervous system development genes and reduced expression of cell cycle and
DNA repair genes. In contrast, treatment-resistant or relapsed tumors displayed an
increased expression of genes related to early embryonic development and
downregulation of genes related to nervous system development. COJEC treated
relapsed NB PDXs were shown to resemble human immature Schwann cell
precursors, while the COJEC treated tumors that were surgically removed and the
mice later cured, had a high expression of genes correlated to neuroblasts and
chromaffin cells.

We subsequently sought to investigate whether there were signs of the ADR and
MES cell state in the PDX cohort. The presence of these states have been
confirmed in vitro %8 and in patient samples, 48 but not yet in vivo. Since there is
some debate regarding which gene signature most correctly represents the ADR
and MES cell states, six publicly available ADR- and MES-like gene signatures
were used in this study. The mice that were COJEC treated, underwent surgery,
and were later cured showed an enriched ADR signature, while relapsed tumors
showed an enriched MES-like signature for all six gene signature datasets
individually.

A merged gene signature was constructed by combining all the six individual
ADR and MES gene signatures, respectively, together with clusters specific for
cured and resistant tumors in our cohort, creating the merged datasets “merged
ADR” and “merged MES”. The genes involved in the merged ADR dataset was
enriched in tumors treated with COJEC followed by surgery where the mouse was
cured, while the merged MES dataset was enriched in relapsed tumors. A low
expression of the merged ADR signature correlated to poor prognosis in NB
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patients. Surprisingly, a high expression of the merged or individual MES
signatures did not correlate to prognosis. To investigate this further, the merged
ADR and merged MES signatures were subdivided further into an ADR-cured,
ADR-relapse, MES-cured and MES-relapse subsignature, based on the PDX data.
The ADR-cured and MES-relapse subsignatures were further filtered through a
cohort of 219 stage 3 and 4 NB patients to generate an integrated ADR signature
and an integrated MES signature. The ADR-cured subsignature was significantly
enriched in mice that underwent surgery after COJEC treatment and did not get a
relapse (Sur-cured) and the MES-relapse subsignature was enriched in relapse and
regrown tumors. To conclude, the ADR- and MES-like cell states do occur in
MYCN-amplified NB PDXs and a mesenchymal phenotype might confer treatment
resistance in NB.

MYCN

The MYCN gene is essential in NB pathogenesis. PDX1 both had a higher number
of copies of MYCN as well as an increased RNA expression of it, compared to
PDX3. Relapsed tumors had higher levels of MYCN RNA as well as fraction of N-
MYC protein expressing cells compared to COJEC treated tumors that were
surgically removed and cured.

Organoids

3D NB organoids were established from control as well as COJEC treated tumors
from all three PDX models. By administering COJEC it was shown that organoids
derived from COJEC treated and relapsed tumors retained their chemoresistance
as well as transcriptional signature ex vivo. Relapsed tumor organoid cells were
also re-implanted back into mice and did maintain their tumorigenic capacity in
vivo. Consequently, these organoids provide a powerful model system to try novel
treatments for resistant NB in future studies.

Conclusions

In this study a COJEC-like treatment protocol was developed, which was applied
to three MYCN-amplified NB PDX models. We found an extensive intra- and
intertumoral genetic and transcriptional heterogeneity. Mice displaying upfront
progression during treatment or relapse had an increased clonal diversity, higher
copy number and transcriptional levels of MYCN, and displayed an immature
MES-like cell state. In contrast, mice that were cured after COJEC and subsequent
surgery displayed an ADR-like cell state and had a lower number of copies of
MYCN and transcriptional levels. Hence COJEC treatment seems to select for cells
with a MES-like phenotype, and these cells might contribute to treatment
resistance in NB. A predominant ADR signature after treatment were on the other
hand correlated to a good overall prognosis in mice. Some cells displayed both
ADR- and MES-like markers, indicating that they are in an intermediate state, as
has previously proposed to exist. 3% 3% The overall finding was that NB
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chemoresistance seems to primarily be mediated by transcriptional, rather than,
genomic changes. The 3D organoids from relapsed tumors retained their
chemoresistance and transcriptional features ex vivo (Manuscript Figure 9) and
may hence be used for drug development in future studies.

Paper 111

Early evolutionary branching across spatial domains predisposes to clonal
replacement under chemotherapy in neuroblastoma

Little is known about how the NB subclones surviving chemotherapy are related to
the ones present at diagnosis. This information is essential for the development of
new treatment strategies for these patients.

In this study, DNA was extracted from FFPE tissue samples collected prior to and
after chemotherapy treatment in 12 patients, encompassing a total of 89 tumor
areas. Whole genome genotyping was performed on all samples and WES on a
subset. Variants detected with WES were confirmed with TDS using a customized
panel. This was followed by subclonal deconvolution using DEVOLUTION
developed in Paper I. 4’* The identified subclones could furthermore be mapped
across anatomical sites, creating so-called clonal geographies. In addition, SCWGS
data was available before and after treatment. The software SCEM, developed in
paper Il was used to analyze this data. 2*° This setup was used to compare the
subclones detected before and after therapy for each patient.

Spatiotemporal genomic profiling revealed two contrasting evolutionary patterns
in response to chemotherapy

All 7 patients whose tumor responded significantly to chemotherapy, and whose
tumors could be evaluated before and after therapy (Patients 3-9), showed a
surprisingly similar ancestral relationship between the subclones detected before
and after treatment. Subclones present prior to chemotherapy were depleted and
replaced by subclones with a different most recent common ancestor (MRCA), a
pattern we denoted collateral clonal replacement (CCR). This pattern suggests
intense selection by the chemotherapy treatment for other subclones than the major
ones at diagnosis. The pattern appeared irrespective of whether the sample was
collected from the primary tumor, from a metastasis at the time of diagnosis
(Patients 8-9), or when comparing a sample from the primary tumor to a later
metastatic relapse (Patients 4, 9-12). CCR could also develop gradually over time
(Patient 8). There was no overall increase in the number of genetic aberrations
after treatment compared to before, but an increased genetic intratumoral diversity.
An example of CCR can be seen in Manuscript Figure S5g-i.
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In contrast, tumors that showed a poor treatment response with inferior killing of
cancer cells, sometimes even progressing during treatment, displayed a pattern of
linear evolution. The subclones after treatment were linear descendants to the ones
present before treatment indicating that the major subclones just continued to
evolve, without being affected by the chemotherapy. An example of a tumor
presenting linear evolution can be seen Manuscript Figure S5f.

In vivo mimicking of progressive growth under chemotherapy and effective
chemotherapy treatment

Since the number of patients was limited, a MYCN-amplified NB PDX model
system was designed. To mimic progressive tumor growth under chemotherapy,
mice were treated with cisplatin as monotherapy (n=6). To mimic progression
after incomplete surgery, resulting in a bottleneck, mice underwent partial surgical
resection of their non-chemotherapy exposed tumors, followed by regrowth (n=4).
Mice in the control group were treated with saline solution (n=4). Two samples
were collected from each of the tumors after treatment. The genomic profile was
compared to the parental cell culture. Phylogenetic analysis revealed linear
evolution under ineffective chemotherapy treatment, just as was seen in the patient
cohort.

To mimic progression under multimodal chemotherapy treatment a different PDX
model was used, known to be resistant to chemotherapy treatment with COJEC. 2*°
Samples were collected after adequate treatment with COJEC (n=3) or after free
growth (n=3) for comparison. Both the treated and untreated tumors exhibited
linear evolution. Hence, the PDX models confirmed the pattern of linear evolution
under ineffective treatment.

To mimic the situation of effective chemotherapy tumor response a PDX model
system known to be sensitive to COJEC treatment was used. 2 Mice were
randomized into either being treated with COJEC (n=9), followed by surgical
resection, or saline solution (n=9). Two samples were collected from each tumor
after treatment. Just as in the patient cases there was no increase in the total
number of genetic alterations, but an increase in the genetic intratumor diversity
after treatment. Two treated mice had a later relapse, in which the same pattern of
CCR, as seen in the patients, could be seen. Hence, the PDX models confirmed the
pattern of CCR observed during effective treatment.

Collateral clonal replacement in vitro

To further investigate the subclonal landscape before and after chemotherapy the
cell line IMR-32 was used. It is derived from a high-risk MYCN-amplified NB.
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Three biological replicates were allowed to grow freely, three were subjected to
low-dose cisplatin and three to high-dose cisplatin. Free growth resulted in
fixation on a certain subclone. Low-dose cisplatin did not alter the subclonal
landscape. When cells were subjected to an adequate treatment with high-dose
cisplatin killing 94 % of cells, CCR was seen. Creating a mechanical bottleneck by
randomly removing 94 % of all cells did not result in CCR. Neither did creating
three successive mechanical bottlenecks, reducing the size by 50 % each, induce
CCR. In contrast, administering cisplatin at three different time points, also
causing a 50 % population size reduction each, did. Hence, this supports that CCR
is caused by Darwinian selection under chemotherapy, and not just the reduction
of the number of cells.

We also used the SK-N-SH cell line, which is known to have two NB cell types, of
which one is more resistant to chemotherapy than the other. These two cell types
display gene expression signatures corresponding to the ADR (sensitive) and MES
(resistant) cell states. 328 4° Cells were either treated with cisplatin or allowed to
grow freely. In the latter experiment the subclone present at initiation was
retained. The treated cells displayed CCR, and the cells shifted to an epithelioid
morphology, corresponding to a selection of resistant MES-like cells.

Spatial territories

Since the extracted DNA was derived from FFPE-blocks it was possible to map
subclones to their corresponding anatomical areas. In untreated tumors clonal
territories showed a dense pattern with no obvious anatomical barriers between
them. In the primary tumor after chemotherapy on the other hand, there were
vastly dispersed islands of surviving tumor cells surrounded by necrosis,
hemorrhage, and other reactive changes. Each such compartment often contained a
clonal population of cancer cells and was represented by a unique branch in the
phylogeny. This stresses the importance to, when feasible, sample such distinct
tumor compartments for genomic analyses to fully characterize the genomic
landscape of the tumor (Manuscript Figure 5k).

MYCN amplicon diversity

An in-depth analysis of the amplicon copy number architecture was performed for
6 patients with MYCN-amplification. An amplified state was identified across all
biopsied areas. Surprisingly, spatiotemporal heterogeneity in the MYCN amplicon
breakpoints was seen in all 6 patients. All these patients had at least one shared
breakpoint across all samples. In total 76 % of samples obtained after
chemotherapy exhibited variant (non-stem) breakpoints while merely 30 % of the
untreated primary tumor samples did. This indicates that there is a common
breakpoint and that it was followed by further modifications.
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Single cell analysis

Low-pass single cell WGS was performed on 9 NB primary tumors, totaling 505
single cells. The software produced in project 1l (SCEM) 2*® was used to create
phylogenetic trees, revealing a surprisingly extensive phylogenetic branching in all
analyzed tumors. Most cases had one or several groups of cells with identical
profiles, but also a plethora of cells with unique genomic profiles. In one case no
two cells had the same CNA profile, revealing a surprisingly extensive diversity.
In 5/6 cases, MYCN copy number gains preceded 17q gain. In addition, amplicon
numbers were significantly higher in cells having acquired 17g+ and 1p-. The
presence of MYCN both with and without 17g+ was also confirmed using FISH
where cells with MYCN amplification but lacking the 17g+ alteration were found.
Single cell analysis thus identified early ancestral cells not ascertained by bulk
sequencing.

To further investigate the extensive phylogenetic branching, scWGS was
performed on samples from three PDX models of MYCN-amplified NB monitored
for 7 generations, followed by establishment, monitoring, and passaging of tumor
organoids for 7 generations. This analysis confirmed that branching evolution was
a consistent feature in vivo as well as in vitro in NB.

Conclusions

In this study we comprehensively compared the subclonal landscape of NBs
before and after chemotherapy. Tumors which significantly responded to
treatment, showed a pattern of CCR where the subclones present at diagnosis were
depleted by the chemotherapy, selecting for other subclones in the tumor,
eventually regrowing and resulting in a treatment resistant relapse. In contrast,
tumors showing poor treatment response had subclones after chemotherapy that
were linear descendants to the ones present before treatment. These two patterns
were confirmed both in vivo in PDX models and in vitro in NB cell cultures. CCR
suggests a chemotherapy induced selection of pre-existing, possibly resistant, NB
cell populations. Treatment induced selection of pre-existing resistant cancer cell
subclones has been proposed for several other malignancies. 32 48 The scWGS
analysis revealed extensive phylogenetic branching to be a consistent feature of
NB both in patients, in vivo and in vitro, emerging already at the ancestral states,
forming the substrate for CCR.

Our study has important implications for how to sample these tumors for genomic
analyses in the clinic. During upfront progression, new genetic alterations are
added to the pre-existing ones while tumor shrinkage followed by a relapse
implies a radical shift in the subclonal landscape, necessitating resampling of the
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tumor. The spatial analysis revealed the importance of sampling distinct
anatomical compartments to characterize the genomic landscape.

Paper IV

Resolving the pathogenesis of anaplastic Wilms tumors through spatial mapping
of cancer cell evolution

This study aimed at identifying key events in the evolutionary history of DAWT
compared to other WT subtypes. It was performed via spatial mapping of 189
tumor areas from 20 WTs, including 10 intermediate risk tumors, 5 blastemal type
tumors and 5 DAWTs. When possible, samples were taken from whole mount
sections (WMS), each comprising 0.5 cm thick and up to a decimetre in diameter
large FFPE samples of the patient’s tumor. Grids composed of 1x1 c¢cm large
squares were marked and DNA was extracted from each such square, excluding
areas encompassed by necrosis, regression, normal tissue, or debris, resulting in a
median of 9 samples per tumor (Manuscript Figure 1). SNP-array as well as deep
sequencing of the tumor suppressor gene TP53 was performed on each sample
along with microscopic assessment of the corresponding area.

Based on the SNP-array data, for which 169 samples was successfully analysed,
phylogenetic trees could be reconstructed for 16 patients, using DEVOLUTION
474 in combination with the MP and ML method as well as our developed method
for phylogenetic reconstruction MMP (details described in the methods section).
When there were no contradictions in the dataset, MP, ML and MMP generated
identical phylogenies. When there were contradictions, such as crossovers of clone
sizes in the data set, the MMP method produced the most biologically reasonable
scenarios. In total, 14 out of the 16 tumors, from which we could reconstruct
phylogenetic trees, displayed branching evolution or a combination of linear and
branching evolution, confirming that intratumoral heterogeneity of CNAs is
common in WT.

In all cases with classical DAWT (patients DA_1-4), anaplasia was only seen in
areas with at least one TP53-mutation. Studies have indicated that anaplasia starts
focally and then spreads within the tumor. In this study, the phylogenetic trees
suggested that the evolutionary process leading up to anaplasia starts with a single
hit of TP53. This hit seemed to trigger an extensive branching and saltatory
evolution along with additional mutations of TP53. These mutations were seen in
parallel across different anatomical compartments in the tumor, eventually
resulting in multifocal anaplastic lesions.

To assess the complexity of the phylogenetic trees three different measures were
used: Phylogenetic species richness (PSR), divergence and irregularity. PSR is the
sum of the distances between all subclones in the phylogeny, representing the
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degree of diversity between the subclones. The divergence is defined as the PSR
divided by the number of comparisons made, representing the mean phylogenetic
richness. The irregularity is a measure of how uniformly distant the subclones are
from the stem i.e. how much the phylogeny differs from a star phylogeny. It is the
variance of the phylogenetic distances from the stem to the subclones (Figure 26).
DAWT displayed a significantly increased PSR, divergence and irregularity as
well as number of CNAs and genetically distinct subpopulations, compared to the
other subtypes. We also found an accumulation of CNAs and regressive changes
as anaplastic features increased in DAWT, while the number of CNAs only
increased with proliferation in the other subtypes.
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Mean = (1+1+2+2+2)/5=1.6
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PSR/#comparisons (21 .6)2+ (2-1.6)2= 1.2
Divergence = PSR/15 = 32/15=2.13 Variance = sum of squares/(data points-1) = 1.2/5 = 0.3

Figure 26. An example of how to assess the complexity of a phylogenetic tree through calculating
the PSR, divergence and irregularity.

WT usually displays several macroscopic compartments separated by areas of
necrosis, fibrous septae and regressive tissue. We therefore sought to investigate
how the subclones varied, both within the compartments, but also between
compartments in the same tumor. A total of 170 areas within compartments and
133 between compartments were compared for the 18 patients for which such
comparisons were possible. Each comparison was classified according to the four
evolutionary trajectories as previously described by our group, encompassing
subclonal variation (VAR), tumor cell twinning (TCT), clonal coexistance
(COEX) and clonal sweeps (SWE) (Figure 27). 48!
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Figure 27. Description of the four evolutionary trajectories, as described in “1, when doing a
comparison of two areas in the same tumor. Tumor cell twinning (TCT) refers to a homogenous
clonal landscape indicating that there is no genetic intratumoral variation between these two areas. If
at least one subclone is prevalent together with its mother subclone in the two compared areas it is
referred to as clone coexistence (COEX). Subclonal variation (VAR) describes the presence of
different subclones between the two areas. If a subclone in one sample expands and sweeps the other
area it is referred to as a regional clonal sweep (SWE).

Within compartments, TCT was observed in 73 % of the comparisons and merely
15% were VAR, 10 % COEX, and 2 % SWE, implying that individual
compartments are mainly homogenous in their subclonal composition. In contrast,
76 % of the comparisons between compartments within the same tumor classified
as SWE, 20 % as TCT and 4 % as VAR. No comparison classified as COEX. This
implied that new compartments form by budding from an already present
compartment, rarely encompassing more than a single subclone (Manuscript
Figure 5).

In conclusion, DAWT displayed complex evolutionary histories compared to the
other WT subtypes, defined through a significantly higher PSR, divergence,
irregularity, number of subpopulations and CNAs. Hence, extensive phylogenetic
tree complexity seems to be a hallmark of DAWT, and TP53-mutations appears to
be the initiating event for this complexity. All areas with classic anaplasia
displayed TP53-mutations. The TP53 mutations were often regional and occurred
in parallel, indicating that they are late events, in line with previous studies. 7% %!
Furthermore, WTs were shown to be intratumorally heterogeneous with respect to
CNAs. Compartments of cancer cells within the same tumor are mainly
homogenous, while the birth process of new compartments involves, in most
cases, the budding of a single subclone that subsequently clonally sweeps forming
a new macroscopic compartment. The latter stresses the need for cross-
compartmental sampling to better characterize the genetic landscape of the
patient’s disease if testing is to be done for targeted therapy.
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Paper V
Elucidating the metastatic trajectories across several pediatric tumors

Since the most common cause of death in pediatric cancer patients is a metastatic
and chemotherapy resistant tumor, both surgery, radiation therapy and
chemotherapy are unfeasible as curative treatment options for these patients. How
metastatic spread occurs in pediatric tumors has to a large extent been unexplored.
To cure the patients that today die of their disease, novel treatment strategies are
needed, which requires increased knowledge about the metastatic process across
pediatric cancers.

In this study, we therefore aimed at elucidating the evolutionary trajectories of
metastatic disease in the pediatric tumors, NB, WT and GCT. More specifically
the aim was to decipher when in the evolutionary history of the tumor, metastases
appear, whether there were signs of monoclonal or polyclonal spread (one or
several subclones from the primary tumor colonizing the same metastatic site),
mono- or polyphyletic spread (one subclone or several phylogenetic branches
being responsible for metastatic spread) and intermetastatic spread (subclones
from one metastatic site spreading to another).

Children with metastatic cancer treated at the pediatric oncology center in southern
Sweden during the years 2000-2020 were included in the study. Histological
assessment was performed on hundreds of samples. Selection of tumor areas was
based on the presence of tumor cells of a sufficient amount to be included for
genomic analysis. Due to the spatiotemporal genetic heterogeneity of tumors,
DNA was extracted from multiple sites from the primary tumor and several
metastatic sites for each patient to assess the subclonal landscape. A total of 171
samples from 17 patients were included with a median of 8 (range 3 to 22)
samples per patient including a median of 3 (range 1 to 10) samples from the
primary and 3 (range 1 to 19) samples from metastases per patient. All samples
underwent whole genome copy number profiling and 54 samples from 8 patients
also targeted deep sequencing, with a matched normal sample included for
bioinformatics analyses. Phylogenetic trees were reconstructed, enabling
spatiotemporal tracking of subclones for each patient.

Since the study included a median of 8 samples per patient, it enabled a detailed
exploration of the genetic heterogeneity across tumors. Extensive intratumoral and
intertumoral genetic heterogeneity was identified both within the primary tumor
and metastases, as well as between primary tumor and metastases and between
metastases within the same patient. The metastases often also had additional
genetic changes that could not be detected in the primary tumor. Similarly, there
were several mutations in the primary tumor that could not be detected in any of
the metastases.
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When metastatic dissemination occurs in the evolution of the tumor is not known.
In this study, early dissemination was defined as a metastasis originating from a
subclone present before the MRCA. Late dissemination was defined as a
metastasis originating from a subclone that are arose after the MRCA of the
primary tumor. In 13 out of 18 patients, signs of early metastatic spread could be
identified. In 3 of 18 patients there were instances of both early and late metastatic
spread.

A total of 6 out of 18 patients displayed both polyphyletic and polyclonal seeding,
indicating that metastases can arise several times during the evolution of the tumor
and that several distinct subclones can colonize the same metastatic site. It also
implies that several subclones in the primary tumor possess metastatic capability.

In total 9 out of 18 patients had metastases in at least two different sites.
Strikingly, 8 out of these 9 patients displayed intermetastatic spread. Hence
implying that metastases can give rise to new metastases, without involvement of
the primary tumor.

In conclusion, our results provide further knowledge of the evolutionary dynamics
of metastatic spread in pediatric cancer patients. Often treatment decision for
targeted therapy is based on sampling the primary tumor. Metastases often display
different genomic alterations than the primary tumor, stressing the need to sample
metastases for assessment of therapeutic targets, since metastases may completely
lack targets present in the primary, resulting in progression at distant sites despite
the primary tumor responding to treatment. Interestingly, we found that metastatic
spread can occur early and several times during tumor evolution. Finally,
intermetastatic spread is identified as a common feature in pediatric tumors,
indicating that a single metastasis can act as a hub for further metastatic spread
despite the primary tumor being removed, having important clinical implications.
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Discussion

Did we develop new tools for the analysis of the evolutionary history of
a tumor?

Indeed, as part of this thesis, three software tools were created: DEVOLUTION,
SCEM and MMP.

In paper I, the primary objective was to develop a new bioinformatical tool to
reconstruct phylogenetic trees based on multiregional copy number data, with or
without the addition of point mutations. At the time, there was a lack in tools
capable of doing this. Existing methods either necessitated sequencing data, could
only incorporate information from a single sample, or assumed clonality for all
genetic alterations, resulting in biopsy trees. DEVOLUTION addressed these
limitations by enabling the inference of subclones based on multiregional copy
number data alone, mutational data alone, or a combination of both. Evaluation
using data from pediatric tumors and simulated data showed a robust performance
in depicting subclones having genetic alterations present in more than one sample.

The algorithm employs the pigeon-hole principle to nest clusters of genetic
alterations within each sample, which is not especially controversial. Additionally,
it aimed to minimize occurrences of back-mutations and parallel evolution by
integrating information across samples. Hence, the software assumes that these
situations are rare, which might not always be true. Whole chromosome and whole
chromosome arm alterations can occur in parallel or undergo back-mutations.
Nevertheless, given that there is no way to know what the correct solution is, it is
reasonable to assume that the preferred solution is the one minimizing the number
of genetic events needed to explain the data, akin to Occam’s razor.

One potential limitation of the software is its reliance on the mutated clone
fraction (MCF) as input. The MCF is defined as the proportion of cells in the
sample harbouring a specific genetic alteration. The calculation of the MCF relies
on either the log?2 ratio for whole genome copy number profiling data, or the VAFs
for SNVs. These values are inherently noisy, and consequently the MCF values
used in DEVOLUTION will be as well. This might hamper the deduction of
possible subclones since DEVOLUTION heavily depends on these values.

For instance, if an alteration A has a slightly larger MCF than alteration D, the
algorithm may not nest alteration A into B, even though, due to the noise, they
could potentially have a reversed size relationship. Thus, it becomes necessary to
round the MCF values before running the algorithm on the data. In paper | we
conducted simulations to assess the accuracy of the algorithm. These simulations
did, however, assume perfect MCF-values based on the simulated dataset.
Nonetheless it allowed us to show that if the MCF-values are accurate, the
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algorithm provides robust nesting and estimation of the subclones. In real-word
data, however, the MCF values tend to be noisy, thereby potentially affecting the
performance of DEVOLUTION. Yet, it is important to note that this challenge is
not unique to our software; rather, it is a limitation inherent to any software
attempting similar nesting approaches.

The issue becomes more profound with very large datasets, where MCF values
might cross over several times in the dataset. This might induce longer branches
and instances of parallel evolution and back mutations. A rounding of the MCF-
values before analysis, and a stronger clustering using dbscan in DEVOLUTION
might be needed in these cases to circumvent this problem. A way to improve the
software could be to remove the rigid constraints during the nesting process and
allow a certain degree of uncertainty in the MCF values.

Another challenge lies in the inherent ambiguity of subclonal deconvolution
solutions. In many cases, there exist several possible solutions to the nesting
problem. This ambiguity it not unique to DEVOLUTION but is a challenge for all
software trying to perform subclonal deconvolution. DEVOLUTION addresses the
problem by allowing generation of multiple solutions. Moreover, the software
establishes a standardized framework for deducing subclones, based on preset
rules applied to all patients in the study, thereby facilitating tree-to-tree
comparisons. In addition, we used the maximum parsimony and maximum
likelihood methods for phylogenetic reconstruction. These are well established and
robust methods that have been used for decades, providing further robustness to
the analyses in paper 1-V. It is worth noting that the general tree structure seldom
changes between different solutions. Smaller subclones present in single sample
can, in many cases, be nested in several different ways. This can give rise to minor
differences in the tree structure, by altering the position of some of the smaller,
distal, branches in the phylogeny. For larger subclones the evolutionary
relationship is often robust despite crossovers in the dataset. Importantly, small
subclones that are difficult to allocate, rarely alter the overarching conclusions
drawn from the phylogenetic trees.

Additionally, DEVOLUTION offers features such as the ability to color-code the
phylogenetic tree to highlight which branches are robust (there are only one
solution for the nesting of the subclones encompassed by these branches) and
which ones could be placed in another location. It also worth noting that the pie
sizes in the trees do not represent clone sizes but is the proportion of cells in each
sample harbouring that genomic profile. This could be updated in a new version of
the software.

Overall, the application of DEVOLUTION in our studies has increased our
understanding of the subclonal evolutionary dynamics in pediatric cancer.
Specifically, we have gained insights into treatment resistance and relapse in
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neuroblastoma, the pathogenesis of anaplastic Wilms tumor, and elucidated the
evolutionary trajectories of metastatic pediatric cancer.

Paper Il involved the development of the software SCEM. It takes single cell copy
number profiles, obtained after using Aneufinder, 44 as input and outputs an event
matrix which can be used for phylogenetic reconstruction. However, determining
the sequential order of some CNAs is challenging, since multiple plausible
solutions often exist. For example, if some cells have copy number 4 of a certain
segment and some cells have 3 copies of the same segment with the same break
points, it is not known whether they all had 4 copies initially and some cells lost
one copy, or if all had 3 copies followed by some cells gaining one copy. To
address this, SCEM relies on a predefined set of rules to systematically manage
such scenarios. During the analysis of the phylogenies in paper Il, we furthermore
conducted manual assessments to ensure the biological plausibility of SCEM’s
handling of each CNA.

Furthermore, scWGS data for copy number inference can only robustly detect
CNA s larger than 5 Mbp. It is therefore not possible to determine the exact break
point of CNAs across cells. Since the bins are so large it may look as if they have
the same breakpoints, but they may differ, making the software infer ancestral
similarity between cell populations, which may not true. This is, however, nothing
that is an inherent flaw of SCEM, but of the sequencing itself. Nevertheless,
SCEM allowed systematic inference of phylogenetic trees based on single cell
copy number profiles, thereby providing deepened understanding of the
evolutionary dynamics during treatment resistance in paper Il and I11.

In paper Il we introduced the MMP method, which is a novel method for
phylogenetic reconstruction. One possible limitation is that it relies on the input
clone sizes being correct. If they are, it will, however, produce a phylogeny that
does not result in back mutations. This is in many cases biologically sound,
especially for point mutations. Currently the MMP method merely allows creation
of a single phylogeny based on the input event matrix. In future improvements of
the software, the capability to generate multiple possible phylogenetic trees could
be incorporated.

In conclusion, yes, we did develop tools for the analysis of the evolutionary
history of a tumor. There is a plethora of different bioinformatical tools and
selecting the appropriate one is crucial for accurately interpreting the data. Which
ones can be chosen does, however, depend on the available data. Moving forward,
efforts should focus on developing software that integrates CNAs and SNVs in the
phylogenetic reconstruction while also correcting the VAFs based on the CNAs
directly.
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The importance of multiregional and temporal sampling

Since tumors are genetically heterogeneous, samples should ideally be taken from
multiple positions and time points and the bioinformatical tools used should be
able to handle this type of data. Multiregional and temporal sampling provides a
better assessment of the subclonal landscape of the tumor, thereby increasing the
possibility to learn more about tumor evolution, resistance development, and
metastatic dissemination.

While the importance of multiregional and temporal sampling, along with
subclonal deconvolution, has been recognized for several years, many studies still
rely on a single sample per patient. The studies are most likely limited by samples
collected many years ago or by clinical routine. Having a single sample will,
however, unfortunately not capture the landscape of different subclones that may
be present in different parts of the tumor, possibly leading to faulty conclusions.
Moreover, neglecting subclonal deconvolution, further impedes the understanding
of tumor evolution. In many studies, the genetic alterations identified in a sample
are assumed to be clonal when performing the phylogenetic reconstruction,
resulting in biopsy trees, not constituting true phylogenies. 4%

While sample collection must prioritize patient well-being and not cause
unnecessary harm to the patient, it is essential to recognize the potential benefits of
multiregional and temporal sampling for treatment decisions. Basing the entire
treatment decision on a single sample, may actually be harmful for the patient.
Different parts of the tumor might display different mutations. A mutation, whose
protein product can be targeted, could be clonal in one part of the tumor, and
completely absent in the other parts. Administering a drug against this target, will
thus only cause Killing of the cells in the sampled area, while the rest of the tumor
continues to grow. Furthermore, sampling several regions allows identification of
additional possible treatment targets, possibly allowing a treatment plan
incorporating a combination of several targeted therapeutic drugs tailored for that
patient’s tumor. In addition, different parts of a tumor can display varying
histology which could categorize the tumor as more aggressive, than it would have
based on a biopsy from another part. This might have a major impact on the initial
treatment the patient receives, and possibly also the prognosis.

However, sample collection practices is strictly guided by clinical praxis, limiting
the feasibility of multiregional and temporal sampling Analyzing more samples
from each tumor may also increase the discomfort of the patient, as well as
genomic analysis costs and workload. Nonetheless, it is in the best interest of both
the patient and healthcare providers to better characterize each patient’s disease as
it may have a major impact on the prognosis. Efforts should be directed toward
exploring the feasibility of implementing multiregional and temporal sampling.
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Did we learn more about the development of chemoresistance?

Paper 1l aimed at elucidating COJEC treatment resistance in high-risk MYCN
amplified NB.

A limitation of most studies investigating treatment resistance is the use of a single
agent, which does not recapitulate the multidrug regimens patients are
administered in the clinic. In paper I, however, all five chemotherapeutic drugs
encompassed in the COJEC treatment protocol was used, consequently
representing a study setting that more closely resembles the clinical scenario.
There are, however, some important differences and limitations to the developed
protocol. The drugs were administered intraperitoneally in the mice while it is
given intravenously in patients. The drug is, however, quickly absorbed by the
blood vessels in the abdominal cavity and should thus in theory quickly reach the
desired concentrations in the blood with a not too long delay compared to
intravenous administration. Another aspect is that it may be difficult to calibrate
the amount of each drug and their relative amounts, so that the effect in the mouse
corresponds to that of the patient. This requires meticulous calibration.
Furthermore, to aid close monitoring of tumor size, the tumors were placed
subcutaneously instead of in the adrenal gland, where the tumors were growing in
the corresponding patients. There is a possibility that the concentration of drug
reaching the subcutaneous tissue versus the adrenal gland differ, possibly affecting
the selection pressure the tumors undergo. In addition, the drugs were not
administered in the exact same interval and combinations as in the clinical setting,
which possibly could affect tumor evolution. Finally, the mice were
immunocompromised, not recapitulating the immune microenvironment in a
normal tumor growth setting.

Despite these differences, the model constitutes a significant advancement
compared to most studies, which use cell cultures containing similar cancer cells
and administer a single drug to model treatment resistance, which is far from the
clinical setting.

What roles do blood vessels play in NB treatment resistance?

Histological assessment showed that both PDX1 and PDX2 displayed large and
collapsed blood vessels, which has been shown to be correlated to worse
prognosis, 4" while PDX3 displayed smaller and open blood vessels.

Larger vessels are theoretically expected to provide the tumor with a high blood
flow, facilitating the delivery of oxygen and nutrients. This could promote tumor
growth but should also result in a higher concentration of chemotherapeutic agents
within the tumor tissue, thereby killing more cancer cells. Tumors with large blood
vessels may therefore experience a stricter evolutionary bottleneck, favouring the
selection of resistant cells compared to tumors with smaller blood vessels. Some
studies have, however, shown that aggressive tumors such as pancreatic tumors,
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have few blood vessels and that cancer cells often are subject to a hypoxic
environment. %% 48 Furthermore, metastatic subclones have been shown to
originate from hypoxic areas in renal cancer primary tumors. 3%

Provided that the large blood vessels are not malfunctional, which they very well
could be, the tumor possibly leverages between two or more environmental
conditions: (1) Large blood vessels: Resulting in a strict evolutionary bottleneck
due to high doses of chemotherapy reaching the tumor cells, selecting for cells
with resistance mechanisms. It also provides the resistant cells with oxygen and
nutrients, allowing the resistant cells to grow. This could possibly result in CCR
which is the evolutionary pattern seen in paper Ill. (2) Small blood vessels:
Resulting in hypoxia and nutrient depletion, selecting for slowly proliferating cells
with metastatic potential. The cells in this environment may be exposed to low
drug concentrations, possibly allowing both sensitive and resistant cells to
proliferate, resulting in linear evolution.

Consequently, there should be a heterogeneity in which cells are present after
treatment. Some cells survive therapy because they have developed resistance
mechanisms, which have been selected for by treatment, while other cells survive
because they have not been exposed to high enough drug concentrations. Higher
administered drug doses should consequently kill the cells that otherwise would
have survived due to not enough drug reaching them. This might explain why the
COJEC-HD therapy resulted in a better tumor shrinkage and survival in PDX1 in
paper 1l. More studies are needed to investigate this.

Future investigations could also explore the metastatic capability of subclones
located near versus far from blood vessels in tumors harbouring large or small
blood vessels. Targeting the larger blood vessels could possibly act as a treatment
strategy, but might result in less drug reaching the cells, which could be
detrimental. Studies on VEGF-inhibitors have, indeed, so far shown disappointing
results. ' The reason for this might be that the inhibitor induces a hypoxic
environment, which as stated above, might result in slow proliferation, avoidance
of antitumorigenic drugs and drive metastatic spread instead. Hence, targeting
blood vessels may not be the way to go.

Do genetic alterations play a role in NB treatment resistance?

Not so surprisingly, we found no recurrent CNAs that could explain treatment
resistance across tumors in neither paper Il nor I11. These findings were confirmed
both with SNP-array and single cell copy number profiling.

We did, however, find small deletions in MACROD2, LSAMP and PTPRD, in the
NB PDXs tumors in paper Il, but they were not treatment specific, and it was
unclear, at that time, whether they were recurrently affected genes in patients or
merely PDX specific. Interestingly, LSAMP has in a recent study, published after
ours, been shown to act as a tumor suppressor in NB. WGS of 35 patients with
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high-risk NB showed that 17 % displayed CNAs affecting LSAMP, and low
expression of the gene was associated with poor overall and event-free survival.
Additionally, SNP-array of 16 NB cell lines detected CNAs affecting LSAMP in
44 %. Furthermore, knockdown of LSAMP in cell lines increased proliferation and
overexpression decreased proliferation and viability. 4 PTPRD has also been
shown to be a tumor suppressor in NB. 47 MACROD2 has so far not been
extensively studied in NB, but it is a known tumor suppressor in other cancer
forms. 4™

In study Il we limited our investigation to CNAs. In a future study, sequencing to
detect SNVs, SVs and rearrangements could be used to specifically identify
mutations affecting efflux pumps, metabolism, DNA damage repair mechanisms,
evasion of apoptosis, proliferation etc. providing information about which cellular
processes cause these cells to be treatment resistant. These mechanisms could
potentially be targeted to enhance the effect of the chemotherapeutic treatment
given as standard of care. Previous studies have indicated that mutations in the
RAS-MAPK pathway and ALK mutations are more common after treatment, but
not all patients express them, and no mutations have been identified that alone can
explain resistance. 20 48448 |n paper 111 we did, however, perform WES and TDS,
and did not find any SNVs that could explain treatment resistance.

These findings collectively suggest that while certain genetic alterations may
confer advantageous traits to cells in resistance development, CNAs and SNVs are
unlikely to fully explain chemotherapy resistance in NB.

Mesenchymal cell states — Drivers of resistance?

Several studies have identified the presence of an ADR and MES like state in vitro
and a few studies even in patient samples. 2% 4’8 Using RNAseq in paper Il we
could, for the first time, confirm the presence of cells being in an ADR and MES
cell state in neuroblastoma PDX models. Mice that were cured displayed an ADR-
like phenotype, while mice whose tumors progressed during treatment or that
developed a relapse, displayed an immature MES-like cell state. Notably, the
COJEC treatment appeared to select for cells with a MES-like phenotype, possibly
contributing to treatment resistance. Some PDX tumor cells were even in an
intermediate state between ADR and MES, which has been proposed previously.
220 A study came out shortly after ours, where the researchers did scRNAseq of 18
biopsies from 15 PDX models. They could confirm the presence of an ADR and
MES cell state in neuroblastoma PDXs, further strengthening our findings. They
also found cells having a mixture of adrenergic and mesenchymal features. 328 This
collectively suggests that the ADR and MES cell states are not binary, but rather
represent a spectrum of states and possibly that there is a plasticity where ADR
cells can develop into MES cells, and vice versa. Interestingly, studies have found
that noradrenergic NB cells, which are similar to ADR cells, become more
mesenchymal after single agent treatment with cisplatin or ALK inhibitors in vitro.
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486 487 This suggests that the MES cell state can be induced by antitumoral
treatment.

Future studies should focus on determining what it is that makes the NB MES
cells more resistant to chemotherapy treatment compared to ADR cells.
Interestingly, the MES cells seem to be resistant to such a wide range of different
chemotherapeutic agents. Possibly the cells are less proliferative, or easily can
enter a hibernating state during chemotherapy treatment. It is also not known how
the tumor cells behave during treatment, when the drug is there. Samples are
usually collected when treatment has been halted and the phenotype might thus
have changed somewhat. It is possible that the intermediate cells are fully in the
MES state when the drug is present but slowly transitions to an ADR state when it
is halted. More studies are needed on how plastic these states are and whether this
plasticity could be targeted.

Furthermore, since the states seem to be plastic, it should be investigated whether
there is some way to hinder the development into a MES cell state. Targeting that
mechanism could open up the possibility to administer a drug during
chemotherapy treatment to hinder the cancer cells from developing resistance.
Another treatment possibility would be to reprogram the MES cells back to ADR
cells. This is something that could be further investigated using the tumor
organoids established as part of paper Il. These organoids retained both the
transcriptional MES state as well as its COJEC treatment resistance and thus
provide powerful tools to test novel drugs for treatment resistant NB and to study
the characteristics of the MES state.

Mesenchymal like cells have been identified across several cancer types have been
shown to confer both treatment resistance and metastatic dissemination, 345 347 351
346, 3% 1t is unclear whether the latter is also true for NB MES cells compared to
ADR cells. Performing RNAseq on matched samples from the primary tumor and
metastases from the same patient could confirm whether such a relationship exists
or not. It also remains to be investigated if a transition to a mesenchymal
phenotype is a general feature, not just for cancer cells, but whether normal cells
in the surrounding tissue also are steered towards this phenotype by chemotherapy.
The MES state might be a general way in which cells can protect themselves to
intense stress, which might also explain why it is seen across so many cancer types
in response to cytostatic treatment.

There is, however, a debate regarding how to define the mesenchymal phenotype.
Consequently, we used six different datasets in paper Il, and also constructed new
lists based on all these six datasets as well as the RNAseq data from the PDXs.
Hopefully, future studies can reach a consensus on how to define the cell states. It
is also possible that there is a plethora of different MES states depending on the
antitumoral treatment the cells have been subjected to, which might explain why
there are discrepancies in how different research groups define the state. This has
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not been investigated. It would be surprising if such a wide variety of drugs would
converge to one phenotype, so probably there is some heterogeneity in the MES-
like state. A way to possibly identify such a diversity could be to prepare several
Petri dishes with NB cell lines and treat each with a different single antitumoral
drug followed by analysis of the transcriptional state after treatment. If there are
different transcriptional signatures based on the drugs given, it should be
detectable. It could, furthermore, be possible to identify common features across
all these signatures, posing attractive targets to hinder the development of the MES
state. By administering drugs of different concentrations or take samples at
different time points it could also be possible to elucidate the transcriptional
trajectory the cell takes to reach the MES cell state. In such an experimental setup,
a similar study could be performed using human cells to see how non-malignant
cells in the same tissue react on the same treatment. It is also not clear how MES
cells present in an untreated tumor, differs from those in a treated one.

In paper Il only three PDX models were used, thus representing three patients,
possibly not accounting for the great intertumoral heterogeneity between NB
patients’ tumors. *"° The study was also limited to MYCN amplified tumors, since
there is a lack of models for non-MYCN amplified tumors due to the difficulties to
establish the PDX models for these tumors. In future studies it would be valuable
to analyze a wider range of NB tumors. A further limitation is the fact that the
mice are immunodeficient, which does not recapitulate the clinical setting where
the immune microenvironment might shape the evolution of the tumor. % On the
other hand, we did, show that the MES phenotype could appear in an
immunodeficient setting. Hence, its appearance might be independent on immune
editing. There are also some studies indicating that the ADR and MES states are
present in patients’ tumors, *’® where the immune system does play a role. Thus,
the ADR and MES cell states seem to be able to develop both in the presence and
in the absence of an immune system, which is interesting. It remains to be
investigated whether there are any differences in the ADR and MES states
identified in the presence versus absence of immune cells.

To conclude, cells with a MES-like phenotype seem to play an essential role in
conferring treatment resistance in high-risk NB PDX models.

An evolutionary path to resistance in neuroblastoma — a general feature
across cancers?

In paper 111, we observed two contrasting evolutionary pathways as a response to
chemotherapy treatment, depending on whether the tumor responded significantly
to treatment or if it progressed.

A tumor responding significantly to treatment, indicated by shrinking, suggests
that the major subclone or subclones in the tumor are sensitive to the administered
treatment. If there are no chemotherapy resistant cells in the tumor, the tumor is

142



expected to continue shrinking until it is eradicated, leading to patient cure.
However, if chemotherapy resistant cells exist, they will be selected for, resulting
in an initial tumor shrinkage followed by regrowth as resistant cells become
dominant — a pattern termed collateral clonal replacement (CCR), as observed in
paper Il for patients having an initial significant tumor response to treatment.

If the subclones constituting the bulk of the tumor are treatment resistant, or
quickly switches from a sensitive to a resistant phenotype, significant tumor
shrinkage does not occur compared to responsive tumors. The subclones making
up a resistant tumor after treatment will be the same subclones as the ones in the
primary tumor before treatment along with linear descendants to them. This is also
what was seen in NB tumors having a poor treatment response in paper Ill.

CCR is consistent with selection of pre-existing resistant clones, the presence of
which has been confirmed in several studies. 322 48 Interestingly, the in vivo and in
vitro analyses in paper 11l showed that the CCR pattern does not appear due to
merely a mechanical bottleneck. Consequently, it must be due to a selection by the
chemotherapy treatment for cells with certain characteristics, most likely treatment
resistance. When creating a mechanical bottleneck in vitro, the proportions
between sensitive and resistant cell populations will typically not change. The
regrown population after treatment should thus be of similar subclonal
composition as it was before treatment. However, a mechanical bottleneck in vivo
induced by debulking, such as partial tumor removal, may disrupt the relative
prevalence of each subclone, thereby altering the evolutionary trajectory.

In contrast, administration of chemotherapy will selectively kill sensitive cells to a
higher degree than resistant cells, disturbing the balance between sensitive and
resistant cells. This disturbance allows resistant cells to proliferate, unimpeded by
the inhibitory effects of sensitive cells. This might explain why the mechanical
bottleneck does not give the same evolutionary pattern as a chemotherapy induced
reduction of cells. This also implies that the relationship and interaction between
the cells is important for the development of a treatment resistant tumor.

Further investigation is needed to understand some tumors seem to be inherently
resistant to treatment i.e. do not significantly respond to treatment, despite it being
the first time the cells are exposed to the treatment. Furthermore, analysing
RNAseq data before and after therapy, could be performed to assess whether this
inherent resistance appears because of MES cells already being present in the
primary tumor before treatment. It is not known whether cells in the MES state are
present already in the untreated primary tumor. Using a NB cell line with ADR
and MES like cells, we could however confirm in paper Il that the treatment
selected for MES-like cells in vitro. In paper Il we could also confirm that
treatment selected for MES-like cells in vivo. Whether this selection for MES-like
cells is seen in patients as well remains to be investigated. Possibly the presence of
such cells could be used as a resistance marker already at diagnosis.
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In paper 11, sScWGS copy number analysis underscored extensive clonal branching
as a common feature in NB. Consequently, there is a plethora of subclones present
in the tumor already at diagnosis, many of which are not even detectable using
bulk DNA methods. Moreover, in paper IV, we found that a combination of both
linear and branching evolution, was common across WT subtypes. This confirms
that intratumoral heterogeneity of CNAs is common in WT as well, in line with
previous studies. 2 10 Furthermore, we found that DAWT, which is often
treatment resistant, had more complex phylogenies with increased PSR,
divergence, irregularity and number of CNAs compared to other WT subtypes.
This substantial subclonal variation observed within primary tumors, observed
both in high-risk NB and DAWT, seems to set the stage for natural selection of
resistant subclones during chemotherapy treatment.

In conclusion, we identified two distinct evolutionary paths to treatment
resistance, denoted CCR and linear evolution. Both pathways imply selection of
pre-existing resistant subclones, which is in line with findings from various studies
in other cancer forms. 322 480 Notably, the presence of extensive intratumoral
heterogeneity appears to lay the groundwork for this selection process. In NB, the
resistant subclones are likely derived from NB tumor cells in a MES like cell state,
present in the primary tumor already before treatment initiation. Importantly, the
potential universality of CCR and linear evolution as evolutionary routes across
different cancer types remains unexplored.

Monoclonal tumor compartments — cribs for the development of resistant
subclones?

In paper 111, we found that in untreated NB tumors, the subclonal landscape was
dense and the subclones were intermixed, lacking clear anatomical barriers
between them. However, post-treatment there was instead small islands of
surviving subclones, separated by necrosis, haemorrhage, and reactive changes.
Each compartment often harboured a single subclone type. This indicates a strong
selection for specific subclones capable of withstanding the administered therapy
and cramped conditions of the small surviving islands of cells. This is highly
clinically relevant. When feasible, distinct tumor areas should be sampled for
genomic analyses to better characterize the genomic landscape of the patient’s
tumor. This finding aligns with our observations in WT in paper IV, where the
tumor cells after treatment often are confined to compartments comprising
homogenous subclone populations. However, it is possible that smaller subclones
may exist within these compartments, necessitating sScWGS for their detection.

The observed compartmentalization may represent a defensive response to the
intense treatment, enabling cells to shield themselves and evade the effects of
chemotherapy. Treatment induced selection pressure favours specific subclones,
fostering the development of a homogeneous population within each compartment.
By being packed closely together, the cells within these compartments can
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increase the intratumoral fluid pressure in the region, 3¢ creating a pressure
gradient directed outwards, thereby hindering chemotherapeutic agents from
reaching the interior of the compartment. An increased intratumoral fluid pressure
in the tumor is associated with a lower recurrence-free survival in lung cancer, can
promote metastasis and may act as a prognostic biomarker. 36 488 |t remains to be
investigated whether this is also true in NB and WT.

To conclude, tumor cell compartmentalization and an associated increased
intratumoral fluid pressure seems to be a common feature across cancers and
might contribute to development of resistance. ¢

How are new tumor compartments born?

In the previous section, we highlighted the potential role of tumor cell
compartmentalization in conferring treatment resistance. This underscores the
importance of unravelling the mechanisms behind their formation. In paper 1V, we
consequently delved into the process of tumor compartment genesis. We found
that in WT, the emergence typically involved the budding of a single subclone,
which migrated from the original compartment and underwent a clonal expansion
in a new location.

Hence, monoclonal spread followed by a clonal sweep is the most common way
for a new tumor compartment to be formed in WT. Further investigations are
needed to determine the factors that differentiate budding compartments from
those that do not bud. If cells migrate out of the tumor compartment due to a high
pressure within, budding subclones may potentially harbour additional genetic
alterations, presenting a promising avenue for exploration in future studies.

Does MYCN play a role in treatment resistance?

Phylogenetic analysis conducted on both SNP-array and scWGS data confirmed
that MYCN amplification occurs early and can even precede 17q gains in NB, a
result also confirmed using FISH analysis. Intriguingly, spatiotemporal
heterogeneity was observed in the MYCN breakpoints in all 6 patients with MYCN-
amplification analysed. In each case there was at least one shared breakpoint,
indicating that there is an initial MYCN amplification event, followed by additional
structural changes of the amplicon. Notably, these structural changes were more
prevalent after treatment compared to before. However, it remains uncertain
whether the increased number of breakpoints simply increases as a function of
time. Moreover, it is also unclear whether the different amplicon variants are
selected for, or whether they are neutral alterations, and increases in prevalence
due to selection of other subclonal features.

Nevertheless, it is clear both from this study and from many others, that MYCN
plays an important role in NB pathogenesis. ° MYCN amplification is
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consistently associated with poorer prognosis and treatment resistance, but it is
unclear whether this correlation also implies a causation.

What role does TP53 have in the development of anaplasia and resistance?

Interestingly, TP53 mutations were detected in all areas displaying classical
anaplasia in the DAWTSs in paper 1V. The phylogenetic trees indicated that TP53
mutations were followed by extensive branching and saltatory evolution, and
sometimes even additional mutations of TP53. The initial TP53 mutations also
occurred in parallel across several anatomical compartments in the same tumor,
resulting in multifocal anaplasia.

It remains to be investigated why TP53 mutations appear so often, or rather, why
TP53 mutations are so strongly selected for in some WTs. The fact that some
tumors do not display any detectable TP53 mutations, while others have several
parallel TP53 mutations across the tumor area, suggests that there is something in
the microenvironment in these tumors that either selects for or against the
mutations.

Future studies could investigate whether it is dense cellular growth conditions in
tumor compartments that selects for TP53 mutated cells. Both stromal WT,
blastemal WT and DAWT display distinct tumor compartments separated by
fibrous septae, as does many other cancers. Possibly, the dense conditions in these
compartments cause nuclear squeezing, inducing DNA damage and adventuring
the integrity of the nuclear envelope. 3% This might result in an upregulation of the
transcription of the TP53 gene. Studies have shown that increased transcription of
a gene also results in an increased number of mutations in that gene, due to the
repeated quantum measurements. >’ The TP53 mutations might allow the cell to
survive despite accumulating additional genetic alterations, while cells not having
it are successively depleted.

Using RNAseq or IHC it should be possible to investigate whether an upregulation
of TP53 precedes a mutation in the gene, and whether the mutation in turn
precedes anaplasia, further unravelling the path to anaplastic WT. In that case
there should be: 1) Small subclones having an upregulation of TP53, but no
mutation in it. 2) Small subclones having an upregulation and mutation of TP53,
with or without anaplastic features. 3) Larger subclones having an upregulation
and mutation of TP53 in combination with displaying anaplastic features.

We also observed that TP53 mutations were followed by extensive phylogenetic
branching. It is, however, not evident that the TP53 mutations cause this
branching. It could be that the mutation allows the cell to survive despite acquiring
additional CNAs. A cell that would otherwise have died. By combining the
sequencing information in this study with scWGS copy number profiling of the
same sample, this could be investigated. Perhaps compartments not displaying
TP53 mutations also contain small subclones with many CNAs that remain minor
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or undergo apoptosis due to having a functional TP53. | therefore propose that it
could be that tight cellular growth conditions cause nuclear squeezing and CNAS
to accumulate resulting in the following two scenarios: 1) If the cell already has or
acquire a TP53 mutation, the subclone can expand. 2) In the absence of a TP53
mutation, the subclone remains small, or undergo apoptosis due to the
accumulation of CNAs.

Nuclear squeezing might also occur when the cancer cells are budded out from a
compartment, resulting in additional genetic alterations, possibly also promoting
CIN. If the cell also has a TP53-mutation it can still survive and may form a new
compartment. The high pressure within the compartments might also make it
difficult for drugs to reach the cells, since the pressure gradient is directed away
from the compartment center. Studies have shown that an increased interstitial
fluid pressure promotes proliferation and invasion in oral squamous carcinoma. 4°

Using RNAseq it would be possible to compare the phenotype of the WT cells
having TP53 mutations, but where the cells are not anaplastic, to anaplastic areas.
Our group showed in a subsequent study after paper IV, that these cells,
harbouring TP53 mutations but not displaying anaplastic features histologically,
might resemble preanaplastic cell populations. This indicates that there might be a
gradual transition towards anaplasia. The anaplastic cells have a high proliferative
index, dividing more rapidly than they are dying, possibly explaining part of the
chemoresistance seen in DAWT. 2%

There is also a lack of studies investigating which subclones metastasizes in WT.
It is not known whether it is the anaplastic areas, or whether they merely confer
treatment resistance. It also remains to be investigated whether the anaplastic state
could be reversible, which would be an intriguing treatment strategy considering
the poor prognosis of DAWT.

In conclusion, TP53 seems to be important for anaplasia formation, but its role in
chemotherapy resistance is still unclear. In an ongoing study in the group, we are
searching for variants in other genes that might be involved in anaplasia and
resistance development in DAWT.

Did we gain new knowledge about metastatic spread across pediatric
tumors?

In paper V, we elucidated the metastatic trajectories in patients with NB, WT or
GCT. We could show that metastases can arise early, as well as several times
during tumor evolution. A metastasis was defined as having arisen early if the
metastasizing subclone or subclones were ancestral to the MRCA in the primary
tumor. Whether the spread really is chronologically early relative to tumor
initiation, is, however, hard to know. The patient’s tumor might have been
growing at the site for a long time before detection. The metastasis could hence be
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late relative to tumor initiation, but early relative to the phylogenetic definition.
This could possibly be investigated by utilizing clock like mutations to time the
genetic alterations.

Early metastatic spread has important clinical implications since it makes it
difficult to cure the patient, consequently resulting in a worse prognosis for the
patient. It is therefore essential to learn more about why some tumors metastasize
early, some late and why some tumors do not metastasize at all. It remains to be
investigated what characterizes subclones spreading early from those spreading
late and how they both differ from the primary tumor. There might be certain
conditions in the primary tumor, that selects for cells to migrate. Since the
subclones metastasizing early, by definition, cannot be detected in the primary
tumor anymore, it does, however, make it difficult to perform such an
investigation.

As described in the section on metastatic spread, the cancer cell must both make it
into the circulation, extravasate and then colonize the distant site to form a
metastasis. It is possible that patients not presenting with early metastatic spread,
also have circulating tumor cells, but that these subclones have not yet acquired
the ability to colonize distant sites. In a future study, ctDNA or CTCs could be
compared between patients having distant metastases, with those without, to
identify whether there are some transcriptional or genomic markers that might
increase the risk that the CTCs colonize.

In paper V we also found that several different subclones within the primary tumor
can possess metastatic capability. It is, however, not known whether these tumors
gained metastatic capability early, such that all or most of the descendent
subclones maintain this characteristic, or whether the metastatic capability arose
via parallel evolution within the tumor. Using RNAseq it would be possible to
investigate the similarities and differences between the distinct subclones having
metastatic capability, as well as to compare this to other subclones in the primary
tumor. In metastases that has arisen early, the subclone is, by definition, no longer
detectable in the primary tumor. It would be interesting to investigating whether
the subclones now making up the bulk of the tumor, and which are descendent to
the metastasizing subclone, still possess metastatic capability.

Strikingly, we also identified intermetastatic spread to be a common feature across
pediatric cancer types. Besides one recent study showing it occurring in a small
cohort of NB patients, ** this has not been shown before in pediatric tumors. We
here confirm that this is true not only for NB, but also for WTs and GCTs. We also
find instances where it happens in several steps i.e., that a metastasis gives rise to a
new metastasis, that in turn gives rise to a new metastasis, further enlightening the
complexity of metastatic disease. This stresses the need for novel treatment
strategies taking this process into account, since it implies that metastases can arise
despite the primary tumor being removed.
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Unsurprisingly, we could not identify any genetic alterations or point mutations
that alone could explain metastatic spread across patients. % The cause of
metastatic dissemination seems to be at a transcriptional level. In a future study,
RNAseq or IHC, hold the possibility to unravel more about what makes the
metastasizing subclones different from other subclones in the primary tumor. By
using the phylogenetic trees from paper V, it is possible to deduce from which
histological area each metastasis arose in the primary tumor. It would be possible
to deduce whether there are phenotypic differences between the metastatic
subclones in the primary tumor, the metastasis and non-metastatic subclones in the
primary tumor, by either doing RNAseq on the different areas, or performing
immunohistochemistry staining of the histological sections.

The RNAseq data additionally allows for the identification of whether there are
any transcriptional cell states responsible for metastatic spread. Studies have
indicated that metastasizing cells undergo EMT, suggesting that the metastasizing
subclones should be in a state resembling a mesenchymal cell, possibly similar to
the mesenchymal cells identified as key players in treatment resistance.
Mesenchymal cells have been shown to have increased metastatic capability in
several adult cancers, but it has not yet been shown in pediatric cancers. 34" 3!
RNAseq also holds the possibility to identify whether subclones responsible for
intermetastatic spread are different from the other subclones that does not spread
again.

It is also possible that the metastatic cells undergo MET in the distant site. If they
do not, or if they undergo EMT again, this could possibly explain intermetastatic
spread. This could also be explored using RNAseq or IHC. Cells responsible for
intermetastatic spread are of particular interest. By analysing the surfaceome of
these cells, potential surface markers could be identified that possibly could be
targeted, thereby hindering intermetastatic spread.

How can metastatic spread be hindered, and metastases eradicated?

One of the major challenges in cancer is how to cure patients with metastatic
disease. Parallels can be drawn to attempts to exterminate a species that is both
heterogeneous and geographically dispersed, without harming other species in the
same environment. This is extremely difficult and requires identifying something
targetable that unifies all tumor cells at all metastatic sites as well as the primary
tumor from all normal cells. Since the tumor arises from the normal cells, this is
very difficult. It is further complicated by the vast intratumoral genetic and
phenotypical heterogeneity in combination with the continuing subclonal
evolution. So far, no identified single mutation or other genetic alteration has been
shown to cause metastatic spread across patients. In Paper V, we also found that
there was a significant genetic heterogeneity between the primary tumor and the
metastases as well as between metastases in the same patient. Hence, either a
personalized combination of different targeted therapies should be given to each
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patient, requiring sampling of all metastatic sites, since they can harbour different
mutations, or novel ways are needed to tackle metastatic disease.

Immunotherapy has proved useful for several cancers but suffers from similar
problems as targeted therapies do, namely that of only focusing on a single target.
Efforts are, however, being conducted to create multi-targeted CAR-T therapies,
holding great promise for future cancer patients. “® Surprisingly, there is a
particular lack of studies investigating tumor cell negative locoregional lymph
nodes, especially, what makes the immune cells in these lymph nodes different
from the ones in cancer cell positive lymph nodes. It might be that cancer cells
simply haven’t reached the lymph nodes, but it may also be because the immune
microenvironment in these lymph nodes does not allow primary tumor cells to
colonize them. In a future study, one could compare the surfaceome and RNA
profile of immune cells in the negative to those in positive lymph nodes. This
could hold the possibility to identify potential novel targets for immunotherapy. It
could also be possible to culture the immune cells found in these negative lymph
nodes. Possibly they could be expanded and reinjected into the patient repeatedly
as a treatment, as a form of autologous immunotherapy. These immune cells
should, however, already be able to spread physiologically from the lymph nodes
but maybe they are too few in numbers to eradicate the tumor. More studies are
needed to investigate these possibilities.

Another approach to tackle metastatic spread could be to hinder metastases from
forming in the first place. Efforts have been done to learn more about what makes
cancer cells undergo EMT, how this process works and how cancer cells start
migrating towards the blood vessels, with special focus on finding treatment
targets. It is, however, difficult to target EMT since it is a normal cellular process.
Cells intravasating and extravasating are also normal, at least for immune cells, so
it may be hard to specifically target these processes. Especially since it seems as if
the tumor cells use similar methods as immune cells do.

Targeting circulating tumor cell clusters is an intriguing thought to hinder
metastatic extravasation. These clusters have been shown to be much more prone
to colonization compared to single circulating tumor cells. Hence, splitting up
these clusters holds the possibility to make it harder for the cells to extravasate and
colonize. *°* Furthermore, a device has been developed that can kill melanoma
tumor cell clusters with lasers, denoted the Cytophone. It scans the blood for
melanoma cells using laser and sound waves. It does not require any needles or
blood to be drawn and it can scan the entire blood volume in a couple of hours.
The device could possibly also be used for early detection. 3° Possibly similar
devices could be created for other tumor cell types in the future.

The colonization process itself could be targeted. Very few of the circulating
tumor cells manage to colonize and grow at the new site. It would be interesting to
investigate the clusters that do colonize and compare them to those that do not. No
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study has been performed on pediatric cancer for CTC cluster detection and
analysis. In a future study, blood could be collected at diagnosis, at some selected
time points during treatment and at follow ups, when blood samples are collected
anyway, thus not posing any extra harm to the child. There are many techniques
available for CTC detection. The collection of samples from many patients allows
the identification of similarities and differences in the amount and proportions of
single and clustered tumor cells. The method could be used for early detection of
relapses. One could also identify which molecules hold the CTCs together and do
tests in vitro to try to separate them. Possibly, this could result in the development
of a drug that could be administered before, during and after chemotherapy
treatment to avoid colonization of the CTC clusters present in the blood. One
problem is, however, that most clusters to not circulate especially long in the
blood, making it difficult to time the CTC cluster spread with treatment. If the
drug is not harmful for the patient, i.e., have few if any side effects, one possibility
would be to take the drug daily during the entire treatment course.

There are currently great efforts being done to include knowledge based on cancer
evolutionary theories into treatment protocols. Adaptive therapy is, however,
difficult in the metastatic setting since the primary tumor, and the metastases, may
behave differently and may have varying proportions of sensitive and resistant
cells.

Can leukemia metastasize? There is a widely held belief that hematological
cancers may be less geographically heterogeneous than carcinomas, but this has
not been systematically proved. Future studies should consider how two bone
marrow samples from respective crista looks. Leukemias can also colonize the
mediastinum and the brain. No study has investigated how these subclones are
different from the ones found in the bone marrow. Leukemic cells are also very
motile, compared to metastatic solid tumors, most likely due to the motile nature
of the immune cells to begin with, but what makes immature cancer cells moving
out in the blood, while immature normal cells in the bone marrow does not is
unclear.

The ultimate treatment strategy

In the best of worlds, the ultimate cancer treatment strategy would be a tailored
treatment plan based on the specific genetic and phenotypic makeup of each
patient’s tumor. For this to be possible, it is essential to, when feasible, obtain
several biopsies from the primary tumor and from metastases to assess the
subclonal landscape of the disease.

1. Personalized: There are today a countless number of different targeted
therapeutic drugs. Based on the genetic makeup of the tumor and
knowledge about which subclones are present in the primary tumor, and
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possibly also at metastatic sites, it should, theoretically, be possible to
administer a personalized combination of these drugs based on that
person’s tumor’s subclonal composition.

Orthogonal: Administered treatments should be orthogonal to each other
i.e., they should be designed to work in different ways, making it unlikely
that the tumor is resistant to all. Examples of treatments that are
orthogonal with respect to one another are targeted therapies,
chemotherapy, immunotherapy, surgery, and radiation therapy.

Evolutionary steering and extinction therapy: Strategic drug
combinations could potentially steer cancer cell evolution in a desired
direction, facilitating susceptibility to other treatments. Furthermore, when
the tumor is small, the therapy should also be switched to exploit the
vulnerabilities of a small population. In this way, the tumor could be
pushed into an extinction vortex, from which there is no return.

Avoiding administering maximum tolerable dose: If possible, it is also
important to not over-treat the patient. This is especially important for
pediatric cancer patients, since they may suffer from a vast range of long-
term effects affecting their entire adult life. By not administering
maximum tolerable dose (MTD) for chemotherapeutic drugs it is possible
to minimize side effects and long-term effect. A lower dose of
chemotherapeutic drugs will also pose less stress on the cancer cells. Less
stress might result in a lower selection pressure for the selection of pre-
existing resistant subclones, compared to administering MTD. In addition,
the pre-existing resistant cell population is kept in check by keeping a
steady amount of sensitive cancer cells. Administering lower doses of
chemotherapeutic drugs can also lower the risk of cells utilizing survival
strategies such as going into a hibernating or dormant state, possibly
decreasing the risk of a later relapse.

Agile: Ideally, the treatment should be agile or adaptive in the sense that it
should be possible to switch between treatments based on real-time
monitoring of the tumor and in response to changes in the tumor’s
molecular landscape. In the future this might be possible to do, by
analysing ctDNA in the blood.

Prophylactic drugs against resistance: Drugs that hinder development
of resistance or usage of resistance mechanisms. E.g., drugs that hinder
phenotype switching into a resistant phenotype or drugs that reprogram
cells with a resistant phenotype into a sensitive phenotype.

Prophylactic drugs against metastasis: Drugs that hamper colonization
of circulating tumor cells. E.g., drugs that split CTC clusters in the blood.



Overarching limitations of the studies

Both NB, WT, RMS, and GCT are rare diagnoses and have around 10 cases per
year each in Sweden. It hence takes long time to accumulate sufficient material to
conduct a study and those conducted are limited by the cohort size. In addition,
just as in adult tumors, pediatric tumors are both intratumorally and intertumorally
genetically and phenotypically heterogeneous, making it even hard to draw general
conclusions.

These limitations in the number of patients and amount of tumor material, requires
smart design of the projects such as to thoroughly use the material available in the
archives. Most of these samples are, however, FFPE material. In addition, some
samples may be up to 20 years old. The DNA is often fragmented and scarce. This
significantly limits the types of genomic analyses that can be performed, as
discussed in the methods section. Pediatric tumors mainly harbour larger
chromosomal aberrations. Consequently SNP-array has been used throughout our
studies with the addition of TDS and RNAseq when feasible. Bulk DNA methods
require subclonal deconvolution, which brings various problems with it, as
discussed previously. In study Il and Il we additionally used single cell whole
genome sequencing, in which case no subclonal deconvolution is needed. We
could see that many of the subclones deduced through subclonal deconvolution of
bulk DNA data, was in fact present when analysing single cells, providing strength
to the subclonal deconvolution performed.

Since patients with childhood cancer are few compared to adult cancer types,
autopsy studies hold the possibility to provide additional information about the
metastatic process in pediatric cancers.
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Conclusions

To summarize, the following broad conclusions could be drawn from the work
presented in this thesis.

Paper |

o We developed DEVOLUTION, a software which provides a standardized
framework for subclonal deconvolution and phylogenetic analysis of
multiregional data, aiding tree-to-tree comparison during downstream
analysis. It additionally allows phylogenetic reconstruction using both
CNAs and SNVs.

e The software was benchmarked against 56 pediatric tumors, simulated
data as well as an external data set while comparing it to similar tools.

e DEVOLUTION could be used to dynamically track subclones in time and
space. This makes it possible to identify which subclones survive therapy,
which ones make up relapses, which ones metastasize and when, as well
as to identify how different metastases are related to one another.

Paper 11

e We developed a COJEC-like treatment protocol which was applied to
three MYCN-amplified NB PDX models.

e There is an extensive intra- and intertumoral genetic and transcriptional
heterogeneity in NB tumors.

e Mice displaying upfront progression during treatment or relapse had an
increased clonal diversity, higher copy number and transcriptional levels
of MYCN, and displayed an immature MES-like cell state.

e Mice cured after COJEC, and subsequent surgery displayed an ADR-like
cell state and had a lower number of copies of MYCN and transcriptional
levels.

e COJEC treatment seems to select for cells with a MES-like phenotype,
and these cells might contribute to treatment resistance. A predominant
ADR signature after treatment were on the other hand correlated to a good
overall prognosis.

e Some NB cells displayed both ADR- and MES-like markers, indicating
that they are in an intermediate state, as previously proposed.

o 3D organoids were created from control and COJEC treated tumors.

e Organoids from relapsed tumors retained their chemoresistance and
transcriptional features ex vivo.

e Collectively, these results indicate that NB chemoresistance is primarily
mediated by transcriptional changes.

Paper 111
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NB tumors which significantly responded to treatment, showed a pattern
of CCR where the subclones present at diagnosis were depleted by the
chemotherapy, selecting for other subclones in the tumor, eventually
regrowing and resulting in a treatment resistant relapse.

NB tumors showing poor treatment response had subclones after
chemotherapy that were linear descendants to the ones present before
treatment.

These two evolutionary patterns were confirmed both in vivo in PDX
models and in vitro in NB cell cultures.

CCR suggests a chemotherapy induced selection of pre-existing, possibly
resistant, NB cell populations.

ScWGS analysis revealed extensive phylogenetic branching to be a
consistent feature of NB both in patients, in vivo and in vitro, emerging
already at the ancestral states, forming the substrate for CCR.

The CCR and linear evolution pattern has important implications of how
to sample these tumors for genomic analyses in the clinic. During upfront
progression, new genetic alterations are merely added to the pre-existing
ones while tumor shrinkage followed by a relapse implies a radical shift in
the subclonal landscape, necessitating resampling of the tumor. The spatial
analysis revealed the importance of sampling distinct anatomical
compartments to characterize the genomic landscape.

Paper IV

DAWT display more complex evolutionary histories compared to other
WT subtypes. Extensive phylogenetic tree complexity seems to be a
hallmark of DAWT.

TP53-mutations seems to be the initiating event for this complexity.

All WT areas displaying classic anaplasia displayed TP53-mutations,
which often occurred in parallel, indicating that they are late events.

WTs are intratumorally heterogeneous with respect to CNAs.
Compartments of cancer cells within the same tumor mainly are
homogenous.

The birth process of new compartments in WT involves, in most cases, the
budding of a single subclone that subsequently clonally sweeps forming a
new macroscopic compartment.

Cross-compartmental sampling of WT is needed to characterize the
genetic landscape of the patient’s disease, which is of considerable interest
for targeted therapy.

Paper V
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Our results provide further knowledge of the evolutionary dynamics of
metastatic spread in pediatric cancer patients.

Metastases often have a different genomic profile than the primary tumor,
stressing the need to sample metastases for assessment of therapeutic
targets, since metastases may completely lack targets present in the
primary, resulting in progression at distant sites despite the primary tumor
responding to treatment.

Metastatic spread can occur early.

Metastatic spread can occur several times during tumor evolution.
Intermetastatic spread is a common feature in pediatric tumors, indicating
that a single metastasis can act as a hub for further metastatic spread.
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