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ABSTRACT

Breast cancer is one of the most common form of cancer among women globally and
metastasis is the jpniary cause of death in breast cancer patients. In the past decades it has been
increasingly known that tumors are heterogenous masses of different cells that can be highly
diverse.The study of tumor heterogeneity is important as it might how it mightirtist
therapeutic resistance as what might work for some cells in the tumor might have no effect on
other cellsTumor heterogeneity cdre divided into two categoriestertumoral heterogeneity
and intratumoral heterogeneityn addition, the cancer ceNgithin the tumor may also acquire
different phenotypes as the tumor grows and the cells are expanding from the first single fully
transformed cellTumor cells are surrounded by the tumor microenvironment that comprise of
many different cells and a varyebf components that can promote tumor progression and
metastasis. The 66cl4 cell line which is one of the cell line in the 4T1 breast cancer mouse
model was used to obtasub-clonesand identify the heterogeneity of several genes that might
play a key pe metastasis of tumor cells.

We investigated the heterogeneity of cell line 6&tidclonesand examine theub-cloned s
phenotype. Markers from BMP4 and NFE2L2 signaling pathway as well as the %fxl4
clonesability to proliferate and colony formatiowere analyzed. Immunobband qPCR
showed that thesubclonesdid not differ in their level of the BMP4nd pSMAD but did
indicated sign of heterogeneity with respect to GREML1 protein and mM&MANO correlation
between GREM1 and CD24 lewskre obsered In addition, all the sulslones had the same
CUL3 mutation and NFE2L2 protein and mRNA level. NFE2&gulatedyenes, HMOX1 and
NQO1, varied between the salwnes at both protein and mRNA level. The phenotype of the
66¢l4 subclones didnot demonstria differenceswvith respect to proliferation rate aadbility
to form coloniesn soft agar. However, geduced abilityo form colonies was observed in all
the subcloneswhen compared to the 66¢l4 mother cell line.

Further researcts however needed 8ee if the 66cl4subclonesare heterogenous based on

the chosen markers analyzed in this thesis
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The nomenclature of genes and proteins mentioned in this thesis follow the rules and
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Introduction

1 INTRODUCTION
1.1CANCER

1.1.1 Breast cancer

There were reported 14.1 milliorew cases of cancer worldwide in 2012, where breast
cancer stood for 1.67 million of atlancerincidens [1]. Breast cancer is one of the most
common form of cancer among women globafyrthermore in developed areas it is the
second most common cause of cancer deatiomen whereas it is the fifth most common
causes of death from cancer overall in less developed &eado better treatmestrategies
and early detection of breast canetter survival rate in developed countries like eastern Asia
compared to weern Africacan be seefi].

In 2016 a total of 36 out of 32827 new breast cancer incidences were reported among
women in Norway andthe occurrencéas doubled since 1992]. The incidence rate from
five-year survival in 20122016 (89.7%)is gradually increasingconpared to 197-1981
(72.5%), and about nine out of ten women survive. In Norway women betwd&Ehysars old
are offered to take part in a screening program every other@arscreening prograis one
of the most reliable methods to discover breasteaearly.In addition, ly taking partin this
programpatients cameceve treatmentapidly after the discovenyhich givesa higher success
rate.Further, byknowing some of the common signs and symptoms of bcaaser women
can themselvesalso contiibute to early discovery of the cancer. One of the most common
symptom are a new lump or mass on the breast and it is often hard or has irregular edges. Other
signs and symptoms include swelling or thickening of the breast, nipple retraction, irritations,
redness or pain on the nipple or part of the bredgioughthese symptoms are common in
breast cancer, they can also occur by other reasons than breasf2a8icer

Mutationsin thetumor suppressor genes suchB®CAlandBRCA2can be inheréd and
greatly increase the risk of breast carj@r3]. Somelifestyle-related factors might increase
the risk of getting breastancer That includes alcohol consumption, diet, being obese or
overweight and little to no physical actiiOn the other handhaving children at an early age
and breastfeeding might prevent and decrease the risk of getting breast cancer
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1.1.2 Breascancer classification
There are different methodsed toclassifybreast canceBy combining thesenethodsijt

can give each patient a better prognosis and the most suitable treatment. The most common
classifications of breast cancer can be dividéadl fiour major molecular subtypebhisinclude
luminal A, luminal B,human epidermal growth factor receptoHER24)-enriched and basal
like also called the triple negative type7]. The molecular subtypedassfication is based on
whether the subtypes are hormone receptor positive or negative withsrégagstrogen
receptor (ER)progesteroneeceptor (PRandHER2. Luminal A express both ER and PR but
not HER2 while luminal B express all three receptors. Bl=Bnriched express only HER
and the triple negative type does not express any of the recgp®lSER isexpressedn
approximately 70% of the invasive breast can€he majority of cancer in subgrosfumind
A and luminal B also express PR. Luminal A and luminal B are the most commonrofypes
breast canceand give a good prognosis between 8086% of five years survival rate. The
major differences betweetne two subgroupsire their expression status ofolpieration
associated genes. In comparison to luminal A and luminal B, HERB8ehedand triple
negative type are lesser comméiurthermore they are difficult to treat and are in general
considered to be associated with poorer prognosis between@¥of five yeas survival rate
[4-6]. The receptors ER and HERZ2 are used as treatment strategy for patients and these receptors
are also one of the main targets for developing drhigsvever the developed drugare
ineffective for the triple negative breast cancer type as they do not express the reseptors
might beone of theeasonsvhy this subtype is difficult to treat.

Grading is another methagsed to classifghe tumors irbreast cancepatients.t is base
on separation dhe tumors into different grades depirgbn morphologc characteristicsuch
as how rapidly the tumor spreaand by comparing tumors to normal cdlf$. The grading
system rangefrom grade 1o 3 where grade 1 gives the best prognosis and grade 3 gives the
poorest prognosis. Grade 1 means that the cancer has a low possibility of sptieadiagcer
cells look similar to normal cells and are dividing slowly. Grade 2, the cancer cells are
modeately differentiated, and the cancer cells phenotype is between grade 1 and 3. Grade 3
reflects the highest possibility of cancer cells spreaditig tumor isgrowing fast, and the
cancer cells looks abnormal.

Another methodisedo categorize cancesthestaging system. The most frequently utilized
system is the American Joint Committee on Cancer (AJCC) Tumor, Node and Metastasis
(TNM) system([7]. This system is based on both pathological stage and clinage $hat

includes the size of the tumor, spreading to nearby lymph node or distant sites, different

2
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hormone receptor expression and grading of the tumor. After this is deteyeackdndividual
will be divided into different stages. Patients that ateg@ized in the same stage tetalbe
given similar treatment. The stages are ranged from 1 to 4 where lower neopbésbetter

prognosis.

1.13 Tumor heterogeneity in breast cancer
Previously it was thought thaklls within a tumor have similar gemic and phenotypic

characteristics to each other at any given stage of cancer. However, in the past decades it has
been increasingly known that tumors are heterogenous masses of different cells that can be
highly diverseTumor heterogeneity can be dividieto two forms; intertumoral heterogeneity

or intratumoral heterogeneity (figrird) [8, 9]. Intertumoral heterogeneity is the variation
between patients with tumors that histologically have the sawestry cellsf the tumor They

differ in expression of molecular subtypes (figd#) [8, 9]. The genetic aberrations cancer

cells acquire can be the consequence of inteonaxternal factors that leads to mutatiofise
mutationsmight result in oncogenes or tumor suppressor genes getting either argass
of-function[10]. Together these mutations lead to variations seen between patients.

Intratumoral heterogeneity is the variation between primary and metastatic sites within the
same patienffigure 1B)as well aghe subclonal diversity that occatin different sections of
the same tumawrhere the cells within the tumor have different phenof8p8]. The sukclones
can either be intermingled or spatially separateérethey show different morphology and
staining behavioffigure 1C). The cause of intratumoral heterogeneity is matioky togenetic
alterations such as somatic mutatiocitromosomal imbalance and epigenetic heterogeneity.
Some of the hallmagsuggestedypHanahan and Weinberg can explaiw cancer cells obtain
these propertied 0].

There are several possible models proposed to explain how intratumoral heterogeneity
occurs and this includes clonal evolution model, cancer stem cell model and mutator phenotype
model[11]. The clonal evolution model suggests that the total tumor mass filmhed comes
from monoclonal or polyclonal subpopulation proliferation and expansion. All the clones have
the potential of continuous proliferation and selecti@ontraryto this is the cancer stem cell
model which suggest that precursor cells give rise to different subpopulations within the same
tumor[11]. The mutator phenotype model suggest an enormous degree of diversity mahe tu
mass rather than swudbonal populationsThe diversity is caused bgradual and random

accumulation of mutations in the tumor as it evoljlds.
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A study in breast canceutilizing 4T1 mouse model of breasurhor has recently
demonstrated the heterogeneity of differentslaimes.When ceimplanting the same amount
of two 4T1 sukclonesthey displayed differences in their metastatic potefiti.

Tumor heterogeneity can be one among many challengearig@tvhenfinding the most
suitable treatment for patients. For instandeen performing a biopsynly a small part of the
tumor istaken as sample aathalyzed This mightcausea lossof relevant lesions that could be
of therapeutic importandd.3]. However by understanding the cause and characterization of
tumor heterogeneity it may lead to betterowledge andprogressiorof therapeutic therapy,

hence giving a bettgyossibilityto overcomehe challenges gbersonalized cancer treatment

[9].

a Intertumoural heterogeneity b Intratumoural heterogeneity ¢ Intratumoural spatial
between patients between primary and heterogeneity
metastatic sites

Figure 1: Tumor heterogeneity.A. Intertumoral heterogeneity between patients with histologically have the
same tumor but may differ in their genetic properties. B. tumnaral heterogeneity seen between the primary site

and metastatic site due to a combination of different genetic mutations. C. Intratumoral spatial heterogeneity due
to different subpopulations present in different sections of the tukdapted fron 9]

1.14 Tumor microenvironment

Tumor cells have the ability to disturb the normal homeostasis in a healthy tissue in favor of
their proliferation, survival and migratigd4, 15]. These changes can be influenced among
other factors by the tumor microenvironméhME). Tumorcells can be found in the TME as
well as other components sucheasracellular matriXECM), blood vessel cells, inflammatory
cells, ancerassociated fibroblasts (CAF) and immune celigu(e 2. Thesecells secret
chemokines, cytokines and growth factors that are important for the tumor growth and survival
[14, 15]
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In normal healthy tissu@broblass typically suppress tumor formatiorlowever during
tumorigenesis fibroblastre activated anobtain a modified phenotype that gives them a unique
cancefpromoting property16-18]. The activated fibrdasts are often called CAFE9]. CAFs
haveabilitiesto remodel the ECM and secrete cytokines as well as stimulate angiogé@nesis.
recent study demonstrates CAFfde in enhancing tumorigenesis in prostate car2ey.
Similarly, Orimo et aldemonstratedhat in human breast carcinoma CAFs turned out to be
more competent than normal fibroblasts in promoting growth of cancer cells and angiogenesis
partly through secretion of cytokine stroruirived factorl]21]. Thus,the bipolar roleof
fibroblast in cancedepend on the differentiation state of fibroblasts and how far the tumor has
developed.

In addition to CAFs, immune cells alpcomotetumorcells develpment[22]. The immune
system comprises of cells such as macrophages, natural killsy Eelells, B-cells and
dendriticcellsSome of t he i mmu n emonitprartd protécting dells agairist o n
invading and infectious microbes as well as eliminate damaged Tle#ismmune cells can
produce proinflammatory cytokinesmdchemoknes which recruits anattractsmore immune
cell to the inflammatory siteTogether the cellsvork to eliminate cell damage. The same
process will also happen to cancer cells as the immune system will recognize it as foreign and
try to eradicate the canmais cells. Cancer celtsustescape this immune detectiandif they
succeed they produce compounds that will affect immune Gélésnokines, matrixlegrading
enzymes and angiogenic growth factors thehune cells secrete witbntribute to support the
development and invasiaf tumors.The immune cells contribution to cancepften seen in
cancers associated with chronic inflammation where the immune cells, particularly cells from
the myeloid lirragehave the ability to produce these compoudds 19, 22]

Furthermore, the vascular network is crucial for tumorigeneses as it can restrict the tumor
growth by limiting oxygen and nutrients suppWessel formation involves modification of
existing vessels anfdrmation of new vessels which may also form an escape route for tumor
cells at the primary sitf23]. Here endothelial cells and pericytes growth and migration are
important components. Pericytes support endothelial cells and provide survival signals in the
process of vasculature madition. Another important factor in the spread of metastasis is lymph
vessel recruitment dymphangiogeniccan create another escape route for cancer cells in
addition to blood vesse[23-25].
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Figure 2. Tumor microenvironment. Tumor cells and other cells can be found in the tumor microenvironment
which support the development of tumor. These cells include fibroblasts, immune cellsyéiwoe derived cells

and cells from the lymphatic and angiogenic cells.pgidd from[14]

1.15 Metastasis

Metastasisis the primary cause of death in breast cancer patients worldutide
characterized bthe spread of malignant tumor cells from its initial site as a primary tumor to
other distant organdletastases can occur years latiéerthe first clinical diagnsisand f the
tumoris discovered after it has metastad the clinical outcome is much pooiféd, 25] Some

type of cancer will metastasize to specific organs showing a repeated pattern which leads to the

inttoducti on -anfts aihledo ftsheeeadr y. Thi s t heory propos

are dependent of the soil (the secondary organ) which results in organ specific es28jtas
This is also observed in breast cancer patwhtsare in their last stage lofeast cancer. These
patients havenetastases seenspecifictissues such as bone, brain, draining lymph node, liver
and lung25].

The development of a secondary tumor is formed through a metastatic casequienary
tumor ability to create angiogenesis is an important initiation step in the metastatic cascade
which is also one of théallmarks of cancer suggested by Hanahan and WeinpEdg

Angiogenesis ione of six essential physiological changes insdilat regulates malignant
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growth[10]. The tumor cellsnustdetach from the primary sitpenetrate and survive ingh
ECM and blood vessels (intravasation), migrate, extravasate the blood vesseVaiel
adjacent tissuall this donewhile escaping detection of immune c¢§, 27] The last step in
the cascade is for the tseto settle down in the secondary site, create a new microenvironment
and start proliferatip

It is known that metastasis is an inefficient process as a large amount of cancer cells can be
detected in a cancer patients blpbdt only a few of these delcan survive and grow in the
new site[28]. The steps in the metastatic process islhatiéed as it was thought that most of
the cancer cellthatmigratel into the circulation were quickly destroyed by immune catid
hemodynamicforces [29, 30] Later it was suggested the early stages in hematogenous
metasasis is completed o efficiently butwere very inefficient in the growth phas&his

indicatethatthetumorgrowth after extravasation is the key step in the metastatic cd2&jde

1.2TRANSFORMING GROWTH FACTOR -b SUPERFAMILY
1.21TGFb superfamily

The transforming growth factdr (TGF-b) superfamily includes more than 30 cytokines that
are secreted as homodimers and heterodiewedcapable of binding specific receptors on
target cell§31]. TGFb s uper family can be divided into s
areTGFb s ubf ami | y subfamily boreimorphogertetic protein (BM&)bfamily,
growth differentiation factor (GDFubfamilyand Nodal proteinsubfamily. These cytokines
have a key role in the regulation of early vertebrate development and biologic protasses
includes cell proliferation and differentiation, maintenance of tissue homeostgsilstion of
immune responses and wound heali@i]. TGFD superfamily can é
development and metastasisie to a redeployment in early development or a perturbation of
their actionin tissue homeostasj82]. A disturbance in their signaling can also lead to other

pathologies such as vascuand immune related diseases, skeletal dissagfbrosis[32].

1.2.2 Bone morphogenetic protein subfamily

The BMP subfamilyp el ong t o t he T @énbist af agprexinfatalyn22l y an
membersThis subfamilywasfirst discovered in the 1960s by itsleé in bone and cartilage
formation[33, 34] Later it was discovered that BMBsuld also promote differentiation and
limit selfrenewaland determine cell fate stem cell35]. Theyareinvolved in biological
processes such &glneyand liver metabolisnand formation of muscles tissu¢35-37]. It is

also shown that diseasegxluding skeletal and vascular diseases as well as cancer can be

7
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consequences of impairment and/or abnormalities of BMP regu[&8hl]. Overexpression

of BMPs in prostate cancérasshown to increase tumorigenesibereasin gastric cancer
concentration of BMPs were |of89]. In addition, experimental studies of breast cancer
demonstrated enhanced tumetl @roliferation and invasion abilities when BMP ligands and
receptors were upregulatpt®, 43] Bone morphogenetic protein BNIP4) is a member othe

BMP subfamilythat has shown to be important in many cantenisiding breast cancer

1.2.3 Bone morphogenetic protein 4 and signal transduction
Like other members of the BMP subfamily BMP4 play a dual role in both being tumor

suppressor andumor promoter. BMP4has a key rolein many aspects of embryonic
development such as teeth formation, cartilage and bone formation and is broadly expressed in
embryos and adult tissug, 4446]. A loss of function of the BMP4 can have a severe effect
and lead to early embryonic letity [47] . It is also suggested that depending on the secreted
BMP4 concentration, it may lead to different biological responses. A high expression of BMP4
results in ventral fate while low expression leads toalersural and muscular tissue formation
[48]. BMP4 hasalsobeen linked to increased migration and invasion in gastric, melanoma,
colorectal and ovarian cancer cells anonmportant in anany otheicancer449-51]. In breast
cancer BMP4has been found to regulapgocessedike proliferation, migration, invasion,
apoptosis andpitheliatto-mesenchymal transition (EMT92]. An experimental study sheed
that highly metastatic cell line had an overexpression of BMP4 compared to cell lines that had
little invasive propertiesThe overexpression of BMP4 was falito increase migration and
invasion and decrease proliferatiohcancer cell§52]. Another study of th&MP subfamily
showed that BIP4 and BMP7was found to be the most frequent expressed BMP and having
the highest expression level in breast caf2y.

BMP4 signaling is initiated wheBMP4 is secreted to the ECM (figure3). Activated BMP4
form mature homodimer$at transmits signathroughtransmembrane BMP receptor | and Il
[53, 54] When BMP receptaris activatedan intracellular signgbhosphorylate and activate
Smadl, Smad5 and Smad8 (Smad1/5/8) proteins. Smad1/5/8 together forms a heteromeric
complexwith Smad4and translocate tilne nucleusThisresulsin nuclear accumulatioof the
complexand binding to sequenapecific DNAwhich leads tactivation of targeted BMP4
geneg55, 56]

The regulation oBMP4 signaling pathway depends om&d4 but Smadl1/5/8 can also
regulatethe signaling pathwalp6]. Furthermore, BMP4 antagonistdibit signalingboth on
the plasma membrane and in the cytosol of the celthénextracellular space secreted

8
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antagonistsuch as @mlinl (GREM1) and Noggin protesare known to bind specific BMP4
and prevent the initiation step in the signaling path{®&y. On the pasma membrane BMP
and Activin Membrane Bound Inhibitor (BAMBBompeting with BMP receptor | to bind to
BMP receptor 1l[53, 54] Smads inhibitory (Emads) proteins, Smad6 and Smad7 are also
known to regulate th8MP4 signaling pathwayg2, 53] The BMP4 signaling pathway is
therefore not only depend on BMP4 but also on ¢bacentration andhctivity of their
antagonist$32, 53]

Genetic or epigenetic changes that leads to overexpression af iBNIBitors, loss of BMP
receptors or ligands and a loss of Smad4 are some of the reasons that can cause downregulation
of BMP4 signaling. While low or suppressed BNIRBignaling can contride to tumor
formation, high BMR signaling can prevent tumor progression and metastasis by providing a
natural barrier to EMT32]. In addition, it canpreventthe colonization of tumor cells by
enforcing a dormant state thus blocking tumor invagd®). EMT is a cellbiological event
and are important in tissue remodeling, wound healing, fibroses and tumor progression. Cancer
cells can disrupt the epithelial homeostasis that can leads to carcinoganeditining
mesenchymal traits important in invasion amttavasation or by facilitating epithelial traits

that gives the cells ability to colonize and form macroscopic metafi#@sis8]



Figure 3. BMP4 signaling pathway. When secreted BMPbinds to its receptormaintracellular signal is

transmitted leading to phosphorylation and activation of Smad1/5/8. Acti8ated1/5/8 forms a complex with
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Smad4 and together are translocated to the nucleus. This complex and acts as a transcription factor and activate

transcrption of targeted genes. Inhibitors such as Grem1, BAMBI and Smad6/7 can prevent different steps in this

signaling pathwayAdapted from{39]

1.2.5Gremlinl

GREML1is oneamongmany BMPs antagonists that are importantciantroling the BMP
signaling pathwayGREM1 was originally discovered as a protein capable of inducing
secondary axis irKenopusembryosand is localized on region 15335 in the human
chromosomg59, 60] GREML1is shownto be important duringmb outgrowth and pattering
kidney and lung developmef@l, 62] During the organogenetic processes GREM1 acts as an
inhibitor and regulate BMPs action in a signaling feedback.l®bp inportance of GREM1
has keen shown irknockoutstudiesof GREM1 (GREMZY-) in mice where GREM1was

associated with abnormal skeletal pattern, developmental abnormalities and neonatal lethality

[61, 62]

GREML1 belongs$o the CAN (CERBERUS and DAN) subfamily of BMP antagonists and it
contains a cysteine rich region and an eiglkimbered ring with a-@rminal cysteine knot

motif that isstructuallys i mi | ar

t o

10

many

me mip8, 64 GREM1 att& F b
as an antagonist &P2, BMP4 and BMP By preventing their activatioandsignaling[55].
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In addition, GREM1 bind BMP4 intracellularly by interacting with BR# precursor protein

This will prevent the production and secretion of mature BMP and thus downregulating BMP
signaling intracellularly48]. GREML1is alsocamble ofsignaling independently of its role as

a BMP amagonist figure 4. Vascular endothelial growth factor (VEGRhd GREM1lare
proangiogenic factgrthatbelong to the same cysteikrot family, suggeshg that they may

have similar functions and structur@sishasbeen shown ina study where GREMihteracted

with vascular endothelial growth factor recep2afVEGFR?2) function as an agonist and initiate
VEGFmediated angiogenic response bath vivo and in vitro [65]. It has also been
demonstrated in study by Kim et al. that human lung adenocarcinoma cells (A549 w&tits)
transfected GREM1 couldhteract with cancer callin a BMP and VEGFR2 independent
mannel[66]. This lead to an increase in cancer cells migration, invasion and prolifeiégijon
Furthermore, GREML1 can also inhibit monocyte chemotaxis by binding to secreted Slit proteins
[67]. Thus, suggesting GREML1 signaling capabilitesindependent of BMP signalingnd

might suggesa more complexole in cancer process.
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Figure 4. GREM1 signaling mechanism. A)JGREM1 dimers binding to BMP dimers and preventing it from
binding to receptors and inhibiting BMP signalii). GREM1 promotes angiogenesis by binding to VEGFR2 in
endothelial cellsC) Using an unidentified mechanismREM1 can promote invasion and proliferation in cancer
cells. D) GREML1 can bind to slitl/2 and inhibit monocyte chemotaks.GREM1 associates with fibrillin
microfibrils leading toexpression of slug which results in EMT aswtvival of mesothelioma celk) GREM1

binding to precursor protein BMP4 in the cytosol and preventing secretion of mature BMP4. Adaptgbfrom
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Overexpression of GREM1 has shown to be lthiséth oncogenic roles in several human
cancer such as kidney, colon, breast, lung, cervix and sarcomas in comparison to normal tissue
sampleq68]. An upregulation of GREM1 has also proven to enhanced cancer cells survival
and expansion in cancer associategdrsa cells of different carcinomd89]. The role of
GREML1 in carcinogenesis is still largely unknoweyerthelesg is significant in regudtion
of BMPs.

1.2.6 BMP and GREMpotential role in cancer stem cell differentiation
The role of cancer stem cells in carcinogenesis has been debated for severalpessible

hypothesis is that a small salonal population of cells called canceers cells (CSChave
characteristics that are similar to normal stem ¢élls71] CSC hae the properties to initiate,

drive tumorigenesis and can contributes to tumor heterogeneity caused by cell differentiation
[70, 71} In addition, CSC display resistant to chemotherapies and radiothefapje3he
involvement of BMPs in embryonic and adult development by promoting differentiation and
limit stem cells selfenewa) it is speclatedthat BMPs might also have similar role in CSC.
BMPs are highly expressed by glioblastomas and studies showed that BMPs could induce
differentiation of CS(73, 74} Later it was discovered that CS@mable b escape the BMP
induced differentiatiordue to the high expression of GREML1 that inhibited the signaling
pathway Thus,preventing differentiation of CS@ndloss of CSC within the tumorCells that

had high GREML1 expression had enhanced tumor growtiisiway GREMImight contribute

to CSC proliferation A decrease in growth and seéinewal of CSC was seen by targeting
GREML [75]. The identifiation of CSC markers is important as it might provide a better

understanding of CSCs role in tumorigenesis.

1.3CD24 CANCER STEM CELL MARKER

CD24 is an anchored cell surface glycoprogeid is a ligand for4gelectinthat can béound
on platelets or atothelial cells Their interaction enhances tumorigenesesfdwylitating
passage of tumor cells in the circulation during metadtagjs/ 7] Within the same tumor the
cells can show a functional heterogeneity,ifgtanceonly a limited proportion of cancer cells
have seHrenewal and tumeinitiating abilities showing differences in maligran[78]. A
study in breast cancer showed that hése cells have a specific phenotype,
CD44+/CD2#"Linage [78]. Thus, CD24vassuggestedasa marker to distinguish between
CSCand nontmorigenic cell§78]. Following this, anothestudy showed that a subpopulation
of cells that is enriched for CSC properties, defined by CD24 expression ghamiorigenic
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properties and the CSC was highly metastéfi@]. In vivo CD24 cancer cells could
differentiate and thus, creating inti@amor heterogeneit{79]. Also, highlevel of CD24 in
breast canceis correlated to poor prognod80]. In ovarian cancea studyshowed thathe
CD24+ subpopulation was more resistant to chemotherapy compared te SLibgdpulation
[81].

1.4 OXIDATIVE STRESS

Reactive oxygen species (ROS) are chemical species that contains oxygenatadally
produced by cells under normal or exposure to toaiaitions Overproduction oROSwhere
the cell cannot compensate for the detoxification of the reactive intermediates can cause
disturbanceand leadto cellular damage. The consequenseDNA damage which is an
important cause for mutatioasd can give rise to tumor growtBy understanding some of the

cellular mechanism that leatb ROS it can give an insight to better therapeutic targets.

1.3.1 Nuclear factor erythroid 2 likeahd sigmling pathway
Reactive oxygen and nitrogen species can lead to oxidative stress that impairs normal

cellular function and may contribute to the development of cancer, chronic diseases and
toxicity. Oxidative stress can activate many transcription factaisoame of thems Nuclear

factor erythroid 2 like 2NFE2L2). NFE2L2was originally identified to bind to the NE2/AP1

motif in the betagoblin protein[82]. It is locaized in region 2g31 on the human chromosome
andisamemberot ap o6nd col | ar b&siC M@ine zppebproteimibZIp) o f
transcription factorf82, 83] NFE2L2hasan important part in xenobiotic resgenand disease
processes, predominantly processes involving electrophilic and oxidative[8te$$FE2L.2

can therefore directly affect the homeostasis of reactive oxidaig electrophilic stredsy
regulatingphase Il detoxifying enzymehat carries an antioxidant response elements (ARE)

in their genesSuchenzymes includeglutathione Sransferase (GST) adAD(P)H:quinone
oxidoreductase 1 (NQQandantioxidative proteins such heme oxygenase 1 (HMOX[94].

One of the largest classes of ubiquitine E3 ligase is the c€RING-ligase (CRL) CRL is
constructed around a Cullin family scaffold protein, and each Cullin domain bind substrate
specific adamrs. Cullin3-based CRLs binds specific to theard complex/tramtrack/brig
brac (BTB). Kelch like (KLHL) protein family represent the largest group of BTB, and the most
well-known member of this family is Kelelike ECH-associated proteinl (KEAP184, 85]
Normally NFE2L2 is kept in the cytoplasm wherei# rapidly tagged for ubiquitination and
proteasome degradation by KEARUL3-E3 comple. However, upon oxidative or
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electrophilic stress the complexdestallized and allows the cells to releaSEE2L2[84, 86]
NFE2L2then accumulate in the cytoplasm and translocate to the nucleus wiedstio ARE
upstream to the promoter region. The transcriptioNEE2L2 cellular defense genes, such as
NQO1 or HMOX1 will be activated (figure 5). Thus, KEARIL3-E3 complex can regulate
the oxidative stress response by regulahifid=2L 2 transcription factoandby thiscontribute

to defense against several pathologies.

proteasome

Antioxidant
\ genes

Oxidative stress

BTB BACK

Figure 5 NFE2L2 signaling pathway. KEAP1-CUL3-E3 complex regulates the oxidative stress response by
regulatingNFE2L2 (also known as Nrf2yoncentration in the cellNFE2L2 is targeted for degradation rapidly
but during cellular stress the KEAP1 complex éstébilized leading to accumulationFE2L2 NFE2L2 will
translocate to the nucleus and bind to ARE and activate targeted cddifdasegenes Adaptedfrom [85]

A lack of NFE2L2in mice showed a markedly decrease of induction and expression of GST
and NQOL1 thus establishi?NfFE2L2role in regulating AREdependent phase Il enzyni8g,
88]. Similarly, the important role oNFE2L2 has also been shown where a lackN&E2L2
increases chemical induced carcinogenic in cells and it is associdgtedonditions with
oxidative pathology89-92]. The temporary activation NFE2L2 showed tumor suppression
abilities from toxins and carcinogertdowever,a continued activation diFE2L2resulted in
transactivabn of its downstream genedhis contributed toprovide a potential better
environment for the cancer cells to proliferf@8, 94] An upregulationof NFE2L2 can also
be seen by reduced expression or loss of iomcif Keapl which is considerediag at ek eeper
of antioxidant defense genes by regulathigE2L2 [95-97]. The effect ofNFE2L2 on its
targeted genes suchMQ0O1 and HMOX1may contribute for therapeutic drugs deprhent.
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1.3.2 NAD(P)H: quinone oxidoreductase
NAD(P)H: quinone oxidoreductase 1 (NQO1) was first discovered by Ernster and Navazio

in 1958 andwas later revealedto be a ubiquitous cytosolic flavoenzyme that catalyzes the
reduction of quinone substrat@8]. NQO1reduces quinones to hydrogones in one single
step by using NADH or NADPH as substrat&sus preventing the one electron quinones
which result in productiorof cell damaging radical speciedQO1 gene contain an ARE
promotorthat isregulated by IRE2L2transcription factgothin normal condition and during
oxidative stress conditiof99-101]. Furthermoreit has recently been discovered th&pO1
might play a part in preventing cancer progression regardless of its enzymatic adiities
binding to tumor suppressor pSBus preventing p53 from being targeted for proteasome
degradatior102, 103] This isespecially important under conditions of cellular stress when
expression oNQOL1is elevated

Although NQO1hasvarious roles in protectingdm cancer it is also found that a high level
of NQO1can lead to tumor developmehtpregulation of NQO1s foundin several cancers
such as breast, colon, pancreatic, lung and melafitddsl06]. In breast and cervical cancer
overexpression of @O1 shows poor differentiation and enhance the ability of the tumor to
metastasize to the lymph node. Thigsassociatedo a lower diseas&ee survival and five
year overallsurvival rate[107, 108] In response to cell damage such as antioxidant, ionizing
radiation, heat shock, hypoxia and electrophilic attd@QO1 together with other detoxifying
enzyme genesuch as HMOX1 and GSWill be activated87] .

1.3.3 Heme oxygenase 1
Heme oxygenasgHMOX) enzymatic properties was first described in 1968 by Tenhuen et

al. and was shown to be a Hitaited enzyme that catabolizes heme into three biological active
products These products acarbon monoxide (CO), biliverdin and free iron{%¢109, 110]
Heme oxygaase exists in three isoforms HMOXIHMOX2 and HMOX3 [111]. Upon
induction of cellular stress agents such as ultraviolet irradiation, endoaoxirnypoxia
HMOX1 will be activated The common featuref these agents is that they can generate ROS
[112-114]. When this happens HMOX1 are elevated and will protect cells from inflammatory
damage, inhibit celbpoptoss, reducing oxidative injury and regulate cell proliferation. The
exact mechanism of thisusclear but it is thought to be through one or more of its byproducts
[115-118].

The significant role of HMOX1 haseen demonstrated in studies using mice with HMOX1

null mutation(HMOX1 -/-). These studies showehat tre majority of the animals did not
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survive to term and thoseho survived did not live beyond one year of bifti9, 120] Mice
that survived exhibit conditions such as growth retardation and microcytic asbhowaed
evidence of iron deposition and chronic inflammatioraddition, when induced by endotoxin
the cells from these miogasmore susceptible to oxidative strgd49, 120] Similar results
wereseenin apatientwith HMOX1 deficiency. The patierxhibited comparable phenotypic
alteration as those observed in the experimental jh. These observations support key
role of HMOX1 in iron homeostasis and oxidation stressponseAlthough HMOX1 have
cytoprotective role it can also promote tumor formatiBiMOX1 is upregulated in many
cancers and it is indicated that it might promote cancer cells proliferation and injd&2en
125]. The exact effect of HMOX1 in cancer progression can be tissue specific but overall
HMOX1 is thought to protect cancer cells from apoptosis induced by chemotoxid t26ds

1.5 BALB/cfC3H 4T1 BREAST CANCER MOUSE MODEL
The BALB/cfC3H-Mouse 4T1 breast cancer model cordafive cell lines; 67NR,

168FARN, 4107, 66cl4 and 4T1, that are isolated from the same spontaneously arising primary
tumor(figure 6) [127]. The tumor cells are injected into the fat pad of the BALB/c rainzkall

five subclonesform primary tumors in the mammary glamtbwever, the suglonesdiffer in

their ability to metastasize to thst sites including lymph node, bone, blood, brain and bone
[127]. The cell line 4T1 metastasize to multiple org&@txl4 metastasizendform secondary

tumors in lung. 4TO7 micrometastasizes to lymph node, lungs and circulali6BFARN
micrometastasizes to lymph node. Micrometastasesvhen the tumor cells can leave the
primary site but cannot complete the metastatic cascade that involves processes from invasion
to transportation and end with growth of tumor cells at the new site. The cell line 67NR is non
metastati¢128].

The BALB/cfC3H-Mouse 4T1 breast cancer model has a fully functional immune system
andby utilizing this model it camepresent a clinically relevance as an experimental animal
model[129]. Theimmune system is an important component for-amtior defenseUsing
immunao-deficient mice as host fllumancancercells carlead toloss of important information

regardinggumor-host interactions
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Figure 6 BALB/cfC3H mouse model Thebreast cancer mouse model contains five cell lines; 67NR, 1B8BIFA

4T07, 66¢l4 and 4T1, that are isolated from the same spontaneously arising primarystowing different

metastatic propensity.
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Aims of the study

2AIM SOF THE STUDY
Earlier studies in the group where knockout of GREM1 and NQO1 by CRISPR/Cas9 gene

editing was arried out, andnalysef the clones botim vivo andin vitro indicatedthat the
individual clones behaved very differentlyhen compared to each other andhe original
66c¢l4 cell line (unpublished data, Ulrike Neckmann and Camilla Wolowczlzkdm tis, it
was hypothesized that the 66cl4 cell line is heterogeneous with respect to features important for
primary and secondary formation. If so, such information is important to obtain in order to
better evaluate experimental results from studies bassuhgle cells clones using this model.
Thus, the heterogeneitf subclones derived front6cl4 culturewere investigated based on
important markerselated to other ongoing projects in the group
The overall hypotheses are divided into several workimmptheses:
1 Make subclones from single cells of 66¢l4 cell line
1 Subclones of 66cl4 display varying mRNA and protein expression levels of BMP4,
phosphorylate6MAD1/5/9and GREM1
1 The already identified mutation in tki#JL3 gene in 66c¢l4 is present in onlgrae of the
subclones and correspond to the clones demonstrating elevated expression level of
NFE2L2, NQO1 and HMOX1
1 Subclones of 66c¢l4 differ with respect to proliferation rate and ability to form colonies
in softagar
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Material and Methods

3 MATERIAL AND METHODS
3.1 CELL CULTURE

Cell culture fromcell line 66cl4 were used fan vitro studies in this thesis to test the
hypothesis66cl4 is among five cell lines from the BALB/c mouse that arise form a spontaneous
tumor. The 66c¢l4 cellne was obtained frorBarbara AnrKarmanos Cancer Institutin order
study the heterogeneity of tumor cells in this thé&isl4 cells were sorted on a FACS Aria
Fusion (BD Biosciencesh 96 well platego obtainsingle cellsThesingle cells werstudied
under the microscope to directsort outviable single cells. The single cells were further
expanded, and 20 new salone cell lines were obtainedVhen cells reached &%
confluence thesub-cloneswere split in duplicates or triplicates24 well platego get identical
copies ofeachsubclone Thesub-clones were then stored in smaller volumes in cryotubes at
80°C for backupand ensure low passage numbesgether with66cl4 mothercell ling, 10
clones wergandomly chosen and analyzed. Tdedlswerecultured inDul becc 6eds Mo d i
Eagleds Medium ( DMEM) (-60dRhsumplemeBtedoviih1loos fetal k e r
bovine serum (FBS) (Thermo Fischer Scientific, #102@6), 1% Penicillin/Streptomycin
(ThermoFischer Scientific, Gibco, #1500683) and 1% LGlutamine (Lonza Group, D&7-
605E).

3.11 Subcultivation of cells
The 66¢l4 single cells were sorted dobcloneson 96 well plates to reach -BD%

confluence before they were trémsed to a 25ciflask, added medium and placed in an
incubator at 37°C and 5% GOThe cells were left for two to four days to reach a confluence

of 80-90% before subcultivated. This was done by removing the old DMEM medium, washing
twice withDulbeccos Phosphate Buffered Saline (PBS) (Sigma Aldrich, #D858nsure that

all medium with serum haseen removedeforetrypsin (Lonza, BE17161E) was added to
detach the adherent cells from the bottom of the flask. The cells were then incubated for one to
three minutedmin) at 37C beforeadding medium the flask to stop the trypsination and
pipetted yp and down a few times to obtain single cells. The cells were either seeded out for
experiments or split into new flagk an appropriate ratio for two to four daypefore seeding
cellsfor experimentsve countedthe cellsusing Z2 Beckman counter by addi20pul of cell
suspension to 10ml edotonell diluent (Beckman coulter, #8546719), then seedsdfficient

cell numbeiin anappropriate containefhe cells were placed in amcubator at 37°C and 5%

CQz.
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3.1.2 Treatment of cells
Protein transportinhibitor
For immunobot experiments the cells were treated wRitotein Transport Inhibitor (PTI)

(500x, eBiosciences, #8008093)for 6 hours (h)before cells were harvested. R b cocktail
containing Brefeldin A and Monensin. This cocktail will iniithe transportation of proteins

to the extracellular spa@ndlead to accumulation of secreted protein in the Golgi apparatus
and endoplasmic reticulum (ER). This can then be detected by intracellular staining or
immundlotting. PTI was diluted in a riat1:50Q

Recombinant mouse BMP4 and GREM1

Recombinant mouse BMP4 (rmBMP4) (R&D systems, #5BP) or recombinant mouse
GREM1 (rmGREM1) (R&D systems, #946R) was given to 66cldubcloneWT, A6 and C6.
rmBMP4 was given to cells to stimulate the BMP sigrg pathway andly this westudedthe
effect of SMAD1/5/9phosphorylation and downstream effect upon ligand bindmGREM1
on the other hand is an antagonist of BMP4 and by adding it to the cells the effect of
phosphorylation oSMAD1/5/9 and downstram signaling was investigated. The cells were
stimulated with 100 ng/ml rmBMP4 amthg/mirmGREM1at 24h, 48h and2 h.

3.2IMMUNO BLOT ANALYS ES

Western blotting also known as immunoblotting, is a method that can detect specific proteins
and separate thegproteins by gel electrophoreses, based on their size or charge. The proteins
are separated in the gel, then transferred to either nitrocellulose or polyvinylidene fluoride
(PVDF) membranand incubated with a blocking solution to reduce nonspecific prdte
bind. After this step the specific protein on the membrane is visualized by incubating it with
primary and secondary antibody.

3.2.1 Isolation of protein

Cells were seeded on a 1CGulish to reach approximate8p-90% confluenceprior to cell
harvesting Cells were harvested by washing twice with cold sterile PBS and let the dish dry
for 30 secondés)to make sure all PBS is removed-220ul 8M Urea lysis buffer were added
to the dish and a cell scraper were used to detach the cells from time bfbtive dish. The lysis
buffer consists of 8M Urea (Merck Millipore, 1084870500), 0.50% T¥Kaibigma, T8787),)
0.1M dithiothreitol (DTT) (Sigma Aldrich, #43816), phosphatase inhibitor cocktail (PIC) 2 and
3 (5x) (SigmaAldrich, P5726 and P0044), comf#g25x) (Roche Diagnostics, #11873580001)
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andMilliQ water. The cell lysate was then transferred to labeled 1.5ml Eppendorf tubes and
stored at80°C.

The protein samples were placed on a shaker in a cold room at 4°C to shakehfdo
completely lysat the cells and obtain as much protein as possible. After this the samples were
centrifuged at 13.00fevolutionper minutesrpom) for 15 mn at 4°C and the supernatant was
transferred to new labeled 1.5ml Eppendorf tubes. Total protein concentratierlyisate was
measured by using BioRdéotein AssayDye ReagentConcentrate (BioRad laboratories,
#5000006).The BioRad reagent was diluted 1:5 withiliQ water. The protein sample was
then diluted 1:1000 with the BioRad solution in a 1.5ml Eppendo#d.tlihis mixture was
incubated for 1@nin and protected from light. The instrument was blanked by using lysis buffer
diluted 1:1000 with the BioRad solution. By using a spectrophotometer (Termo Scientific,
Termo Spectronic Genesys 20, #441®) the absorbae of the samples was measured at
595nm. The concentration of total protein was calculated by using this equRtairin

concentration (ug/ul) = OD595 mean value 021

3.2.2 Gel electrophoresis

The protein sampleserediluted with 270mM TrisHCI to getan equal protein concentration
of all samples to run on the gel. The samplesethen mixed with 4x Lithium Dodecyl Sulfate
(LDS) sample buffer (NuPage Life Technologies, NPOOO7) and 1M DTT in a 5:1 ratio. To
denature the proteins in the solution, the gi@swereincubated at 80°C on a heating block for
10 min and then placed on ice immediately after taking the samples out. The ladder was
prepared by adding Odysseyo color protein molecular weight marker (IR dye 4000COR
Biosciences, 9280000 to amixture dilutedto 1:4 with 4x LDS and 10mM TrisiCl.

Premade gel electrophoresis cassettes witB% polyacrylamide (Bidris NuPage, Life
Technologies NP0322BOX, WG1403BOX) were used to separate the proteins in the samples.
1x MOPS SDS running buffereve added to an Xcell Surelock Mi@kell and the cassettes
were placed in this box. The proteins were separated at 80 volts (V) for Hndhir80V forl
h.

A 0.40pm nitrocellulose membrane (GE Healthcare Life Sciences, Altham, #10600016)
weresoaked in d&uffer that contained 1x Transfer buffer (NuPage Life Technologies, NPO0O06
1) and 10% methandbr the membrane to get activated. In addition, filter papers and blotting
pads werealso soaked in the same bufféfter the gel electrophoresis were completdt:
proteins were transferred to the s@aked nitrocellulose blotting membrane. The blotting was
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done by placing blotting pads, filter paper, gel, membrane, filter paper and blotting pads in this
order in an XCell 1l Blot Module (NuPage Life Technolegj EI9051) container and transfer
buffer were added to the box. Blotting was done on 4°C on 30\Ui¢h&itrogen, PowerErase

500)

3.2.3 Blocking membrane and immunostaining
The membrane was blocked by mixing Odyssey Blocking buffer TBE QR Bios@ences,

# 92750000) with Tris buffered salin@BS) (Sigma Aldrich, P1379) in a ratio 1:1 for 1h at
room temperature on a roller plate. The membrane was placed in a tube with lid on and added
the specific primary and secondary antibody according to 1adohel 2. To dilute the antibodies

TBS with 0.1% (v/v) TweerR20 (TBST) was mixed with Odyssey Blocking buffer TBS in a
ratio 1:1. The staining of primary antibody was done by incubating the membrane overnight at
4°C and the tube was placed on a roller a0 rpm. Afterwards the membrane was washed

3 x 10 min with TBST to remove unbound primary antibodies and to reduce background.
Secondary antibody was added after washing was completed, for 1 h at room temperature,
placed on a roller plate and protetfeom light. The membrane was washed 1 x 10 mins. with
TBST and 2 x 10 min with TBS, before it was left to dry on a piece of paper. To visualize the

proteins on the membrane Odyssey Infrared Imaging Syste@Q@R Biosciences) was used.

Table 1. Primary antibodies used for Western blot staining

Antibody Species Dilution Molecular Manufacturer
weight kDa

GREM1 Goat IgG 1:500 21 kDa | R&D system (AF956)

BMP4 Mouse IgG 1:1000 47 kDa | Abcam (ab93939)

NQO1 Rabbit 19G 1:1000 31 kDa | Abcam (ab34173)

HO-1 MouselgG 1:1000 32 kDa | Enzo asdl10

NFE2L2 Rabbit 1gG 1:1000 75 kDa | Cell Signaling
Technology (#12721)

pSMAD1/5/9 Rabbit 1I9G 1:1000 60 kDa | Cell Signaling

Technology (#13820S)

Actb Mouse IgG 1:10 000 42 kDa | Abcam (ab6276)

ERK 1/2 Mouse 1gG 1:2000 42,44kDa | Cell Signaling
Technology (#9107S)
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Table 2. Secondary antibodies used for Western blot staining

Antibody Dilution Manufacturer

Donkey antigoat IgGI IR Dye 1:10 000 LI-COR Bioscience #9282214
800CW

Donkey antimouse IgG IR 1:10 000 LI-COR Bioscience #9282212
Dye 800CW

Goat antirabbit IgGT IR Dye 1:10 000 LI-COR Bioscience #9282211
800CW

Donkey antigoat IgGi IR Dye 1:10 000 LI-COR Bioscience #9268074
680RD

Goat antirabbit IgGT IR Dye 1:10 000 LI-COR Bioscience #9268071
680RD

Goa antimouse IgQ@ IR Dye 1:10 000 LI-COR Bioscience #9268070
680RD

3.3 SOFT-AGAR

Malignant transformed cells have the ability to become anchindgpendent which means
they can grow independently of a solid surfaceis one of the hallmarks of @anogenesis.
The cells are capable of proliferating independently of external and internal signals that would
normally inhibit cell growth. Sofagar assay is a method used to characterize and monitor

proliferation of transformed cells vitro.

3.3.1 Agaose layer
To make the agar, Agarcs& (Seakem, #50004) was mixed with autoclavediilvater

to obtain an end concentration of 0.75% and 1.5% agarose solution. 2x RbiEptised of
10g D2902 powder, 3.7g NaHCO3, 3.5¢g glucose and 380rti{Milater. ThgoH was adjusted
to 7.4 anda bottle top filtration unit (VWRnternational, #7066202) was ged to filter and
getsterile mediunbefore adding 20% FCS, 2%dlutamine and 2% Pezillin/Streptomycin

to the solutionThe final pHof the solutionwas adjuste to 6.4.

To make the bottom layer 2x DMEM was mixed with 1.5% agarose in 1:1 ratio in a labeled
50 ml tube. The 1.5% agarose was kept at a temperature of 42°C to prevent it from solidifying.
From this solution 1.5ml was transferred to each of the wellsGwells plate. The plates were
then left tohardenat room temperature and storedsigedown at 4°C up teevendays. The
plates were pre heated to 37°C before making the top Hyetop layerwas made by 0000
cells/well added to a 50ml tube caiting 2x DMEM and 0.75% agarose in a 1:1 ratio. The
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0.75% agarose was kept at a temperature of 42°C and 1.5ml of the solution was added to each
of the wells on the 6 wells plate. The plates were then incubated for 15 days at 37°C before
staining of the dés.

The 6 wells plates were stained with a solution comprising of 0.04% Crystal (Baeta
Aldrich, # 54862-9), 2% ethanol and 2% PBS. 0.5ml of the solution was added to each well
for 45 min, placed on a shaker and protected from light. The plates weshed 5 x 45 min
with PBS. Photographs of the stained colonies were taken with BEV@8to 2 (Invitrogen,

Thermo Fisher Scientific)

3.4 DNA SEQUENCING

Sanger DNA sequencing is a method useddi@rmine the sequence of DNA molecules.
The DNA sequenceerves as a template for DNA synthesis and specific primer are designed
for the initiation stage of the synthesis. The DNA fragments that is obtained at the end are

measured and separated by each base.

3.4.1 Harvest gDNA
700000 cells/10crhwere seedednd incubateat 37°C for 24 daysuntil reaching 8680%

confluencebefore DNA was harvested. Cells were washed with sterile PBS twice and added
buffer that contained 0.8mM EDTA in 50fBS to each disandincubated for 5 mimat 37°C.

The cellswere trasferredto a 15nh tube and wastd with 5m PBS to collect the remaining
cells attached on théish and transferrei the same 15htube.The ubeswere centrifugect

1500 rpm. for 5 mi andthe supernatantvasdiscarded.The ellet containing the cellsvere

then resuspended in PBS to a total volume of lladd transferred to marked Eppendorf tubes.
The Eppendorf tubesere centrifugatedt 1500 rpm. for 5 miand the remaining supernatant

wasremoved Collected DNA sample were storedt-80°C.

3.4.2 Isolation of gDNA
The genomic lysis buffer comprised of Tris HCI (50mM), NaCl (100mM), EDTA pH 8.0

(100mM), SDS (1%), Proteinase K (16/ml) and RNaseA (10Qg/ml) were preparedlo

each of the sampledml genomic lysis buffer were addeddeachpelletwasdissolved by
inverting and vortexing the samples. The samples were then incubated at 55°C overnight. The
samples were taken out of the incubator the next day and 100l of digestesaDiphs were

added to new Eppendorf tube containing 340ul genoysis bufferthat did not comprise of
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the enzymes Proteinase K and RNasE#e remaining digested DNA samples were stored at
80 °C. 310ul of 5M NaCl were added to the samples and shaken vigorously for a fésv min
mix the solution thoroughlyThe samples @re stored on ice for 30 min and then centrifuged
for 10 min at 1400 rpm.at4°C.A total volume of700ul of the supernatant was transferred to
a new Eppendorf tube and 700pl ice cold 108Bk&nol was added to the samplBlsesamples
were centrifugedor 40 min at 1400 rpm.at 4°C andthe supernatanivas discardedPellet
was washed twice with 500ul 70&thanol and centrifuged for 10 min at @@0 rpm.at 4°C
between each wasiihe DNA pellet was then left to dry for-8 min and resuspended in 50pl
T1/10E buffercomprised of Tris HCI (50mM) and EDTA pH 8.0 (100m&Hdincubated at
55°C overnightThe next day samples were centrifuged for a feaoadsand resuspended.
DNA concentration were measured usinganoDrop NDB1000 Spectophotometer
(ThermoFishefBcientific).

3.4.3 gDNA PCR.CUL3 mutation
Samples were diluted with MiQ water to obtain a concentration of 20 ng/ul DNA. The

samples were mixed with a reaction mixture that contained 2x Xtreme ,lufiét of each
dNTP, 10puM forward prime€UL3,10uM reverse primeCUL3 and KOD Xtreme Hot Start
DNA polymerase (Novagen. #71975, 200U). The samples were then sequenced/amplified using

GeneAmp PCR System 9700 machine and the program were set according3o table

Table 3. PCR program: GeneAmp PCR system 900 machine.

Temperature [°C] | Time [s] | Cycles

Polymerase activation 94 120

Denature 98 10

Annealingi Gradient 62-55 15 16
Extension 68 20

Denature 98 10

Annealingi Gradient 55 15 24
Extension 68 20

Final Extension 68 120

Storage 4 b

PCR products were checked using 2% agarose gel that contained AbBrqSeakem,
#50004), 1x TAE buffer and GelRedicleic acid gel stain (1@00x) (Biotium, #41003 DNA
samples were mixed with Loading Dye Blue 6x an@Hbefore being loaded on the gel.rRu
the gel at 80V for 41..5h To each PCR reaction 2ul ExoSAP (Affymetrix USB USA,
#78200Q were added and the reaction were incubated at 37°C for 15 min and 80°Crfior. 15
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The samples were then transferred to a new I1Ejpendorf tube and added revemimer
and MilliQ water to get a total volume of 15ul. The samples were then s@ATE Biotech

for sequenimg.

3.5 QUANTITATIEV POLYMERASE CHAIN REACTION

A reakttime polymerase chain reaction (Rdamne PCR), also known apiantitative
polymerase chin reaction(qPCR) is a highly sensitive method that can be used to achieve
guantification of RNA, DNA or cDNA with detection of the PCR products in real time. At each
PCR cycle the fluorescence emitted by the probes will be measured by the gPCR nrathine a
with each PCR cycle the products will double. SYBR Green a fluorescence dye used in this
method emit fluorescence signal when bound to double stranded DNA molecule€RRdan
be used for a variety of applications suctaaalyse®f gene expressionN& genotyping and

discrimination between different alleles.

3.5.1 Harvesting and isolation of RNA
For each clone 10000-200 000 cells/well were seeded on a 6 wells plate and incubated at

37°C under normal growth conditions until it reacl®€B0% confluence. RLT buffer were

mi x ed wi “mércagto@thanofsigma Aldrich, #13148) of the total volume. Upon
harvesting RNAthe cells were washed twice with cold PBS and 350ul RLT buffer with 10%
b-mercaptoethanol were added to each well. The cell lygasamixed by pipetting up and
down a couple of timegransferred to marked Eppendorf tubes and put anTice samples
were stored ai80°C.

For RNA isolation theRNeasy Minikit (250) (Qiagen, #74106) wassed. To the lysate
350ul of 70% ethanol were addedid mixed by pipetting up and down a few times. The sample
of 700ul was then transferred into a RNeasy spin column that was placed on top of a collection
tube. This was then centrifuged for 48t 8000g and the flowthrough were discarded. 700ul
of buffer RW1 were added to the column of each sample, centrifuged $catI0Q and the
flow-through were discarded. Afterwards the samples were washed 2 x 500ul with RPE bulffer,
centrifuged for 15 for the first step and for 2 min for the last step at0§0&nd the flow
through were discarded. The column was transferred to a new 2ml collection tube and
centrifuged for 2 min at 800@. After this step the column was placed in a new marked 1.5ml
collection tube and eluted 2 x 30ul with RNdsee water andentrifuged for 1 min at 800@.

The RNA concentration of the samples was then measured using NanoDr&@pOSD
Spectrophotometeilhe purity of the isolated RNA can be measured by how much light the
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samples absorbs at 260nm and 280nm (260/280 absorbaioje Aa absorbance ratio of
approximately 2.0 indicates a purity of the isolated RNA, while higher or lower measurements
than this can indicate a present of proteins, DNA or other chemicals in the sample. The
concentration (ng/pl) of the samples was meady using the program for nucleic acid on
NanoDrop NDB1000. The instrument was initiated and blanked by using RiMasewater

before the samples were measured. The samples were then st8Cat

3.5.2 gPCRanalyses
For this technique the Quantidle Reverse Transcription KiQiagen, #205313)ere used

for the cDNA synthesis. For each reaction 500ng RNA were used. The samples were diluted
with H20 to obtain 500ng RNA in a total volume of 12ul and 2ul DNA wipeout was added to
each of the samples. iBhwas then placed in @1000 Thermal Cyclemachine(BioRad,
Thermo Fisher Scientificand incubated for 2 min at 42°C and placed on ice immediately
afterwards. For each sample a total volume of 6ul of remeasscription master mix
containing Quantisgut Reverse Transcriptase (1x), Quantiscript RT buffer (5x) and RT Primer
Mix (1x) were added. This was then incubated for 15 min at 42°C and 3 min at 95°C and placed
on ice immediately for-3 min. The cDNAwasdiluted in a ratio of 1:5 with kD afterward.

For the gPCR reaction the QuantiTect SYBR Green RCRiagen, #204141) were used.
The reaction mix containing QuantiTect SYBR Green PCR master mix (2x), different targeted
QuantiTect Primer Assay (10x) and®were mixed in an Eppendorf tube drahsferred to a
96 wells platgtable 4) The samples were then placed IRBEPCR machin€ThermoFisher
Scientific, Applied Biosystemfpr quantification of the product usingtbgeppC T pr Tthgr a m

setting for the cycle sequence program were adjusted according t6.table

Table 4. Primers used for gPCR

Primer Manufacture

Actb QuantiTect Primer Assay #QT01136772
BMP4 QuantiTect Primer Assay #QT00111174
Gclc QuantiTect Primer Ass/ #QT00130543
Greml QuantiTect Primer Assay #QT01039983
Hmox1 QuantiTect Primer Assay #QT00159915
Nqol QuantiTect Primer Assay #QT00094367
TBP QuantiTect Primer Assay #QT023443
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Table 5. Cycle sequace program. Minutes (mins), seconds (s)

PCR initial activation step 15 95°C This step activates HotStarTaq

mins. DNA Polymerase

3-step cycling:

Denaturation 15s 94°C

Annealing 30s 55°C

Extension 30s Perform fluorescence data

collection

Number of cycles 40 rerc

cycles

3.6 PROLIFERATION ANALYSES

Counting cells are usually carried out prior to cell culture or before carrying out an
experimental process that require an accurate and consistent number of input #ksf To
there is an incise in the cell population a proliferation experiment can be condttgeslwe
use a direct cell counting methdthe rate of the cell growtlwascalculatedand presented ia
linear graph.

A 24 wells plate were used to seeddDD cells/ well and 4 wis for each clone. The plates
were incubated at 37 °C until different time poiBits5 h, 44.5 h, 56.5 h, 68.5 h and 80&nk
counted Prior counting thecells were washed twice with PBS, trypsinate@suspended in
DMEM mediumandtransferred to markelippendorf tube. Each sample was counted three to
four times on th&1 Beckman counter.

3.7 FLOW CYTOMERTY

Flow cytometry is a technique that can be used to detect different biomarfkers
fluorescence molecules are usually in the form of antibodies srahgcells that are bound to
these fluorescence molecules flow in a liquid stream through a laser or light beam. The
measurement of the fluorescence is carried out when cells pass a sensing area right after flowing
through the laser or light beam. Focyson 66cl4 clones WT, A6 and C6 we tested them for
the expression of CD24 antibody (Biolegends, #101808). All the centrifugation steps in this
method was carried out at 1500 rpm. for 5 min at 4°C.

Cells were seeded and harvested wherf®@% confluent waseached. The cells were

washed twice with PBS and trypsinated before resuspended with medium and transferred to a
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15ml tube. The tubes were then centrifuged and afterwards washed and resuspended with
MACS buffer comprised of PBS (without €and Md*), 2mM EDTA and 0.5% BSA before

being centrifuged again. The supernatant was tiscardedand the pellet was resuspended

with 1mlI MACS buffer. The cells were counted by adding 20ul cell suspension in 10ml isotone

Il dilution on Z1 Beckman counter to get a fezient cell number for the next steps in the
experiment.

In each FACS tube 35000 cells were added together in 1ml MACS buffer, mixed and
centrifuged. The supernatant was discarded leaving 100ul which was resuspended with the
pellet. Three tubes weregmared for each clone where one tube containing CD24 antibody and
cells, another tube contained cells together with PE isotype control and the last tube contained
cells that were unstained. 1ul FC block were added to the tubes that contained either CD24
artibody or PE isotype control and placed on ice for 10 min protected from light. After the tubes
had been incubated with FC block, 1ul of CD24 antibody or PE isotype control was added to
the respective tubes and put on ice for 30 min protected from lightpénsation beads (B
CompBeads Biosciences, #552845) were prepared by adding 1 drop of positive confttol (BD
CompBeads, #590-9001291) and 1 drop of negative control (BDCompBeads, #590-
90000949) in 100ul MACS buffer. To this tube 1ul of CD24 botly was added and placed
on ice for 30 min together with the other tubes. The samples were then washed with 1ml MACS
buffer and centrifuged. The supernatant was discarded before the pellet was resuspended in
300ul MACS buffer. The samples were analyzed&anLSR Il flow cytometer machine (BD

Bioscience)

3.8 STATISTIC ANALYSES

Statistical analyseshave been performed on the experimenfs unpairedt-test was
performed to determine the significance of the findings. Standard derivation is marked as error
bas to show the differences around the mean value that was conducted form three independent

experiments.
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4 RESULTS

TheBALB/cfC3H-Mouse 4T1 breast cancer model was utilized in this thesis to investigate
the heterogeneity between 66ddbclones Basedon previous results in the grguBNA
sequence dattom the metastatic 66c¢l4 and noretastatic 67NR cellsvere obtained to
identify potentialcandidats for gene productthat might contribute to metasta. From these
studies some candidate genes vgalected, and their expression changed by both shRNA and
CRISPR/Cas9. These initial experiments indicated thatcknes of 66¢l4 showed sign of
heterogeneity and varied in phenotype even in the absence of any genetic manipulation
(unpublished data, UlrikNeckmann and Camilla Wolowczyk). In order to assespdbsible
heterogeneity between the 66sldbclonesin a firmer manner, sulzlones arising from single

cells were established and analyzed by different approaches.

4.1 Expression of biomarkers in &cl4 sub-clones
The 66¢l4 cellswere sorted into single cells and cultured to-sal lines. Twenty single

cell clones were obtained and split in duplicates or triplicates to get identical aodiesstore
multiple vials at low passageTen subcloneswere randomly chosen, expanded to new cell
lines and analyzed together witie mother 66cl4 cell lin@ he heterogeneity of different 66c¢l4
subcloneswere investigated by looking into differentiation and oxidative stress pathway that
might be importantn growth and metastases of the tumor. Based on earlier findings in the
group it was observed that among the members of theblfGFs uper f ami | vy, BMP4
most distinguished differences. BMP4 and its antagonist GREML1 is important in many aspects
of embryonic development and a loss of function could lead to letHdlity 47, 61, 62]in
addition, BMP4 signaling at protein level can be measurguhbgphorylated level gfhosphe
Smadl(Ser463/465)/Smad5(Ser463/466)ad9(Ser465/467The other pathway analyzed in

this thesis is th&lFE2L2 pathway. NFE2L2 is an important transcription factor that regulates
theexpression of several cytoprotective geimetudingNQO1 and HMOX184, 87, 88]

4.1.1 BMP4and (EMAD1/5/9proteinlevel did not differbut GREM1level
might display variation

BMP4 stimulate epithelial cell differentiation and loss of such contribute to oncogenic
transformation. Weaskedif the subclones displayed difirences in protein expression levels
of BMP4, phosphorylated SMAD1/5/9 and GREML1. To test this the BMP4 and GRENIn
level were measured total protein extracts frorihe 66cl4cell line andsub-clones. Since both

proteins are secreted, the cell aults were treated with PTI a mixture Bfefeldin A and
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Monensinthat interferes with protein to allow the proteins to accumul@tecultured the cells
and added 1x PTibr 6h before cells were collectelsdnmunoblots from thesubcloneswere
performed oruntreated and treated cellde findingsof untreatedsub-clonesshowed a weak,
nearly undetectable BMP4 bandowever an accumulation of the BMP4 protein level was
observedn all thesub-clonesthat werdreated with PTIThe results suggested similavel of
BMP4 in all thesubclonesbut lower BMP4 levetompared to thé6cl4 cell line(figure 7)
Furthermore,immunoblotting analysesof GREM1 protein expressionndicated variation
betweenhesubcloneA6, D9, D12, E1, E5 and Rthatshowed lower GRE1 levelcontrathe
66c¢l4 cell line On the other hangub-cloneB2, C6, D2 and DTight havehigherexpression
of the proteircompared to thé6cl4 cell line Surprisingly the results indicated that the protein
level of GREML1 did not accumulatehen sukclones werdreated with PTIEven though the
variation was insignificant sutlone A6 and D9 shoed a tendency of lower GREM1 protein
expression compared to 66cl4 cell lfigure 7).

It was observed that tipgotein expressioof BMP4 and GREMYariedquite muchbetween
the three independeskperimentperformed.Therefore, the results might indicate that there
wasno variation in BMP4 proteitevel between the sublones Even thougtGREML1 level
was not significantly different it might indicate sighvariationbetween the sublones, but it

is difficult to conclude precisely how different the stlbnes are.
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Figure 7: Similar BMP4 but varied GREM1 protein level between the66cl4sub-clones

The figures are an illustratiorf one out of three independent experiments carriedAyummunoblotanalyses

of BMP4 and GREML1 in the 66ckubclones both untreated and after 6h stimulation with 1x PTI treated cells.
ERK 1/2 was used as loading control. The blots represented opétbute independent experiments executed.

B) Quantification of the average expression of BMP4 of the three independent experiments. The standard
derivation is marked by the black line. C) Quantification of GREWtein expression (n=3). An unpairete

were performed and revealed that there were no significant differences betwsebndlumes
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Having observed a tendency of variation in GREM1 level we wondered whether there were
any differences in phosphorylated SMAD1/5/9 protein level as Wall.test this the
phosphorylated level of SMAD1/5/9 were analyzercépt forsubcloneA6, D9 and F4hat
might illustrate ahigher levels the othesubclones showed comparablphosphorylated
SMAD1/5/9 level. However, similar to the previous results ebddhe phosphorylated level
varied quite muclndicatingthat thelevel between thesub-clonesmight not differ (figure 8).

i

Figure 8: pPSMAD1/5/9 level did not vary betweenthe 66cl4cell line and thesub-clones A) The immunoblot
represent one ouf three experiments performed miosphorylatedSMAD1/5/9 protein expression. ACTB were

utilized as loading control. B) Quantification ohgsphorylatedSMAD1/5/9 protein level (n=3). Statistical
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analysesevealed no significant differences betweendtieclones

4.12 Similar mRNA expressiomf BMP4 and GREMbetween 66cl4ul>

clones

Theresults from the immunoblotBustrates that theub-clones might have displayed sign
of variation inprotein level. We speculatediife mRNA levelvould move in thesame direction
andshow differences in BMP4 and GREMXpressionTo test this quantification of mMRNA
were carried out utilizing gqPCR. We chosddous on two clones in addition to tBécl4 cell
line for further investigationBased on the results olitad from immunoblotting & selected
one clone thashowedhigh (C6) and one clone thahowedlow (A6) expressionevel of
GREML1in comparison to thé6cl4 cell line The finding revealed that theub-clones had
similar mMRNA level of BMP4 as thé6cl4 cellline. In addition,comparing6cl4cell lineand
thetwo subclonesA6 revealed to hava lowerGREM1mRNA level mRNA level of GREM1
in subclone C6 might be higher than 66cl4 cell lim& thevariation between the experiments

washigh making it difficut to conclude (figur®).
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Figure 9: Quantification of BMP and GREM1 was similar in 66cl4 cell line and sukclones A6 and C6.Three
independent experiments wererformedand BACTIN and TUBJLIN were utilized as controls. A) mRNA level
of BMP4. B) mRNA level of GREM1. The statistical significance of mRNA expression of BMRUSREM1

displayed no differences.

4.1.3 Correlation betwee®BREM1 andCD24

BMPsand GREML1 is known to have kegle in regulatinghe developmental processes for
instarce by inducing differentiation of certain cell lineagesl aruneverbalancebetween their
activity can lead to lethal diseaqd84, 44, 47, 61, 62]ln CSC highexpression of GREML1 is
shown to prevent the BMRduced differentiation of CS{75]. In this way GREM1 can
preventthe loss of CSC within the tumor and might contribute to CSC proliferptigjnStem
cells can be characterized by presence of diffgnerieinmarkers One of the markers i€D24
[78]. Analyses of the transcriptome data demonstrated that the CD24 mRNA idevel
significantly higher in metastatic 66cl4 contra 67NR cells both in culture and in the primary
tumor (tabé 6. Thus, possibl&eterogeneity in GREM1 mRNA and protein expression levels

between the sublones could result in altered differation.

Table 6: Transcriptome data over CD24 stem cell markerexpressed in66¢cl4 and 67NR Log. = indicate the
differential expression between 66cl4 and 67NR cell line or primargrtuf positive value indicates higher
expression in 66c¢l4 and a negative value indicates higher expression in 6¥hlide p= pvalue form ttest of

comparison of expression between cell lines and primary tumors of 66cl4 and 67NR.

Comparison of cell lines Comparison of primary tumor 66¢cl4 metastasis

Gene | 66cl4 67NR | Logz | p-value | 66¢cl4 | 67NR | Log2 | p-value | 66cl4 p-value
CD24 | 173.6 | 0.04 | 12,02| 0,00031 | 74,92 | 5,54 3,76 | 4, 74805 | 102,1 | 0,00017
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Kaplan Meier (KM) plotteis an onlinedatabas@andwasused to estimate the clinical
relevance oC£D24mMRNA expressiomn breast cancer patierjis30]. KM-plotter shoved
analyzed data form 3951 patieatsd the database dividighe patiehsamples into two
cohorts of low or high expression of MRNA levelsGid24. The KM-plotter revealed that
high CD24 mRNA level wasound to correlate with reduced surviyagure 10.
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Figure 10. CD24 is correlated with poor prognosis in breaiscancer patients.Survival analysis for breast cancer patients
where patients are divided into two cohorts of high or @24 expression. HR is the ratio between the two groupslée

is the significance of differences between the two colvattsa 93% confidence interval. Yaxis show the time (months)

after started study.-éxis show estimated survival probabilitidfie KM-plotter illustrated high expression of CD24 leads to

reduced survival in relapdeese survival patients

We therefore wanted tdeterminethe correlation between GREM1 and stem cell marker
CD24 and hypothesis that GREM1 might affect the expression of CD24. Flow cytometry were
performed to analyze whether expression of CD24 was present or mbgegubclones A6
and C6 in additio to the66cl4 cell lineand 67NR cell line. The gating strategies for the
experiments are included in appendi In line with the transcriptome dat6/NR did not
express CD2proteinwhile the66cl4cells were clearly positivélowever, analyses of theo
clones that seems to express different GREML1 levels did not differ from each other and both

had an CD24 level indistinguishable from the mother 66c¢l4 cell(figere 11).
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Figure 11: CD24 is expressed irsub-clone A6 and C6 and the66cl4 @ll line cell line but not in 67NR.The
expression of CD24 does not vary when comparingtifieclone A6 and C6 to thé&6cl4 cell linecells. CD24
was not expressed in 67NR. Color of clones: green = 67NR cell line, red =6&&t#Mcell linecell line, bue =
66cl4subcloneA6 and orange = 66c¢ldub-cloneC6

Even if there were no differences in CD24 signal of the A6 and C6 clonesillveesked if
a possible difference in GREM1 expression could have different ability to neutralize
exogenously added, renbinant BMP4, and different ability to block BMP4 induced
differentiation andeading toloss in CD24 Thus, the different cells were treated wib0
ng/mlrBMP4 for24h and 48land CD24 levels determinetihe results revealaa reduction
in CD24 stainig in any of the 66c¢l4 or 66c¢l4 swdbones in response to recombinant BMP4
(figure 12). Surprisingly, both 66cl4 mother cells and the two-sldmes responded by a
slight increase in CD24 level in response to 24 and 48 hours stimulation of recombinant
BMP4.
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Figure 12: rBMP4 do not affect the surface level of the stem cell marker CD24 in 66cl4 or any of the 66cl4
sub-clones The cells were treated for up to 48h with rBMP4 prior harvesting. Cells were analyzed for CD24
expressin. A) 67NR and 66c¢l46cl4 cell line B) 67NR and 66cl4ubcloneA6. C) 67NR and 66cl4ub-clone

C6
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