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2 Summary

Cancer is one of the most important causes of death in the world, while breast cancer has the highest mortality rate among women. A large part of breast cancer research is devoted to understanding the genetic basis of breast cancer. There are several known oncogenes involved in human breast carcinogenesis, but it is likely that many more oncogenes are involved in breast cancer. To discover these novel oncogenes, a Mouse Mammary Tumor Virus (MMTV) mediated insertion mutagenesis screen has been performed in an MMTV-Erbb2 transgenic mouse model, for ERBB2 positive breast cancer. A total of 112 tumors of the MMTV-Erbb2 model were screened using the MMTV Splinkerette PCR to localize proviral MMTV proviral insertions. In this screen we mapped fourteen Common Insertion Sites. Six of these were associated with genes not previously involved in mammary tumorigenesis, including Eras, Dnahc1, Gpc6, Irs4, Ptchd3 and Sep15. 

Erbb2 and Eras expression was examined in 65 MMTV-Erbb2 tumors the by RT-PCR experiments.  Four tumors from the Erbb2 transgenic mice showed no overexpression of Erbb2, but tagging of oncogenic Wnt genes. Further analysis revealed a significant inverse correlation between Erbb2 expression and Wnt tagging (p=0,013; X2 test), suggesting that Wnt genes take over the primary oncogenic event in the tumors with no Erbb2 overexpression.  MMTV proviral insertions mapped in the Eras locus, and the orientation of the virus suggested that Eras is the retroviral target. Indeed proviral MMTV in the Eras locus significantly correlated with Eras mRNA expression (p=0,027; X2 test), validating that Eras is the MMTV target. Eras was overexpressed in nine (14%) Erbb2 positive tumors, and only in four (10%) Wild Type BALB/c tumors and one (4%) Wild Type FVB tumor. Between the two Wild Type mice strains there no significant difference in Eras expression (p=0,336; X2 test), and is no significant difference in expression frequency of Eras between the transgenic Erbb2 and WT BALB/c mice (p=0,636; X2 test) and the transgenic Erbb2 and WT FVB mice (p=0,179; X2 test). This means that Eras does not specifically collaborate with Erbb2 in tumor formation.

The relevance of ERAS for human breast cancer has also been investigated. Two breast cancer cell lines (15%) showed expression of ERAS, and four cell lines showed low expression of ERAS, indicating that ERAS may play a role in human breast carcinogenesis. 

3 Samenvatting

Kanker is één van de belangrijkste doodsoorzaken in de wereld, waarvan borstkanker de meeste levens eist onder de vrouwelijke bevolking. Een groot deel van het onderzoek naar borstkanker heeft tot doel om meer inzicht te krijgen in de genetische basis van borstkanker. Een aantal oncogenen die betrokken zijn bij het ontstaan en progressie van humane borsttumoren zijn bekend, maar het is zeer waarschijnlijk dat er veel meer oncogenen betrokken zijn bij borstcarcinogenese. Voor het identificeren van deze nieuwe oncogenen, werd een Muizen Mamma Tumor Virus (MMTV) gemedieerde  insertie mutagenese screen uitgevoerd. 112 tumoren van de MMTV-Erbb2 model zijn gescreend met behulp van de MMTV Splinkerette PCR voor MMTV provirale inserties. In deze screen hebben we veertien Common Insertion sites geïdentificeerd. Zes van deze sites werden geassocieerd met genen, waarvan niet was gevonden dat ze eerder betrokken zijn bij mamma tumorigenese. Dit zijn Eras, Dnahc1, Gpc6, Irs4, Ptchd3 and Sep15.

De expressie van Erbb2 en Eras werd in 65 MMTV-Erbb2 tumoren onderzocht door middel van RT-PCR experimenten. Vier van de Erbb2 transgene tumoren vertonen geen overexpressie van Erbb2 maar hebben een tag in oncogene Wnt genen. Verdere analyse gaf aan datt er een significante omgekeerde correlatie is tussen Erbb2 expressie en Wnt tagging (p=0,013; X2 test). Dit suggereert dat Wnt genen de primaire oncogene functie overnemen als Erbb2 niet tot overxpressie komt. MMTV provirale inserties in the Eras locus en de oriëntatie van het virus, suggereert dat de MMTV insertie de expressie van Eras beïnvloedt. De Provirale MMTV insertie in the Eras locus correleerde inderdaad significant met Eras mRNA expressie (p=0,027; X2 test). Dit valideert dat Eras het doel is van de MMTV insertie. Eras wordt tot overexpressie gebracht in negen (14%) Erbb2 positieve tumoren, in vier (10%) Wild Type BALB/c tumoren en slechts in één (4%) Wild Type FVB tumor. Er was geen significant verschil in Eras expressie tussen deze Wilde Type muizen stammen (p=0,336; X2 test). Er is ook geen significant verschil in de expressie frequentie van Eras tussen de transgene Erbb2 en WT BALB/c (p=0.636; X2 test) en de transgene Erbb2 en WT FVB (p=0,179; X2 test). Dit betekent dat er geen aanwijzingen zijn dat Eras specifiek samenwerkt met Erbb2 in tumor formatie.

Vervolgens is de relevantie van ERAS voor humane borstkanker onderzocht. De expressie van ERAS werd in 13 humane cellijnen bepaald. Twee borstkanker cellijnen (15%) gaven een duidelijke expressie, en vier cellijnen een zwakke expressie van ERAS. Dit suggereert dat ERAS mogelijk een rol speelt bij humane borstcarcinogenese.

4 List of Abbreviations

bp:

Base Pairs

DNA:

Deoxyribonucleic Acid

cDNA:

Copy Deoxyribonucleic Acid

CIS:

Common Insertion Site

EGFR:

Epidermal Growth Factor Receptor

Eras:

Embryonic stem cell-expressed Ras
IM:

Insertional Mutagenesis

kb:

Kilo Base

LTR:

Long Terminal Repeat

MAPK:

Mitogen-Activated Protein Kinase

MMTV:

Mouse Mammary Tumor Virus

MoMuLV:
Moloney Murine Leukaemia Virus

PAA:

Polyacrylamide

PCR:

Polymerase Chain Reaction

PI3K:

Phosphatidylinositol-3-kinase

RIS:

Retroviral Insertion Site

RNA:

Ribonucleic Acid

RT:

Reverse Transcriptase

RTK:

Receptor Tyrosine Kinase

Sag:

Superantigen

WT:

Wild Type
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6 Introduction

Cancer is one of the most important causes of death in the world, while breast cancer has the highest incident rate among women. Cancer is caused by an accumulation of genetic changes in multiple oncogenes (gain of function) and tumor suppressor genes (loss of function) that result in uncontrolled cell growth, invasion of surrounding tissues and metastasis. Normally cancer genes encode proteins that regulate cell proliferation, cell differentiation and cell death (1, 2, 3). 

The effect of mutations is different for oncogenes and tumor suppressor genes. Cancer causing mutations in oncogenes lead to constitutively active genes or constitutively active gene products. Frequently occurring oncogenic mutations include gene amplification, chromosomal translocation or from subtle DNA sequence chances that affects crucial residues regulating the activity of the gene product (4). In contrast, mutations in tumor suppressor genes prevent the expression of the gene or reduce the activity of the gene product. Cancer causing mutations in tumor suppressor genes are often large deletions, or point mutations that result in an inactive protein (4). Frequently, also epigenetic silencing of tumor suppressor genes is observed in particular when one allele is affected by a mutation. 

Human breast cancer is a heterogeneous disease. A large part of breast cancer research is focused on the understanding of the genetic basis for malignant transformation of breast epithelial cells (5, 6). Among the known oncogenes that are activated in human breast tumors are ERBB2/NEU (overexpression, 20-30%), EGFR (amplification, 1%), FGFR 1 (amplification, 10%), C-MYC (amplification, 15-20%), CCND1 (amplification, 20%), MDM2 (amplification, 5%), RB (25-30%) and p53 (20-30%). Since it is likely that many more oncogenes are involved in breast cancer, retroviral insertion mutagenesis (IM) screens in mice are being performed to identify additional oncogenes. Insertions of retroviral DNA in the cellular genome can activate flanking ‘proto-oncogenes’, subsequently genomic localization of the provirus can be used to predict the affected oncogene (7, 8).

To discover new oncogenes that are involved in breast cancer, MMTV mediated insertional mutagenesis is used. To map the genomic localization of the proviral insertions, an MMTV Splinkerette PCR protocol was established. This allows specific amplification of the 5’ virus-host flanks of the integrated proviral MMTV (9). The amplified sequences can then be mapped via BLAST search, using the Ensembl mouse database. This predicts the integration site of MMTV and the flanking gene it can influence. The Common Insertion Site (CIS) of MMTV can be determined. More information about CISs is given in paragraph 6.4

This research is performed in mammary tumors from Erbb2 transgenic mice, which are infected with MMTV proviral insertions. ERRB2 is an oncogene that is frequently involved in human breast carcinogenesis. ERBB2 positive breast cancers can be effectively treated with a humanized monoclonal antibody (Herceptin) against the extracellular domain of ERBB2. However patients often relapse within one year (10). Novel oncogenes that will be discovered in the Erbb2 transgenic mouse model are likely to collaborate with the Erbb2 oncogene in tumor formation. A combination therapy may be established for the treatment of ERBB2 positive breast cancers, which uses the anti-ERBB2 monoclonal antibody and an inhibitor of the pathway the novel oncogene is involved. The search for novel oncogenes is performed using the Splinkerette PCR. 
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6.1 The ERBB2 oncogene

ERBB2 is a member of the ERBB family, which consists of four members: ERBB1, ERBB2, ERBB3 and ERBB4. ERBB2 is related to the Epidermal Growth Factor Receptor (EGFR/ERBB1), but it is a ligandless receptor (11). The ERBB receptors are Receptor Tyrosine Kinases (RTKs) (with the exception of ERBB3, which lacks kinase activity), and are the primary mediators for many signals that determine the fate of the cell, like cell growth, cell differentiation, cell migration or cell death. RTKs consist of a single transmembrane domain that separates an intracellular kinase domain from an extracellular ligand-binding domain. Ligand binding to an RTK induces receptor homo- or heterodimerization that is essential for the activation of the RTK. Subsequently, multiple tyrosine residues of the intracellular domain are phosphorylated. Specific target proteins are recruited to the various phosphorylated domains, and a complex signalling cascade is initiated. This is shown in figure 6.1 (12, 14).

In the normal cell situation, the preferred dimerization partner of ERBB2 is ERBB3. The ERBB3 receptor is an impaired kinase due to substitutions in critical residues in its catalytic domain. It can only bind a ligand and thus can only give a signal if it heterodimerizes with another receptor. The ERBB2 receptor lacks a ligand-binding domain and its kinase domain is activated if it heterodimerizes with a family member. The ERBB2 • ERBB3 receptor pair is the most potent signaling module of the ERBB family in cell growth and transformation, despite their disabilities. Although both partners are incapable to produce a signal on their own, they form the most potent signaling pair. So the suggestion is that evolutionary forces formed these mechanisms to tightly control the output of the network. The ERBB2 • ERBB3 heterodimer has the capacity to signal very potently through two important signaling pathways in the cell: the Ras-MAPK pathway for proliferation and the phosphatidylinositol-3’-kinase (PI3K)-Akt pathway for survival (11), see figure 6.2. If there is overexpression of ERBB2, like in ERBB2 positive breast cancer, this receptor can form a homodimer. This homodimer signals also trough the Ras-MAPK pathway and the PI3K-Akt pathway. So overexpression of the ERBB2 receptor results in a continuous signal for cell proliferation and survival (11). 
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6.2 Retroviral Insertional Mutagenesis

Retroviral Insertional Mutagenesis (IM) screening in mice is an efficient tool for oncogene in an in vivo setting. Slow transforming retroviruses can cause oncogenic mutations via insertions of the provirus into the genome of a host cell (7). The retroviral insertions can change the host cell by activating proto-oncogenes or sometimes inactivating tumor suppressor genes (15). Oncogenic retroviruses are divided into two classes, acute transforming retroviruses and slow transforming retroviruses. Acute transforming retroviruses can cause tumors in 2–3 weeks after infection of the host, whereas slow transforming retroviruses cause a tumor with a latency of 3–12 months. The tumorigenesis caused by a slow transforming retrovirus is not induced by a proto-oncogene present in the viral genome, but is the result of mutations caused by insertions of the provirus into the genome of the host cell (7). So, if the integration of the provirus takes place in the vicinity of a gene, regulatory elements of the provirus can enhance expression of the gene or the integration can disrupt normal transcription of the gene.

Infection of a retrovirus in a cell is dependent on the binding of viral envelope proteins to its cell surface receptors. After the provirus is integrated in the genome of the host cell, the cell will produce viral envelope proteins. These proteins will occupy the cell
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surface receptors, and this will reduce new infections of the virus (7). The viral sequences can be transcribed multiple times by the RT enzyme that still is present in the cell after the first infection of the virus. This will give rise to new proviral particles that can reinfect an infected cell. Thus, a cell can undergo multiple rounds of infections, which means that multiple insertions can occur sequentially in the same cell or its progenitors (figure 6.3). In this way, slow transforming retroviruses are very suitable for genetic screens of oncogenic mutations, because these viruses have the ability to induce multiple mutations in one cell and the provirus insertions are very easily to identify (7). 

6.3 Mouse Mammary Tumor Virus

The Mouse Mammary Tumor Virus (MMTV) is a slow transforming B-type retrovirus and is capable to induce mammary tumors in mice. MMTV is transmitted from mother to offspring via milk (exogenous virus) or via the germ line (endogenous virus) (16). Mutations that are caused by insertions of the retrovirus often lead to changes in expression of nearby cellular genes. This is mediated by elements in the provirus that also drive and regulate retroviral transcription. Additionally insertions in genes lead to truncations of cellular genes that may affect their function. The regulatory elements of the virus are located in the Long Terminal Repeats (LTRs) that are present at the ends of the proviral genome. The LTR of MMTV can be subdivided into three parts. The U3 domain contains the promoter and enhancer sequences, the R domain at the 5’ LTR contains the start site and at the 3’ LTR the termination site for transcription, and a U5 domain, this is shown in figure 6.4 (7, 17). The promoter in the 5’ LTR regulates expression of retroviral RNA’s, whereas the promoter in the 3’ LTR can influence the expression of flanking genes of the host cell (17). The promoter in the U3 domain contains sequences that are necessary to form the basal transcription machinery, such as a TATA-box and GC-rich sequences. The enhancer in the U3 domain is more complex. It contains binding sites for transcription factors, which will positively effect transcription. The activity of an enhancer is usually restricted to the most proximal promoter, but can also influence the activity of promoters over large distances, possibly by chromatin loop interactions (7). This explains why many genes found, using retroviral insertional mutagenesis (IM) screens, are mainly affected by the viral enhancer. These enhancer insertions are mostly found upstream of genes in the antisense orientation or downstream in the sense orientation (7). 

6.3.1 The biology of MMTV

The virus in the intestinal track of suckling pups first infects B cells present in the Peyer’s patches. The MMTV proviral genome consists of the classical retroviral genes (gag, pol, env), but the genome also contains an open reading frame in the 3’ LTR that
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Figure 6.4: The MMTV genomic organisation. The genome of MMTV consists of the classical gag, pol, env retroviral genes. A Long Terminal Repeat (LTR) is positioned at both ends of the provirus. The LTR contains three domains: A U3 domain that contains the promoter and enhancer sequences, A R domain that contains a start site at the 5’ LTR and a termination site at the 3’ LTR, and a U5 domain. The promoter of the 5’ LTR is responsible for transcription of the proviral RNA. The promoter in the 3’ LTR can affect transcription of flanking genes (7). 

encodes a viral superantigen (Sag). This Sag plays a crucial role in the life cycle of MMTV. The Sag gene will be expressed on the cell surface of the B cell in association with MHC class II. The Sag is recognized by T-cells that upon activation will in turn stimulate B cell proliferation, and also T cells get infected in this process. These infected immune cells contain a reservoir of viral particles that will infect the developing mammary gland during puberty. This increase in B cells is an essential step for the transport of MMTV to the mammary gland and for transmission to the next generation of mice (16). The infected B cells then play a crucial role in infection of the mammary gland. When MMTV infects mammary epithelial cells, it randomly inserts its proviral DNA into the genomic DNA of the host cell. After the MMTV proviral sequences are incorporated into the genome of the host cell, the viral proteins will be produced with will give rise to new viral particles that can infect other cells in the mammary gland (6, 7).

6.4 MMTV Splinkerette PCR

To identify new oncogenes that are involved in mammary tumorigenesis, a high-throughput retroviral insertional mutagenesis screen in MMTV-induced mammary tumors was performed. An MMTV Splinkerette PCR protocol (see materials and methods) was established that allows specific amplification and sequencing of the 5’ virus-host flanks of the integrated proviral MMTV (9.). The 5’ flanking sequences are mapped via BLAST search using the Ensembl mouse database. Multiple integrations of the provirus in one specific area is called a Common Insertion Site (CIS). There are parameters of significance to the definition of a CIS. For example, in a set of 500 CISs, there must be 2 insertions of the provirus in a window of 26 kb. More details are given in Mikkers et al.(15). If the CIS is in the vicinity of a gene, this gene is marked as a candidate oncogene and further research is needed to determine if the expression of this gene is influenced by MMTV and if this gene is really oncogenic. 

6.5 Other approaches to identify novel oncogenes by IM

Retroviral IM screens in mouse models are efficient tools to identify new oncogenes. In this project, MMTV is used as a tag to identify oncogenes that are involved with the progression of mammary tumors. Moloney murine leukaemia virus (MoMuLV) is used as a tag to identify oncogenes in murine lymphomas (17). Recently, also transposon-mediated IM has been performed. A transposon is a DNA element that is able to translocate within the cellular genome, by excision and reinsertion mediated by a transposase enzyme. When the transposon is provided with enhancer/promoter sequences, it can activate flanking oncogenes similar to retroviruses. The transposon can also be used as a tag to identify new oncogenes. The benefit of transposon mediated IM is that it can be used in principle in all tissues, and it gives complementary data that is already provided by retroviral IM (17).

6.6 Research plans

The primary goal of this project is to identify new oncogenes that are involved in MMTV induced mammary tumorigenesis. The research is performed in tumors from transgenic Erbb2 mouse models. The new oncogenes that will be identified are expected to collaborate with the Erbb2 oncogene in tumor formation. The genes that are predicted to be affected by MMTV insertional mutagenesis are validated by RT-PCR. The tumors that are validated by RT-PCR will also be checked to see if these tumors indeed overexpress the Erbb2 oncogene. 

7 Materials and Methods

7.1 DNA isolation from mouse mammary tumors

DNA was isolated using the Puregene DNA Purification Kit of Gentra Systems as follows. Firstly, a small piece was cut off the frozen tumor tissue and was put into a 1,5 ml vial. Then, 600 µl of Cell Lysis Solution and 3 µl Proteinase K (20 mg/ml) was added to the tumor fragment. The samples were inverted for 25 times and incubated overnight rotating at a temperature of 55 °C. The next day, 3 µl Rnase A (4 mg/ml) was added to the samples. Again, the samples were inverted for 25 times and incubated for 60 minutes rotating at a temperature of 37 °C. After this step, the samples were incubated at room temperature for 5 minutes and then 200 µl of Protein Precipitation Solution was added to the samples. The samples were vortexed for 20 seconds and incubated at 4 °C for 5 minutes. After this step, the samples were centrifuged at 14000 rpm at room temperature for 5 minutes and the supernatant was added to 600 µl of 100% isopropanol. Then the samples were inverted 50 times and again centrifuged at 14000 rpm at room temperature for 5 minutes. The supernatant was discarded and the pellet was dried on a tissue. Now, 600 µl of 70% ethanol was added to the pellets and the samples were inverted for several times. After that, the samples were centrifuged at 14000 rpm at room temperature for 1 minute. All of the ethanol was removed from the pellet, and the pellet was dried at room temperature for 10 – 15 minutes. Then, 100 µl DNA Hydration Solution was added to the samples and the samples were incubated for about 1 hour at 65 °C. The DNA concentration was determined and the samples were stored at 4 °C. 

7.2 Determination of DNA concentration of the samples

To determine the concentration of the DNA samples, the Isogen Nanodrop ND-1000 Spectrophotometer was used. A volume of 1,5 µl DNA solution was added to the Nanodrop ND-1000. After the concentrations were measured, a solution of 5 µg DNA in 50 µl MilliQ was made from the stock DNA samples. This solution was used for the Splinkerette PCR, which is discussed in the next section. 

7.3 MMTV Splinkerette PCR

For the XHO II digestion, 5 µl of XHO II (1,5 – 7,5 units) digestion mix (see appendix C) was incubated with 2 µg DNA in 20 µl MilliQ at 37 °C overnight. To inactivate the XHO II restriction enzyme, the samples were stored for 10 minutes at 75 °C. Then, a Splinkerette Linker was made from two partially complementary oligonucleotides (sequences are in table A.1 in appendix A) in a Splinkerette Linker mixture (appendix C). The mixture was incubated for 3 minutes at 100 °C and cooled down to room temperature. After this, 5 µl of the XHO II digested DNA (about 400 ng) was ligated with the Splinkerette Linker in a molar ratio of 1:75. To obtain a volume of 30 µl, 25 µl of a ligation mix (appendix C) was added to the XHO II digested DNA and the reaction was incubated overnight at 16 °C. The T4 DNA ligase enzyme was inactivated at 65 °C for 10 minutes. After inactivation, 30 µl of the ligated samples were digested with the Dra I restriction enzyme (for Dra I restriction mix, see appendix C) for 4 hours. This avoids amplification of the internal MMTV sequences from the 3’ LTR. The Dra I enzyme was inactivated at 65 °C for 10 minutes. After Dra I inactivation the samples were desalted over a Microcon YM30 filter (Amicon BioSeparations). 40 µl Dra I digest plus 400 µl MilliQ were brought on the filter and the mixture was centrifuged for 10 minutes at 12000 rcf. Then, the filter was put upside down in another vial and centrifuged for 2 minutes at 500 rcf. The DNA samples (15-20 ng/µl) were stored at 4 °C. 6 µl of the Dra I digested DNA (about 50 ng) was used for amplification using the PCR mix A (see appendix C). An annealing temperature of 68 °C for 30 seconds and extension temperature of 72 °C for 2,5 minutes was used for 35 cycles (PCR program 1, see appendix D). A second PCR reaction (PCR mix B, see appendix C) was performed on 2 µl DNA of the first PCR. In this PCR reaction the amplified DNA was radioactive labeled by using a 32P-y-ATP labeled LTR-beg-4-C3H+1 primer. The PCR was performed as follows: first 11 cycles using an annealing temperature of 68 °C for 30 seconds and an extension temperature of 72 °C for 1,5 minutes followed by 11 cycles using an annealing temperature of 67 °C for 30 seconds and an extension temperature of 72 °C for 1,5 minutes, and finally 13 cycles using an annealing temperature of 66 °C for 30 seconds and an extension temperature of 72 °C for 1,5 minutes (PCR program 2, see appendix D). 

The PCR products were analyzed on a Polyacrylamide (PAA) gel. For this purpose a 3,6% PAA mixture was made, which contains 5,0 ml 10X TBE, 4,5 ml 40% Acrylamide:Bis (19:1), 20 g Urea (keeps the DNA single stranded) and supplemented to a volume of 50 ml. Two glass plates were cleaned with water and 70% ethanol. First 600 µl APS and then 30 µl Temed were added to the PAA mixture to start the polymerization of the PAA. The PAA mixture was then spread on the glass plate and covered with a second glass plate creating a 0,4 mm gel. Then, 10-µl PAA loading buffer (appendix B) was added to the radioactive labeled PCR samples, and the DNA was denatured at 95 °C for 5 minutes. Then, 10 µl of the samples was applied to the PAA gel and the electrophoresis was performed for 2 hours at 40-45 W. The gel was dried for 1,5 hours at 80 °C and exposed overnight to a Kodak XAR film. The radioactive PCR products were excised from the gel and the DNA was extracted in 50 µl MilliQ at room temperature, overnight. The PCR products were reamplified (PCR mix C, see appendix C) (0,5 µl) with the same primers that were used in the second PCR reaction, with an annealing temperature of 66 °C for 40 seconds, and an extension temperature of 72 °C for 1 minute for 35 cycles (PCR program 3, see appendix D). The obtained PCR products were separated on a 1,5% agarose gel. The DNA samples were excised from the agarose gel and extracted using the QIAEX II Gel Extraction Kit (Qiagen). 500 µl of the QX I solution and 9 µl QIAEX II (beads) was added to the samples and the mixture was incubated in the Thermomixer Comfort (Eppendorf) at 1400 rpm at 50 °C for 10 minutes. The samples were centrifuged for 30 seconds at 14000 rpm. The supernatant was discarded and the beads were washed twice with 500 µl QX I. Subsequently, the beads were washed twice with 500 µl PE and dried for at room temperature for 20 minutes. Then, 15 µl TE (appendix B) was added to the beads and incubated for at room temperature for 5 minutes. The samples were centrifuged at 14000 rpm for 30 seconds and the supernatant, which contains the DNA, was transferred to a new vial. The TE step was repeated and the DNA was stored at 4 °C. 1 µl extracted DNA was sequenced using the LTR-beg-4-C3H+1 primer with an annealing temperature of 48 °C for 20 seconds, and an extension temperature of 40 seconds (sequence reaction mix is provided in appendix C, and the sequence program in appendix D), the sequences containing the MMTV-LTR sequence were mapped with the Ensembl mouse genome database using BLAST.   

7.4 RNA isolation from mouse mammary tumors

RNA was isolated using Trizol Reagent (BRL/Life Technologies) 80 mg of tumor tissue was cut from the frozen tumor tissues and put in a 50 ml vial. 1 ml of Trizol reagent was added to the tumor tissues and the mixture was homogenized on ice using the Polytron mixer. The samples were transferred into a 1,5 ml vial and incubated at room temperature for 5 minutes. Then, 0,2 ml chloroform was added to the samples and mixed vigorously by hand for 15 seconds. The samples were incubated for 2 -3 minutes at room temperature and then centrifuged for 15 minutes at 12000 rcf at 4 °C. After centrifugation, the mixture was separated in three different phases: a lower red phenol-chloroform phase, an interphase and a colorless upper aqueous phase. The colorless aqueous phase was collected. To precipitate the RNA, 0,5 ml isopropanol was added and the samples were incubated at room temperature for 10 minutes. The precipitated RNA was collected by centrifugation (12000 rpm, 10 minutes) at 4 °C, and washed with 1 ml 75% ethanol. The samples were vortexed and centrifuged at 7500 rcf at 4 °C for 5 minutes. The supernatant was removed and the pellet was dried at room temperature. The pellet was dissolved in 100 µl DEPC-treated H2O, incubated at 65 °C for 5 minutes and cooled down on ice. The samples were stored at -80 °C.

7.5 Preparation of cDNA

cDNA from RNA was prepared using Superscript III First-Strand Synthesis Systems for RT-PCR (Invitrogen). The components were mixed and centrifuged before use. A solution of 5 µg RNA in 5 µl DEPC-treated H2O was prepared in a 0,5 ml PCR-tube. An RNA/primer mixture of 1 µl 10 mM dNTP mix, 1 µl oligo dT (20) and 3 µl DEPC-treated H2O was prepared and added to the samples. The mixtures were incubated at 65 °C for 5 minutes and cooled down on ice for 1 minute. A RT mixture consisting of 2 µl 10X RT buffer, 4 µl 25 mM MgCl2, 2 µl 0,1 M DTT, 1 µl RNase OUT, 1 µl Superscript III was prepared and added to samples and incubated at 50 °C for 50 minutes. The reaction was stopped by incubation at 85 °C for 5 minutes and the samples were cooled down on ice. Next, 1 µl Rnase H was added to the samples and the mixture incubated at 37 °C for 20 minutes. This material served as stocks for the RT-PCR and was stored at -20 °C. A 1/10 dilution in DEPC-treated H2O was made from the stock cDNA samples for RT-PCR experiments. The diluted samples were also stored at -20 °C. 

7.6 RT-PCR

To determine the expression level of a specific gene, a RT-PCR was used. 2 µl of the 10 times diluted cDNA was added to the PCR mix D (appendix C). An annealing temperature of 58 °C for 30 seconds and an extension temperature of 72 °C for 1 minute for 30 cycles were used (PCR program 4, see appendix D). The expression level of Actin was determined as a quality control for the cDNAs. 4 µl Orange G (appendix B) was added to the samples and 15 µl of the PCR products were separated on a 1,5% agarose gel. Also 5 µl of a DNA size marker (1 µg/µl, invitrogen) was loaded on the gel. The agarose gel was analyzed using the Box HR Gel documentation and analysis system.

8 Results

8.1 Screening for MMTV proviral insertion sites in mouse mammary tumors from transgenic Erbb2 mice

To identify insertion sites of MMTV in mammary tumors from the transgenic Erbb2 mouse model, a Splinkerette PCR was performed. This allows specific amplification and sequencing of the 5’ virus-host flanks of the integrated proviral MMTV (described in materials and methods). The obtained DNA fragments were sequenced, and the genomic localization of the sequences was determined via BLAST search using Ensembl (mouse genome build 32). A total of 112 tumors (see table E.1, appendix E) were screened. From these tumors a total of 823 DNA fragments were found on the PAA gel (figure 8.1) and extracted. The DNA fragments could be reamplified and detected on an agarose gel (figure 8.2). The DNA extracted from the agarose was sequenced and after BLAST searching a total of 221 MMTV hits (RISs) was found using Ensembl (Table 8.1).
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Table 8.1: Results found using the MMTV Splinkerette PCR.

	Number of tumors examined
	112

	Number of DNA fragments on PAA gel
	823

	Number of DNA fragments on agarose gel
	814

	Number of MMTV hits found
	221


A total of 327 insertions were found in all the Erbb2 tumors that were examined in this research and an earlier research. To investigate if any of these RISs are localized within a CIS, two insertions must cluster in a window of 80 kb, see Mikkers et al. (15). After examining the RISs, a number of insertions were found in a CIS. An overview is given in table 8.1. Erbb2 tumors that have no overexpression of Errb2 were also included. The two insertions of Gpc6 are mapped further apart from the window of 80 kb, but are also regarded as a CIS because the insertions are in the same gene, see Theodorou et al. (9). Based on the CISs that were determined, and the orientation of the proviral insertion, the affected genes were predicted (table 8.2). These genes may play a role in mammary tumorigenesis. Several of these genes are known oncogenes (depicted in bold). The other genes are candidate cancer genes, which are not previously implicated in mammary cancer.

The Eras gene found in this research in the mammary tumors from the MMTV-Erbb2 mouse model was also found in screens of the wild type (WT) BALB/c mammary tumors. For this reason, Eras is marked as a candidate oncogene.

8.2 Average of MMTV tags between the Erbb2 and WT BALB/c tumors

It is assumed that if an oncogene is already present in the cell, less MMTV tags are needed for tumor formation. A total of 160 tumors of the Wild Type (WT) BALB/c mice were examined, with a total of 637 MMTV tags. Furthermore, a total of 85 tumors of the Erbb2 mice with a total of 327 MMTV tags were examined. The average of MMTV hits is four in both, the Erbb2 and the WT BALB/c tumors. These results show that the number of MMTV tags needed to form a tumor is equal. However, it has to be noted that the Erbb2 tumors that have no MMTV hits were not included in the calculation. It is not known if these tumors have no MMTV hits, or that the Splinkerette PCR did not work properly. 

Table 8.2: The total number of insertions in CISs that were found in the Erbb2 tumors using the MMTV Splinkerette PCR.
	Gene name
	ENSMUS number
	Number of insertions in a CIS

	Wnt1
	ENSMUSG00000022997
	13

	Wnt3
	ENSMUSG00000000125
	2

	Wnt3a
	ENSMUSG00000009900
	4

	Fgf8
	ENSMUSG00000025219
	5

	Fgf4/Fgf3
	ENSMUSG00000050917/ ENSMUSG00000031074
	5

	Fgfr1
	ENSMUSG00000031565
	3

	Fgfr2
	ENSMUSG00000030849
	2

	Eras
	ENSMUSG00000031160
	6

	Dnahc1
	ENSMUSG00000019027
	2

	Gpc6
	ENSMUSG00000058571
	2

	Irs4
	ENSMUSG00000054667
	3

	Ptchd3
	ENSMUSG00000039198
	2

	Sep15
	ENSMUSG00000037072
	2
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8.3 Expression of Erbb2 in the transgenic Erbb2 mammary tumors

This research was performed in mammary tumors from MMTV-Erbb2 transgenic mice that are expected to overexpress Erbb2 in the mammary gland. To make sure that Erbb2 really was overexpressed in the tumors from these mice, the expression level of Erbb2 was determined by RT-PCR experiments. From the 65 Erbb2 mammary tumors that were used in this project, the Erbb2 expression was already validated for tumor samples 1–35. In tumor samples 34 and 35, there was no overexpression of Erbb2. The Erbb2 expression for tumor samples 36–65 was validated (see table E.2 of appendix E). Our group already designed the primers that were used for the RT-PCR experiment. The primer sequences are given in Table A.2 of appendix A. A negative control, in which cDNA was replaced by water, was also included to check for DNA contaminations for example in buffers. The samples were analyzed on a 1,5% agarose gel and a lane with DNA size markers (M) (Invitrogen) was also loaded on the gel.

Figure 8.3 shows the Erbb2 DNA fragments. Two bands appear on the agarose gel. One of the bands has a size of 508 bp and represents the genomic DNA fragment of the Erbb2 transgene. The primers anneal at a SV40 domain that is part of the transgene, which is also transcribed. The intron that is present in SV40 (which will give rise to the larger DNA fragment) is not completely spliced out of all mRNA molecules. The other band has a size of 400 bp and represents a fragment of Erbb2 cDNA (figure 8.4). To confirm the results, the RT-PCR experiment was performed twice. In tumor samples 39 and 64 there was almost no expression of Erbb2 found. These tumor numbers have a MMTV hit near Wnt. Wnt is a known oncogene that will probably take over the primary oncogenic event if Erbb2 is not overexpressed. All other tumors show overexpression of Erbb2. 




Reverse correlation between Erbb2 expression and Wnt tagging

Splinkerette PCR results show that Wnt is mainly, but not exclusively, tagged in tumors were there is no overexpression of Erbb2. To see if there is a significant correlation between Erbb2 expression and lack of Wnt tagging a Chi Square test was performed. The tumors for which there are no results from the Splinkerette PCR were left out of the calculation. There is a significant correlation between Erbb2 expression and lack of Wnt tagging (P=0,013). From this can be concluded that, in the case of no overexpression of Erbb2, activation of Wnt is probably the primary oncogenic event in these tumors.

8.4 Validation of Eras as a MMTV target in transgenic Erbb2 mammary tumors 

The MMTV Splinkerette PCR results predict that Eras is a target of proviral MMTV insertions. To prove this, the expression of Eras was examined by RT-PCR using total RNA from 65 tumors of transgenic Erbb2 mice (see table 1, appendix E), and compared with the presence of proviral insertions in the Eras locus. 

The Eras primers that were used for the RT-PCR experiments, were already designed by our group (for primer sequences see Table A.2 of appendix A). The expression level of ß-Actin and a negative control (H2O) were determined. The samples were analyzed on a 1,5% agarose gel, and a DNA size markers (M) was also loaded on this gel.

Figure 8.5 shows the DNA fragments of Eras and ß-Actin of the transgenic Erbb2 mammary tumors. The size of the Eras DNA fragment is 906 bp, and of ß-Actin 580 bp. Each RT-PCR experiment was performed twice. All of the tumors show expression of ß-Actin. This means that the cDNAs are of a good quality. Nine tumors are showing overexpression of Eras. All the tumors were screened using the MMTV Splinkerette PCR, and the results showed that only tumor samples 8 and 20 have a hit by MMTV. This means that many MMTV insertions are missed by the MMTV Splinkerette PCR. It can also be that overexpression of Eras in these tumors is caused by epigenetic changes or hits in genes upstream of Eras.
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A Chi Square test was performed to check if the expression frequency of Eras is correlated with a tag by MMTV. This showed that there is a significant correlation between MMTV tagging and Eras expression (P=0.027). 

8.5 Difference in Eras expression between WT BALB/c and FVB mice

The expression of Eras in a set of 40 WT BALB/c and 27 WT FVB mammary tumors was analyzed to see if there is a difference in Eras expression between the WT mice. The sample numbers are depicted in tables E.3 and E.4 of appendix E. RNA was already isolated and cDNA was also available of these tumors. The expression of ß-Actin as well as negative (H2O) control was determined. The RT-PCR experiment was performed twice on these tumors. Expression of ß-Actin is found in all the tumors. In four WT BALB/c tumors and one WT FVB tumor there was overexpression of Eras found (figure 8.6 and 8.7). 

A Chi Square test was performed to test if there is a significant difference in Eras expression between the two WT mice. This test showed that there is no significant difference in Eras expression between the WT models (P=0,336).
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Table 8.3: Positive Eras expressions found in the different mouse models.

	Mouse model
	Number of tumors examined
	Positive for

Eras expression

	Transgenic Erbb2
	65
	9 (14%)

	WT BALB/c
	40
	4 (10%)

	WT FVB
	27
	1 (4%)


8.6 Investigation if Eras collaborates specifically with Erbb2

To see if there is a significant difference in the expression frequency of Eras between the transgenic Erbb2 and WT BALB/c, and the transgenic Erbb2 and WT FVB

mouse models, a Chi Square test was performed. The tumors that show no overexpression of Erbb2 in the transgenic Erbb2 mammary tumors were not used in the calculation. No significant difference is found in the expression frequency between the transgenic Erbb2 and WT BALB/c mice (P= 0,636) and between the transgenic Erbb2 and the WT FVB mice (P=0,179). The transgenic Erbb2, WT BALB/c and the WT FVB mouse models show no significance difference in the expression frequency of Eras. From this, it can be concluded that these mouse models show the same expression frequency of Eras.

8.7 Expression of ERAS in human cell lines

The RT-PCR experiments described above have shown that Eras is overexpressed in 14% of the mammary tumors of the transgenic Erbb2, in 10% of the WT BALB/c and in 4% of the WT FVB mice. The next step is to investigate the relevance of ERAS for human breast cancer. We first determined ERAS expression in human cell lines. If these cell lines show expression of ERAS, there is a chance that ERAS is also overexpressed in human breast cancer tissues. The human ERAS gene consists of only a single exon. Therefore, the primers used (Table A.2 of appendix A) to measure the expression of ERAS by RT-PCR anneal within one exon, which means that we cannot make a distinction between amplified cDNA and contaminating genomic DNA. For this reason the RNA samples were treated with DNase I (Amplification Grade DNase I, Invitrogen) to remove possible contaminating genomic DNA. RNA of 13 cell lines (see table E.5 of appendix E) was used for the RT-PCR experiments. One cell line is from normal breast epithelial cells and the other twelve cell lines are from breast carcinoma cells. cDNA was obtained from these cell lines. The expression level of ß-ACTIN was determined and a negative (H2O) control was performed. The samples were analyzed on a 1,5% agarose gel, and a DNA size marker (M) was also loaded on the agarose gel. 

Figure 8.8 shows the results of the RT-PCR experiment for expression of ERAS and ß-ACTIN in the human cell lines. An RNA sample of these cell lines was also tested to check if the Dnase I had digested all genomic DNA. The RT-PCR experiment was performed twice. The size of the ß-ACTIN DNA fragment is 580 bp and the size of the ERAS DNA fragment is 378 bp. All of the cell lines are showing expression of ß-ACTIN. This means that the cDNA preparation was successful, and the DNase I treatment did not affect mRNA to a large extent. Because it was not possible to amplify any ERAS DNA from the DNase I treated RNA before RT-treatment, it can be concluded that all genomic DNA is digested by DNase I. RT-PCR of the DNase I pre-treated cDNA showed that two cell lines (15%) clearly expressed ERAS, and four cell lines (cell line samples 2, 4, 6 and 7) are showing slight expression of ERAS. To prove that the bands represent ERAS, the amplified DNA from lanes 8 and 9 were excised from the gel and sequenced. Using BLAST, the sequences are mapped in the Ensembl human database in the human ERAS gene at the expected position. 




9 Discussion

Using a MMTV Splinkerette PCR, a total of 112 transgenic Erbb2 tumors were screened. This delivered a total of 221 MMTV proviral insertion sites, which resulted in fourteen CISs. From these CISs, eight were found near known oncogenes. Several of these oncogenes are known to play a role in mammary tumorigenesis in mice. The remaining six CISs are associated with genes that were not previously implicated in mouse mammary cancer, such as Eras. 

The 221 mapped RISs were obtained after analyzing 823 DNA bands from the PAA gel. A reason for this low yield can be that many DNA bands represent endogenous MMTV, but by BLAST searching not indicated as endogenous for example, due to recombinations of the DNA fragments during the Splinkerette PCR, or because the endogenous MMTV sequences in the FVB strain are not in Ensembl, as this database is based on the C57BL/6 strain. Another reason is that the DNA fragments are too short, which results in relatively poor sequences, as the 5’ end sequencing is less precise. Another possibility is that the bands are derived from non-specific DNA amplification during the PCR reaction.

The expression level of Erbb2 was determined in 65 Erbb2 tumors by RT-PCR experiments as a control for Erbb2 overexpression. Four of these tumors showed no overexpression of Erbb2. The Erbb2 transgene is under control of the MMTV promoter. It could be that the promoter is silenced by epigenetic changes in these tumors. 

Wnt genes are mainly but not exclusively tagged by MMTV in Erbb2 negative tumors. If Erbb2 is not expressed oncogenic Wnt genes may replace the oncogenic function of Erbb2. This means that Wnt genes do not collaborate with Erbb2, and may act even in the same pathway. Indeed, Civenni et al. (23) found that expression of Wnt1 could transactivate Erbb1. The downstream effectors of Erbb1 are to a large extent the same as those for Erbb2, suggesting that also the Erbb2 and Wnt pathways interact. Moreover, Erbb1 can heterodimerize with Erbb2 and activate the PI3K and MAPK pathways. In this way a proliferative signal of Erbb2 can be obtained in tumors that have relatively low expression of Erbb2. Schroeder et al. (24) reported that Erbb1 and Wnt1 collaborate. Although we only obtained data for Erbb2, our results suggest that the Erbb and Wnt pathways do not collaborate. 

It can be predicted that when an oncogene is already activated in the cell, less MMTV tags are needed for tumor formation. The average of MMTV tags in the Erbb2 and WT BALB/c tumors, are both 4. So, in contrast to what was expected, this shows that the number of MMTV hits are equal in both tumor types. Of note is however, that many tumors of the MMTV-Erbb2 mice did not give any results in the Splinkerette assay, and thus were not included in the calculation, because it was unclear whether this was due to technical reasons or due to the absence of MMTV insertions. Therefore, the average number of MMTV tags in the Erbb2 tumors may still be lower. At the other hand, previous results in the group showed that the latency of the MMTV induced Erbb2 transgenic tumors does hardly differ from the latency of the MMTV induced BALB/c WT tumors. For this reason, the number of MMTV infection rounds may be equal in both mouse strains, and this will theoretically result in similar number of insertions.

The Eras gene was tagged in Erbb2 transgenic mice and in WT BALB/c mice, and for this reason, marked as a candidate oncogene in this investigation. The origin of the transgenic Erbb2 mouse strain is the WT FVB mouse strain, and a significant difference between these models would show that Eras is a gene that specifically collaborates with Erbb2 in tumor formation. My data showed that there was no significant difference in Eras expression between these two mouse models, although there is a trend (P=0,179) towards more Eras expression in Erbb2 transgenic mice. The observed trend, and the relatively small test group of 27 tumors of the WT FVB strain, suggests that a significant difference in Eras expression may be reached if more tumors will be examined. 

Eras (embryonic stem cell-expressed Ras) is a recently identified oncogene that supports the tumorigenic growth of embryonic stem cells (ES). Eras is a constitutively active Ras-related protein that unlike the conventional Ras oncogenes (K-Ras, N-Ras and H-Ras), it does not require a point mutation to be oncogenicly active (19). Eras is only expressed in mouse embryonic stem cells. Its sequence is most similar to H-RAS (Ha-RAS2). Although less then 50% identical to H-RAS at the amino acid level, the key domains essential for the Ras function are highly conserved (19, 20).  Mouse Eras in embryonic carcinoma cells is involved in the PI3K signalling pathway like Erbb2  (19, 21). Eras binds directly to PI3K and activates its catalytic subunit (p110). In this way, Eras gives an antiapoptotic signal to the cell (19). 

To investigate the possible involvement of ERAS in human breast cancer, thirteen human cell lines were examined for ERAS expression. One cell line (HBL 100) is derived from normal breast epithelial cells and twelve cell lines are derived from breast cancer carcinoma cells. Kameda et al. (22) reported that human ERAS is not expressed due to a premature polyadenylation signal in an upstream region of the gene. However Yasuda et al. (19) showed expression of ERAS in several cancer cell lines, including one breast cancer cell line. Our RT-PCR experiments showed that there is indeed expression of ERAS in at least two human breast cancer cell lines. So it is very likely that ERAS is expressed in human cells, but further research is needed to see if there is also ERAS protein in these cell lines. If the ERAS protein is indeed present in these cell lines, ERAS may also plays a role in human breast carcinogenesis. 

10 Conclusion and Recommendations

Our results shows: 1. Six new Common Insertion Sites, 2. Wnt and Erbb2 do not collaborate, 3. Eras is a target of MMTV and is overexpressed in 14% of the Erbb2 mammary tumors, 4. There is no difference in Eras expression between the WT BALB/c and WT FVB mice (P=0.336), 5. Eras is not significantly more expressed in Erbb2 transgenic mice, and thus Eras collaborates with Erbb2 as well as with Wnt genes (Wnt genes are expressed in nearly all WT tumors), 6. ERAS is expressed in human breast epithelial and cancer cell lines. 

 
It is recommended to examine more tumors of the transgenic Erbb2 and the WT FVB mice. There are only 65 Erbb2 and 27 WT FVB tumors examined, and if more tumors are being examined it could be that there is a significant difference in expression frequency between both models. 

The oncogenic capacity of ERAS was shown in embryonic carcinomas (21), but this needs to be confirmed in mammary epithelial cells. RT-PCR experiments can be performed to see if there is also expression of ERAS in human cancer tissues. However, the ERAS protein expression needs to be confirmed in human cancer cell lines. Western blot experiments should be performed with these cell lines and cancer tissue, as soon as an antiserum against ERAS is available. To determine whether ERAS is of clinical significance, expression of ERAS needs to be confirmed in human breast carcinomas.
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12 Appendices

12.1 Appendix A: Used primers for Splinkerette PCR and RT-PCR experiments

Table A.1: Primers used for the MMTV Splinkerette PCR.

	4HMSP-A
	CGAAGAGTAACCGTTGCTAGGAGAGACCGTGGCTGA ATG AGACTGGTGTCGACATCGATGG

	4HMSP-BD
	GATCCCATCGATGTCGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA

	LTR-beg 2+6
	GTCTTTGTCTGATGGGCTCATCCGTTTGTG

	LTR-beg 4-C3H+1
	CCCTAGGTGTAGGACACTCTCG

	4HMSP-1a
	AGAGTAACCGTTGCTAGGAGAG


Table A.2: Primers used for the RT-PCR experiments.

	Forward mouse Eras primer
	GTCAGATCCGCCTACTGC

	Reverse mouse Eras primer
	CATGTTACCACGTAACTTCTCAC

	Forward mouse ß-Actin primer
	TGAGACCTTCAACACCCCAG

	Reverse mouse ß-Actin primer
	GAGCCAGAGCAGTAATCTCC

	Forward mouse Erbb2 primer
	GGAACCTTACTTCTGTGGTGTGAC

	Reverse mouse Erbb2 primer
	TAGCAGACACTCTATGCCTGTGTG

	Forward human ERAS primer
	CATCCAGCTGAACCACCAGT

	Reverse human ERAS primer
	GTTTTGGCCGAGGTCTCC

	Forward human ß-Actin primer
	TGAGACCTTCAACACCCCAG

	Reverse human ß-Actin primer
	GAGCCAGAGCAGTAATCTCC


Appendix B: Used buffers

5X PCR buffer:


250 mM      KCl


  50 mM     Tris-HCl pH 8.4


0.5 mg/ml  Gelatine (= 0.05%)


 7.5 mM     MgCl2

    1 mM     dGTP


    1 mM     dATP


    1 mM     dTTP


    1 mM     dCTP

5X Ligation buffer:


250 mM  Tris-HCl pH 7.6


   5 mM
  DTT


 50 mM
  MgCl2


20%
  PEG 5000 

10X TBE:

1M
Tris


0.83M
Boric Acid


10mM
EDTA

50X TAE:

121,1 g
Tris


28,6 ml Acidic Acid


10 mM
EDTA (pH 8.0)
PAA-loading buffer:

98%
Formamide


10 mM
EDTA


0.025%
Xylene Cyanole FF (XCFF)


0.025% Bromine Phenol Bleu (BFB)

Orange G loading buffer:

250 mM Tris-HCl, pH: 7,6


87%
 Glycerol


x
 Milli Q

TE buffer:

10 mM   Tris


0,1 mM  EDTA

Appendix C: Used mixes

Digestion mix:

20,0 μl
 DNA (van 10μg/100μl verdunning)


 2,5 μl
 10X buffer L


 1,5 μl
 XHO-II


 1,0 μl
 H2O


=25 μl
 Total volume

Splinkerette Linker mixture:
18,75 μl   50μM 4HMSP A

18,75 μl   50μM 4HMSP BD

 
  20,0 μl   10X buffer M

142,5 μl   H2O

=200 μl
   Total volume

Ligation mixture:
5,0 μl
XHO-II digested DNA (=400ng)


5,0 μl
Splinkerette linker (fresh)


6,0 μl
5X Ligation buffer


5,0 μl
20mM ATP


2,0 μl
T4 DNA ligase


7,0 μl
H2O


=30 μl
Total volume

Dra I restriction mix:
30,0 μl
T4 ligation


 4,0 μl
10X Buffer M


 2,0 μl
Dra I (10U/μl)


 4,0 μl 
H2O


=40 μl
Total volume
PCR mix A:
6,0 μl
template (50ng)


4,0 μl
5X PCR buffer


0,5 μl
LTR-beg-2+6 20μM


0,5 μl
4HMSP 1a 20μM


0,1 μl
Taq (5 U/μl)


8,9 μl
H2O

=20 μl
Total volume in 0,5 ml PCR vials
PCR mix B:
  2,0 μl
   template from 1ste PCR


  4,0 μl
   5X PCR buffer


  0,80 μl   32P-γ-ATP labeled LTR-beg-4-C3H+1


  0,5 μl
   4HMSP 1a 20μM


  0,1 μl
   Taq (5 U/μl)


12,60 μl   H2O


=20 μl
   Total volume

PCR mix C:
5,0 μl
film extract


4,0 μl
5X PCR buffer


0,5 μl
LTR-beg4+1 C3H (20μM)


0,5 μl
4HMSP1a (20μM)


0,1 μl
Taq (5 U/μl)


9,9 μl
H2O


=20 μl
Total volume

Sequence reaction mix:
   1 μl
DNA

   3 μl
Big Dye Terminator Ready Reaction mix

1.5 μl
LTR-beg4+1 C3H (2,5μM)

9,5 μl
H2O

=15 μl   Total volume

PCR mix D:
2,0 µl   1/10 diluted cDNA

4,0 µl   5X PCR buffer

1,0 µl   10 mM primer mix

0,1 µl   Taq (5 U/µl)

13  µl   H2O

=20 µl  Total volume

Appendix D: Used PCR programs

PCR program 1:
1) 4 min
94˚C

2) 30 sec
94˚C

3) 30 sec
68˚C

4) 2,5 min
72˚C

5) goto 2, 34 times

6) 30 sec
68˚C


7) 7 min
72˚C

8) for ever
4˚C

9) END

PCR program 2:
1)   3 min  
94˚C


2)   30 sec
94˚C


3)   30 sec
68˚C


4)   1,5 min
72˚C


5)   goto 2, 10 times


6)   30 sec
94˚C


7)   30 sec
67˚C


8)   1,5 min
72˚

9)   goto 6, 10 times

10) 30 sec
94˚C

11) 30 sec
66˚C

12) 1,5 min
72˚C

13) goto 11, 12 times

14) 30 sec
66˚C

15) 7 min
72˚C

16) for ever
4˚C

17) END

PCR program 3:

1) 3 min 
94˚C


2) 30 sec 
94˚C


3) 40 sec 
66˚C


4) 1 min 
72˚C


5) goto 2, 35 times


6) 30 sec 
66˚C


7) 7 min
72˚C


8) for ever 
4˚C

9) END

Sequencing program:
1) 2 min 
95˚C

2) 20 sec 
94˚C

3) 20 sec 
48˚C

4) 40 sec 
60˚C

5) goto 2, 34 times

6) for ever 
4˚C

7) END

PCR program 4:

1) 3 min
94°C


2) 30 sec
94°C


3) 30 sec
58°C


4) 1 min
72°C


5) goto 2, 29 times


6) 30 sec
58°C


7) 5 min
72°C


8) for ever
4°C


9) END

Appendix E: Sample numbers of different mouse tumors

Table E.1: The transgenic Erbb2 mouse model tumors examined using the MMTV Splinkerette PCR.

	Sample number
	Tumor number
	
	Sample

number
	Tumor number
	
	Sample number
	Tumor number

	1
	C9-R3
	
	45
	C302-L2
	
	89
	C192-R2

	2
	C49-R2
	
	46
	C2-L2
	
	90
	C190-R2

	3
	C49-L2/3
	
	47
	C295-R2
	
	91
	C190-R1

	4
	C493-L5
	
	48
	C295-R1
	
	92
	C189-R3

	5
	C47-L2
	
	49
	C290-R3
	
	93
	C180-R3

	6
	C477-R2
	
	50
	C289-R2
	
	94
	C180-L4

	7
	C44-R3
	
	51
	C289-L2
	
	95
	C17-L3

	8
	C430-R3
	
	52
	C288-L2
	
	96
	C165-R5

	9
	C430-L3
	
	53
	C285-R2
	
	97
	C165-R3

	10
	C428-L3
	
	54
	C285-R1
	
	98
	C163-L2-0

	11
	C428-L2
	
	55
	C280-R3
	
	99
	C163-L2/3

	12
	C417-R3
	
	56
	C280-R2/3
	
	100
	C162-L2

	13
	C417-R2
	
	57
	C270-R3
	
	101
	C154-R2

	14
	C417-R1
	
	58
	C25-R2
	
	102
	C154-L3

	15
	C414-R2
	
	59
	C248-R3
	
	103
	C148-R3

	16
	C3-R2
	
	60
	C248-L2
	
	104
	C148-L2

	17
	C3-L2
	
	61
	C246-R3
	
	105
	C147-R3

	18
	C37-R2/3
	
	62
	C246-L5
	
	106
	C147-L1

	19
	C37-L2/3
	
	63
	C246-L1
	
	107
	C139-R2

	20
	C37-L1
	
	64
	C245-L2
	
	108
	C134-R1

	21
	C360-L1
	
	65
	C230-R2
	
	109
	C134-L3

	22
	C349-R2
	
	66
	C229-R3
	
	110
	C133-L1

	23
	C349-R1
	
	67
	C227-R3
	
	111
	C127-R5

	24
	C346-R3
	
	68
	C227-L1
	
	112
	C127-R2

	25
	C346-L2
	
	69
	C226-L1
	
	
	

	26
	C331-L4
	
	70
	C218-L2
	
	
	

	27
	C331-L2
	
	71
	C217-R5
	
	
	

	28
	C325-R3
	
	72
	C215-R3
	
	
	

	29
	C325-R1
	
	73
	C215-L2
	
	
	

	30
	C322-R2
	
	74
	C214-R4
	
	
	

	31
	C322-L1
	
	75
	C214-L3
	
	
	

	32
	C321-L1
	
	76
	C214-L1
	
	
	

	33
	C319-R3
	
	77
	C213-R3
	
	
	

	34
	C319-L4
	
	78
	C213-R1
	
	
	

	35
	C318-R4.2
	
	79
	C210-R3
	
	
	

	36
	C317-R3
	
	80
	C210-L2
	
	
	

	37
	C317-R1
	
	81
	C207-R3
	
	
	

	38
	C315-R2
	
	82
	C202-L2
	
	
	

	39
	C315-L2
	
	83
	C201-R2
	
	
	

	40
	C313-L4
	
	84
	C200-L2
	
	
	

	41
	C313-L2
	
	85
	C199-R5
	
	
	

	42
	C310-R2
	
	86
	C199-R4
	
	
	

	43
	C310-R1
	
	87
	C199-L1
	
	
	

	44
	C302-R2
	
	88
	C192-R4
	
	
	


Table E.2: Expression of different genes in tumors of the Erbb2 transgenic mouse model.

	Sample number
	Tumor number
	 Result in MMTV Splinkerette PCR
	Erbb2 expression
	Eras expression
	Wnt expression

	1
	C2-L2
	Yes
	+
	-
	-

	2
	C2-L3
	Yes
	+
	-
	-

	3
	C3-R1
	Yes
	+
	++
	-

	4
	C3-L2
	Yes
	+
	-
	-

	5
	C3-R2
	Yes
	+
	-
	-

	6
	C4-L1
	Yes
	+
	-
	-

	7
	C9-R1
	Yes
	+
	-
	-

	8
	C9-R3
	Yes
	+
	+
	-

	9
	C16-L2
	No
	+
	-
	-

	10
	C16-R2
	No
	+
	-
	-

	11
	C17-L3
	Yes
	+
	-
	-

	12
	C17-R2
	Yes
	+
	+
	-

	13
	C17-R3
	Yes
	+
	-
	-

	14
	C25-R2
	Yes
	+
	-
	-

	15
	C26-L3
	Yes
	+
	-
	-

	16
	C37-L1
	Yes
	+
	-
	-

	17
	C37-L2/3
	No
	+
	-
	-

	18
	C37-R2/3
	Yes
	+
	-
	-

	19
	C38-L2/3.6
	Yes
	+
	-
	-

	20
	C38-L2/3.8
	Yes
	+
	++
	-

	21
	C38-R1
	Yes
	+
	-
	-

	22
	C44-R3
	Yes
	+
	-
	-

	23
	C47-L2
	No
	+
	-
	-

	24
	C47-R1
	No
	+
	-
	-

	25
	C47-R3
	No
	+
	-
	-

	26
	C49-L2/3
	No
	+
	-/+
	-

	27
	C49-L4
	Yes
	+
	++
	+

	28
	C49-R2
	Yes
	+
	-
	-

	29
	C69-L1
	Yes
	+
	-
	-

	30
	C69-L3
	Yes
	+
	-
	-

	31
	C69-R4
	Yes
	+
	-
	-

	32
	C76-L2
	No
	+
	-/+
	-

	33
	C76-R1
	Yes
	+
	-
	-

	34
	C101-L5
	Yes
	-
	-
	+

	35
	C201-R2
	Yes
	-
	+
	+

	36
	C140-R2
	Yes
	+
	-
	-

	37
	C146-R4
	No
	+
	-
	-

	38
	C102-L3
	No
	+
	-
	-

	39
	C204-L1
	Yes
	-
	-/+
	-

	40
	C216-L4
	Yes
	+
	-
	+

	41
	C134-L3
	Yes
	+
	-
	-

	42
	C189-R3
	Yes
	+
	-
	-

	43
	C213-R1
	Yes
	+
	-
	-

	44
	C163-L2O
	Yes
	+
	++
	-

	45
	C210-L2
	Yes
	+
	-
	-

	46
	C190-R1
	No
	+
	+
	-

	47
	C148-L2
	No
	+
	-
	-

	48
	C317-R1
	Yes
	+
	-
	-

	49
	C192-R2
	No
	+
	-
	-

	50
	C331-L2
	No
	+
	-
	-

	51
	C147-L1
	No
	+
	-
	-

	52
	C214-L1
	Yes
	+
	-
	-

	53
	C127-R2
	Yes
	+
	-/+
	-

	54
	C346-R3
	No
	+
	-
	-

	55
	C199-R4
	Yes
	+
	-
	-

	56
	C162-L2
	Yes
	+
	-
	-

	57
	C229-R3
	Yes
	+
	++
	-

	58
	C319-R3
	Yes
	+
	-
	-

	59
	C215-R3
	Yes
	+
	-
	-

	60
	C349-R1
	Yes
	+
	-
	-

	61
	C310-R2
	Yes
	+
	-
	+

	62
	C325-R3
	No
	+
	-
	-

	63
	C289-R2
	No
	+
	-
	-

	64
	C246-L5
	Yes
	-
	-
	+

	65
	C414-R2
	No
	+
	-
	-


Table E.3: Eras expression in the WT BALBc

 mouse model.

	Sample number
	WT tumor number
	Eras expression

	1
	6
	-

	2
	7
	-

	3
	25
	-

	4
	26
	-

	5
	31
	-

	6
	36
	-

	7
	37
	-

	8
	41
	-

	9
	48
	-

	10
	51
	-

	11
	60
	-

	12
	67
	++

	13
	70
	-

	14
	76
	-

	15
	79
	-

	16
	82
	-

	17
	85
	-

	18
	88
	-

	19
	92
	-

	20
	104
	++

	21
	121
	-

	22
	126
	-

	23
	147
	-

	24
	154
	+

	25
	163/17
	-

	26
	169
	-

	27
	171
	-

	28
	175
	-

	29
	180
	-

	30
	183
	-

	31
	192
	-

	32
	195
	-

	33
	201
	+

	34
	212-3
	-

	35
	218
	-

	36
	224
	-

	37
	248
	-

	38
	285
	-

	39
	294
	-

	40
	323.2
	-


Table E.4: Eras expression in the WT FVB 

mouse model.

	Sample number
	WT tumor number
	Eras expression

	1
	JMJ 651-R5
	-

	2
	JMJ 760-L4
	-

	3
	JMJ 790-R4
	-

	4
	JMJ 802-L3
	-

	5
	JMJ 803-R4
	-

	6
	JMJ 810-R3
	+

	7
	JMJ 819-R4
	-

	8
	JMJ 876-R1
	-

	9
	JMJ 972-L5
	-

	10
	JMJ 1021-L5
	-

	11
	JMJ 1029-L1
	-

	12
	JMJ 1030-L1
	-

	13
	JMJ 1256-R5
	-

	14
	JMJ 1367-R4
	-

	15
	JMJ 1373-L5
	-

	16
	JMJ 574-R5
	-

	17
	JMJ 554-R4
	-

	18
	JMJ 558-R2
	-

	19
	JMJ 566-L2
	-

	20
	JMJ 570-L4
	-

	21
	JMJ 572-R4
	-

	22
	JMJ 580-L3.1
	-

	23
	JMJ 580-L3.2
	-

	24
	JMJ 647-L1
	-

	25
	JMJ 653-L5
	-

	26
	JMJ 653-R5
	-

	27
	JMJ 660-L4
	-


Table E.5: ERAS expression in human 

cell lines.

	Cell line sample
	Cell line name
	ERAS expression

	1
	BT20
	-

	2
	BT549
	-/+

	3
	CAMA1
	-

	4
	HBL100
	-/+

	5
	MCF7
	-

	6
	MDA134
	-/+

	7
	MDA157
	-/+

	8
	MDA231
	+

	9
	MDA361
	+

	10
	MPL13
	-

	11
	SKBR3
	-

	12
	T47D
	-/+

	13
	ZR75-1
	-/+


Figure 6.� SEQ Figure \* ARABIC \s 1 �1�: A ligand (L) binds to the ERBB3 monomer. A dimerization arm in ERBB3 comes free. An ERBB2 monomer is constitutive active and dimerize with the ERBB3 monomer. Receptor phosphorylation (P) occurs and the active ERBB2 • ERBB3 heterodimer generates a proliferative cell signal via a variety of pathways (14).
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Figure 6.� SEQ Figure \* ARABIC \s 1 �2�: After ligand binding and dimerization of the Erbb2 (HER2) • Erbb3 (HER3) or EGFR receptors. The heterodimer signals very potently in the Ras pathway via GRB2-SOS-Ras-Raf-MEK-MAPK for proliferation, in the phosphatidy-linositol-3’-kinase (PI3K) pathway via PI3K-Akt-GSK for survival of the cell, and Bad for blocking apoptosis (25). 





Figure � STYLEREF 1 \s �6�.� SEQ Figure \* ARABIC \s 1 �3�: A retrovirus infects a cell via binding of the viral envelope proteins to the cell surface receptors. The provirus integrates in the genome of the host cell. Transcription of viral envelope proteins will occur and these proteins occupy the cell surface receptors that prevent reinfection. New virus particles are also formed and these will infect new cells (26).





Figure � STYLEREF 1 \s �8�.1: The DNA fragments are radioactive labeled with a 32P label. They were separated on a PAA gel and exposed to a Kodak XAR film. The black spots on the gel represent the 32P labeled DNA fragments. The two black arrows point out endogenous MMTV. The collared arrows point to specific insertions sites of MMTV.


































































































Figure � STYLEREF 1 \s �8�.2: An agarose gel with amplified DNA fragments.  The DNA was extracted from the PAA gel and reamplified. The arrows correspond to the arrows given in figure 3.1. 





































































































Figure � STYLEREF 1 \s �8�.3: Result of the RT-PCR experiment of the overexpression of Erbb2 in the transgenic Erbb2 mammary tumors. Two bands appear. The first band has a size of 508 bp and represents genomic DNA fragments of the Erbb2 transgene. The second band has a size of 400 bp and represents the cDNA fragment of Erbb2.





Figure � STYLEREF 1 \s �8�.4: The Erbb2 transgene DNA fragment. The green box represents the Erbb2 transgene. The two red boxes represent the SV40 exons and the two lines represent the SV40 intron. The two arrows are the Erbb2 primers. The primers anneal at the two SV40 exons. The intron is not always completely spliced out, which will give rise to the larger DNA fragment. 


























Figure � STYLEREF 1 \s �8�.� SEQ Figure \* ARABIC \s 1 �1�: Result of a RT-PCR experiment for the expression of Eras in Erbb2 tumors. The Eras DNA fragments have a size of 906 bp. The ß-Actin DNA fragments have a size of 580 bp and were used as a quality control for the cDNAs. Nine tumors (14%) are showing over expression of Eras and ß-Actin is expressed in all the tumors.





Figure � STYLEREF 1 \s �8�.6: Result of the RT-PCR experiment for the expression of Eras in the WT BALB/c tumors. The Eras DNA fragments have a size of 906 bp. The ß-Actin DNA fragments have a size of 580 bp and are used as a quality control for the cDNAs. Four tumors (10%) are showing overexpression of Eras and ß-Actin is expressed in all the tumors.





Figure � STYLEREF 1 \s �8�.7: Result of the RT-PCR experiment of the expression of Eras in the WT FVB tumors. The Eras DNA fragments have a size of 906 bp. The ß-Actin DNA fragments have a size of 580 bp, and are used as a quality control for the cDNAs. Only one tumor (4%) shows over expression of Eras. ß-Actin is expressed in all the tumors. Tumor number 27 and the negative control are at the right site of the DNA ladder with the ß-Actin control.





Figure � STYLEREF 1 \s �8�.8: Result of the RT-PCR experiment for the expression of ERAS in the human cell lines. The ERAS DNA fragments have a size of 378 bp and the ß-ACTIN DNA fragments 580 bp. In the RNA samples treated with DNase I, there is no expression of ERAS, this means that there is no genomic DNA present. In all the cell lines there is expression of ß-ACTIN. ERAS is expressed in two (15%) cell lines. There is slicht expression of ERAS in cell line samples 2, 4, 6 and 7. 
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Figure 8.5: Result of a RT-PCR experiment for the expression of Eras in Erbb2 tumors. The Eras DNA fragments have a size of 906 bp. The ß-Actin DNA fragments have a size of 580 bp and were used as a quality control for the cDNAs. Nine tumors (14%) are showing over expression of Eras and ß-Actin is expressed in all the tumors.
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