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Abstract
The Myc and Neu oncogenes are commonly amplified in breast cancer, and in order to
determine their roles, one must study the pathways they regulate. It has been found that
there may be a cross-regulatory relationship between Myc and Neu through the action of
E2F transcription factors. Establishing and understanding any potential link between the
Myc and Neu oncogenes would enhance our understanding of gene regulatory pathways
in breast cancer, and possibly have clinical implications. Based largely on in-vitro
studies, Myc had been previously suggested to act through a select number of E2F family
members. Similarly, studies have also linked Neu to the action of the E2F pathway. In
order to study the relevance of E2F transcription factors in these two pathways, I
examined mammary tumor formation initiated by either the Myc and Neu oncogenes in
mice deficient for the E2F1, E2F2, or E2F3 genes. Because there exists a high degree of
functional redundancy, combinations of the E2Fs were also deleted. Development of
glands deficient in the E2Fs as well as tumor start dates were examined in order to
determine the contributions made by the specific E2Fs. It was found that E2F3 did not
play a significant role in Myc-mediated tumorigenesis, but it did play a critical role in
Neu-mediated tumorigenesis. E2Fs 1 and 2 had varying roles of importance between the
two pathways, and even when mice were deficient for multiple E2Fs, tumorigenesis was
able to occur. The data implies that the Rb-E2F pathway is only mildly involved in Mycmediated mammary tumorigenesis, but that this pathway is more critical for Neu
mediated tumorigenesis. This suggests that Myc most likely acts through several
additional regulatory pathways, and Neu is dependent on the Cyclin D1-Rb E2F pathway.
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Introduction
Control mechanisms of the cell cycle affect many aspects of development.
Whether it is determining when a cell should proliferate, commit to apoptosis, or remain
quiescent, many of the decisions depend on a balance of regulators of the cell cycle. The
cell cycle is considered to involve an ordered series of events that occur during each cell
division, and that allows cells to proliferate appropriately. It includes the G1 phase, or
initial growth phase of the cellular machinery, the S phase, or DNA replication phase, the
G2, or second growth phase, and M phase, or mitotic phase. During these different
stages of the cycle, several checkpoints exist to ensure the cell division proceeds under
the appropriate set of signals and results in two genetically identical daughter cells.
During G1, a cell can also leave to a state called G0, where it is no longer growing, but
instead is in a quiescent state. Cell external signals and cell internal information in
combination determine whether a cell enters the division cycle. External signals usually
only affect the decision until the cell is committed, or at the “Restriction point” (van den
Heuval, 2005). Progression thereafter is controlled only by internal cell cycle machinery.
Rb and E2F transcription factors are the central components of this “restriction” control
mechanism. It is imperative to know the details of these checkpoints and inducers of cell
growth because deregulation of the cell cycle can lead to damaged, mutated, and
eventually cancerous cells that may continue to proliferate un-checked.
Many genes have been found to be involved in cell division regulation, including
Rb. The Rb gene product can act as a transcriptional repressor of genes involved in S
phase progression by associating with E2F transcription factors. It has primarily been
found to associate with E2F “activators” in order to prevent them promoting
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transcription, or can be recruited along with other associated chromatin remodeling
complexes and “repressive E2Fs” to inhibit transcription (Stevaux & Dyson, 2002).
When Rb is deleted, the E2F activators are de-regulated, leading to aberrant cellular
proliferation and eventually to tumor formation. Rb itself is regulated by different
upstream regulators, such as Cyclin D1, which phosphorylates and inactivates Rb from
being able to associate with E2Fs (Nevins 2001). Only the underphosphorylated form of
Rb is functional in E2F binding. The Cyclin D1-Rb-E2F pathway is under intense study
because the Cyclin D1 gene is amplified in 20% of human breast cancers (Dickson 1995),
and the Cyclin D1 protein is over-expressed in over 50% of human mammary carcinomas
(Bartkova et al. 1994).
There have been eight E2F transcription factors found thus far. Evidence exists to
indicate that each E2F factors may have specific functions. E2F factors appear to be key
components in a cell cycle checkpoint that determines whether a cell will arrest in G1 or
enter S phase. A direct correlation has been made between the ability of Rb to bind E2F
and to arrest cells in the G1 phase of the cell cycle. E2Fs 1, 2, and 3 are thought to be the
transcriptional “activators,” so it implies that when Rb is phosphorylated, it leaves these
three transcription factors free to activate expression of important transcriptional
machinery and avoid G1 arrest (Wu et al. 2001). These three E2Fs have a very closely
related structure, and can associate exclusively with Rb, while other E2Fs can associate
with the other two Rb-related gene products, the p107 and p130 pocket proteins (Johnson
& Schneider-Broussard, 1998). E2Fs 1-3 are found almost exclusively in the nucleus
because they have a nuclear localization signal on their amino termini. E2F1, E2F2, and
E2F3 have been shown to induce serum starved REF52 cells to enter S phase (DeGregori
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et al., 1997). E2Fs 4 and 5 cannot induce S phase under these conditions, and this is
attributed to the fact that they lack nuclear localization signals. E2F1 expression also has
the ability to overcome G1 phase block induced by Rb (Zhu et al.1993), TGF-beta
(Schwarz et al. 1995), and gamma irradiation (DeGregori et al. 1995), and overexpression of E2F1 has enabled cells to overcome inhibitory activities of several tumor
suppressor proteins. Further evidence that E2F plays a critical role in G1-S phase
transition comes from the fact that a DP1 dominant negative mutant, which forms E2F
heterodimers inactive in DNA binding, causes cells to arrest in G1 (Wu et al. 1996). On
the contrary, over-expression of E2F1 has also been shown to induce cells to undergo
apoptosis via causing accumulation of the tumor suppressor p53 (Qin et al. 1994). This
data alone goes to show that E2F transcription factors also have their own unique
functions outside of possible redundancy.
Because the Cyclin D1-Rb-E2F pathway plays a critical role in the control of the
cell cycle and under normal conditions, it is important to investigate the effects it may
have when it is deregulated during cancer progression. Cyclin D1 is one of the most
commonly overexpressed oncogenes in breast cancer, in as many as 50% of the cases.
Without Cyclin D1 the mammary gland cannot develop normally, and with overexpression of Cyclin D1 benign mouse mammary epithelial cells can transform to
become malignant (Wang et al. 2007). Another commonly over-expressed gene in breast
cancer is the c-Myc proto-oncogene. Loss of the gene results in embryonic death, thus it
is also imperative to cell growth. Evidence has linked c-Myc and Neu to the regulation
of Cyclin D1, where it has been shown that over-expression of c-Myc and Neu causes an
up-regulation of Cyclin D1. In turn, Cyclin D1 function is linked to the control of E2F.
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Cyclin D1-cdk complexes can phosphorylate the Rb tumor suppressor, and in its
hyperphosphorylated state, Rb can no longer bind to E2F factors. The aim of this project
is to evaluate the possible link between Myc-Cyclin D1 and Neu-Cyclin D1 pathways to
the Cyclin D1-Rb-E2F pathway (Figure 1), and to examine how exactly these oncogenes
mediate tumorigenesis. In order to understand the possible links in tumorigenesis, I have
evaluated Myc-mediated and Neu-mediated mammary tumorigenesis in mice that are
deficient in various E2Fs. Because E2Fs may also have an important role during normal
proliferation, I have also evaluated the role of E2Fs during mammary development. By
examining these two aspects-tumorigenesis and normal development-the role of the E2Fs
in the control of proliferation could be compared under normal or cancer conditions.
We used two mouse models of breast cancer to evaluate the role of E2Fs in
tumorigenesis for several reasons. First, many of the events in the step-wise progression
to human cancer can be recapitulated in mice. Second, the mice genome can be
efficiently and specifically altered by experimentation. Third, the Myc and Neu
oncogenes are highly relevant because they are amplified in a high proportion of human
breast cancers.
Because over-expression of specific genes in the entire mouse may have
undesirable consequences on mouse physiology, we used a system to localize the
expression of genes or deletion of genes to the mammary gland epithelium. To
accomplish this, we used the mouse mammary tumor virus (MMTV-rtTa) promoter to
drive the expression of the tetracycline activator. The MMTV promoter can be used to
target expression of genes to the mammary epithelium because the tetracycline activator
is only transcribed in the mammary tissue. In the presence of doxycycline, the
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tetracycline activator it encodes can bind to a tetracycline responsive promoter (tet-on),
thereby activating specific gene expression (Figure 2). In this system, the Myc transgene
contains the human Myc cDNA under the control of the tetracycline-responsive minimal
promoter (Teto-Myc). The tetracycline activator then binds to the tet-on promoter only in
the presence of doxycycline, and fires off transcription of c-Myc only in the mammary
epithelium. As indicated in the figure, without doxycycline, the activator cannot bind to
the tet-on promoter. At the time of the experiment, a Teto-Neu transgene was
unavailable, therefore the Neu mice were bred to have MMTV-c-Neu. This allows for
the Neu gene to be under the direct control of the MMTV promoter, and consequently
also upregulated only in the mammary gland.
Because the mice were able to survive with no real defects from the deficiency of
the transcription factors, E2Fs 1 and 2 were able to be “conventionally” deleted in the
entire mouse. The alleles for each E2Fs 1 and 2 were mutant/mutant in every cell. On the
other hand, loss of E2F3 causes embryonic lethality, so it was necessary for it to be
“conditionally” deleted only in the mammary gland. To circumvent this problem, the
mice were bred to have E2F3 “floxed” alleles. These floxed alleles are flanked by loxP
sites on either end of exon 3 of the E2F3 gene. Cre recombinase can cut at these loxP
sites, excising the exon and rendering the product inactive. For that reason, the Teto-Cre
transgene was created to be under the control of the MMTV-rtTa encoded tetracycline
activator and doxycycline also, encoding Cre recombinase only in the mammary gland.
As a result, Cre mediated ablation of E2F3 will occur exclusively in the mammary gland.
Because of the possibility of functional redundancy, the E2Fs were also deleted in
combination to investigate potential phenotypes.
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Materials and Methods
Generation of the Transgenic Mice
Because it was necessary to have the oncogenes and cre recombinase only active in the
mammary gland, tissue specificity was created by incorporating the mouse mammary
tumor virus (MMTV-rtTa). The mice for the tumor were always positive for MMTVrtTa and Teto-Myc or MMTV-c-Neu, and depending on what transcription factor was to
be studied, Teto-Cre could have been positive or negative. The development mice were
always positive for MMTV-rtTa, and depending on what was to be studied were positive
or negative for the oncogenes and Teto-Cre. E2F3 was always floxed for both alleles,
and because E2F1 and E2F2 were conventional knock outs, the alleles were
mutant/mutant.
Induction of Myc and Cre
In order for c-Myc and Cre recombinase to be induced in the mammary gland, the
tetracycline activator encoded by the MMTV gene needed doxycycline in order to bind to
the tet-on promoters. The Neu line of mice did not need doxycycline for oncogene
expression, but they did need it for Teto-Cre expression. The doxycycline was given to
the mice through their water supply. I initiated doxycycline into their diet at 30 days of
age in a concentration of 2mg/ml in distilled water, and they received it until time of
harvest.
Mouse Husbandry
I checked for tumor initiation twice a week after the mice were on doxy for three months.
The primary tumor location and the date were noted, in order to distinguish it from other
tumors that may have developed. Some mice were reserved for analyzing the mammary
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gland prior to tumor initiation, or developmental studies. In order to maintain the mouse
lines, it was necessary to keep some mice aside from the study and set them up with
males for breeding.
General Tissue Collection
The mice were harvested at 45 days after tumor initiation, and the tumors were measured
for their size in millimeters. Tissue was collected from all tumors that had formed, and
placed them in three tubes immediately on dry ice for future DNA, RNA, and protein
isolation. I also re-tailed the mice to isolate DNA for re-genotyping. These tubes were
then placed at -80°C. Any tumor tissue that still remained was placed in Neutral
Buffered Formalin. The heart, lungs, kidney, liver, and spleen were examined for
metastasis, and then placed in Neutral Buffered Formalin as well. When mice were
harvested for developmental studies, it was 30 days after doxycycline induction. Two
glands were removed, position 4 was used for a whole mount stain and position 9 was
placed in Neutral Buffered Formalin.
Tissue Preparation for the Analysis of Mammary Gland Development
The gland in position 4 used for a Carmine whole mount stain was placed in a 3:1
solution of 95% Ethanol and Glacial Acetic Acid (Carnoy’s Fixative) overnight at 4°C,
followed by a series of consecutive hydrations of 70%, 50%, and 30% Ethanol, followed
by 2 washes of distilled water. They were then stained overnight with Carmine stain at
4°C, and dehydrated with consecutive solutions of 70%, 90%, 95% and two washes of
100% ethanol. The slides were then placed in Xylene until they were mounted with
Biomedia Permount and glass slide covers. The other gland that was placed in Formalin
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was processed and embedded into paraffin sections. The 5um sections were stained with
Hematoxylin and Eosin (H&E).
Tissue Preparation of Tumor Mice
The frozen tumor tissue could be used for DNA, RNA, or protein isolation. I isolated
DNA from the tumor by incubating the sample with Lysis Buffer and Protinease K at
55°C overnight. 6M saturated NaCl was added, and sample was left on ice for 10
minutes. After centrifuging, the supernatant was added to 700ul isopropanol and
centrifuged again. The supernatant was then removed, and the pellet was resuspended in
200ul of TE buffer. I also isolated protein from the tissue by adding Protein Extraction
Buffer (Hepes, KCl, 0.5M EDTA, 0.5M EGTA, Glycerol, and NP40) with the Protinease
inhibitors 50mM NaF, 1 MM NaVO4, 1mM PMSF, 1ug/ml aprotinin, pepstain, and
leupeptin to the sample. It was then homogenized, and the volume adjusted based on a
sample weight at 120mg/ml ratio. The sample was kept on ice for 10 minutes, and
centrifuged at 4°C. The supernatant was transferred to a new tube, and then was
separated into 4-6 aliquots and kept at -80°C. The rest of the tumor was kept in
Formalin until it was processed and embedded into paraffin sections. The 5um sections
were also stained with Hematoxylin and Eosin(H&E).
Data Compilation
Microsoft Excel was used in order to create Kaplan-Meyer curves of the tumor mice
population. The graphs showed the percentage of the population that remained tumor
free in order to see if the loss of the transcription factors had any affect on the rate of
tumorigenesis. Excel was also used to create the bar graphs of average tumor size and
number of tumors per mouse.
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Southern Blot Analysis
Southern blot analysis was completed to determine if E2F3 was deleted efficiently in the
tumor. I digested the DNA with the restriction enzyme EcoRV and used an E2F3
radioactively labeled DNA probe. Southern analysis was completed on all tumors that
were considered positive for Teto-Cre, and also on several cre negative tumors as a
control. After I accumulated all the data, in order to quantify the percentage of deletion I
determined the volume of both bands using the Typhoon Phosphoimager Screening
ImageQuant Program, and divided the knock out band’s volume by the total volume of
both bands.
Western Blot Analysis
Protein expression of the transcription factors in the tumors was analyzed by using the
Western Blot technique. Using the aforementioned protein samples I isolated, I diluted
the protein with PBS and bromophenol blue dye to a 30ug concentration. I heat shocked
them in boiling water and ran them on 10% separating and 6% stacking gels. The
separated protein was then transferred on to a membrane. Using the E2F1, 2, or 3
primary antibodies in 5% milk in TBST, followed by their respective secondary
antibodies, I probed the membranes and then observed the results on X-Ray film.
β-galactosidase staining
The mammary gland in position 4 was also used for β-galactosidase in mice with the
LacZ reporter gene. It was harvested and preserved in a fixative (4% paraformaldehyde,
0.1M phosphate buffer pH 7.3, and 25% glutaraldehyde) for 2-6 hours at 4°C, and then
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stained (0.8x PBS, 5mM potassium ferricyanide, 5mM potassium ferrocyanide, 0.8mg/ml
X-gal, 0.1% deoxycholate, 0.2% NP-40, and 2mM magnesium chloride) overnight at
room temperature. The gland was washed in PBS overnight, then dehydrated as the
Carmine slides were and placed in Xylene until mounting.
Statistics
T-tests were performed to determine p values on each of the Kaplan-Meyer curves by
Julie Stephens, MS, and Soledad Fernandez, PhD, for The Center for Biostatistics at The
Ohio State University.

Results
When analyzing the data from this study, it is imperative that we are positive of
the genotypes of the mice. I isolated DNA from the tail taken at harvest, and used PCR
techniques to verify the alleles for each gene being studied: MMTV-c-Neu, Teto-Myc,
MMTV-rtTa, Teto-Cre, and the applicable E2Fs to the mouse. The E2F3 PCR was
particularly important, because it was necessary for both alleles to be floxed in order for
the conditional system to be effective (Figure 3). If there was a mistake in genotyping for
any of the transgenes, the observed result would be false. Upon re-genotyping, mice that
were not re-confirmed with the original genotype were re-genotyped again to see if the
mouse should be changed to a different group. A small portion of those results were
uninterpretable, and those particular mice were censored.
To compare the roles of the E2Fs in the Myc and Neu pathways, I examined the
mammary development of Myc-overexpressing and Neu-overexpressing glands deficient
in the different transcription factors. I also studied mammary glands with deficiencies in
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the transcription factors, but that did not express the Myc or Neu transgenes. Mice were
harvested 30 days after the addition of doxy to the water supply (see Materials and
Methods). Mammary glands were harvested and stained with carmine stain. After
staining, I evaluated the development by looking at whole mount pictures (Figures 4 and
5). In this analysis, the glands appeared to have normal duct architecture, with typical
budding formation at the end of the ducts. Comparison of the control to the Teto-Cre
positive, E2F3f/f showed minimal change in the development of the gland, and the
comparison of the Teto-Myc positive control to the Teto-Myc, Teto-Cre, E2F3f/f gland
did not show a very large change. The Neu positive control compared to the MMTV-cNeu, Teto-Cre, E2F3f/f gland did show some loss of budding and growth. The majority of
E2F2 deficient glands showed an acceleration of bud formation when compared to the
wild type control. This shows E2F2 as a potential tumor suppressor, contrary to past
studies (Wu et al. 2001). Because growth was accelerated without E2F2 present, it
implies E2F2 may be a repressor of cell proliferation. E2F1m/m mice show a slight delay
in growth of the mammary tissue as compared to the wild type control. When the Myc
and Neu proto-oncogenes are overexpressed in combination with E2F1m/m the majority of
the glands exhibit rescued growth to a normal rate. E2F2m/mand E2F3f/f mice showed
varying evidence of both loss of growth and acceleration of growth for both Myc and
Neu positive, Teto-Cre positive mice. E2F1m/m and E2F3f/f mice showed slower growth
than the control in both Myc and Neu mice, suggesting these two both contribute to
cellular proliferation. Overall, the development data provides preliminary information on
the roles the E2F factors might play, but alone it does not provide conclusive evidence of
their functions.
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β-galactosidase staining was used to ensure efficient deletion of E2F3 in the
mammary gland by viewing expression of cre recombinase. The lacZ reporter gene was
utilized to test for Cre expression. Where Cre is expressed, lacZ is expressed also, and I
stained for lacZ expression. Glands that were positive for Teto-Cre stained for complete
expression across the entire mammary gland, which can be seen in the whole mount view
as well as a 2.5x magnification (Figure 6). The X-gal stain is uniform across the entire
gland, which implies that Cre is expressed efficiently and E2F3 should be deleted
efficiently as well. Those negative for cre stained for no expression. Southern blot
analysis is in progress to confirm this finding.
While the development data provides clues as to the roles of these particular E2Fs
in the Myc and Her-2 pathways, the focal point of the proposed analysis was to compare
tumor initiation dates among Myc and Neu induced mammary adenocarcinomas. It was
then necessary to harvest the mouse in order to obtain molecular analysis data of the
tumors, (Figure 7) and compare the phenotypes and number of tumors among the
different genotypes. Evaluation of average tumor size among the different genotypes
showed no distinct difference among Myc mice, but the Neu mice show smaller tumors
when the transcription factors are lost (Figure 8). Average primary tumor size showed
the same trend, with the Myc mice not showing a definitive trend and the Neu mice
developing smaller tumors when the E2Fs were affected (Figure 9). Comparison of the
average number of tumors per mouse shows that all genotypes were around the same
range for the Myc mice, except for the loss E2F1 and 3 in combination (Figure 10). This
category did only contain 5 mice for the Myc line, but it showed a smaller number of
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tumors per mouse than the other genotypes. The Neu genotypes did not significantly
differ in their number of tumors per mouse.
Careful analysis of tumor start dates and genotypes of the mice resulted in several
important findings. Upon comparison of the percentage of tumor free mice in the
different genotype populations, it shows that E2F3 deletion alone does not have a very
significant effect in the Myc pathway (p=0.971) (statistically significant at 0.01). The
Kaplan-Meyer curve of E2F3 looks almost identical to that of Myc induced tumors alone,
with a slight acceleration initially, but then it crosses back over to a delay. Neu tumors
on the other hand, do show a significant delay when E2F3 is deficient in the mouse
(p<0.0001) (Figure 11). E2F2 deficient mice suffered an acceleration of tumorigenesis as
compared to the Myc positive control induced tumors (p=0.018). This further
emphasizes the preliminary data seen from the development study that E2F2 may play a
tumor suppressor role in the Myc pathway. It appears that the loss of E2F2 and E2F3 in
combination even further accelerate tumorigenesis in Myc, but this had an overall p value
of 0.377 and was not considered significant. This is most likely because the sample size
in this genotype was only 11 mice. When examining the Neu tumor data, it shows that
E2F2 delays tumorigenesis in this case, contrasting the Myc pathway (p=0.003,
statistically significant at 0.0125) (Figure 12). When 2 and 3 were lost in combination,
tumor development was delayed with a similar rate as E2F2 loss alone (p=0.004). After
evaluation of the loss of E2F1 in Myc induced tumors compared to the Myc control, it
appears that E2F1 causes a delay in tumorigenesis. Initially, the rate is about the same as
Myc control tumors, but the tumors then start to occur later. There are only 14 mice in
this category, so it is not seen as significant with a p value of .632. Loss of E2F1 and
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E2F3 combined seemed to have a major effect on delaying Myc-mediated tumorigenesis,
with a noticeable curve of a much slower rate than the Myc induced tumors alone. This
is also not considered significant, because there are only 5 mice in the category
(p=0.074). Loss of E2F1 in the Neu tumors also caused a delay, but was found
insignificant with a p value of 0.036. Loss of both E2Fs 1 and 3 caused a much larger
delay than deletion of E2F1 alone, with a p value of 0.020 (Figure 13). This suggests that
E2Fs 1 and 3 in this case may have functional redundancy.
Completion of Southern Blot analysis allowed me to examine whether the Cre
recombinase deletion was efficient in the model, and was also used to investigate whether
E2F3 was required for tumor formation (Figure 14). If the tumor tissue all contained
E2F3 wild type alleles, then it would imply that there was a selection process and
malignant cells all needed to contain E2F3. But if the tissue had E2F3 deletion or some
level of it, as in the Myc case, it follows that E2F3 is not necessarily required for cells to
become over-prolific. It also shows that Cre recombinase was effective. When
comparing E2F3 floxed/floxed mice to the other genotypes, their tumors were indeed
E2F3 deficient, therefore the phenotype that followed can be attributed to the loss of
E2F3. In the 29 Myc positive, E2F3 floxed/floxed mice, 16 had a deletion percentage of
75% of higher, 11 were between 50%-75% deletion, 1 was in between 25%-50%
deletion, and only 1 had 0% deletion. Of the 14 Myc positive, E2F2 mutant/mutant, and
E2F3 floxed/floxed mice, 5 tumors had 75% or greater deletion, 8 were between 50%75%, and 1 was between 25% and 50%. In the Neu case, the Southern results were much
different, with the majority of the tumors being non deleted for E2F3. Only 13%, or 4
out of 30, had a deletion of greater than 90% for E2F3. The rest of the tumors were
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essentially 0% deletion. This follows that E2F3 was indeed required for tumorigenesis to
occur in the neu-mediated mice, calling for a much higher importance of this
transcription factor than in the Myc-mediated pathway.
In results not shown, normal E2F3 protein expression analyzed by Western blot is
a faint band for a normal mouse mammary gland. As shown here, E2F3 protein
expression for Myc and Neu is significantly higher (Figure 15a). The thick band on the
top is indicative of strong E2F3 expression, linking the both oncogenes to increased E2F
expression. This result shows that E2Fs are indeed a target of the two oncogenes,
especially Myc, even though they don’t play a significant role in tumorigenesis rates.
Due to antibody problems, the Myc-E2F2 western was the only one to work. It was
found that while the control mammary gland shows a faint band for E2F2 protein
expression, the Myc positive tumors showed absolutely no E2F2 expression (Figure 15b).
This result complies with the findings that E2F2 acts as a tumor suppressor in the Myc
pathway. The data shows that when tumors are able to occur, it is in the absence of E2F2
protein and its tumor suppressor function.

Discussion
It can be seen that loss of E2Fs 1-3 still allow tumorigenesis to occur, and loss of
E2F2 even accelerates tumor formation in the Myc mouse mammary model. Even when
E2Fs 1 and 3 are lost in combination, tumor formation still occurs. So while these
transcription factors seem to play somewhat of a role in affecting the rate of
tumorigenesis, they do not seem to be crucial for growth to occur in the Myc model. It
appears that by delaying the tumor progression, E2Fs can act as activators of cellular
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proliferation. Because the loss of 1 and 3 in combination was much stronger of a
phenotype than the loss of the two individually, it seems these two have functional
redundancy, and can make up for the other’s role when it is absent. E2F1 deficiency by
itself does have the stronger phenotype than E2F3 loss alone, so it suggests that it may
play a larger role in regulating cell growth in the Myc pathway. But, the small population
of E2F1 deficient Myc tumor mice does not allow for a strong conclusion to be made.
The loss of these activators does not seem to show a strong phenotype in the development
studies, whether singularly or in combination, so this data does not provide sufficient
evidence to back this claim either. While no solid assertion can be made regarding the
exact roles of E2Fs 1 and 3 and how they interact with one another in the Myc pathway,
it does remain interesting how much tumorigenesis in the E2F1/3 deficient mice was
delayed.
E2F2 increases the rate of tumor occurrence in the mouse population, and even
shows an altered development of the mammary gland in 60 day old virgin mice, with an
obvious increase in branching and bud formation. In unpublished data, our lab has found
E2F2 may cause apoptosis in Myc-overexpressing cells. Therefore, without E2F2,
apoptosis is prevented, and tumor formation is able to occur at a faster rate in the Mycoverexpressing mice. While it was not statistically significant that the loss of E2F2 and 3
in combination delayed tumorigenesis even further, it does still suggest the synergistic
effects of the E2F transcription factors. When E2F2 is deficient, E2F3 may play a
reverse role than it does with E2F1 in order to make up for what the growth regulation
was lacking without 2 present. There is evidence of E2F1 activating cellular
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proliferation while also causing apoptosis via p53, and the data in this study suggests that
E2F2 and 3 may also be able to have opposite effects in regulating cell proliferation.
When evaluating Neu tumors, the analysis is much different. Because E2F3
caused a significant delay in Neu-mediated tumors, it shows a much more significant
role. The fact that essentially no tumors developed without the presence of E2F3 allows
for the assertion that it is crucial for tumorigenesis in this pathway. One could safely say
that E2F3 acts as a growth activator in the Neu pathway. E2F2 may cause controversy,
because in this pathway it seems to act as a growth activator. This experiment proposes
dual roles for E2F2, as a growth activator in Neu and as a growth repressor in Myc.
E2F1 also seems to act as a growth activator, because tumorigenesis was also delayed
when it was lost in this case. The synergistic effects of the activators lost in combination
do not cause for a much larger delay in tumorigenesis as would be thought in this
pathway, because all the E2Fs seem to show a very important role. Analysis of all three
lost would be interesting, but is hard to accomplish because of the severe growth defects
these mice have in multiple tissues, which could complicate the interpretation of the
results.
The evidence from this experiment does suggest that the transcription factors play
a role in the Myc-mediated pathway to tumorigenesis, but it appears Myc also acts
through other growth factors in order to cause cells to proliferate rapidly. It is known that
c-Myc causes up-regulation of Cyclin D1, but it is possible that c-Myc acts through
factors other than the Cyclin D1-Rb-E2F pathway in order to cause transcription of genes
needed for cell growth. When Cyclin D1 was deficient in Ras and c-Neu mice,
mammary tumorigenesis was avoided all together. On the contrary, when Cyclin D1 was
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deficient in Wnt-1 and c-Myc mice, tumorigenesis did indeed occur, albeit tumorigenesis
was slightly delayed in these settings (Yu, Geng, & Sicinski 2001). This evidence alone
shows that the c-Myc pathway is able to overcome the barrier the loss of the Cyclin D1Rb-E2F pathway can create, and can help explain why there was not a large effect in the
rate of tumorigenesis when these transcription factors were disrupted in the c-Myc mice.
C-Myc is able to act through other factors to cause exponential growth, and investigation
of these other targets of the c-Myc oncogene is essential for disrupting Myc-mediated
tumorigenesis.
This past Cyclin D1 study can also help to explain why there was a much larger
effect on the tumorigenesis of Her-2 mice when E2F3 was lost. Cyclin D1 was
imperative for mammary tumors to form in the Neu-mediated pathway, so this indicates
that Her-2 acts only through the Cyclin D1-Rb-E2F pathway. Because E2F occurs later
in the pathway than Cyclin D1, it is possible that other factors are able to contribute
against the loss of E2F3 and still allow tumorigenesis to occur. Because majority of the
tumors do still have E2F3 present in the cells, this shows how essential E2F3 is in Neumediated tumorigenesis to cause those cells to proliferate.
Examining the data between the Neu and c-Myc oncogenes, it has been shown
that the importance of E2F function is signaling-specific, but could it also be tissue
specific? In Cyclin D1 deficient mice with Ras and Neu oncogenes, skin tumors as well
as salivary tumors were still able to form, and mouse embryo fibroblasts grew viciously
in soft agar and caused tumors in nude mice. This shows that not only is the role of
Cyclin D1 and therefore E2F function dependent on the pathway, but it is also dependent
on the tissue in which it is present. I would predict that loss of E2Fs 1 and 3 in c-Myc
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mice in any tissue would still allow for tumorigenesis, and that loss of E2F2 might still
increase the rapidity of tumor formation but no more than the rate in mammary epithelial
cells. I would also predict that loss of E2Fs 1, 2, and 3 would allow for tumorigenesis in
other tissues in the Neu model as well.
This study has provided further background information regarding oncogenic
pathways and breast cancers. Breast cancer is highly hereditary and dependent on genetic
mutation more than environmental factors, so knowledge regarding these pathways is
imperative. About 50% of human breast cancers contain amplification and/or
overexpression of the c-Neu gene, and the data this experiment provides could potentially
help to shut down those tumor causing pathways. Because E2F3 provides a crucial role
in Neu-mediated growth, it can be a valid target for therapeutics involving Neu mammary
tumors. This data also further emphasizes the past study of the importance of Cyclin D1
in the Neu-mediated pathway, and because of evidence of tissue specificity, anti-therapy
to this pathway could be invaluable to Neu-mediated breast cancers.
The c-Myc aspect of the study has led us to search for more targets of the Myc
pathway, in order to discover how potent the oncogene really is and to narrow down more
growth targets that could be involved in several types of tissues and cancers. C-Myc is
commonly overexpressed in breast cancer, so narrowing down the growth factors it
signals through will lead to therapeutics for Myc-mediated breast cancers as well.
Signaling pathways in mammalian development are highly complex, as this study helps
to emphasize, and the more information known about these pathways, the more likely we
are to combat the most common malignancy among women.
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Fig. 1. a) Proposed pathway for Neu and c-Myc, acting through Cyclin D1 and the E2F
transcription factors to cause over-proliferation b) An E2F3f/f allele. Exon 3 of the
E2F3 gene was flanked by lox-p sites, where Cre recombinase was then able excise
the exon and recombine the DNA, creating a mutant allele.

Fig. 2. A tet-on expression system was used to conditionally delete E2F3 and overexpress Myc
in mouse mammary glands. The system is made specific for mammary glands by the
mouse mammary tumor virus (MMTV) gene. Doxycycline is used to activate the
transcriptional activator rtTA so that it can bind to the tet-on promoter and activate
transcription of the target gene.
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Fig. 3. Polymerase Chain Reaction for the E2F3 gene. The M lane represents a DNA marker, and
the following lanes represent the respective genotypes. The final lane is the control lane.
The top band is the E2F3 mutant band, the middle represents the E2F3 band flanked by loxp sites (“floxed”), and the lowest band represents the E2F3 wild type band.
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Fig. 4. Carmine mammary gland whole mounts of 60 day old virgin mice, 30 days after
doxycycline induction, in order to examine the development of the mammary tissue and
ducts lacking the individual transcription factors. All mice were positive for MMTV-rtTa.
E2F3 f/f mice were positive for Teto-Cre. The labels coordinate to the specific oncogene
that was overexpressed and E2F factor genotype.
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Fig. 5. Carmine stained mammary glands of 60 day old virgin mice, 30 days after doxycycline
induction, 2.5x magnification to view the duct and budding formation. All mice were
positive for MMTV-rtTa, and those indicated with E2F3f/f are positive for Teto-Cre. The
labels coordinate to the respective oncogene expression and E2F factor alleles.
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Fig. 6. Examination of Cre expression via Xgal staining for the FSP-cre/Rosaloxp reporter gene
system a) MMTV-rtTa, Teto-Cre positive, Rosaloxp positive whole mount showing
complete Cre expression and implying efficient E2F3 deletion b) 2.5x magnification of
Xgal stained whole mount c) MMTV-rtTa positive, Teto-Cre negative, Rosaloxp positive
whole mount control, showing no blue staining, and therefore no E2F3 deletion d) 2.5x
magnification of Xgal stained control
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Fig. 7. Harvest of the tumor mouse a) The outside of the mouse, tumor at mammary gland
number 7. b) The outside of the mouse, showing the relative tumor size c) The inside of the
mouse, tumors at mammary glands 6 and 8.
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Fig. 8. a) Bar graph exemplifying the average tumor size of Teto-Myc positive mice, with a
calculated standard deviation for each genotype. Each mouse was MMTV-rtTa positive, and
those with E2F3 f/f alleles were Teto-Cre positive b) Bar graph showing average tumor size
of MMTV-c-Neu positive mice, with a calculated standard deviation for each genotype. Each
mouse was MMTV-rtTa positive, and those with E2F3 f/f alleles were Teto-Cre positive.
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Fig. 9. a) Bar graph exemplifying the primary tumor size of Teto-Myc positive mice, with a
calculated standard deviation for each genotype. Each mouse was MMTV-rtTa positive,
and those with E2F3 floxed alleles were Teto-Cre positive b) Bar graph exemplifying the
primary tumor size of MMTV-c-Neu mice, also with a calculated standard deviation for
each genotype. Each mouse was MMTV-rtTa positive, and those with E2F3 floxed alleles
were Teto-Cre positive.
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Fig. 10. a) Bar graph of the average number of tumors per Teto-Myc positive mouse, with a
calculated standard deviation for each genotype. Every mouse was MMTV-rtTa positive,
and those with E2F3f/f alleles were Teto-Cre positive. b) Bar graph of the average number
of tumors per MMTV-c-Neu mouse, with a calculated standard deviation for each genotype.
Each mouse was MMTV-rtTa positive, and those with E2F3f/f alleles were Teto-Cre
positive.
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Fig. 11. a) Kaplan-Meyer curve of the tumor free population of the Teto-Myc and MMTV-rtTa
positive mice (blue), n=33, versus Teto-Myc, MMTV-rtTa, and Teto-Cre positive, E2F3f/f mice
(pink), n=22. The p-value was 0.971 for this pairwise comparison. b) Kaplan-Meyer curve of the
tumor free population of MMTV-c-Neu and MMTV-rtTa positive mice (blue), n=53, versus
MMTV-c-Neu, MMTV-rtTa, and Teto-Cre positive, E2F3f/f mice (pink), n=34. The p-value was
less than 0.001 for this comparison.
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Fig. 12. a) Kaplan-Meyer pairwise comparison of the percentage of tumor free mice. TetoMyc, MMTV-rtTa positive mice (blue), n=33, versus Teto-Myc, MMTV-rtTa positive,
E2F2 mutant mice (yellow), n=26, versus Teto-Myc, MMTV-rtTa, Teto-Cre positive,
E2F2 mutant, E2F3 f/f mice (teal), n=11. The p value of Myc v. Myc-E2F2 is 0.018, and
the p value of Myc v. Myc E2F2/3 is 0.377. b) Kaplan-Meyer pairwise comparison of
MMTV-c-Neu, MMTV-rtTa positive mice (blue), n=53, to MMTV-c-Neu, MMTV-rtTa
positive, E2F2 mutant mice (yellow), n=18, to MMTV-c-Neu, MMTV-rtta, Teto-Cre
positive, E2F2 mutant, E2F3 f/f mice (teal), n=26. The p value of Neu v Neu-E2F2 is
0.003, and the p-value of Neu v Neu E2F2/3 is 0.004.

a.

Myc v Myc-E2F1 v Myc-E2F1/3

Percentage of tum or free m ice

120
100
80
60
40
20
0
1

20 39 58 77 96 115 134 153 172 191 210 229 248 267 286 305 324 343 362
Days from birth

Myc n=33 T50=243

Myc, E2F1-/- n=14 T50=256

Myc, E2F1-/- E2F3f/f n=5 T50=285.5

b.
Neu v. Neu-E2F1 v. Neu-E2F1/3

Percentage of tumor free mice

120
100
80
60
40
20
0
1

20 39 58 77 96 115 134 153 172 191 210 229 248 267 286 305 324 343 362
Days from birth

Neu n=53 T50=206

Neu, E2F1-/- n=19 T50=230.5

Neu, E2F1-/- E2F3f/f n=13 T50=294.5

Fig. 13. a) A Kaplan-Meyer pairwise comparison of Teto-Myc, MMTV-rtTa positive mice, n=33,
versus Teto-Myc, MMTV-rtTa, E2F1 mutant mice, n=14, and Teto-Myc, MMTV-rtTa, Teto-Cre
positive, E2F1 mutant, E2F3f/f mice, n=5. The p value of Myc versus Myc-E2F1 was 0.632, and
the p-value of Myc versus Myc-E2F1 & 3 was 0.074. b) A Kaplan-Meyer pairwise comparison of
MMTV-c-Neu, MMTV-rtTa positive mice, n=53, versus MMTV-c-Neu, MMTV-rtTa positive,
E2F1 mutant mice, n=19, versus MMTV-c-Neu, MMTV-rtTa, Teto-Cre positive, E2F1 mutant,
E2F3f/f mice, n=13. The p value of Neu versus Neu-E2F1 was 0.036, and the p value of Neu versus
Neu-E2F1 & 3 was 0.020.
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Fig. 14. a) E2F3 southern blot phosphoimage of Teto-Myc, MMTV-rtTa, and Teto-Cre
positive, E2F3 floxed mice. The top band is E2F3 floxed/floxed band, the bottom band
is E2F3 mutant band. Lane wt is a Teto-Cre negative control, Lane H is a
heterozygous floxed/wild type for the E2F3 alleles that is Teto-Cre positive. The
following lanes are indicated by their respective deletion percentages. b) E2F3
southern blot phosphoimage of MMTV-c-Neu, MMTV-rtTa, and Teto-Cre positive,
E2F3 floxed mice. The top band is the E2F3 floxed band, and the bottom band is the
E2F3 mutant. The lanes are indicated by their respective deletion percentages.
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Fig. 15. a) Western blot for E2F3 protein expression of MMTV-c-Neu positive tumors. E2F3a
band is the top band of the lane. Lane T0* is an E2F3 deleted control. b) Western blot for
E2F3 protein expression of Teto-Myc positive tumors. The top band is indicative of E2F3a
expression. c) Western blot for E2F2 protein expression of Teto-Myc positive tumors.
Lane C is an E2F2 control sample. The middle band is indicative of E2F2 protein
expression.

