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Abstract 

Breast cancer accounts for one of the most common cancer-related deaths among women. 

Glioma associated oncoprotein (GLI) 1 is the major effector of the Hedgehog signaling 

pathway and is involved in normal breast development. In this thesis, studies to identify tumor 

characteristics and possible additional mutations promoting GLI1 induced mammary gland 

tumor formation been conducted. To study the effect of increased GLI1 expression on human 

breast cancer, a mouse model conditionally overexpressing human GLI1 was established. 

Four series of GLI1 overexpressing mouse models were used in this thesis. 

In this thesis GLI1 induced mammary gland tumors were found to be associated with 

several different tumor characteristics by immunohistochemistry. GLI1 tumors give rise to 

different tumor types, both luminal and basal-like subtypes. The GLI1 induced tumors were 

characterized as triple-negative and were also negative for epidermal growth factor receptor 

(Egfr). 

In two of the GLI1 induced tumors, a positive correlation was found between activated 

Erk, a downstream member of the MAPK signaling pathway and Kras mutation. Ten of 20 

mutated genes identified by whole exome sequencing were confirmed by Sanger sequencing 

of cDNA. Only the Kras mutation was identified as a mutation that could be involved in 

tumor development. Further analysis and sequencing have to be conduction to validate more 

mutations that could be involved it tumor development in tumors overexpressing GLI1.  

From the primary tumor that arose in the mice, a small piece was inserted in 

immunodeficient mice and let the tumor grow before another serial transplantation was 

conducted. This was conducted for more than ten serial transplantations (generations) to study 

the stability of GLI1 induced mammary gland tumors. The GLI1 tumors stayed for the major 

part stabile throughout the serial transplantations, except for proliferation marker that 

increased throughout the serial transplantations.  
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Sammendrag 

Brystkreft er en av de vanligste kreft-relatere dødsfall hos kvinner. Glioma associated 

oncoprotein (GLI) 1 er hoved effektoren i Hedgehog singalveien og er involvert i normal 

brystutvikling. Unormale mengder av GLI1 proteinet har blitt rapportert i noen brystkreft 

tilfeller. Undersøkelser av ulike brystkreftrelaterte proteiner og mutasjonsanalyser i GLI1 

induserte brystsvulster har blitt utført i denne masteroppgaven. For å kunne studere effekten 

av overuttrykt GLI1 i brystkreft, er det benyttet en musemodel som betinget uttykker GLI1 

genet og utvikler brystsvulster. Fire serier av slike GLI1 musesvulster ble brukt i denne 

oppgaven for å studere molekylære egenskaper til svulstene under utvikling .  

Ved å bruke immunohistokjemi fant vi at de GLI1 induserte svulstene hadde flere 

ulike egenskaper og er assosiert med både såkalte luminale og basal-lignende subtyper. Alle 

svulstene som ble undersøkt ble karakterisert som trippel-negative (negative for ER, PR 

Erbb2) og de var også negative for epidermal vekstfaktor reseptor (Egfr). 

Videre fant vi en positiv korrelasjon mellom svulster som hadde aktiv Erk, et protein i 

MAPK signalveien, og svulster som viste Kras mutasjon. Validering av 20 utvalgte gener fra 

eksom-sekvensering med Sanger sekvensering på cDNA identifiserte ti muterte gener som var 

uttrykt i svulstene. Imidlertid var det bare mutert Kras som ble identifisert som en mutasjon 

som potensielt var involvert i kreftutviklingen. Videre analyser av svulstene og ytterligere 

sekvensering må utføres for å kunne validere flere mutasjoner som kan være viktige for GLI1 

indusert kreftutvikling. 

Modellene er et resultat av serietransplantasjon av en opprinnelig GLI1 induserte 

primær svulster hos transgene mus, men hvor biter av svulstene ble implantert i serier av 

immunsupprimerte mus.  Dette ble gjort over ti generasjoner for å studere stabiliteten av de 

GLI1 induserte svulstene. GLI1 svulstene holdt seg for det meste stabile gjennom 

serietransplantasjonene, bortsett fra for en proliferasjons markør som økte i utrykk utover 

generasjonene.   
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Abbreviations  

BRCA1 Breast cancer 1, early onset 

BRCA2 Breast cancer 2, early onset 

BSA Bovine Serum Albumin 

C57BL/6 C57Black/6 

cDNA Complementary DNA 

DAB 3,3'-Diaminobenzidine 

DCIS ductal carcinomas in situ 

ddNTPs Dideoxynucleotide triphosphates 

DDT Dithiothreitol 

DHH Desert hedgehod 

DISP Dispatched 

DNA Deoxyribonucleic acid 

dNTPs Deoxyribonucleotides 

ds DNA Double stranded DNA 

EGFR Epidermal growth factor receptor 

ER Estrogen receptor 

ER-alpha Estrogen receptor alpha 

ERBB v-erb-b2 avian erythroblastic leukemia viral oncogene homolog  

Fab Fragment antigen binding 

Fc Fragment crystallizable 

GLI Glioma associated oncoprotein 

H&E Hematoxylin and Eosin 

HER2 Human epidermal growth factor 2 

Hh Hedgehog 

Ig Immunoglobulin 

IHC Immunohistochemistry 

IHH Indian hedgehog 

K18 Cytokeratin 18 

K5 Cytokeratin 5 

K6 Cytokeratin 6 

LCIS lobular carcinomas in situ 

M.O.M Mouse-on-Mouse 
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MAPK (ERK) Mitogen-activated protein kinase 

MAPKK (MEK) Mitogen-activated protein kinase kinase 

MAPKKK (RAF) MAP kinase kinase kinase 

MMTV Mouse mammary tumor virus 

MMTVrtTA Mouse mammary tumor virus tetracyclin responsive promoter 

mRNA Messenger ribonucleic acid 

NOD/SCID Non-obese diabetic/severe combined immunodeficient 

PCR Polymerase chain reaction 

p-ERK1/2 Phosphorylated extracellular signal-regulated protein kinases 1 and 2 

PR Progesterone receptor 

PTCH Patched receptor 

PTEN Phosphatase and tensin homolog 

RasGEF ( Sos) Ras guanine nucleotide exchange factor 

RT Reverse transcriptase 

RTK Receptor tyrosine kinase 

rtTA Tetracycline-Controlled transcriptional activation 

SHH Sonic hedgehod 

SMO Smoothened receptor 

SOLiD Sequencing by oligo ligation detection  

 TP53 Tumor protein p53 

TRE Tetracyclin responsive promoter 

TREGLI1 Tetracyclin responsive promoter Glioma associated oncoprotein 1 
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Aim 

This thesis is a part of a larger project by Jens Henrik Norum and Therese Sørlie at the 

Department of Genetics, Institute for Cancer Research, Oslo University Hospital. My thesis 

was conducted to further investigate and characterize GLI1 induced mammary tumors at the 

DNA, RNA and protein levels for their application as models for human breast cancer.  

 

Aim 1: Characterize GLI1 induced mammary gland tumors according to 

immunohistochemical markers 

Aim 2: Study the stability of GLI1 induced mammary tumors over time 

Aim 3: Validate whole exome sequencing results by sequencing cDNA with Sanger 

sequencing technology 

Aim 4: Identify possible somatic mutations that have contributed to mammary gland tumor 

development 
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1.0 Introduction  

The introduction chapter is divided in biological and methodological background.  

 

1.1 Biological background 

This chapter gives the biological background to the work in this thesis 

 

1.1.1 Mammary gland anatomy and development 

The primary function of the mammary gland is to provide nutrition to offspring. The 

mammary gland is composed of relative dynamic tissue and undergoes cycles of growth, 

development, differentiation and regression during the different stages of mammary gland 

development. Mammary gland development is divided in three stages; embryonic, pubertal 

and adult. Humans are born with underdeveloped mammary glands and between birth and 

puberty the mammary gland development is arrested. In puberty, the ducts elongate and 

branches and develop into the full adult mammary gland. In adults, mammary gland 

development is silenced, except for during pregnancy when the alveolus proliferates preparing 

for lactation. After lactation the mammary gland undergoes involution (apoptosis) to return to 

pre-pregnancy state 
1
.     

 

 

 

 

 

 

 

 

 

Figure1: Normal mammary gland consists of adipose tissue, stromal cells, ducts, alveoli and lobes 
2
.   

 

Breast tissue consists of different epithelial cells, adipocytes, blood vessels, stroma cells, 

fibroblast and different immune cells (figure 1). The epithelial cells from the ductal network 

in-between the fat cells.  Basal and luminal cells are the two main types of epithelial cells in 

the breast tissue (figure 2).  The basal epithelium consists of myoepithelial cells that form the 
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outer layer of the bi-layered structure of breast epithelium while the luminal cells make up the 

inner layer 
1
.   

 

1.1.2 Breast cancer incidence and risk factors 

Breast cancer is one of the most common causes of cancer-related deaths in women 
3
.  In 

Norway in 2011, 3094 women and 28 men were diagnosed with breast cancer from the total 

of 16189 who were diagnosed with cancer 
4
. In the same year, 612 Norwegians died from 

breast cancer. The 5-year survival rate in Norway between 2007-2011 were almost 89% for 

women, compared to 67% in 1972-1976 
4
. This can be explained by earlier diagnosis and 

better treatment, and/or more targeted treatment 
5
.  

Besides gender and age, risk factors for breast cancer include genetic susceptibility due to 

mutations in breast cancer 1, early onset (BRCA1) and breast cancer 2, early onset (BRCA2) 

gene and some other more rare predisposing genes. For sporadic cancers, radiation exposure, 

a previous diagnosis of a pre-invasive lesion, number of children and age when giving birth, 

hormone-replacement therapy and obesity may influence the risk for developing breast cancer 

6
. 

Six biological capabilities of tumors were described by Hanahan and Weinberg 
7
 as the 

”hallmarks of cancer”. Human tumors share some common features including cell signaling, 

proliferation and metastasis capabilities; sustainability to proliferation, evade growth 

suppressing signals, enable replicative immortality, resists apoptosis, induce angiogenesis and 

activate invasion and metastasize 
7
.   

 

1.1.3 Development and progression of breast cancer 

Carcinomas refer to tumors arising from epithelial cells 
8
. Invasive breast cancer develops 

over time from pre-existing benign lesions; however, not all benign lesion develops into 

invasive breast cancer. Intraductal hyperplasia and atypical ductal hyperplasia are early steps 

in breast cancer development that later may evolve into ductal or lobular carcinomas in situ 

(DCIS and LCIS) (figure 2). At the in situ stage, the number of stromal cells increases and the 

carcinoma cells eventually break through the basal membrane and invade surrounding breast 

tissue. Hyperplasia and in situ carcinomas have malignant properties, such as uncontrolled 

cell proliferation, but are considered as pre-invasive because they lack the ability to invade 
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and metastasize. Metastasis greatly increases the patient’s likelihood of dying from breast 

cancer, when the tumor cells spread to other organs in the body 
9, 10

. Ductal and lobular 

subtypes are the most frequent tumor types in the breast, and almost 80% of preinvasive and 

invasive breast tumors are of ductal subtype  
11

. 

 

 

Figure 2: The hypothetical breast tumor progression from normal to hyperplasia, to in situ, to invasive and 

metastatic carcinoma stages.  The normal breast ducts are composed of luminal cells in the inner layer and basal 

cells (myoepithelial cells) covered by a basement membrane 
12

.    

 

 

Breast cancer is a heterogeneous disease which should not be considered as just one single 

disease but rather a collection of diseases. Several factors contribute to the heterogeneity 

including a wide variability between individuals, between tumors and within tumors as well 

as differences at the molecular level. Intertumor heterogeneity between patients and 

intratumor heterogeneity within a tumor, such as the presence of both basal-like an luminal 

tumor cells within one single tumor contributes to the overall heterogeneity observed in breast 

cancer 
13

. Two main genes are known to be involved in hereditary breast cancer, BRCA1 and 

BRCA2 which are found mutated in up to 20% of breast cancers. The remaining 80-85% of 

breast cancers are sporadic and caused by genetic 
14

 and epigenetic alterations. Epigenetics is 

a reversible process and regulates gene expression through DNA methylation, histone 

modification, nucleosome position, non-coding RNAs and microRNA. Failure in the 

epigenetic machinery, leading to activation or inhibition of signaling pathways may lead to 

cancer. Genetic and epigenetic alterations work together in initiation and progression of 
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cancer 
15

. Mutations in tumor suppressor genes and/or in proto-oncogenes lead to cancer. 

Proto-oncogenes are normally involved in cell proliferation or apoptosis and tumor suppressor 

genes normally act to control cell cycle progression and cell division 
16

.  Phosphatase and 

tensin homolog (PTEN) and tumor protein p53 (TP53) are tumor suppressor genes and are 

often found malfunctioned in breast cancer. TP53 is a frequently mutated gene in human 

breast cancers 
17

. Mutations in several tumor suppressor genes and oncogenes have been 

detected in breast cancers, but a major challenge is the diversity in breast cancer which results 

in large genetic diversity 
18

 .  

 

1.1.4 Signaling pathways 

Up-regulation of cell cycle controlling signaling pathways are associated with development 

and progression of tumors and are considered as mitogens that drive cells through cell 

division 
19

. Aberrant Hedgehog signaling may lead to tumor development 
20

. The Mitogen-

activated protein kinase (MAPK) signaling pathway is a cell cycle controlling pathway that is 

associated with breast cancer 
21

. In addition, estrogen and progesterone receptor are also 

involved in cellular proliferation 
22, 23

. Estrogen receptor, progesterone receptor and epidermal 

growth factor receptor and human epidermal growth factor 2 involved in the MAPK signaling 

pathway, are used to characterize breast tumors in the clinic 
24

.  

 

1.1.5 The hedgehog signaling pathway 

The Hedgehog (Hh) gene were first discovered in Drosophila 
25

. The Hh name originates from 

Mohler works in 1988, were he discovered that Drosophila larvae with Hh gene mutation had 

short and spiked phenotype that resembled the spikes of a hedgehog 
26

. There are three Hh 

gene homologues, Sonic- (SHH), Desert- (DHH) and Indian hedgehod (IHH), which have 

different biological functions in mammals and controls multiple different developmental 

processes. The Hh signaling pathway has an important role in embryogenesis where Hh 

signaling controls cell fate, tissue patterning, proliferation, survival and differentiation. In 

adults, Hh signaling is involved in regulation of tissue homoeostasis, regeneration and stem 

cell maintenance. The Hh pathway is activated by extracellular signal, which subsequently 

leads to intracellular regulation of gene expression. The Hh proteins are lipid modified and 

membrane anchored 
27-29

. The transmembrane protein Dispatched (Disp) liberates anchored 

Hh proteins from the cholesterol and releases it from internal or surface membrane so that the 
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Hh protein can be secreted 
30

. The 12 pass transmembrane protein receptor Patched (Ptch) is 

located at the base of primary cilium, an microtubule-based organelle (figure 3). Two 

homologues genes of PTCH, named PTCH1 and PTCH2 exist. The Hh ligand binding to the 

Ptch receptor is regulated by additional proteins and the expression of these genes helping Hh 

ligand to bind to Ptch is downregulated in response to Hh signaling giving rise to a negative 

feedback loop. In the absence of ligand Ptch inhibits the 7 pass transmembrane protein 

Smoothened (Smo) by keeping it in intracellular vesicles. Upon binding of extracellular Hh 

protein to Ptch, Ptch becomes inactive and losses the ability to inhibit Smo. Smo translocates 

to the cell surface in the primary cilium and induces downstream signaling. Activated Smo 

transduces an intracellular signal that finally activates the families of Glioma associated 

oncoproteins (GLIs) by removing GLI from an inhibitor multiprotein complex. There are 

three members of the GLI family, GLI1, GLI2 and GLI3. GLI1 is a transcription factor, GLI2 

have both activation and inhibitor function, while GLI3 is a transcription inhibitor. The 

outcome of activated Hh signaling pathway depends on the balance between GLI activation 

and repressor forms. The Hh signaling pathway has several target genes, including GLI1 
27-29

. 

Aberrant Hh signaling may lead to tumor development and may be caused either by 

overexpression through ligand-dependent activation or by ligand-independent overexpression 

or mutation of the components in the Hh pathway. Tumor cells can produce Hh ligand and 

stimulate neighboring cells through paracrine signaling or the tumor cells can stimulate 

themselves through autocrine signaling 
29

. Mutations in SHH 
31

, GLI1 
32

, SMO 
33

 and PTCH1 

34
 genes have been detected in different types of cancer, while others have not been able to 

confirm mutations in these genes 
35

. Information concerning altered genetics and expression 

of Hh pathway components, in breast cancer subtypes or progression is limited. However, 

overexpression of GLI1 has been shown to result in developing mammary gland tumors and 

thereby suggesting that GLI1 can function as an oncogene 
20

. From immunohistochemical 

analyzes it has been suggested that breast tumors with nuclear GLI1 expressions correlate 

with poorer survival 
36, 37

. Additional evidence supporting a role for Hh signaling in breast 

cancer comes from high resolution CGH (comparative genomic hybridization) analysis 

revealing frequent loss of PTCH1 (9q22.1-q31) and amplification of GLI1 (12q13.2-q13.3) 

chromosomal regions in breast cancer samples and cell lines 
38, 39

. The Hh signaling pathway 

is also important for normal development of the mammary gland 
40

.  
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Figure 3: The Hedgehog signaling pathway when in an inactivated (A) and activated (B) state. In the presence of 

ligand, PTCH stops to inhibit Smo and Smo can  translocate to the cell surface and releases Glioma associated 

oncoproteins (GLIs) from an inhibitor multiprotein complex. Activated GLI1 translocates to the nucleus and 

alters gene expression 
29

.   

 

1.1.6 Epidermal growth factor receptor 

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase (RTK) and belongs to 

V-erb-b2 erythroblastic leukemia viral oncogene homolog (ERBB) family consisting of 4 

family members. EGFR is also known as ERBB1 and HER1 and is a transmembrane protein 

crossing the cell membrane once with extracellular ligand-binding domain, and intracellular 

enzyme activity. Binding of signaling protein (ligand) to the ligand-binding domain, causes 

the receptor to dimerize with another ERBB and the receptors crossphosphorylate each other 

(transautophosphorylation) on multiple tyrosines to become activated.  Phosphorylated 

tyrosines act as docking sites for downstream intracellular signaling proteins that relay the 

signal downstream, by the binding-protein is conformational changed, phosphorylated at 

tyrosine residues or by coming in contact with other proteins in the signaling pathway. 

Activated signaling proteins leads to assembly of intracellular signaling complexes, which 

transfer the signal further down the signaling pathway. Different RTKs bind different 

combinations of signaling proteins and EGFR activates MAPK, PI3-K and PLC-γ signaling 

pathways and trigger different responses.  
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EGFR is involved in cell growth and proliferation 
41

 during early stages of pregnancy and 

during lactation in mammary gland 
42, 43

. Over expression of EGFR have been reported in 

human breast cancer 
44, 45

 and about 45% of breast tumors have EGFR overexpression 
46

. 

EGFR gene amplification have been reported but it is seldom 
45, 47

. EGFR positive tumors 

have been found in basal-like and triple-negative breast tumors. 
48, 49

. EGFR positive breast 

tumors are associated with poor prognosis 
46, 50

. 

 

1.1.7 Human epidermal growth factor receptor 2 

Human epidermal growth factor 2 (HER2) is a member of the ERBB family and does not 

have its own ligand that can bind and activate the receptor and therefore heterodimerizes with 

other ERBB to activate downstream signaling pathways 
51

. HER2 are low expressed in normal 

breast cells 
52

 and higher expressed in proliferating stages during puberty and early pregnancy 

53
. HER2 overexpression have been found in breast tumors 

45, 54, 55
 and are often caused by 

gene amplification 
45, 56

 whereas 2% HER2 positive tumors have mutated HER2 gene 
55

. 

Amplification of HER2 gene increase transcription and synthesis of HER2. HER2 expressing 

breast cancer cells have the ability to proliferate, invade and block apoptosis leading to tumor 

growth and differentiation 
57

. About 20% of breast tumors are HER2 positive 
58

 and HER2 

positive tumors are associated with poor prognosis 
45, 57

. 

 

1.1.8 MAP-Kinase signaling pathway 

Mitogen-activated protein kinase (MAPK) signaling pathway is a cascade of 4 kinases. The 

adaptor protein Grb binds to phosphorylated EGFR (figure 4). Ras guanine nucleotide 

exchange factor (RasGEF) (a.k.a. Sos) binds to Grb and can activate several downstream 

signaling pathways including the MAPK pathway. Ras is a GTPase anchored to the 

plasmamembrane and inactive when bound to GDP, GDP is removed by Sos so GTP can bind 

and activate Ras. Tyrosine phosphorylation at EGFR and active Ras is short lived and 

relaying signal downstream extends the signal. Active Ras phosphorylates MAP kinase kinase 

kinase (MAPKKK) (a.k.a. Raf) that phosphorylates MAP kinase kinase (MAPKK) (a.k.a. 

Mek) that in turn phosphorylates MAP kinase (MAPK) (a.k.a. Erk). Erk translocates to the 

nucleus where it phosphorylates proteins involved in gene expression of cell proliferation and 

cell differentiation genes.  
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Figure 4: The MAPK signaling pathway: Adaptor protein Grb binds to phosphorylated tyrosine at ligand bound 

activated EGFR. Sos binds to Grb and activates Ras that activates the Raf, Mek, Erk phosphorylation cascade 

and Erk translocates to the nucleus and alters gene expressions.     

 

 

H-, K- and N-Ras are Ras family members and part of the MAPK signaling pathway. RAS has 

been reported to be overexpressed in breast tumors compared to normal breast tissue. There 

have not been large studies to say how frequent RAS is overexpressed in breast tumors but 

about 50% of breast tumors have RAS overexpression in a small study 
59

. RAS overexpression 

can be due to aberrant activation of the upstream signaling pathway or due to RAS mutations. 

Mutated RAS is rare and found in less than 5% of breast tumors 
60, 61

. Mutations or 

overexpression of RTKs, including HER2 and EGFR can lead to overactivation of Ras and 

upregulation of MAPK signaling pathway 
62

.  

MAPK comprises several Erk variant, including Erk 1 and 2, which have similar function so 

they are collectively termed Erk1/2. Phosphorylated Erk1/2 (p-Erk1/2) is the active form of 

the protein 
63

 and is involved in cell proliferation 
64

, cell growth in normal cells 
65

 and are 

related to cancer cell progression. Erk1/2 activation can be due to mutations and up-regulation 

of other factors in the MAPK signaling pathway. Erk activation also up-regulates EGFR 

expression promoting a positive loop for tumor growth 
62

. Breast cancer show lower p-

ERK1/2  than normal breast cells 
63

. p-ERK1/2 over expression is found in breast cancer 
66

. p-

Erk1/2 positive breast cancer and activation of the MAPK signaling pathway is associated 

with poor prognosis 
63, 67

.   
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1.1.9 Estrogen receptor and progesterone receptor 

Estrogen receptor (ER) and progesterone receptor (PR) are steroid hormone receptors and are 

closely linked; 96% of steroid positive cells express both ER and PR 
68

. The nuclear receptors 

ER and PR are ligand dependent and estradiol binds to ER 
69

 and progesterone binds to PR 
70

. 

In normal mammary gland ER and PR are activated by paracrine signaling 
71

. ER and PR are 

involved in cell proliferation in breast tissue 
22, 23

.  

ER is a nuclear receptor 
72

 which stimulates cell proliferation 
23

. ER has two isoforms, ER-

alpha and ER-beta.  ER-alpha is a transcription activator and is inhibited by ER-beta and 

expression level of both ERs is important in cellular responses 
73

. The ER isoforms have 

distinct distribution pattern in normal mammary gland where ER-alpha is found to be 

expressed in luminal cells and ER-beta in basal cells 
74

. ER-alpha is heterogeneously 

expressed in mammary gland 
68

 and necessary for normal breast development 
75

 and is 

involved in ductal proliferation during development and pregnancy 
76

. ER-alpha has been 

reported up-regulated in ER positive breast cancers 
77, 78

.  

PR is primarily found in the nucleus but can also be located in small amount in the cytoplasm 

79
. There are two isoforms of PR, A and B which have their own promoters 

80
. PR-B is the 

activator for progesterone target genes, while PR-A inhibit PR-B activity 
81

. PR functions as a 

transcriptional factor 
22

 and is expressed in normal breast luminal cells but not in all luminal 

cells 
82

. PR is involved in development of the ductal epithelium in the mammary glands 
22

 but 

is not required for normal epithelium development in all cells 
83

. PR is found in early 

pregnancy 
82

 and involved in lactation when the lobular-alveolar system proliferates 
22

.  

In normal breast cells ER or PR positive cells are negative for the proliferation marker Ki-67 

meaning that ER and PR containing cells do not divide under normal conditions 
68

 and use 

paracrine signaling 
71

. In breast tumors on the other hand the, ER or PR positive cells show 

proliferation 
68, 82

. Since PR and ER positive cells normally show no proliferation, this 

suggests that the signaling switches from paracrine to autocrine and this contributes to 

tumorigenesis 
71, 84

. A paracrine feedback loop from receptor positive cells probably control 

proliferation of stem cells 
68

. 

ER positive tumors are found in about 80% of breast cancer. 65% is of breast cancer of ER 

positive tumors are also PR positive. 25% of breast cancer is negative for both receptors 
85

. 

Breast tumors with both ER and PR positive tumors, have higher survival rate than only PR or 

https://www.google.no/search?hl=no&biw=1680&bih=904&q=tumorigenesis&spell=1&sa=X&ei=jbZSU7zbA6WdyQPSh4G4Cw&ved=0CCYQvwUoAA
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ER positive tumors or double negative breast tumors. The double negative tumors have the 

highest mortality rate 
86, 87

.  

1.1.10 Cytokeratins 

Cytokeratins are keratin-containing intermediate filament proteins and are part of the 

cytoskeleton in epithelial cells. The intermediate filaments are can be found in cytoplasm, 

between cells, and just beneath the nuclear membrane and are involved in desmosomes (cell-

cell contacts) and hemidesmosomes (cell-matrix contacts). The intermediate filaments thereby 

give mechanical strength by preventing beending and twisting of epithelial cells and epithelial 

tissue. Cytokeratins are divided in type І that are acidic and type ІІ that are basic. The keratins 

form heterodimer filament consisting of one type І and one type ІІ keratin. Two heterodimers 

form a tetramer, and eight tetramers form the intermediate filament. 
88

. The cytokeratins are 

numbered according to their molecular weight and isoelectric point 
89

 and there are at least 54 

functional cytokeratins. Cytokeratins are also called keratins according to the new 

nomenclature published in 2006, but the old nomenclature is still in use 
90

.  

In 1979 Franke et al. described that  human epithelial cells have different intermediated-sized 

filament that can be distinguished by immunological methods 
91

. Cytokeratins are expressed 

in different epithelial cells and can thereby be characterized by their cytokeratin pattern. 

Cytokeratins are useful in diagnosing epithelial cancer (carcinomas) which can reveal the 

epithelial tissue where the cancer originated 
89, 90, 92

. Cell type heterogeneity in epithelial 

tissues might explain why a cytokeratin dominates the tumor but not the entire tissue. In 

mammary gland tissue there are three different epithelial cells (myoepithelial, ductal and 

secretory cells) and which have their one distinct cytokeratins characteristics 
89, 93

. The 

diversity of cytokeratins in epithelial cells is useful in determine if the breast tumor is of 

luminal or basal origin 
94

.  

Cytokeratin 5 (K5) is a marker for basal epithelial and progenitor cells in the normal breast. In 

other tissues K5 only stain basal cells 
95

. Staining of K5 in cancer cells and in both luminal 

and basal cells in normal breast have been reported 
96-99

 which can be explained that K5 stains 

progenitor cell in breast tissue that have stem-cell properties and can develop to both 

glandular epithelial and myoepithelial cells 
98, 100

.  

Cytokeratin 6 (K6) is a basal keratin 
101

 and expressed during mammary gland development 

and sporadic expressed in mature gland 
102

. K6 is shown to stain breast cancer tissue 
103-105

.  
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Cytokeratin 18 (K18) was found to stain mammary gland back in 1982 
106

. K18 stains luminal 

cells in normal mammary tissue 
92

 but do not stain basal cells, myeoepithelial cells or 

intratumoral lymphocytes 
107

. K18 is shown to stain mammary gland tumor s
108, 109

.  

1.1.11 Ki-67 

Ki-67 antibody recognizes the nuclear Ki-67 protein that is associated with proliferating cells 

and can be used in immunohistochemistry method to detect tissue with proliferation and in 

risk of malignant transformation. Ki-67 is a good protein for detecting cell growth and all 

proliferation activity since it detects all active phases of the cell cycle except the resting stage 

G0. The Ki-67 is probably involved in transcription of ribosomal RNA 
110

. Ki-67 staining is 

not found in normal breast tissue 
97

 but has been shown to stain proliferating cancerous breast 

cells 
111-113

. Higher expression of Ki-67 is associated with lower diseases-free survival and 

overall survival 
114

.  

 

1.1.12 Breast cancer subtypes 

Breast tumors can be classified in to four molecular subtypes based on gene expression 

patterns 
115

. As an extension to this study, two additional studies refined the classification to 

include five different subgroups; luminal A, luminal B, ERBB2+, basal-like and normal 

breast-like subtypes, which were validated in independent patient cohorts 
116, 117

. The 

ERBB2+ subgroup show overexpression and/or amplification of ERBB2 (also known as 

HER2) and no expression of ER or PR.  Luminal A and luminal B tumors show expression of 

ER and/or PR and are distinguished from each other by expression of other genes such as 

proliferation associated genes which are high in luminal B 
118, 119

. The basal-like subgroup 

separates form the luminal groups by having no ER-alpha expression, high expression of cell 

cycle genes and express basal keratins K5/6 and K17. BRCA1 mutation carriers often develop 

basal-like tumors. The normal like subgroup has low expression of luminal epithelial genes, 

high expression of basal epithelial genes and high expression of genes originating from 

adipose tissue and non-epithelial cell types 
119

. This subtype is often omitted in clinical studies 

(figure 5). In later years a new subgroup have been identified; claudin-low which is a 

subgroup with low expression of genes involved in tight junctions and cell–cell adhesion 
120

, 

but which is not commonly used for breast cancer classification 
121

.  The different subgroups 

are associated with different prognosis where basal-like and ERBB2+ subtypes have the 

poorest prognosis 
119

. As a surrogate classification, the molecular subtypes can be classified 
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based on immunohistochemistry using PR, ER, HER2 and Ki-67 (figure 5) 
122

. Breast tumors 

that are negative for ER, PR and HER2 are also referred to as triple-negative, comprise 12-17 

% of breast cancers and partly overlap with the basal-like subgroup.  

 

 

Figure 5: Breast cancer can be divided in 4 subtypes based on IHC markers. Luminal A, luminal B, HER2+, 

basal-like and in addition there will be unclassified tumors. The different subtypes are associated with different 

gene expression pattern of ER, PR, HER, EGFR and CK5/6 
24

.  
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1.1.13 Functional properties of mutated genes  

Table 1: The main function and involvement in signaling pathway of the 20 genes sequenced with Sanger 

sequencing technology in this thesis. The information is gathered from National Center for Biotechnology 

Information gene database.  

Gene 

Name 
Full gene name Gene Function/Signaling pathway 

ATP13A3 ATPase type 13A3 Transports cations across membranes 

BRCA2 Breast cancer 2, early onset DNA repair, tumor suppressor gene 

BRCC3 
BRCA1/BRCA2-containing 

complex, subunit 3 
DNA damage response 

BTNL6 Butyrophilin-like 6 Not known 

CDK4 Cyclin-dependent kinase 4 Important for cell cycle G1 phase progression 

COMMD7 COMM domain containing 7 

Involved in negative regulation of NF-kappaB transcription 

factor activity negative regulation of transcription, tumor 

necrosis factor-mediated signaling pathway 

FAM179B 
Family with sequence similarity 

179, member B 
Not known 

FOXP1 Forkhead box P1 
Tumor suppressor, regulates tissue and cell type-specific 

gene transcription 

IL7R Interleukin 7 receptor 

Plays a critical role in the V(D)J recombination during 

lymphocyte development and involved in PI3K-Akt 

signaling pathway 

KDM6A 
Lysine (K)-specific demethylase 

6A 
Wnt signaling pathway, and histone methylation 

KRAS 
Kirsten rat sarcoma viral oncogene 

homolog 
Oncogene, involved in the MAPK signaling pathway 

LPIN1 Lipin 1 Involved in lipid metabolism 

MAML2 Mastermind-like 2 (Drosophila) 
Transcription activator involved in Notch signaling 

pathway 

MYOM1 Myomesin 1 Interconnects the major structure of sarcomeres 

OVGP1 Oviductal glycoprotein 1 Involved in fertilization and reproduction 

PSIP1 
PC4 and SFRS1 interacting protein 

1 
Involved in heterochromatin and gene transcription 

PTCH1 Patched 1 Receptor for Hedgehog proteins 

SEMA6D 

Sema domain, transmembrane 

domain (TM), and cytoplasmic 

domain, (semaphorin) 6D 

Involved in axon signaling 

SFI1 
Sfi1 homolog, spindle assembly 

associated (yeast) 
Cell cycle, G2/M transition of mitotic cell cycle 

STAT6 

Signal transducer and activator of 

transcription 6, interleukin-4 

induced 

Transcription factor,  a central role in exerting IL4 mediated 

biological responses 

TSC1 Tuberous sclerosis 1 
Involved in PI3K-Akt signaling pathway and,  mTOR 

signaling pathway 

 

 

1.1.14 Model systems  

Mice are excellent model organism when researching human diseases. The anatomy, 

physiology and genetics are very similar in mice and humans. More than 95% of the mouse 

genome is similar to the human genome, making mice excellent model organism when 

studying human diseases caused by mutations and diseases when multiple genes are involved. 

http://www.ncbi.nlm.nih.gov/biosystems/692234?Sel=geneid:3575#show=genes
http://www.ncbi.nlm.nih.gov/biosystems/692234?Sel=geneid:3575#show=genes
http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?view=details&depth=1&query=60070
http://www.ncbi.nlm.nih.gov/biosystems/198779?Sel=geneid:3845#show=genes
http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?view=details&depth=1&query=86
http://www.ncbi.nlm.nih.gov/biosystems/692234?Sel=geneid:7248#show=genes
http://www.ncbi.nlm.nih.gov/biosystems/83059?Sel=geneid:7248#show=genes
http://www.ncbi.nlm.nih.gov/biosystems/83059?Sel=geneid:7248#show=genes
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Another advantage is that mice have short generation time and fast development reducing 

time used for breeding, preparing and conducting experiments 
120, 123, 124

.   

 

1.1.15 Ethics  

The ethical aspect of using mice in research is conflicted. In Norway the animal welfare low 

protects the animal from being exposed to unnecessary suffering but that it is allowed to 

expose the animal suffering as long as it is not unnecessary suffering 
125

. Unnecessary 

suffering means that the animal must be treated with respect, and not be treated irresponsibly, 

brutal, vicious, exposed of unnecessary suffering, victim of animal abuse and the animals 

animal instincts and natural needs shall be protected. The term unnecessary suffering gives 

the low flexibility and is a judgment call if the suffering is justified 
126

. Use of animal research 

in Norway has to be approved by the animal research committee 
127

.  Use of transgenic mouse 

in this project was approved by Stockholm South Animal Ethics committee. 

 

 

1.2 Methodological background  

This chapter describes the methodological background for the methods used in this thesis.   

 

1.2.1 Mice  

Research with mice began in the early 1900s 
128

.  Human and mouse are very similar genetic 

and physiologic 
123

 e.g. GLI1 shows 85% amino acid homology between in human and mouse 

40
. Mice are therefore a good and relevant model organism for studying human physiology 

and pathology, including GLI1 induced mammary gland tumors. There is no single mouse 

models that can be used to study all human diseases. Thus, different genetically modified 

mouse models are used to address different conditions studies 
129

.  C57Black/6 (C57BL/6) is 

one of the most used strains and is a black mouse whit low incident of spontaneous mammary 

gland tumors, which makes it suitable to induce mammary tumors (figure 6) 
130

. The FVB/N 

mouse strain has high reproductive activity, which is an advantage in research with transgenic 

mice and has been shown to be more prone to develop mammary gland tumors in transgenic 

mouse models 
131, 132

. Non-obese diabetic/severe combined immunodeficient (NOD/SCID) 

mouse is white, has reduced immunsystem and can be used for xenograft transplantation of 

non-syngenic tissue, including human tissue (figure 7)  
133

.  
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In conditional inducible transgenic mice the tetracycline-controlled transcriptional activation 

(tTA) and reverse tetracycline-controlled transcriptional activator (rtTA) systems are used to 

control gene transcription by turning on and off transcription by administration of tetracycline 

antibiotics 
134

.  Mouse mammary tumor virus (MMTV) is used to drive expression of 

transgenes in mammary gland. Insertion of tetracycline responsive elements (TRE) in front of 

the transgenic gene of interest is required to response to tetracycline induced expression. This 

systems was used to direct expression of human GLI1 to the mouse mammary gland in double 

transgenic mice, MMTVrtTA;TREGLI1, obtained from crossing heterozygote single 

transgenic mice carrying the TREGLI1 and MMTVrtTA, respectively 
40

.  

 

1.2.2 Hematoxylin and eosin staining 

Hematoxylin and Eosin (H&E) staining was first described as in 1877 
135

 and  is used to stain 

cellular components in fixed and sectioned tissue, and to identify and characterize cancer. 

Hematoxylin is a positively charged basic dye that binds to negatively charge molecules, for 

example DNA in nucleus and colors them purple-blue.  Eosin is a negatively charged acid dye 

that counter stains basic structures pink, such as cytoplasm, and intracellular membranes.  

 

1.2.3 Immunohistochemistry  

Immunohistochemistry (IHC) is an antibody based technique first published by Albert Coons 

in 1941 
136

 and can be used to  identify tissue components, study localization and distribution 

of proteins.  

Figure. 6: C57BL/6 mouse. Picture obtained from: 

http://jaxmice.jax.org/images/jaxmicedb/featuredIm

age/005304_lg.jpg  

 

Figure 7: NOD/SCID mouse. Picture obtained from: 

http://jaxmice.jax.org/images/jaxmicedb/featuredIma

ge/005557_lg.jpg 

 

http://jaxmice.jax.org/images/jaxmicedb/featuredImage/005304_lg.jpg
http://jaxmice.jax.org/images/jaxmicedb/featuredImage/005304_lg.jpg
http://jaxmice.jax.org/images/jaxmicedb/featuredImage/005557_lg.jpg
http://jaxmice.jax.org/images/jaxmicedb/featuredImage/005557_lg.jpg
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1.2.3.1 Antibody-antigen binding 

Immunoglobulins (Igs) are produced and secreted by activated B-cell lymphocyte in an 

immune response. Igs are called antibodies and binds to foreign antigen, which will result in 

activation of the immune system and hinder further invasion and survival of the microbe.  

Antibodies are glycoproteins that consist of four polypeptide chains, two light and two heavy 

chains (figure 8). Antibodies have two identical halves with the same antigen-binding site that 

are held together by non-covalent and covalent (disulfide) bonds. Antibodies have a variable 

region giving diversity to the antigen binding sites and a constant region also called fragment 

crystallizable (Fc) region responsible for the functional properties, including activation the of 

complementary system or binding site for phagocytic cell. The N-terminal ends of the light 

and heavy chains come together to form the antigen binding site in fragment antigen binding 

(Fab) region that binds to the antigen. The hinge region is flexible and the distance between 

antigen binding sites can vary and this increases the efficiency of antigen binding. Antigenic 

determinants (epitopes) are the antigen binding site for antibodies and the antigen may have 

multiple epitopes. An antigen can be defined as everything that can be recognized by 

lymphocytes antigen receptors. The binding of antibody to antigen is a reversible interaction 

and the binding strength depends on the complementary fit between antibody and antigen.  

 

 

Figure 8: The drawing shows the structure of antibodies, with the light and heavy chains held together by 

disulfide bonds and the antigen binding site in the fragment antigen binding (Fab) region. The chains have 

variable regions that give the diversity of the antigen binding sites. The fragment crystallizable (Fc) region in the 

constant region determines the mechanism used to destroy the targetedantigen.  
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In a immune response a single B cell can be activated giving a monoclonal response with only 

one identical antigen binding property (figure 9). The monoclonal response can produce 

different classes of Igs (IgM, IgG, IgA, IgE ang IgD) that have different umber of antigen 

binding sites, but have the same antigen binding property but have different functions. The 

immune response could also be of polyclonal when many different lymphocytes are activated. 

Polyclonal antibody-antigen binding is the most common activation. 

 

Figure 9: Schematic illustration of monoclonal and polyclonal antibodies. A: Monoclonal antibodies are specific 

to one epitope type. B: Polyclonal antibodies include different types of antibodies and can bind to several 

epitopes.  

 

1.2.3.2 Avidin-Biotin complex, immunohistochemistry, and indirect method 

Fixation of tissue preserves the tissue architecture, cell morphology and antigen properties. 

The fixed tissue is embedded in paraffin to make a solid block that is easy to cut the tissue 

into a few µm thick slices. The water containing tissue is not soluble with paraffin and 

removing of water through a dehydration process with alcohol and xylen clearing replaces the 

water in the tissue. The paraffin in the sectioned tissue on glass slide is removed through 

deparaffinization, otherwise the paraffin could otherwise affect the staining of the tissue. Most 

of the solution used in the staining procedure are aqueous does not work with dehydrated 

tissue. Rehydration replaces the xylen in the tissue with water required to obtain proper 

staining. Unlabeled primary antibodies bind to the protein’s binding sites (epitope) in the 

tissue (figure 10). Biotinylated secondary antibodies bind to the Fc region of the primary 

antibodies. Primary and secondary antibodies are species specific and the secondary antibody 

is anti-species of the host of the primary antibody, e.g. a polyclonal primary antibody 

produced in a species different for rabbit. This method, unlabeled primary antibody and 

labeled secondary antibody is called an indirect IHC method and more sensitive than a direct 

method that uses a labeled primary antibody. The avidin-biotin complex method uses 
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streptavidin peroxidase that forms a complex by binding strongly to biotin conjugated to 

secondary antibody. Streptavidin peroxidase oxidizes the 3,3'-Diaminobenzidine (DAB) 

chromogen which results in a water-insoluble brown precipitate seen as brown color under 

light microscopy 
137

. Hematoxylin counter stains the nucleus purple-blue by binding to DNA, 

RNA and other negatively charge molecules in the cell. Tissue cells are visualized under a 

light microscope after mounting of the glass slide that may require dehydration in alcohol and 

xylen clearing if a nonaqueous mounting media is used.  

 

 

Figure 10: Indirect, Avidin-Biotin complex immunohistochemistry method where unlabeled primary antibody 

binds to a specific epitope. A biotinylated secondary antibody binds to the primary antibody and streptavidin 

peroxidase binds strongly to the biotin. DAB substrate is oxidizes and gives a brown color visible under a light 

microscopy.  

 

1.2.4 Chain termination sequencing (Sanger sequencing)  

Sanger sequencing is a chain termination DNA sequencing method invented by Frederick 

Sanger in 1977 
138

. Polymerase chain reaction (PCR) catalyzed by DNA polymerase makes a 

copy of a selected DNA region. Next, the double stranded (ds) DNA helix is denatured by 

heating to remove hydrogen bonds between the polypeptides to obtain single stranded DNA. 

Oligonucleotide primers are annealed to the single stranded DNA upon lowering the reaction 

temperature. At an optimal temperature for the DNA polymerase, the synthesis of DNA start 

by DNA polymerase mediated incorporation of deoxyribonucleotide triphosphates (dNTPs: 

dATP, dCTP, dGTP and dTTP) complementary to the DNA template. These steps of breaking 

hydrogen bonds, primer annealing and dNTPs incorporation, are carried out multiple times to 

make many copies of the targeted DNA sequence. Chain termination sequencing PCR is the 

second step in the sequencing procedure, where the DNA polymerase incorporates dNTPs or 

http://en.wikipedia.org/wiki/Frederick_Sanger
http://en.wikipedia.org/wiki/Frederick_Sanger
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one of four dideoxynucleotide triphosphates (ddNTPs (ddATP, ddCTP, ddGTP and ddTTP)) 

labeled with different fluorochromes (figure 12). The ddNTPs lacks the hydroxyl group at 3´-

carbon required for connection with the next nucleotide (figure 13). The incorporation of a 

ddNTP prevents elongation and terminates the synthesis. The ddNTPs are in a small amount 

compared to the dNTPs, which means that DNA polymerase can synthesize for hundreds of 

nucleotides before a ddNTP is incorporated and the reaction is terminated. The incorporation 

of ddNTPs will result in PCR products of different lengths. A capillary gel electrophoresis 

separates the DNA molecules according to their length, with one nucleotide length resolution. 

A fluorescence detector recognizes and distinguishes the differently labeled ddNTPs of each 

fragment and thereby determines the DNA sequence. Sequencing analysis software analyzes 

the raw data obtained from the detector.  

 

 
Figure 12: Sanger sequencing workflow of chain termination PCR and capillary electrophoresis; primer 

annealing to the DNA template, incorporation of dNTP and fluorescent labeled ddNTP, capillary electrophoresis 

where the sequences are separated based on the length in a gel, and detection. Figure adopted from: 

http://tools.lifetechnologies.com/content/sfs/brochures/brochure-ab-genetic-analyzers.pdf 

 

 

Fig 13: Illustration of the 3’ difference between dNTP which extends the DNA synthesis and ddNTP which lack 

the OH-group at the 3’ end leading to synthesis termination   Picture obtained from: 

http://missinglink.ucsf.edu/lm/molecularmethods/ddntp.htm  

http://tools.lifetechnologies.com/content/sfs/brochures/brochure-ab-genetic-analyzers.pdf
http://missinglink.ucsf.edu/lm/molecularmethods/ddntp.htm
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1.2.5 Massively parallel sequencing (SOLiD sequencing) 

Sequencing by oligo ligation detection (SOLiD) technology is a massively parallel next 

generation sequencing technology using ligation based sequencing, emulsion PCR and 

fluorescently labeled di-base probes (figure 11). First DNA is fragmented and is amplified by 

emulsion PCR where individual DNA molecules bind to small magnetic bead and 

amplification by producing identical fragment around one bead. The amplified templates are 

3’ modified so they can bind to a glass slide. The ligase mediated sequencing begins by 

annealing a universal primer to the adaptor sequence at the 3’ end of each amplified fragment 

on the glass slide. Four fluorescent labeled di-bases are used as probes. 16 different probes are 

used in this technology where 4 different probes share the same fluorescent marker giving a 

two-based encoding probe. It is the 1
st
 and 2

nd
 base on the DNA template that decides which 

probe is attached.  DNA ligase enzyme attach one of the four probes to the DNA template and 

the fluorescent signal is measured. The extension product of 3 bases for the 8mers probe is 

cleaved off with the fluorescent group so another probe can be attached to the template. The 

read length of each template is about 25-35 bases long. Five additional rounds with primer 

complementary to n-1 in each round are conducted to read every base in the DNA template. 

The sequencing can be performed in parallel with many beads attached to the glass slide 
139, 

140
. The sequencing is done in millions of parallel reactions. The massively parallel 

sequencing gives many short reads which are assembled using reference sequence as scaffold 

or de novo in absent of a reference genome. The assembly gives the entire sequence of the 

genome of the sequenced DNA sample 
141

. The depth of the exome sequencing obtained from 

this massively parallel sequencing is critical for the identification of mutations, sequence 

variants or massively rearrange regions 
142

. 
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Figure 11: SOLiD sequencing, massively parallel sequencing technology with ligase-mediated sequencing and 

16 different probes marked with four different fluorescence labels is used for deep sequencing of genome and 

may reveal point mutations upon assembly 
143

.  

 

1.2.6 cDNA synthesis  

Complementary DNA (cDNA) is generated by copying mRNA molecule in a reaction 

catalyzed by the reverse transcriptase (RT) enzyme using mRNA molecule as template. 

Oligo(dt) is a short single-stranded sequence of deoxy-thymine nucleotides that binds 

complementary to the poly(A) tail of mRNA and acts as a primer for the  RT enzyme (figure 

14). RT catalyzes the cDNA synthesis by incorporating deoxyribonucleotides (dNTPs) on the 
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RNA template. Coping of single stranded RNA chains to complementary DNA chains, creates 

a DNA/RNA hybrid further used as template in PCR amplification.  

 

 

Figure 14: Synthesizing single stranded RNA to complementary DNA (cDNA) involves oligo(dt) annealing to 

poly(A) tail, act as a primer for the cDNA synthesis. Reverse transcriptase incorporates dNTPs and creates a 

hybrid of DNA/RNA in the first chain reaction. 

 

 

1.2.7 NanoDrop 1000 spectrophotometer 

 

Figure 15: Nanodrop measures nucleic acids concentrations between two optical fibers using light from a xenon 

flash lamp detected by spectrometer. Picture obtained from: http://nanodrop.com/Library/CPMB-1st.pdf.  

 

NanoDrop measures nucleic acid concentration by using the Beer-Lambert equation 

  (A*ε)/b. c is the concentration in ng/µl, A is the absorbance,      wavelength and b is the 

path length in cm defined by the distance between the two optical fibers (figure 15). Two 

different path lengths are used to measure the concentration. The xenon flash lamp sends light 

from the top optical fiber, through the sample liquid column, and the emitted light is detected 

by an internal spectrometer in the bottom optical fiber  
144

.  

http://nanodrop.com/Library/CPMB-1st.pdf
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1.2.8 Qubit 2.0 fluorometer 

Qubit 2.0 flurometer determines the ds DNA. A flurophore binds to ds DNA and becomes 

fluorescent. The signal is measured by a photodiode in Qubit flurometer. The fluorescent 

signal increases with increasing ds DNA concentration and sample concentration is calculated 

using the equation:                                  
   

 
   The QF value is the 

fluorescent signal, and x is the amount sample (µl) added in the tube 
145-147

.   
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2.0 Materials 

This chapter list the materials used in this thesis. The material list only includes the materials I 

have used, not material used by others in the group, except for the mice that have a substantial 

roll in this thesis and the results.  

 

2.1 Mice 

In this thesis, normal and tumor tissue from MMTVrtTA;TREGLI1 conditional transgenic 

mice were analyzed. The tissue samples have been harvested and stored previously. Primary 

tumor tissue was transplanted to NOD/SCID mice to maintain tumor lines in mice. Serial 

transplantations were carried out for more than 10 generations.  

 

Table 2: Overview of GLI1 induced breast tumors samples analyzed with the different methods in this thesis; 

whole exome sequencing, Sanger sequencing of either cDNA or gDNA and immunohistochemistry. Information 

includes the samples tissue type, series, generation of the samples, strain of the mice in addition to the genotype 

of the mouse harboring the tumor. MMTVrtTA is shortened to rtTA, TREGLI1 to TRE, Lgr5-EGFR-CreERt2 to 

Cre and p53 indicates heterozyogosity for p53 in the table.     

Sample Tissue type Series Generation Genotype 
Exome 

sequencing 

Expression 

sequencing 

Genomic 

sequencing 
IHC 

1 Breast tumor A Primary rtTA;TRE;p53 + +  + 

2 Breast tumor A 0
th

 NOD/SCID    + 

3 Breast tumor A 5
th

 NOD/SCID    + 

4 Breast tumor A 10
th

 (Late) NOD/SCID + +  + 

5 Breast tumor B Primary rtTA;TRE;p53 + +  + 

6 Breast tumor B 0
th

 NOD/SCID    + 

7 Breast tumor B 5
th

 NOD/SCID    + 

8 Breast tumor B 10
th

 (Late) NOD/SCID + +  + 

9 Breast tumor C Primary 
rtTA;TRE;Cre

;p53 
+ + + + 

10 Breast tumor C 0
th

 NOD/SCID   + + 

11 Breast tumor C 5
th

 NOD/SCID   + + 

12 Breast tumor C 10
th

 (Late) NOD/SCID + + + + 

13 Breast tumor D Primary rtTA;TRE + +  + 

14 Breast tumor D 0
th

 NOD/SCID    + 

15 Breast tumor D 5
th

 NOD/SCID    + 

16 Breast tumor D 10
th

 (Late) NOD/SCID + +  + 

17 Normal breast - 15 weeks NOD/SCID  + +  

18 Normal breast  - 
C57BL/6 

FVB/N strain 
 +   

19 Liver A Primary rtTA;TRE;p53 +    

20 Liver B Primary rtTA;TRE;p53 +    

21 Liver C Primary 
rtTA;TRE;Cre

;p53 
+  +  

22 Liver D Primary rtTA;TRE +    
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2.2 Reagents and chemicals  

Chemical/Reagent 
Catalog 

number 
Supplier/Manufacture 

10x PBS - 
Department of Immunology, Institute for Cancer 

Research, Oslo, Norway 

1N HCl - 
Department of Immunology, Institute for Cancer 

Research, Oslo, Norway 

3730 Running Buffer (10X) 4335613 Applied Biosystems, Foster City, CA, USA 

Acetic acid (glacial) 100063 Merck KGaA, Darmstadt, Germany 

Bovine Serum Albumin A9418-10G Sigma-Aldrich, St. Louis, Missouri, USA 

Bromophenol blue 161-0404 Bio-Rad Laboratories, Hemel Hempstead, Herts, UK 

Certified PCR Agarose 161-3105 Bio-Rad Laboratories, Hemel Hempstead, Herts, UK 

Deoxynucleotide triphosphates ATP 4026 Takara Biotechnology Shiga, Japan 

Deoxynucleotide triphosphates CTP 4028 Takara Biotechnology Shiga, Japan 

Deoxynucleotide triphosphates GTP 4027 Takara Biotechnology Shiga, Japan 

Deoxynucleotide triphosphates TTP 4029 Takara Biotechnology Shiga, Japan 

EDTA disodium salt 100935V BDH, VWR International, Radnor, PA, USA 

Etanol Absolutt Prima - Kemetyl Norge AS, Vestby, Norway 

Etanol rektifisert - Kemetyl Norge AS, Vestby, Norway 

Ficoll PM 400 F4375 Sigma-Aldrich, St. Louis, Missouri, USA 

GelRed Nucleic Acid Gel Stain 41003-1 Biotium, Hayward, CA 

Goat serum G9023 Sigma-Aldrich, St. Louis, Missouri, USA 

Hydrogen peroxide solution 216763 Sigma-Aldrich, St. Louis, Missouri, USA 

MAYER HTX Staining Solutions 01820 Histolab, Gothenburg, Sweden 

Methanol 106009 Merck KGaA, Darmstadt, Germany 

Oligo(dT)20 Primer 18418-020 Invitrogen, Carlsbad, CA, USA 

o-Xylene for synthesis 808697 Merck KGaA, Darmstadt, Germany 

Pertex  mounting medium 00814 Histolab, Gothenburg, Sweden 

POP-7 Polymer for 3730/3730xl 

DNA Analyzers 
4363929 Applied Biosystems, Foster City, CA, USA 

RNaseOUT Recombinant 

Ribonuclease Inhibitor 
10777-019 Invitrogen, Carlsbad, CA, USA 

Sodium citrate tribasic dehydrate 71402 Sigma-Aldrich, St. Louis, Missouri, USA 

Streptavidin-Peroxidase 50-209Z Invitrogen, Carlsbad, CA, USA 

Trizma base T1503 Sigma-Aldrich, St. Louis, Missouri, USA 

UltraPur DNase/RNase-Free 

Distilled Water 
10977-023 Invitrogen, Carlsbad, CA, USA 

φX 174-Hae III digest 3405A Takara Biotechnology Shiga, Japan 

 

2.3 Commercial kits  

3,3'-Diaminobenzidine (DAB) tetrahydrochloride-plus kit substrate for horseradish 

peroxidase, cat.no: 0020020 Invitrogen, Paisley, UK 

 Substrate buffer concentrate (20X) 

 DAB chromogen concentrate (20X) 

 Concentrate hydrogen peroxide (20X) 

 Concentrate DAB enhancer (20X) 

http://ous-research.no/institute
http://ous-research.no/institute
http://ous-research.no/institute
http://ous-research.no/institute
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BigDye® Direct Cycle Sequencing Kit, cat.no: 4458687, Applied Biosystems, Foster City, 

CA, USA  

 BigDye® Direct PCR Master Mi 

 Sequencing Master Mix 

 M13 Fwd Primer 

 M13 Rev Primer 

 Control DNA CEPH 1347-02 

BigDye XTerminator® Purification Kit, cat.no: 4376484, Applied Biosystems, Foster City, 

CA, USA 

 XTerminator™ Solution 

 SAM™ Solution 

Mouse on Mouse (M.O.M.) Basic Kit, cat.no: MBK-2202, Vector Laboratories, Burlingame, 

CA, United States 

 M.O.M. Protein Concentrate 

 Mouse Ig Blocking Reagent  

 M.O.M.™ Biotinylated Anti-Mouse IgG Reagent 

SuperScript® III Reverse Transcriptase, cat.no: 18080-044, Invitrogen, Carlsbad, CA, USA 

 SuperScript III Reverse Transcriptase 200U/µL 

 5X first-strand buffer 

 100 mM Dithiothreitol (DTT) 

Qubit dsDNA HS Assay Kit, cat.no: Q32854, Invitrogen, Carlsbad, CA, USA 

 Qubit dsDNA HS Reagent 

 Qubit dsDNA HS Buffer 

 Qubit dsDNA HS Standard #1 

 Qubit dsDNA HS Standard #2 

Quick-RNA MiniPrek Kit, cat.no: R1054S, Irvine, CA, USA   

 Zymo-Spin™ IIICG Columns  

 DNase/RNase-Free Water 

 RNA Lysis Buffer 

 DNase I Set 



32 

 

 RNA Prep Buffer 

 Spin-Away™ Filter 

 RNA Wash Buffer 

 Collection Tubes 

2.4 Solutions prepared in the lab 

Agarose gel (1,5% agarose,) Sub-Cell Model 192  

 350ml 1x TAE buffer  

 5,25g Certified PCR Agarose, cat.no: 161-3105, Bio-Rad Laboratories, Hemel 

Hempstead, Herts, United Kingdom  

 35,0µl GelRed Nucleic Acid Gel Stain, cat.no: 41003-1, Biotium, Hayward, CA  

Mix the agarose powder and TAE buffer and heat the mixture to boiling point in a microwave 

oven. Cool the solution in room temperature to approximately 65°C before adding GelRed. 

Pour the solution in a gel chamber and let it polymerize for about 30min. Store the gel in 4°C 

wrapped in plastic foil if not immediately used. 

Agarose gel (1,5% agarose,) Wide Mini-sub cell GT  

 200ml 1x TAE buffer  

 3,0g Certified PCR Agarose, cat.no: 161-3105, Bio-Rad Laboratories, Hemel 

Hempstead, Herts, United Kingdom  

 20,0µl GelRed Nucleic Acid Gel Stain, cat.no: 41003-1, Biotium, Hayward, CA  

The gele is prepared as described above  

BigDye XTerminator Purification Solution, 1 well   

 10µl XTerminator™ Solution, cat.no: 4376484, Applied Biosystems, Foster City, CA, 

USA 

 45µl SAM™ Solution, cat.no: 4376484, Applied Biosystems, Foster City, CA, USA 

0,1% Bromophenol blue gel loading buffer, 25ml  

 0,025g Bromophenol blue, cat.no: 161-0404, Bio-Rad Laboratories, Hemel 

Hempstead, Herts, United Kingdom 

 5,0g Ficoll PM 400, cat.no: F4375, Sigma-Aldrich, St. Louis, Missouri, USA 

 25ml 1x TAE buffer 

Mix the components and vortex the tube about 24 hours to obtain a homogenous solution 

0.1% BSA 
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 10ml dH2O 

 1g Bovine Serum Albumin, A9418-10G, Sigma-Aldrich, St. Louis, Missouri, USA 

Add 1g of Bovine serum Albumin (BSA) in 10ml dH2O 

10mM Citrate buffer, 1l 

 2,94g Sodium citrate tribasic dehydrate, cat.no: 71402, Sigma-Aldrich, St. Louis, 

Missouri, USA 

 1000ml dH2O 

Mix the solution until the sodium is dissolved. Adjust the pH to 6.0 with 1N HCl measuring 

the pH with S400 SevenExcellence. Store the solution at room temperature for 3 months or at 

4°C for longer storage. 

DAB substrate 

 1ml dH2O 

 1 drop Substrate buffer concentrate (20X), cat.no: 0020020 Invitrogen, Paisley, UK 

 1 drop DAB chromogen concentrate (20X), cat.no: 0020020 Invitrogen, Paisley, UK 

 1 drop Concentrate hydrogen peroxide (20X), cat.no: 0020020 Invitrogen, Paisley, UK 

Add 1 drop of Substrate buffer concentrate, 1 drop DAB chromogen concentrate and 1 drop 

concentrate hydrogen peroxide in 1ml dH2O 

10uM dNTP mix, 100µl  

 10µl dATP, cat.no: 4026, Takara, Shiga, Japan 

 10µl dGTP, cat.no: 4027, Takara, Shiga, Japan 

 10µl dCTP, cat.no: 4028, Takara, Shiga, Japan 

 10µl dTTP, cat.no: 4029, Takara, Shiga, Japan 

 dH2O up to 100µl.  

Mix the components and store at -20°C. 

70% Etanol, 1l 

 700ml Etanol Absolutt prima, Kemetyl Norge AS, Vestby, Norway 

 dH2O up to 1000ml 

M.O.M Biotinylated Anti-Mouse IgG Reagent 

 2,5ml M.O.M Diluent, Mouse on Mouse (M.O.M.) Basic Kit, cat.no: MBK-2202, 

Vector Laboratories, Burlingame, CA, United States 
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 10µl Biotinylated Anti-Mouse IgG Reagent, Mouse on Mouse (M.O.M.) Basic Kit, 

cat.no: MBK-2202, Vector Laboratories, Burlingame, CA, United States  

Add 10µl stock solution in 2,5ml M.O.M diluent. How to make M.O.M diluent is explained 

below 

M.O.M Diluent 

 1ml PBS 

 80µl M.O.M Protein Concentrate, Mouse on Mouse (M.O.M.) Basic Kit, cat.no: 

MBK-2202, Vector Laboratories, Burlingame, CA, United States 

Add 80µl Protein concentrate in 1ml PBS 

M.O.M Mouse Ig Blocking reagent 

 2,5ml PBS 

 2 drops Mouse Ig Blocking Reagent, Mouse on Mouse (M.O.M.) Basic Kit, cat.no: 

MBK-2202, Vector Laboratories, Burlingame, CA, United States 

Add 2 drops of stock solution in 2,5ml PBS 

Peroxidase Blocking solution, 41ml  

 40ml Metanol, cat.no: 106009, Merck KGaA, Darmstadt, Germany 

 1ml Hydrogen peroxide solution, cat.no: 216763, Sigma-Aldrich, St. Louis, Missouri, 

USA 

1x Sequencing buffer, 1l  

 100ml 3730 Running Buffer (10X), cat.no: 4335613, Applied Biosystems, Foster City, 

CA, USA 

 dH2O up to 1000ml 

Mix the components and store the buffer at 4°C.  

50x TAE buffer, 1l  

 242g Trizma base, cat.no: T1503, Sigma-Aldrich, St. Louis, Missouri, USA 

 100 ml 0,5 M EDTA (pH = 8,0) EDTA disodium salt, cat.no:100935V, BDH, VWR 

International, Radnor, PA, USA 

 57,1ml  Acetic acid (glacial), cat.no: 100063, Merck KGaA, Darmstadt, Germany 

 dH2O up to 1000ml 
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2.5 Antibodies 

Antigen 
Catalog 

number 
Supplier/Manufactor Antibody type 

Biotinylated Goat Anti-Rabbit BA-1000 
Vector Laboratories, 

Burlingame, CA, USA 

Conjugated Biotinylated 

Secondary Antibody 

Epidermal growth factor receptor ab2430 Abcam, Cambridge, UK Rabbit polyclonal 

Estrogen Receptor α 06-935 
Millipore Corporation, 

Billerica, MA, USA 
Rabbit, Polyclonal 

Human epidermal growth factor 

receptor 2 
06-562 

Millipore Corporation, 

Billerica, MA, USA 
Rabbit, Polyclonal 

Keratin 18 61028 
Progen Biotechnik, 

Heidelberg, Germany 
Mouse, Monoclonal 

Keratin 5 PRB-160P Covance, New Jersey, USA Rabbit, Polyclonal 

Keratin 6 PRB-169P Covance, New Jersey, USA Rabbit, Polyclonal 

Ki-67 NCL-Ki67p 
Leica Biosystems, 

Newcastle, UK 
Rabbit, Polyclonal 

Phospho-p44/42 MAPK (Erk1/2) 4370P 
Cell Signaling Technology, 

Danvers, MA,United States 
Rabbit, Monoclonal 

Progesterone Receptor ab131486 Abcam, Cambridge, UK Rabbit, Polyclonal 

 

2.6 Sequencing primers 

The primers used for Sanger sequencing were designed using with various online tools and 

orderer from Eurofins MWG Operon as unmodified DNA Oligos. The oligonucleotides are 

listed in table 5. In addition to the listed oligonucleotides, the primers had either a M13 

forward of M13 revers sequence attached at the 5’ end.The primers were attachment with 

M13 FWD or REV from BigDye Direct Cycle Sequencing Kit. 

 

2.7 Various equipment 

Equipment 
Catalog 

number 
Supplier/Manufacture 

15ml Centrifuge tube 62.554.502 Sarstedt, Nümbrecht, Germany 

3730 DNA Analyzer - Applied Biosystems, Foster City, CA, USA 

50 ml Centrifuge tube 62.547.254 Sarstedt, Nümbrecht, Germany 

50 ml Omnifix (60 ml syringe) 461 6520 F B. Braun Melsungen, Melsungen, Germany 

96-Well Non-Skirted Plates AB-0600 Thermo Scientific, Waltham, MA, USA 

Axygen 0.2mL Polypropylene PCR 

Tube Strips and Domed Cap 

PCR-0208-CP-

C 
Corning ,Tewksbury, MA, USA 

BX51 Microscope - Olympus America, Melville, New York, USA 

Centrifuge MiniSpin 5452 000.018 Eppendorf, Hamburg, Germany 

Corning Costar reagent reservoirs CLS4870 Sigma-Aldrich, St. Louis, Missouri, USA 

Cover glass 631-1574 VWR International, Radnor, PA, USA 

Curwood Parafilm Laboratory 

Wrapping Film 4 in. W x 250 ft. L 
13-374-12 Thermo Scientific, Waltham, MA, USA 

Disposable Scalpels Sterile 0506 Swann-Morton, Sheffield, England 

Disposable serological pipets 13-676-10k Thermo Scientific,  Waltham, MA, USA 

Domed PCR Cap Strips AB-0602 Thermo Scientific,  Waltham, MA, USA 

Eppendorf Centrifuge 5804 5804 000.013 Eppendorf, Hamburg, Germany 

http://www.fishersci.com/ecomm/servlet/fsproductdetail?position=content&tab=Items&productId=598605&fromSearch=0&catlogId=29104&storeId=10652&langId=-1
http://www.fishersci.com/ecomm/servlet/fsproductdetail?position=content&tab=Items&productId=598605&fromSearch=0&catlogId=29104&storeId=10652&langId=-1
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Eppendorf Centrifuge 5810R 5811 000.010 Eppendorf, Hamburg, Germany 

Eppendorf PCR Clean Safe-Lock 

Tubes 1,5 ml 
0030 123.328 Eppendorf, Hamburg, Germany 

GeneGenius Bio Imaging System - Syngene, Cambridge, UK 

High-Density Polyethylene 

Staining Jar, 
70319 Electron Microscopy Sciences, Hatfield, PA, USA 

Illumina High-Speed Microplate 

Shaker 945195 
- Illumina, San Diego, CA, USA 

Leica DM1000 Light Microscope - Leica Microsystems, Wetzlar, Germany 

MicroAmp Optical 96-Well 

Reaction Plate with Barcode 
4306737 Applied Biosystems, Foster City, CA, USA 

Microscopy Slide Box 631.0736 VWR International, Radnor, PA, USA 

Moisture Chamber - Homemade 

NanoDrop 1000 Spectrophotometer - Thermo Scientific, Wilmington, DE, USA 

PIPETBOY pro 156 404 INTEGRA Biosciences, Zizers, Switzerland 

Plate Septa, 96 well 4315933 Applied Biosystems, Foster City, CA, USA 

Powerpac 300 - Bio-Rad Laboratories, Hemel Hempstead, Herts, UK 

Precision Wipes Tissue Wipers 75512 Kimberly-Clark Professional, Roswell, GA, USA 

Puradisc FP 30 Syringe Filter, 

cellulose acetate, 0.45 µm, sterile 
10462100 GE Healthcare Bio-Sciences,  Uppsala, Sweden 

Qubit 2.0 Fluorometer Q32866 Invitrogen, Carlsbad, CA, USA 

Qubit Assay Tubes Q32856 Invitrogen, Carlsbad, CA, USA 

Rice cooker   - Logik  

S400 SevenExcellence™ pH/mV S400 Mettler Toledo, Greifensee, Switzerland 

Serological pipettes 86.1251.001 Sarstedt, Nümbrecht, Germany 

Spectrafuge Mini Centrifuge C1301 Labnet, Edison, NJ,USA 

Staining Dish, Green 62541-01 Electron Microscopy Sciences, Hatfield, PA, USA 

Staining insets 1205/4 
Glaswarenfabrik Karl Hecht GmbH & Co KG - 

"Assistent", Rhön, GERMANY 

Sterile Pasteur pipette 135138 LP italiana spa, Milano, Italy 

Sub-Cell Model 192 - Bio-Rad Laboratories, Hemel Hempstead, Herts, UK 

Thermaks B8023 - Thermaks, Bergen, Norway 

Tissue-Tek Slide Staining Set 62540-01 Electron Microscopy Sciences, Hatfield, PA, USA 

Veriti 96-Well Thermal Cycler 4375786 Applied Biosystems, Foster City, CA, USA 

Vortex Mixer SA8 - Bibby Scientific, Staffordshire, UK 

Wide Mini-sub cell GT - Bio-Rad Laboratories, Hemel Hempstead, Herts, UK 

 

2.8 Database and software 

Catalogue Of Somatic Mutations In Cancer (COSMIC), Wellcome Trust Sanger Institute, 

Cambridgeshire, UK 

Cell^F imaging systems, Olympus America, Melville, New York, USA GeneSnap, Syngene, 

Cambridge, UK 

Excel 2007, Microsoft, Redmond, Washington, USA  

MAFFT, Multiple alignment program for amino acid or nucleotide sequences v.7 

(http://mafft.cbrc.jp/alignment/server/)  

National Center for Biotechnology Information (NCBI), Bethesda, MD, USA 

http://www.leica-microsystems.com/products/light-microscopes/
http://cancer.sanger.ac.uk/
http://en.wikipedia.org/wiki/Cambridgeshire
http://en.wikipedia.org/wiki/United_Kingdom
http://mafft.cbrc.jp/alignment/server/
http://www.ncbi.nlm.nih.gov/
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Primer3Plus, Whitehead Institute for Biomedical Research, Cambridge, MA, USA 

Primer-BLAST, National Center for Biotechnology Information, Bethesda, MD, USA  

R package, v.3.0.2, Department of Statistics of The University of Auckland, New Zealand 

Sequencing Analysis Software v5.4, cat.no: 4360967, Applied Biosystems, Foster City, CA, 

USA 

NanoDrop Software v.3.8.1,  Thermo Scientific, Waltham, MA, USA 
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3.0 Methods  

This chapter describes laboratory procedures used in this master thesis. Methods executed by 

other members of the research group are also briefly described when relevant to this thesis. If 

not otherwise is written, I have conducted the experiment.   

 

3.1 Mouse model 

The impact of increased GLI1 expression on breast cancer formation was addressed by 

expressing GLI1 in mammary gland epithelial tissue in transgenic mice. The GLI1 expression 

was induced at the age of 3 weeks in mice with mixed genetic background, of the C57BL/6 

and FVB/N strains. The mammary gland tumors developed with long latency. The mice had 

up to four transgenic alleles, MMTVrtTA, TREGLI1, Lgr5-EGFP-CreERT2 and p53
+/-

 

(described in section 1.2.1) The mice were genotyped by PCR. The Lgr5-EGFP-CreERT2 

alleles was included to enable studies of Lrg5 expression pattern in GLI1 induced mammary 

gland tumors, but is not of relevance for this thesis. The heterozygote p53 allele was 

introduced to mimic the p53 status in human breast cancer patients.  

Orthotopic serial transplantations of four GLI1 induced tumors were performed for more that 

10 generations in NOD/SCID mice to address tumor progression and secure a continued 

supply of fresh tumor material.  This first transplantation was called 0
th

 generation. When the 

tumor had grown to 0.8-1.0cm
3
 size, a piece (1-2mm

3
) of the tumor was inserted in a new 

NOD/SCIS mouse, called 1
th

 generation. This continued for more than 10 generations and the 

10
th

 generation was called “late tumor” in this thesis. Four series were established named A, 

B, C and D, respectively. The mouse model and the serially transplantations were established 

at Karolinska Institutet, Stockholm, Sweden.  

 

3.2 Exome sequencing 

Exome sequencing of GLI1 induced mammary tumors was performed at Science for Life 

(SciLife) in Uppsala, Sweden, as a collaborative project with Prof. Toftgårs’s group at 

Karolinska Institutet, Stockholm, Sweden. The exome sequencing was done using SureSelect 

Mouse All Exon Kit from Agilent Technologies, Santa Cruz, CA, USA with SOLiD 

sequencing technology. The short DNA fragments obtained from the exome sequencing were 

assembled by bioinformaticians at SciLife using the mm9 NCBI Build 37 C57BL/6 mouse 
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genome from UCSC Genome Bioinformatics, Santa Cruz, CA, USA as reference. Exome 

sequencing was performed on four primary GLI1 induced mammary tumors and the 

corresponding serial transplanted late tumors. Liver DNA from the mouse were the primary 

tumor arose was also sequenced, to be used as reference for the identification of somatic 

mutations in the GLI1 induced mammary gland. The exome sequencing data were processed 

in two different ways, described in chapter 3.8.  

 

3.3 Immunohistochemistry   

Immunohistochemistry (IHC) was performed on primary and late mammary gland tumor 

tissue to study the expression pattern of specific proteins. In cases where there were 

differences between primary and late tumor staining patterns, two intermediate generations 

(0
th

 and 5
th

 generation) were also analyzed by IHC.  

 

3.3.1 Antibody selection   

IHC staining was performed with antibodies against cytokeratin 5 (K5), K6, K18, Ki-67, 

human epidermal growth factor receptor 2 (Her2), phosphorylated extracellular signal-

regulated protein kinases 1 and 2 (p-Erk1/2) epidermal growth factor receptor (Egfr), estrogen 

receptor alpha (ER-alpha) and progesterone receptor (PR).  

The H&E, K5, K6 and parts of K18 and Ki-67 IHC staining were not performed by me, but 

has previously been stained by other members of the group. 

 

3.3.2 Fixation, paraffin embedding and sectioning 

The tumor tissue was surgical harvested from the mouse mammary gland. The tissue was 

fixed in 4% paraformaldehyde or FEKETE’s fixative to preserve the tissue 
40

. The tumor 

tissue have been harvested in Stockholm, fixed and sectioned by other members of the group. 

I got the sectioned tissue slides for IHC analyses.  

 

3.3.3 Immunhistochemistry protocol  

Two different protocols were used with IHC selected according to the origin of the primary 

antibody, either with rabbit or with mouse antibody. The protocols were performed according 

to Vector laboratories 
148

 and described by Fiaschi et al. 2007 
40

.  
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The standard protocol can be used with primary antibodies of any origin, except mouse. The 

standard protocol were used to stain with antibodies against ER-α, Her2, Egfr, p-Erk1/2, PR, 

K5, K6 and Ki-67. The other protocol are called Mouse-on-Mouse (M.O.M) since the primary 

antibody is from mouse and used on mouse tissue. M.O.M was used to stain with K18 

antibody. 

The protocol can be divided into 8 steps: deparaffinization, blocking, primary antibody 

incubation, biotinylated secondary antibody incubation, conjugate incubation, detection of 

stained celles, nuclear staining and mounting. 

The section slides were defaraffinized by incubation for 1 hour in Thermaks heating 

cabinet. Rehydration of the sections were done in 15 minutes in Xylen twice, through graded 

alcohol series, twice in 99%, 95% and 70% ethanol for 5 minutes and rinsed in distilled water 

for 5 minutes in Tissue-Tek Slide Staining. 10mM citrate buffer pH6.0 where used for antigen 

unmasking. The slides were cooked for 40 minutes in staining jar with citrate buffer with the 

use of a rice cooker and cooled off for 10 minutes before washing in PBS for 2 minutes 3 

times to finish off the deparaffinizing step.  

Incubation for 30 minutes with Peroxidase Blocking solution with methanol and 

hydrogen peroxide were used for blocking endogenous peroxidase activity.  

Endogenous peroxidase was blocked with 2,5% hydrogen peroxide in methanol for 30 

minutes. The sections were washed 3 times in the standard protocol and 2 times with M.O.M 

protocol for 2 minutes in PBS (washing step). As a second blocking step 1,5% goat serum 

was diluted in PBS and 100µl applied to each section separated by wiping the slides with  

precision wipes.  The incubation was done in a moisture chamber to prevent dehydration of 

the slides. However, for M.O.M protocol the Mouse on Mouse (M.O.M.) Basic Kit was used 

for the second blocking step due to difficulty distinguishing between mouse primary antibody 

and endogenous mouse immunoglobins in the tissue. The M.O.M kit is designed so secondary 

antibody only binds to primary antibody and  not to the tissue 
148

. 100µl M.O.M Mouse Ig 

Blocking Reagent was added to each section and incubated for 1 hour to reduce unspecific 

binding of secondary antibody to endogenous tissue immunoglobulins. The sections were 

washed 2 times for 2 minutes in PBS. Incubation with 100µl M.O.M Diluent was applied to 

each section and incubated for 5 minutes before blotting off the solution to finish off the 

blocking step.  

Primary antibody dilution was rested to find the concentration with strong enough 

staining and minimal background. The dilution from the manufacture was first tested, and 

diluted more or less according to the background and staining intensity. ER-alpha was 
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diluted1:1000, Egfr 1:10.000, p-Erk1/2 1:400, PR:1:1000, Her2, 1:10.000, K5 1:2000, K6 

1:2000 and Ki-67 1:10.000 in 0,1% BSA. K18 was diluted 1:20 in M.O.M diluents. The slides 

were incubated 1 hour at room temperature on over night at 4°C. As negative control one of 

the two sections on the slide where incubated with primary antibody, while the other section 

were just incubated in M.O.M diluents or 0,1% BSA in the standard protocol.  

The washing step was repeated, before secondary antibody incubation. 1,5% goat 

serum and 0,5% biotinylated anti-rabbit secondary antibody was diluted in PBS. 100µl was 

applied to each section in the standard protocol and incubated for 30 minutes. With M.O.M 

protocol 100µl M.O.M Biotinylated Anti-Mouse IgG Reagent were applied to each section 

and incubated for 10 minutes. The washing step was repeated.  

For the conjugate step, 2 drops of streptavidin peroxidase were applied to each section 

and incubated for 10 minutes. The sections were washed 3 times for 2 minutes in PBS.  

DAB substrate was used as detection system and 100µl substrate were applied to each 

sections. The color development was monitored under Leica DM1000 Light Microscope and 

the slides were developed for 2-3 minutes. DAB substrate, counterstaining of nucleus, 

dehydration and mounting. DAB was develop 1min for ER-aplha, Egfr 5min, p-Erk1/2 5min, 

PR 2min, Her2 3-4min, K5 1-2min, K6 3min, K18 2-3min and Ki-67 1-2min. Distilled H2O 

was used to stop the color development.   

Mayers hematoxylin was filtered using syringe and syringe filter and used as 

counterstaine to stain the nucleus, and incubated for 30 seconds before rinsing the slides in tap 

water. The sections were washed for 30 seconds in PBS before washing in dH2O.  

The sections were dehydrated in increasing ethanol concentrate for 1 minutes in 70%, 

95%, 99,5% twice and xylen twice. Pertex mounting medium was applied on the glass slide 

with Pasteur pipette and cover glass put on the slide as the mounting step. The slides were left 

to vent off the xylen odor before the slides were examined and picture taken with BX51 

Microscope and Cell^F imaging system. A suitable section of the slide, with as little noise as 

possible, was taken picture of. The only setting done in Cell^F imaging system was adjusting 

the white balance of the picture. The pictures were taken at 40x and 400x magnification.  

The scoring of percentage positively stained tumors cells was estimated approximately 

for each of the biomarkers. The positively cells was not counted be scored in a appropriate 

area of the tumor.  

 

http://www.leica-microsystems.com/products/light-microscopes/
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3.4 DNA isolation 

DNA used for Sanger sequencing were isolated with QIAcube, QIAGEN, Venlo, Netherlands 

according to manufacturer’s protocol. DNA isolation was performed with help from Eldri 

Undlien Due, Department of Genetics. The DNA concentrations were measured with Qubit as 

described in chapter 3.6.    

 

3.5 RNA isolation 

RNA was isolated from mammary glands to be used in cDNA synthesis. RNA was isolated 

using TRIzol based method One of the samples (sample 17) didn’t give any reasonably results 

with sequencing. Others in the group had also had problem with this sample, so this sample 

was isolated with a second method, Quick-RNA MiniPrep Kit. Sample 17 isolated with this 

method are referred to as sample 17 Quick in the rest of this thesis. 

RNA isolation was done according to ZYMO research’s instruction manual 
149

. Quick-RNA 

MiniPrep is fast-spin column method. 0,02g frozen tumor tissue were lysed with 300µl RNA 

Lysis Buffer as Sample lysis/homogenization (step 1) in the protocol. Sample clearing and 

gDNA removal (step 2) and RNA purification (step 3) was preformed according to the 

protocol, and DNase I treatment listed as optional was conducted. The centrifugation was 

done with Spectrafuge Mini centrifuge.   

RNA concentrations were measured on Thermo Scientific NanoDrop 1000 Spectrophotometer 

according to Thermo Fisher Scientific Users manuals 
150

. Nucleic Acid application module 

was chosen. NanoDrop was first initialized with 1µl water. The RNA concentration was 

measured in 1µl of eluted sample solution, DNase/RNase-Free water, was used as blank to 

zero out contributing factor. 1µl of sample was measured and the concentrations were used in 

cDNA synthesis.   

 

 

 

http://en.wikipedia.org/wiki/Venlo
http://en.wikipedia.org/wiki/Netherlands
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3.6 cDNA synthesis 

To investigate the expression of the chosen mutations in the mammary gland tumors, Sanger 

sequencing was performed on complementary DNA (cDNA).  

cDNA synthesis was preformed with RNA isolated in TRIzol and Quick-RNA MiniPrep Kit.  

0,6µg RNA was used as input. Sample 17 Quick had lower than the rest of the samples and 

input was only 0,27µg compared to the rest of the samples with 0,6µg input.    

The enzyme SuperScript® III Reverse Transcriptase was chosen because of it increased 

specificity, reduced RNase activity and high cDNA yield 
151

. The first strand synthesis was 

preformed according to Invitrogen’s SuperScript® III Reverse Transcriptase protocol 
152

. 0,6 

µg RNA, Oligo(dt)20 and 10mM dNTP mix were used in the first incubation step. A master 

mix with 5X First-Strand buffer, 0,1M Dithiothreitol (DDT), RNase OUT and 200U/µL 

SuperScript III Reverse Transcriptase enzyme was used in the second incubation step. Veriti 

96-Well Thermal Cycler was used for the incubation steps.  

NanoDrop cannot distinguish between RNA, DNA, free nucleotides and other contaminants 

thus Qubit 2.0 Fluorometer was used to determine the cDNA concentration 
153

. The 

measurements with Qubit 2.0 was performed according to the experimental protocol by 

Molecular Probes 
145

 with 1µl cDNA. Qubit dsDNA HS Assay Kit and Qubit Assay Tubes 

was used with this protocol. The cDNA synthesis was done in multiple runs as it was 

necessary for more cDNA throughout the experimental work.  

 

3.7 Sanger sequencing 

To validate the results from whole exome sequencing, Sanger sequencing of cDNA was 

conducted. cDNA sequencing was chosen because is it also interesting to determine whether 

or not the mutated genes actually are expressed in mammary gland tissue. In addition, Sanger 

sequencing was conducted on genomic DNA to validate the Kras mutation.    

 

3.7.1 Selected genes and primer design 

22 mutations identified by whole exome sequencing where chosen to be sequenced with 

Sanger sequencing.  First, four mutations identified by exome sequencing in genes commonly  

associated with breast cancer were chosen to be validated by Sanger sequencing, including  

Brca2, Brcc3, Kras and Ptch1. Secondly, mutations identified in both primary and late tumors 
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were chosen, including Atp13a3, Btnl6, Commd7, Fam179b, Lpin1, Myom1, Sema6d, Sfi1 

and Stat6. Finally, mutations found in the COSMIC Cancer Gene Census database where 

chosen to be sequenced, including Cdk4, Foxp1, Kdm6a, Il7r, Maml2, Psip1 and Tsc1. Ptch1 

and Kras are also present in COSMIC Cancer Gene Census. An overview of the mutations is 

listed in table 6 with additional information about the mutation. All the mutations cDNA 

sequenced are nonsynonymous mutations. Which series the mutations is identified in by 

exome sequencing is shown in appendix A.  

One normal breast tissue sample from mouse was sequenced with each of the primer pairs, to 

compare the tumor samples against and confirm potential somatic mutations. Mutations found 

in late tumors and not in primary tumors and genes found in COSMIC Cancer Gene Census 

database was in addition sequenced with normal breast tissue from a NOD/SCID mouse as 

control, to exclude mutations that were cause by germline in the NOD/SCID strain.  

The primers were designed by using Primer3Plus and Primer-BLAST and ordered form 

Eurofins MWG Biotech. The primers are listed in table 3 and the table do not show the M13 

forward and reveres primer that are attached to each of the 5’-end of the primers. The coding 

part of the reference sequence was found in National Center for Biotechnology Information 

(NCBI) and pasted into Primer3Plus. The mutation position identified by analyzing of the 

exome sequencing data was chosen as sequence target and product size was chosen from 400 

to 600 bases. Primer3Plus suggested several primers at different positions in the sequence, 

and the primers not too close or too far from the mutation base was chosen. The coding part of 

the reference sequence, forward and reveres primer were pasted in to Primer-BLAST to check 

the specificity of the chosen primers. Only the parameter “organism” was changed to mus 

musculus in the program. The primers that were eventually chosen were not aligned to other 

transcripts by Primer-BLAST.   

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/
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Table 3: The table lists the genes, reference sequences available and position of the coding part of the reference 

sequences used for Sanger sequencing. The base and amino acid substitutions listed are those found from exome 

sequencing. Some genes are listed twice, because exome sequencing identified multiple mutated position in that 

gene.  Oligonucleotides used as primers, both forward (FWD) and reverse (REV) direction, are listed for each 

gene. M13 forward and reverse primer was also attached to each oligonucleotide, but not shown in this list for 

simplicity. Some genes have multiple primers, indicated by New.  Kras gene was sequenced using both cDNA 

and gDNA. Sequenced Kras with gDNA indicated by NC reference sequence. The G3587T is the genomic 

mutation in Kras in reference sequence, and G12V is the protein substitution of interest.  

Gene Name 
Reference 

sequence 

Base 

substitution 

Amino acid 

substitution 
Direction Oligonucleotide 

Atp13a3 
NM_001128096 

NM_001128094 
G1126T V376L 

FWD ggcaactcacagtaccgtga 

REV tcattgcagcaggaagagca 

Brca2 
NM_009765 

NM_001081001 
A6432T K2144N 

FWD gcactgcaggtggaaaactg 

REV gcactctccactgcttctgt 

Brcc3 

NM_001166457 

NM_145956 

NM_001166459 

A153T K51N 
FWD tgcaggcggttcatcttgag 

REV gggcttgtatggattggaagc 

Btnl6 NM_030747 G949T A317S 

FWD gctgatcgtgcaggagctaa 

FWD cacaaacacccccacactct 

FWD New ggtggagcttgctcaaagga 

REV New cttcctccaggctgccct 

Cdk4 NM_009870 
G67A A23T FWD tgccactcgatatgaacccg 

G151A V51I REV ttcaggagctcggtaccaga 

Commd7 
NM_133850 G283A D95N FWD gagacatgcagcagctgaac 

NM_001195390 G70A D24N REV tctctccatctcgtgcagga 

Fam179b NM_177805 A2152T N718Y 
FWD ccatttggcacatggagcag 

REV tggctgtccccaaaaactgt 

Foxp1 NM_001197321 G1399T A467S 
FWD tgcaaaagacaaagagcgcc 

REV gtggcctccgtttttggaac 

Il7r NM_008372 C1253T P418L 
FWD gtcgtatggcctagtctccc 

REV ctgaggaagtggagatgggc 

Kdm6a NM_009483 A3467C N1156T 
FWD taccaggcctcctcattcca 

REV ttgttgcaccagccaatagc 

Kras 

NM_021284 G35T 

G12V 

FWD aacttgtggtggttggagct 

REV actgtacaccttgtccttgact 

NC_000072 G3587T 
FWD gDNA tgggatagctgtcgacaagc 

REV gDNA tctttttcaaagcggctggc 

Lpin1 

NM_172950 

NM_001130412 
A1475C Q492P FWD agtggcagccctgtatttcc 

NM_015763 A1574C Q525P REV tccggtattgtggcctttcc 

Maml2 NM_173776 A250C S84R 
FWD cccagcagtccctgttgaat 

REV taagggagatggccgagaca 

Myom1 
NM_001083934 

NM_010867 
C647T T213M 

FWD gtccacccttcaacgagagg 

FWD gacagcccagactcatggtc 

Ovgp1 NM_007696 G1588A A530T 
REV ctggctgggctggttcttc 

FWD cctccaatggacagcagtgt 

Psip1 NM_133948 A496G T166A 
REV tcaggaagaaaaggccagca 

FWD agcatgttcctcctgtgagc 

Ptch1 NM_008957 

C888A N296K 
FWD gacagctgggaggaaatgct 

REV catcagtaggtagccgctgg 

G265T V89F 
FWD tggagcagatttccaagggg 

REV cccagaagcagtccaaaggt 
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Sema6d 

NM_199239 

NM_199241 

NM_172537 

NM_199238 

NM_199240 

G482C S161T 

FWD cgtgctgttccttctggtct 

REV cgaagggcagatccatctcc 

Sfi1 NM_030207 C1066T R356C 

FWD acctccaaatctgcagggtg 

REV tcgctgctggaaatgaccat 

FWD New cactggaagcactacatgttgc 

REV New ctaaagcaagaatacagcaggt 

Stat6 NM_009284 G1487A C496Y 
FWD ttgggccccaacaaacttct 

REV gaggaggaaggtcccatct 

Tsc1 NM_022887 A1118C Y373S 
FWD tgttgttcagtccacctggg 

REV gaggaactacaggatccgc 

 

 

3.7.2 PCR amplification  

PCR amplification was the first step in Sanger sequencing. BigDye direct cycle sequencing 

kit protocol 
154

 was used and the PCR reaction was conducted as described in the protocol.  

Master mix with BigDye direct PCR master mix from BigDye Direct Cycle Sequencing Kit, 

designed M13-tailed forward and reverse primer and UltraPur DNase/RNase-Free Distilled 

Water was applied in MicroAmp® Optical 96-Well Reaction Plate with Barcode and 1 or 2µl 

(5ng/µl) cDNA was added. Distilled water was adjusted to obtain same volume in each 

reaction. A negative control was included in every run and processed the same way as the 

DNA containing samples by replacing the DNA sample volume with distilled water. The plate 

was sealed with Domed PCR Cap Strips and centrifuged with Eppendorf Centrifuge 5810R. 

The PCR amplification step was preformed as 9700 thermal cycler in the protocol with the 

use of Veriti 96-Well Thermal Cycler.  

BigDye direct cycle sequencing kit protocol 
154

 recommends that the PCR products should be 

checked after the PCR reaction on agarose gel to determine the quality and quantity of the 

PCR product. 2µl PCR product was mixed with 2µl 0,1% Bromophenol blue Gel loading 

buffer in 96-Well Non-Skirted Plates and sealed with Domed PCR Cap Strips and centrifuged 

with Eppendorf Centrifuge 5804. Each mixed solution were applied in separate well in 1,5% 

agarose gel in Sub-Cell
®
 Model 192 or Wide Mini-sub cell GT according to number of 

samples and the gel size. 2µl φX 174-Hae III digest was used as ladder marker. Powerpac 300 

was used to apply electric field in 1X TAE buffer and the gel was run for 30 minutes. 

GeneGenius Bio Imaging System and GeneSnap software was used to make the band on the 

gel visible for evaluation.  
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3.7.3 Chain termination sequencing 

Cycle sequencing is the chain termination step. Cycle sequencing was preformed according 

BigDye direct cycle sequencing kit protocol 
154

. Sequencing was performed in both forward 

and reveres direction using Direct Sequencing Master Mix, M13 Fwd Primer and M13 Rev 

Primer from BigDye Direct Cycle Sequencing Kit. The cycle sequencing reaction was 

performed as 9700 thermal cycler option in the protocol.   

Sequencing products were purified using BigDye XTerminator purification kit according to 

the manufactures protocol  
154

. Sterile disposable scalpels were used to cut a little part of the 

pipette tip to pipette the XTerminator solution. The plate was sealed with Domed PCR Cap 

Strips. The plated was vortexed for 30 minutes at 2000rpm using Illumina High-Speed 

Microplate Shaker. The remaining empty wells were filled with deionized water using 

Corning Costar reagent reservoirs.  

3.7.4 Capillary electrophoresis and results processing  

The capillary electrophoresis was done with 3730 DNA Analyzer. Starting of 3730 DNA 

Analyzer and Collection Software where done according to Applied Biosystems 3730/3730xl 

DNA Analyzers User Guide 
155

. The buffer reservoir was filled with 1x Sequencing buffer. 

Septa sealing was used with Plate Septa, 96 well, and assembled as explained in the User 

Guide. POP-7 Polymer for 3730/3730xl DNA Analyzers was used as the sequencing 

performance optimized polymer (POP) as recommended 
154

.  

The Sequencing Analysis software was used for processing the raw data obtained from 

capillary electrophoresis. The mutated position was inspected manually to determine if the 

mutation were present. If a mutation was present, the signal intensity of the wild type was 

compared to the signal intensity of the mutation in the same base position to find the 

percentage of detected mutation. The overall sequence quality was inspected with considering 

the signal intensity, signal evenness, and background noise. MAFFT sequence alignment 

software was used to compare the sequence to the reference sequence and check that the 

sequenced area is correct.  
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3.8 Statistical analysis/bioinformatics   

The assembled sequences from SciLife were processed in two different ways to identify 

possible point mutations. Mutation calling based on the mm9 NCBI Build37 was named 

“reference call” in this thesis. The mm9 NCBI Build 37 is pure C57BL/6 genome. The GLI1 

induced tumors have mixed genetic background of C57BL/6 and FVB/N. Thus, the mutation 

calling using only the C57BL/6 reference genome might results in identified mutations due to 

the mixed genetic background and not due to real mutations. To exclude potentially false 

positive mutations the assemble sequences were compared to other known mouse genomes 

and to liver DNA from the same animal as the primary tumor arose in. The results of the liver 

DNA exon sequencing were processed through the same pipeline as the tumor samples. This 

point mutation calling method was named “animal specific call” in this thesis. Members of 

Erik Fredlund's group at Karolinska Institutet, Stockholm, Sweden, performed the filtration 

and mutation calling.  

With the results from the two different mutatin calling (animal specific call and reference 

call), it was of interest to look at how many unique mutations were identified with each of the 

calling methods and how many unique mutations were common between the two methods. 

The statistical software package R was used for this purpose. Daniel Nebdal at Department of 

Genetics helped with the statistical analyses in R. 

The results from “reference call” were further used to search for mutated human homologous 

and if the mutations have been detected in human cancer and human breast cancer. The 

reference call detected mutated genes were compared to the catalogue of somatic mutations in 

cancer (COSMIC) database. The COSMIC cancer gene census database indicated which of 

genes present in reference call data are known to have cause cancer. These analyses were 

performed by Members of Erik Fredlund's group at Karolinska Institutet.  

The MAFFT sequence alignment software was used to do multiple sequence alignment of the 

sequences obtained from Sanger sequencing and compare these to the reference sequence to 

check that the correct area had been sequenced. The coding part of the reference sequence, 

sequences from both forward and reveres direction from Sanger sequencing, from all samples 

with the same primer pair were compared. The box allowing unusual symbols was ticked off 

since a position with several bases, like a mutation, are indicated with a different letter than A, 

C, G or T in the sequencing analysis software. The gap opening penalty was set to the strictest 

value. No other parameters were altered. The alignment was manually checked to see if it had 

http://cancer.sanger.ac.uk/
http://cancer.sanger.ac.uk/
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correctly identified the reveres directions and reversed them, and that the alignment shows 

correct sequenced area.  
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4.0 Results  

4.1 Immunohistochemistry 

Immunohistochemistry (IHC) was preformed to characterize GLI1 induced mammary tumors, 

and to study the stability in the serially transplanted tumors. An overview of the result from 

all IHC and hematoxylin and Eosin (H&E) staining is shown in table 4. Negative controls 

were negative as anticipated in every sample with the different antibodies.  

H&E staining of GLI1 induced mammary tumors from primary and late tumors was 

performed for tumor characterization (figure 16). The H&E staining was judge by other 

members of the group and concluded that series A primary tumor was solid carcinoma, series 

A late, series B primary and late tumors was adenocarcinomas, series C tumors were 

carcinosrcoma/anaplastic and series D primary was characterized as carcinosarcoma.  Series 

D late tumor form the 10
th

 generation have not been characterized. 

 

 

Figure 16:Four series of GLI1 induced mammary tumors stained with hematoxylin and eosin in primary (A-D) 

and late tumors from the 10
th

 generation transplantation (E-H). Magnification 100x (D, F-H) and 200x (A-C, E).   

 

 

Cytokeratin 5 (K5), K6 and K18 staining were performed to determine if the GLI1 induced 

mammary gland tumors had luminal or basal-like characteristics. K5 and K6 are basal 

keratins and K18 is luminal keratin. Pictures showing correct epithelial cell staining with K5, 

K6 and K18 are shown in appendix B for comparison.  Series A was stained positively for K5 
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and showed a few K6 positively stained cells (figure 17). Series A had very few positive cells 

for K18 staining but the majority of the tumor cells were negative indicating that the tumors 

were negative for the K18 marker. Series B, C and D showed staining with the K18 antibody. 

Series B also showed some weak staining with the K6 antibody in the late tumor. Series C had 

weak staining for K18 and did not show any staining for K5 and K6 indicating that the tumors 

were only K18 positive. Series D did not either show any K5 or K6 staining of the tumors 

cells. The positive K5 staining observed in series D was located to normal cells in a duct. 

Since there were some differences in K18 staining between primary and late tumor, especially 

in series A and C, the 0
th

 and 5
th

 generations from all four series were also stained for K18 

(pictures in appendix B). Series A showed no staining either in the 0
th

 or 5
th

 generation, while 

series B showed the same number of positive cells throughout the serially transplanted 

tumors. Some variation in number of positively stained tumor cells  with K18 antibody were 

observed series C, while in series D, the 0
th

 generation showed loss of K18 staining which 

emerged again in the 5
th

 generation and in the late tumor. To summarize, Series A had tumor 

cells stained with K5 and K6 basal antibody, while series B, C and D were stained with the 

luminal marker K18. In addition series B late tumor was stained with K6.    
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Figure 17: Four series of GLI1 induced mammary gland tumors stained with K5 (A-H), K6 (I-P) and K18 (Q-X) 

antibodies in primary tumors (A-D, I-L, Q-T) and late tumors from the 10
th

 generation transplantation (E-H, M-

P, U-X). Magnification 400x.   

 

 

IHC with the proliferation marker Ki-67 was performed to study the proliferation of the GLI1 

induced mammary gland tumors and the stability in serially transplantations. Ki-67 staining 

showed increasing number of positively stained cells between primary and late tumors from 

the 10
th

 generation transplantation, so 0
th

 and 5
th

 generation in all four series were in addition 

stained with Ki-67 antibody (figure 18). The Ki-67 antibody staining showed increasing 
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number of positively stained cells over the course of the serial transplantations in all four 

series.  

 

 

Figure 18: Four series of GLI1 induced mammary tumors stained with Ki-67 (A-P) antibody from primary 

tumors (A-D), 0
th

 (E-H), 5
th

 generation (I-L) and late tumors from the 10
th

 generation transplantation (M-P). 

Magnification 400x.   

 

 

Similarly, IHC using antibodies to receptors Her2, ER-alpha and PR was preformed to 

characterize the GLI1 mammary gland tumors with respect to the hormone receptor status 

ER-alpha, PR and the growth factor receptor Her2. ER-alpha staining showed a few positive 

cells in each tumor, except in primary tumor series A (figure 19). The four primary tumors 

were negative for PR staining. However, the late serially transplanted tumors showed 

cytoplasmic staining and some few nuclear positive cells. Primary tumor in series D was not 
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available for PR staining. Her2 was negative stained in all tumors from all four series. 

Positive staining with Her2 antibody of a normal duct in tumor tissue is shown in appendix B. 

 

 

 

Figure 19: Four series of GLI1 induced mammary tumors stained with ER-alpha (A-H), Her2 (I-P) and PR (Q-

X) antibody from primary tumors (A-D, I-L, Q-S) and late tumors from the 10
th

 generation transplantation (E-H, 

M-P, U-X). Primary tumor for series D  (panel T) was not available. Magnification 400x.   
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Staining with antibody against Egfr showed that primary and late tumors did not express 

detectable levels of Egfr (figure 20). Only a few positive cells were detected at the edges of 

the tumors. Positive staining of Egfr in a normal duct in a tumor tissue sample is shown in 

appendix B. Staining for p-Erk1/2 showed more cytoplasmic than nuclear staining. Nuclear 

staining was found in series C as well as in series B and D late tumors. Tumors in series A 

and primary tumor in series B were negative for p-Erk1/2 staining. Series D primary tumor 

showed only cytoplasmic staining. p-Erk1/2 staining showed difference number of positively 

stained cells between primary and late tumors from the 10
th

 generation transplantation, so 0
th

 

and 5
th

 generation in all four series were in addition stained with p-Erk1/2 (appendix B). 

Staining of tumors from four different generations in series B showed that the amount p-

Erk1/2 gradually increased. Series C and D tumors had weak p-Erk1/2 staining in the 0
th

 

generation and then staining increased throughout the serial transplantations. Some of the 

tumors showed most p-Erk1/2 staining at the edges of the tumor (series B: 0
th

, 5
th

 generation, 

late, series C: 0
th

 generation, series D: primary, late) while others had negative tumors edges 

even though the tumors were positive for p-Erk1/2 (series C: 5
th

 generation, late, series D: 0
th

 

generation), data not shown.   

 

 

Figure 20: Four series of GLI1 induced mammary tumors stained with Egfr (A-H) and p-Erk1/2 (I-P)) 

antibody from primary tumors (A-D, I-L) and late tumors from the 10
th

 generation transplantation (E-H, M-P). 

Magnification 400x.   
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Table 4: An overview of immunohistochemistry results from four series of GLI1 induced primary mammary 

tumors and late tumors from the 10
th

 generation transplantation. Scoring: negative when <10% of the tumor cells 

have positive staining, 1+ is cells that have 10-25% positive staining, 2+ 25-50%, 3+ 50-75% and 4+ > 75% 

positively stained cells. The scoring is based on estimated percentage of positively stained tumor cells of each 

marker in an area of the tumor.  

 

Series A 

Primary 

Series A 

Late 

Series B 

Primary 

Series B 

Late 

Series C 

Primary 

Series C 

Late 

Series D 

Primary 

Series D 

Late 

H&E 
Solid 

carcinoma 

Adeno-

carcinoma 

Adeno-

carcinoma 

Adeno-

carcinoma 

Carcino-

srcoma/ 

anaplastic 

Carcino-

srcoma/ 

anaplastic 

Carcino-

sarcoma 
NA 

K5 + + + + + + + - - - - - - 

K6 + + - + +  - - - - 

K18 - - + + + + + + + + + + + + + + + + 

Ki-67 - + + + - + + + - + + - + + 

Her2 - - - - - - - - 

ER-alpha - - - - - - - - 

PR - - - - - - - x 

Egfr - - - - - - - - 

p-Erk1/2 - - - +  + + + + 

 

 

4.2 Exome sequencing 

The exome sequencing data were analyzed in two different ways to identify somatic 

mutations. Exome sequencing results aligned with reference sequences and liver DNA exome 

sequencing (animal specific call) identified less unique mutations than the exome sequencing 

results aligned with a reference genome (reference call). These analyses identified a total of 

1727 unique mutations using the two calling methods combined. Only 106 of the unique 

mutations were overlapping (figure 21).  
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Figure 21: Venn diagram showing the number of unique mutations from using two different mutation calling 

methods. 391 unique point mutations were found with the animal specific calling and 1442 unique point 

mutations were found with the reference call. 106 point mutations were identified by both methods.  

 

Table 5 lists the number of somatic mutations found in each of the tumors, and overlapping 

mutations between the different samples. The diagonal shows the number of mutations in 

each tumor sample. From the table it is clear that the late tumors have many more mutations 

than in the primary tumors.  

 

Table 5: Number of overlapping mutations identified by animal specific call between series A, B, C and D, from 

both primary and late tumors from the 10
th

 generation transplantation.  

 
Series A 

Primary 

Series A 

Late 

Series B 

Primary 

Series B 

Late 

Series C 

Primary 

Series C 

Late 

Series D 

Primary 

Series D 

Late 

Series A 

Primary 
10 1 0 0 0 0 0 0 

Series A 

Late 
1 126 0 23 0 29 0 13 

Series B 

Primary 
0 0 18 7 0 0 0 0 

Series B 

Late 
0 23 7 56 0 16 0 7 

Series C 

Primary 
0 0 0 0 11 3 1 1 

Series C 

Late 
0 29 0 16 3 193 1 20 

Series D 

Primary 
0 0 0 0 1 1 9 4 

Series D 

Late 
0 13 0 7 1 20 4 65 

 

 

4.3 Sanger sequencing  

Of 31 mutations in the GLI1 induced tumors identified by exome sequencing only 58% of the 

mutations were identified by cDNA sequencing. The results from Sanger sequencing is listed 

in table 6 along with the results from exome sequencing. In which of the series the mutations 

are found in, are listen in appendix A. Btnl6 expression was not in any of the samples. All 
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nine genes present in COSMIC Cancer Gene Census database were controlled-sequenced 

using normal NOD/SCID mammary tissue with both gDNA and cDNA sequencing. The 

control sequencing with NOD/SCID samples were negative for the mutation. An overview 

over which genes this applies to, is shown in appendix A. 

 

 

Table 6: The table lists the percentage of the mutations that have been detected with genomic exome sequencing 

and cDNA sequencing from GLI1 induced mammary tumors tissue and normal liver tissue. The gray area 

represents unavailable data. Reference and animal specific calling of mutation have negatively or positively 

identified the mutation form exome sequencing data. 

Gene Sample Exome 
Animal 

Specific call 
Reference call cDNA 

Atp13a3 

Primary 47 + + 67 

Late 40 + + 50 

Liver 0    

Brca2 

Primary 0 - - 0 

Late 38 - + 0 

Liver 0    

Brcc3 

Primary 0 - - 0 

Late 15 - + 0 

Liver 0    

Btnl6 

Primary 26 + + Not expressed 

Late 50 + + Not expressed 

Liver 0    

Cdk4 G151A 

Primary 2 - - 0 

Late 8 + - 0 

Liver 2    

Cdk4 G67A 

Primary 2 - - 0 

Late 12 + - 0 

Liver 1    

Commd7 

Primary 17 + - 33 

Late 27 + + 35 

Liver 0    

Fam179b 

Primary 58 + + 86 

Late 79 + + 100 

Liver 0    

Foxp1 

Primary 0 - - 0 

Late 11 + - ? 

Liver 0    

Il7r 

Primary 0 - - 0 

Late 13 + - 0 

Liver 0    

Kdm6a 

Primary 15 + - 11 

Late 0 - - 0 

Liver 0    

Kras 

Primary, C 9 + - 63 

Late, C 30 + + 75 

Liver, C 0    

Primary, D 46 + + 78 

Late, D 78 + + 88 
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Liver, D 1    

Lpin1 

Primary 53 + - 53 

Late 80 + + 90 

Liver 0    

Maml2 

Primary 0 - - 0 

Late 16 + - 8 

Liver 0    

Myom1 

Primary 5 + - 0 

Late 10 + - 13 

Liver 0    

Psip1 

Primary 10 - - 0 

Late 21 + - 0 

Liver 2    

Ptch1 G265T 

Primary 23 - - 0 

Late 26 + - 0 

Liver 17    

Ptch1 C888A 

Primary 18 - + 0 

Late 1 - - 0 

Liver 0    

Sema6d 

Primary 6 + - 0 

Late 16 + - 0 

Liver 2    

Sfi1 

Primary 3 + - 0 

Late 6 + - 0 

Liver 2    

Stat6 

Primary 7 + - 21 

Late 31 + + 42 

Liver 0    

Tsc1 

Primary 0 - - 0 

Late 9 + - 14 

Liver 0    

 

 

 

18 of the 31 mutations selected to be validated by Sanger sequencing from both the reference  

call and animal specific call data were confirmed with cDNA; 13 mutations were not 

validated, giving a total of 58% verified mutations (figure 22). Mutations identified by both 

the reference and animal specific call were validated inn 100% of the cases. Sanger 

sequencing validated 18 of the 28 mutations identified by using the animal specific call 

method; hence 10 of 28 mutations were not validated, resulting in 64% validation of this 

method by Sanger sequencing. Finally, 9 of 12 mutations which were identified by the 

reference call method were confirmed whereas 3 were disclaimed, giving 75% validation rate. 
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Figure 22: The diagram shows verification rate of 22 point mutations identified by exome sequencing and 

verified with Sanger sequencing (total confirmed). Two mutations callings, reference and animal specific call 

identified with cDNA sequencing and mutations found by both callings identified in cDNA is shown. 

 

 

The Kras mutation in series C was also validated by Sanger sequenced of genomic DNA. 

Genomic DNA was sequenced from primary, 0
th

 generation, 5
th

 generation, and 10
th

  

generation (late) mammary tumors and the percentage of identified Kras mutation were 

compared with results from cDNA and exome sequencing (table 7).  

 

 

Table 7: The table list Kras sequencing results from exome sequencing of GLI1 induced mammary tumors, 

Sanger sequencing of cDNA and genomic DNA , and normal liver tissue. These results are from series C from 

primary, 0
th

, 5
th

, and late tumors from the 10
th

 generation transplantation, and liver from the primary mouse. It is 

also included if the mutations were been detected by reference call  and/or animal specific call. 

Gene Sample Exome 
Animal 

Specific call  

Reference 

call 
cDNA 

Genomic 

DNA 

Kras 

Primary 9 + - 63 25 

0 Generation     42 

5 Generation     44 

Late 30 + + 75 60 

Liver 0    0 

 

 

  

58 % 64 % 
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specific - 
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5.0 Discussion 

5.1 Methodological discussion  

Every lab procedure and method has limitations including, instrumental malfunction, low 

dynamic range, malpractice, as well as functional limitations. Most of the methods used in 

this thesis are well established and optimized over years but some limitations still exist and 

are important to consider 

 

5.1.1 Immunhistochemistry  

IHC staining is based on correctly identifying positive and negative cells for a specific 

marker. The major problems with IHC are high background staining and too weak specific 

staining. The IHC protocol includes many different reagents and it is important that they are 

of good quality to function properly. High background can be caused by too high 

concentration of the primary or secondary antibody, or active endogenous peroxidases or 

phosphatases. False positive staining may be due to nonspecific binding of primary antibody 

to identical or similar non-targeted antigens. High primary antibody concentration might 

increase nonspecific binding and too high secondary antibody concentration may cause 

binding to epitopes without primary antibody. False negative cells might be due to protein 

degradation  and loss of the antigen or incomplete epitope retrieval 
156

.   

Based on the limitations known with IHC, it was important to include positive controls and 

verify that the expected cells were positive, e.g. that cytokeratins stained the expected 

epithelial cell layers. If a positive control could not be found within the tumor or normal 

tissue, a separate positive control had to be included. For each of the antibodies and slides, 

one of two sections was not incubated with the primary antibody, but everything else was 

performed in the same way. This sample worked as a negative control and as a check that the 

staining was only due to the primary antibody and other factors that may have caused the 

positive staining were eliminated. Staining of luminal and basal cells in normal mammary 

gland tissue was used to confirm that the cytokeratin antibodies stained the expected epithelial 

cells.  
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5.1.2 DNA and RNA isolation  

The major source of error in DNA and RNA isolation is getting low yield and risk of 

contaminated samples. Contamination can be due to proteins that are not removed from the 

sample or other organic contaminants from the extraction procedure. Error may also occur 

during concentration measuring, especially with NanoDrop when the sample is not pure. RNA 

isolated using the TRIzol base protocol gave satisfactory results for all samples except for 

one, which was successfully isolated with Quick-RNA MiniPrep kit. RNA yield from Quick-

RNA MiniPrep kit was lower compared to TRIzol isolated RNA but was of no concern for 

further analysis in this thesis.  

 

5.1.3 cDNA synthesis 

cDNA synthesis whit incorrect temperatures during annealing and synthesis will affect the 

outcome of the synthesis. Too high temperature during the synthesis could make the reverse 

transcriptase enzyme inactive, and too low temperature the enzyme may not work optimal. In 

addition, the reverse transcriptase might insert wrong nucleotides resulting in false mutations 

in the synthesized cDNA.   

cDNA concentrations were first measured on NanoDrop. Based on these concentrations the 

resulting PCR products in the gel electrophoresis were very weak. NanoDrop measures 

everything in the samples that absorb light at that wavelength, including nucleotides, and it 

was thereby measured 200 times higher concentration than the Qubit 2.0 fluorometer. After 

using the concentration obtained with the Qubit instrument, the PCR for the Sanger 

sequencing improved. 

Measuring cDNA with Qubit dsDNA HS Assay Kit is not optimal since it recognizes dsDNA, 

and the samples measured contained cDNA:mRNA hybrid. However, this was the best 

solution to determine cDNA concentration with the equipment available. One alterative 

option could have been to conduct second strand synthesis to obtain cDNA:cDNA hybrid and 

subsequently  measured these concentrations with the Qubit instrument.  
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5.1.4 Advantages and disadvantages with Sanger and SOLiD sequencing 

technologies 

Both SOLiD and Sanger technologies have advantages and disadvantages. SOLiD sequences 

up to 50 base pairs which is significantly less than Sanger sequencing that can sequence up to 

900 base pairs. In Sanger sequencing up to 96 reactions can be performed at the same time, 

but in SOLiD up to a billion of reactions can be performed in parallel. The raw data from 

SOLiD are superior to Sanger, but have overall an error rate that is higher due to the difficulty 

of sequence assembly. SOLiD sequences  deeper than Sanger which is important for detecting 

mutations, sequence variants or massively rearranged regions. But great depths mean more 

sequencing and more difficulties in de novo assembly 
142, 157, 158

.  

 

5.1.5 Exome sequencing 

The animal specific call was considered to be the most correct way of detecting mutations in 

the exome sequencing data. Exome sequencing results aligned with all known reference 

genomes were used to account for the mixed genetic background of the mice. We also aligned 

data with DNA sequenced from liver to remove naturally occurring mutations in the mouse.   

The number of times each nucleotide has been sequenced in exome sequencing reflects the 

depth of the sequencing (coverage). The sequencing depth of the mutations chosen for Sanger 

sequencing validation varied greatly, from below 10 counts to over 300 counts for the position 

where the mutations are. The majority of the samples were sequenced at a depth of 70. 

Sequencing depth of 30 for SOLiD technology is considered to be very accurately 
159

 . The 

average read depth is therefore sufficient for most of the genes, but for Atp13a3, Brca2 and 

Brcc3 that have read depth below 15, the exome sequencing result is not as confident.  

Difficulties with exome sequence assembly may have lead to incorrect alignment, and may 

have caused wrong identification of mutation which could lead to falsely identified or 

unidentified mutation.  

 

5.1.6 Sanger sequencing  

Originally two additional genes were chosen to be sequenced (Ovgp1 and Skint5) but it was 

not possible to design adequate primers for both sequencing directions. Thus, analyses of 

these genes are not included in the thesis. To conclude that a mutated gene is expressed, it is 
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necessary to confirm the mutations in cDNA by sequencing in both directions. This principle 

was established by Department of Genetics and followed in this thesis.   

After the amplification step and separation on gel electrophoresis, showed only one band were 

present using the different samples and primer pairs but the bands showed variable intensities. 

Thismay be due to laboratory difficulties with samples application, non-optimal cDNA 

concentrating or insufficient cDNA input. Gel electrophoresis of gDNA gave the expected 

bands but in addition a smear was observed, probably cause by high DNA concentration and 

not by unspecific binding of the primers resulting in many bands of different sizes.  

The signal intensity from sequencing analysis software varied throughout the sequence both 

in signal evenness within the same sample and in signal strength between samples. The first 

and last part of the sequences was often of poor quality and was not considered.  

Most of the negative controls, reactions without gDNA, had signal intensities as high as the 

samples but no readable sequences. The negative controls were considered negative since 

there were no readable sequences and the signal could be considered as noise. In addition, 

normal mouse breast tissue was also included as negative controls which all were negative for 

the point mutation and did not show similar noise as the negative controls.  

Many of the sequenced samples were too noisy to draw a conclusion after the first round of 

sequencing but resequencing gave good enough sequences for most samples. For five samples 

it was not possible to obtain sequences in both directions even though the primer pairs worked 

with other samples. Forward Il7r late tumor, forward Il7r NOD/SCID control, reverse Brca2 

NOD/SCID, forward Kdm6a NOD/SCID and forward Tsc1 NOD/SCID results are therefore 

not available. Sequences from the other direction of these five samples were negative for the 

mutation and hence, the samples were considered as wild type. Sequencing of genomic DNA 

in series C, in the forward direction in the primary tumor and 5
th

 generation tumor failed. The 

forward direction of those two samples was scheduled to be resequenced, but the laser in the 

3730 DNA Analyzer instrument was defect and there was not enough time to repair the laser 

and resequence the gDNA samples. However, since these Kras mutation had been verified 

with cDNA sequencing, it is reasonable to assume that the mutations are present.  In addition 

Btnl6 were not detected in any of the samples that were sequenced. New primer pairs 

designed for the exon with the mutation did not either reveal any sequence, and it was 

concluded that the Btnl6 gene most likely is not expressed.  
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Upon sequencing of Foxp1 and Sfi1 splice variants was identified. The sequence was normal 

up to the exon-exon border (1591-1592bp) in both directions in Foxp1 (figure 23) indicating 

alterative splicing occurs at this border. New primers designed for the specific exon with the 

mutation did not give any sequence results. Multiple sequence alignment with sequences 

obtained with the old primers revealed that Foxp1 sequence was expressed and the highest 

peaks of the electropherogram were indeed the sequence of interest. Therefore it could be 

concluded that the new primers did not work.  Examining the obtained sequences with the old 

primers in the reverse direction, the primary tumor was negative for the mutations, while the 

late tumor displays the mutation. However the mutation has to be validated in both directions 

before certain identification.  

 

Figure 23: Sanger sequencing with Foxp1 transcript on cDNA revealed alterative splice variant, where the exon 

border 1591-1592 of the reference sequence are alternatively spliced 

 

Sfi1 sequencing results showed multiple sequences in the middle of the sequenced area, 

indicating alternative splice variants. Comparing the sequencing results with reference 

sequence did not give a clear indication of the splicing site (figure 24).  In both forward and 

reverse direction, the noise started at a different exon-exon border, and ended in the middle of 

an exon in both directions. The multiple sequences started at position 35 and ended at position 

254, in both directions. One might suspect that the primers had some sort of unspecific 

binding. The gene was clearly expressed, so new primer pairs targeting only the exon of 

interest were designed and sequencing with one new and one old primer gave sequence results 

that could be used for validation.  

 

Figure 24: Sanger sequencing results of Sfi1 cDNA with old primers compared with the reference sequence  

 



66 

 

All of the readable sequences aligned to the expected area on the reference sequences. Since 

the beginning and end of the sequences had poorer quality the bases in those areas can 

potentially be incorrectly identified. This type of error was easily identified in multiple 

sequence alignments and was overlooked in the validation of the various mutations.  

 

5.1.7 Comparing exome and Sanger sequencing results 

Sanger sequencing is not considered as a quantitative method but rather a method for 

detecting mutations. Sanger sequencing was performed to validate exome sequencing results. 

In this thesis the signal strength between wild type and mutation nucleotide were used to 

compare with the exome sequencing result. Comparison of the percentage mutation detection 

by exome and Sanger sequencing showed in some cases very different results, even more than 

50% difference in one case. Even comparing genomic DNA with cDNA results for the Kras 

mutation showed 30% difference. Sequencing of cDNA detected in general a higher 

percentage mutation than by using genomic DNA. Of the total of 31 mutations that was 

identified by exome sequencing in the different tumor samples and chosen for verification, 

42% of the mutations were not verified by cDNA sequencing.   

Tumor heterogeneity can explain the difference between the results, where one area of the 

tumor might have more cells with the mutation than another part of the tumor. Cells with Kras 

mutation express much more Kras than cells without the mutated gene , indicating a skewed 

relationship between  mutated cells and non-mutated cells. . For most of the other mutations 

analyzed in this thesis, there is not much information available about the consequences of the 

mutations as it is for Kras mutations. Technical aspects might also contribute to the observed 

differences in the validation percentage. To further improve the quality of the information 

concerning the mutation status in the GLI1 induced tumors, samples have been subjected to 

Illumina massively parallel sequencing, an alternative method to SOLiD sequencing.  
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5.2 Biological discussion  

Overexpression of GLI1 alone is not sufficient to induce mammary cancer. Therefore, other 

factors contributing to tumor development are likely to be involved. In this study, tumors 

developed in a GLI1 transgenic mouse model were characterized and analyzed for gene 

mutations. Such mouse models are important for identification if targeted therapy for GLI1 

induced mammary tumors. Whole genome and exome sequencing identified genetic 

alterations likely to lead to tumor development, however, these approaches are not flawless, 

hence validation was necessary to claim somatic mutations present in the GLI1 induced 

tumors.   

 

5.2.1 Tumor characterization   

The tumors were characterized by IHC. The GLI1 overexpressing tumors showed both 

luminal and basal-like characteristics. One series (series B) was heterogeneous with respect to 

these cell characteristics, and both luminal and basal-like cells was observed in the same 

tumor samples. GLI1 overexpress tumors can therefore not be categorized as either luminal or 

basal-like tumors, and this finding have also been shown previously 
20

. The GLI1 

overexpressing tumors shows different differentiation patter based on H&E staining and 

different differentiation patter in GLI1 induced tumors have been reported by others as well 

20
. This showed that GLI1 tumors do not fall into one category of breast cancer types.  

The GLI1 tumors were negative for ER-alpha, Her2 and PR and thereby classified as triple-

negative breast cancer (TNBC), a subtype representing 12-17% of human breast tumors. 

Triple-negative breast cancer is almost always basal-like 
160

. Since GLI1 overexpressing 

mammary tumors have both luminal and basal-like characteristics, this model do not fit in the 

known subtype profile. In support of this, the tumors were negative for Egfr which is unusual 

for basal-like breast cancer. The proliferation status of the tumors increased during the serial 

transplantation as measured by Ki-67, suggesting that the GLI1 overexpressing tumors 

develop into highly proliferative and potentially aggressive tumors and is further strengthen 

by high Ki-67 staining is associated with TNBC are more aggressive tumors have been 

reported 
112

. 

Erk1/2 is phosphorylated in the cytoplasm and translocates to the nucleus, hence cytplasmic 

staining can therefore be expected as it were observed in the GLI1 induced tumors. 

Cytoplasmic staining has been reported by others 
161, 162

 and it was further described that 
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cytoplasmic stained p-Erk1/2 probably reflects only a fraction of the total p-Erk1/2 
162

. In this 

thesis, the tumors had more cytoplasmic staining compared with nuclear staining. Tumors 

from series C and D showed some nuclear staining of p-Erk1/2 which might be explained by 

mutated Kras that increase the MAPK signaling leading to more p-Erk1/2 activation. Late 

tumor in series B also had a few nuclear stained cells. Egfr which also activates the MAPK 

signaling pathway were not identified in those tumors, this further strengthening that mutated 

Kras activates the MAPK signaling pathway.  

 

5.2.2 Gene mutations and impact on tumorigenesis 

All cancers carry somatic mutations and somatic mutations are part of normal biology. Some 

somatic mutations are repaired by the cell’s DNA repair machinery and others will lead to 

tumor development 
18

. Germline mutations and normal variants were excluded from the 

identified point mutations from the exome sequencing by aligning sequences from breast 

tumor samples with those from liver samples. Furthermore, germline mutations and variants 

were also excluded by the verification step using Sanger sequencing from cDNA. By using 

cDNA, presence of the mutated expressed transcript was ensured.  

Whole exome sequencing gives insight to mutational signatures and processes 
163

. Most 

mutations in breast cancer probably occurs after driver mutation initiation and an increasing 

number of mutations are seen with more malignant tumors 
18

. Only a few mutations are 

repeatedly found in breast tumors whereas rare mutations are more common. Also, several 

rare mutations are often found in different combinations which contribute to tumor 

development. The pathways associated with cancer are more important than the mutated 

genes themselves, which can be grouped  and associated with specific cellular processes and 

signaling pathways 
164

.  

The 20 genes verified by Sanger sequencing have human homologous except Btnl6 according 

to COSMIC database and the mutated genes have been reported in human breast cancers. Of 

the 20 genes, 18 were present in the animal specific call data (se appendix A). Only two of the 

genes, Kras and Cdk4 (position G67A), have mutation detected at the same position in human 

and only Kras have the same amino acid substitution reported in human cancers. Nine of the 

18 genes are present COSMIC Cancer Gene Census, meaning these genes have been reported 
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to causes cancer. These nine genes include Cdk4, Foxp1, Kdm6a, Kras, Il7r, Maml2, Psip1, 

Ptch1 and Tsc1.   

Of the 20 genes sequenced by Sanger sequencing, 10 genes were identified to have the 

mutation expressed in the tumors; Atp13a3, Commd7, Fam179b, Kdm6a, Kras, Lpin1, 

Maml2, Myom1, Stat6 and Tsc1 (overview of mutation in the different series, and tumor 

samples and verified vs. not is listed in appendix A). Only Fam179b in late tumor was 

homozygous for the mutation. These 10 genes have been reported mutated in human breast 

cancer according to COMSIC database, but only the specific Kras mutation have previously 

been found in other breast cancer samples. Moreover, only Kdm6a, Kras, Maml2, and Tsc1 

were present in COSMIC Cancer Gene Census and have mutations that are causally related to 

cancer development. Maml2, Myom1 and Tsc1 were gained mutations and could therefore not 

be considered as driver mutations in GLI1 induced tumors. All of the gained mutations were 

found in series C. Kdm6a was loosed but could still have been a driver mutation in series B. It 

is likely that Kras was a driver mutation in series C and D since no mutation could explain 

tumor development in these series. Finally, eight genes showed only expression wild type 

while two genes were not available due to malfunction primer pairs and one gene not being 

expressed. Series A did not have any confirmed mutations by Sanger sequencing meaning that 

no driver mutations were validated by the chosen genes to be Sanger sequenced in series A. 

Both gained and lost mutated genes showed low expression of the mutation and it is possible 

that in those cases where the mutations were not identified in the tumors of the same series, 

the mutation may have been below detection limit. Stephens et al. 
18

 argue that most 

mutations in breast cancer occur after driver mutation initiation and those increasing numbers 

of mutations are found in more tumors, which may explain the findings of gained mutations. 

These results could indicate that the cells with somatic mutation compromises a higher 

percentage of the tumor cells in the late tumors, or that the tumor cells express more of the 

mutated genes compared to the cells without the mutation.  

No mutations found by exome sequencing were identified in all four series and very few 

mutations were found in several series, indicating that several mutations are potentially 

involved in GLI1 induced tumor development. Not many mutations were identified in both 

primary and late tumors by the exome sequencing, indicating dynamic tumor progression and 

mutations that are gained and lost.  
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There are still several hundred mutations that were not selected for verification that could 

potentially be involved in tumor development. For the purpose of this study, mutated genes 

reported in COSMIC Cancer Gene Census were prioritized, but other genes not known to be 

involved in cancer could still be important for GLI1 induced tumors. 

Another important factor is gene amplification. Gene amplifications are frequent in breast 

cancer. Stephans et al 
18

 have found 40 driver mutations caused by either somatic point 

mutations or copy number alterations. TP53 is a driver mutation and primary mouse in series 

C have TP53 mutated gene inserted in the genome and is probably a driver mutations in this 

series in addition to Kras. Since copy numbers are not available at this point in the project and 

only a handful of genes that have been verified, it is difficult to pinpoint driver mutations. The 

tumor may also have several driver mutations that could not be identified in this thesis.  

Epigenetic is a reversible process and regulates gene expression and could explain why no 

identification was verified in series A and that epigenetic alterations may have for instance 

inhibited a tumors suppressor gene. Series A do not have any identified mutations and this 

could also imply that maybe GLI1 alone is sufficient for tumor development.  

 

5.2.3 Tumor stability  

For the major part, the GLI1 induced tumors showed stable characteristics throughout the 

serial transplantations. Cytokeratin staining varied to some extent between the serially 

transplanted tumors and across series, but this had no impact on classification between 

primary and late tumors. The hormone receptors were quite stable in the degree of staining, 

except for PR that showed cytoplasmic staining in the late tumors compared to no staining in 

the primary tumors. p-Erk1/2 showed only minor variation in the staining but the largest 

differences were observed for Ki-67 for which positively stained cells were observed in the 

late tumors versus non in the primary tumors. The large differences seen between the result 

from exome sequencing and Sanger sequencing warranted additional sequencing analysis to 

clarify these variations.  
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5.3 Further perspectives  

Thorough characterization of the GLI1 oncogene induced tumors is important for their use as 

breast cancer models. Further investigation of these tumors is a current ongoing project. 

Several things could be of interest for further investigations:  

 Verification of exome sequencing with cDNA sequencing with Sanger sequencing 

technology showed great variation and was not satisfactory. Genome sequencing with 

Sanger sequencing technology have been decided to perform as a third validation 

before concluding certain identified genetic alterations in GLI1 induced tumors. 

Genomic DNA was sent in the first week of May and sequencing result are available 

in the near future.  

 Breast cancer have more often gene amplification than genetic alterations, and 

hopefully the genome Sanger sequencing could also be used to identify copy number 

variation in the mammary gland tumors 

 Microarray analysis of gene expression results are currently attempted to be merged 

with other mouse model tumors to a cohort, to try to group the GLI1 tumors together 

and show that GLI1 tumors have it own mutational signature 

 It would also be of interest to try and classify the GLI1 tumors according to human 

classifications with the use of microarray analysis  

 Epigenetic could be of interest to investigate, to reveal activated or inhibited signaling 

pathway. Epigentic alterations work together with genetic mutations in initiation and 

progression of cancer  

 Sequencing with Ion torrent has the possibility to sequence much deeper than both 

SOLiD and Sanger sequencing. Ion torrent can sequence as deep as 30.000 reads, 

which can be of interest to detect low expressed mutations that were not possible to 

detect by Sanger sequencing. Ion torrent is not suitable for whole genome sequencing 

but it is possible to deep sequence genomic DNA of smaller area 

 The major goal in the future is to identify signaling pathways involved in tumor 

development for GLI1 overexpressing tumors and develop a targeted therapy for GLI1 

induced tumors  

 It would also be of interest to investigate if the mouse also express their Gli1 gene and 

not just the human GLI1 gene to if the Hedgehog signaling pathway have been 

activated in the mouse models  
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 RNAscop, which detects mRNA in paraffin embedded tissue, was invested by the 

Department of Genetics were recently, and it would be of great interest to use this and 

look at the expression of Gli1 in the tumor cells among other expressed genes 
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6.0 Conclusion  

GLI1 overexpression in the mammary gland has been shown to give rise to breast cancer. 

GLI1 alone is not sufficient to induce breast cancer so additional potential tumor inducing 

factors were investigated. Four series of GLI1 induced mammary gland tumors showed 

different somatic mutations and tumor characteristics. GLI1 tumors have been found to give 

rise to several types of breast cancer including carcinosarcoma which is a seldom breast tumor 

type. It was found that GLI1 induced tumors had both luminal and basal-like characteristics, 

and were characterized as a tipple-negative subtype which is associated with basal-like 

tumors. However luminal tumors were also identified, showing that GLI1 induced tumors do 

not fit in to the usual molecular classification scheme of breast cancer. This is further 

supported by their lack of Egfr expression that are most often found among basal-like tumors. 

The GLI1 tumors showed increasing proliferation features throughout serial transplantations, 

indicating that the GLI1 tumors have high proliferative capacity which is associated with 

aggressive tumors. p-Erk1/2 was found in two of the series that also have Kras mutations 

suggesting that Kras have an impact on GLI1-dependenet tumor development. Validation of 

exome sequencing identified 10 possible mutated genes that were expressed in the mammary 

tumors, but only Kras have so far been considered as a mutation that most likely has an 

impact on the tumor development. Further investigation is necessary to identify whether any 

of the additional verified mutations may have contributed to tumor development.   
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Appendix A 

Table 1: This table shows the mutated genes identified by exome sequencing and chosen to be verified on cDNA 

sequencing with Sanger sequencing technology in four series of GLI1 induced mammary tumor tissue from 

primary tumors and late tumors from the 10
th

 generation transplantation. The gray areas represent mutations that 

not have been identified by exome sequencing and thereby not either been sequenced with cDNA. The yellow 

squares represent mutation detected by exome sequencing, either by the animal specific call (indicated by A) 

and/or by the reference call (indicated by R). The white squares are unavailable results due to failure in the 

cDNA sequencing, either by malfunction primers or that the gene is not expressed, like with Btnl6 gene. The 

light blue squares are control sequenced samples from a normal NOD/SCID mammary gland sample. The green 

boxes indicates that mutation have been verified by Sanger sequencing. The Red boxes indicate that the 

mutations have not been verified by Sanger sequencing and only wild tumor is present. The percentage 

represents the amount of mutation that has been identified from the total sequencing results. The percentage 

detected mutation from exome sequencing is listed in table 6 in the results. The mutations identified in COSMIC 

Cancer Gene Census are genes that are known to cause cancer.  
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Atp13a3 -     A+R 67% A+R 50%          

Brca2 +               R  - 

Brcc3 -           R       

Btnl6 -             A+R  A+R   

Cdk4 G151A +       A          - 

Cdk4 G67A +   A              - 

Commd7 -             A 33% A+R 35%  

Fam179b -     A+R 86% A+R 100%          

Foxp1 +           A       

Il7r +   A              - 

Kdm6a +     A 11%           - 

Kras +         A 63% A+R 75% A+R 78% A+R 88% - 

Lpin1 -     A 53% A+R 90%          

Maml2 +           A 8%     - 

Myom1 -         A  A 13%     - 

Psip1 +               A  - 

Ptch1 G265T +           A      - 

Ptch1 C888A + A                - 

Sema6d -     A  A           

Sfi1 -             A  A   

Stat6 -         A 21% A+R 42%      

Tsc1 +           A 14%     - 
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Appendix B 

 

Figure 1: Four series of GLI1 induced mammary tumors stained with K18 (A-P) antibody from primary tumors 

(A-D), 0
th

 (E-H), 5
th

 (I-L) and late tumors from the 10
th

 generation transplantation (M-P). Magnification 400x.   
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Figure 2: Four series of GLI1 induced mammary tumors stained with p-Erk1/2 (A-P) antibody from primary 

tumors (A-D), 0
th

 (E-H), 5
th

 (I-L) and late tumors from the 10
th

 generation transplantation (M-P). Magnification 

400x.   
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Figure 3: GLI1 induced tumor stained with antibody against K5 showed that the basal cells in remaining normal 

duct in the tumor tissue were stained with K5.  Magnification 40x.   

 

 

Figure 4: GLI1 induced tumor stained with antibody against K6 showed that the basal cells in remaining normal 

duct in the tumor tissue were stained with K6.  Magnification 40x.   

 



91 

 

 

Figure 5: GLI1 induced tumor stained with antibody against K18 showed that the luminal cells in remaining 

normal duct in the tumor tissue were stained with K18.  Magnification 40x.   

 

 

Figure 6: GLI1 induced tumor stained with antibody against Egfr showed positive staining in a normal duct in 

the tumor tissue was stained with Egfr.  Magnification 400x.   
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Figure 7: GLI1 induced tumor stained with antibody against Her2 showed positive staining in a normal duct in 

and in the tumor tissue was stained with K6.  Magnification 40x.   
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