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Introduction

1. Introduction

1.1 Breast development and cancer

1.1.1 Key stages of breast development

The basic morphology of the mammary gland and important developmental events
during mammary organogenesis are comparable between mice and human (1-4). The
mouse mammary gland development is characterized by different stages. The first
step of embryonic mammary development occurs approximately at mid-pregnancy.
This is when the mammary line appears laterally and extends from the fore to the
hind limb of the embryo (5, 6). Shortly after, mammary placodes arise as a result of
migration of cells from this mammary line (7). This is followed by invagination of
the cells into the underlying mesenchyme, which simultaneously differentiates into
mammary mesenchyme. The mammary bud is formed (6, 7). The last step of the em-
bryonic mammary development is the formation of rudimentary ductal tree. The
mammary bud cells start to proliferate and invade from the mesenchyme into the fad
pad in the dermis. This process is sex hormone independent (8-10). As a result, the

rudimentary ductal tree is present in the mammary fat pad at birth (6).

The first step of postnatal mammary gland development is the ductal outgrowth that
takes place during the puberty. Here, extensive hormone-dependent branching of the
rudimentary ductal tree occurs. This process is driven by the proliferation of the
cells, which reside in the terminal end buds (TEB) at the tip of the ducts (10). The
outgrowth of the mammary ducts is regulated by estrogen and its receptor ERa (es-
trogen receptor alpha), GH (growth hormone) and IGF-1 (insulin-like growth factor
1) (11). At this stage, lateral secondary and tertiary side branches appear as a conse-
quence of proliferating activity of the TEBs resulting in complex system of branched

ducts and terminal and side alveolar buds in the adult mammary gland (3, 10, 12).

During pregnancy, massive alveologenesis occurs from the alveolar buds, which rep-
resent the most hormone sensitive structures in the rodent and human mammary

gland (3, 13). The alveolar buds proliferate and differentiate into single alveoli,
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which are organized into functional lobular-alveolar units, capable of milk produc-
tion after pregnancy (3, 13).

After weaning, the mammary gland goes through postlactational involution, where
the lobular-alveolar units collapse and undergo apoptosis. Thereafter the mammary
gland is remodeled to a pre-pregnancy state with only a few remaining lobular units
(3, 13, 14). With aging of the females, the lobular-alveolar epithelium of the breast
undergoes irreversible lobular involution, which is characterized by loss of the alveo-

lar units and the function of the breast epithelium (4, 15).

1.1.2 Morphology of mammary gland

Mice are commonly used animal models to study breast development and cancer.
Although the general mechanisms of mammary morphogenesis are presumably simi-
lar in mammals, there are a number of differences between the mouse and human
mammary gland. The mouse mammary gland comprises an epithelial ductal tree em-
bedded in an adipocyte reach mammary fat pad. The epithelium of the breast is gen-
erated by two cell lineages, which originate from a common progenitor (2, 16). The
inner epithelial cell layer, termed luminal, can be subdivided into ductal and alveolar,
lining the ducts and alveoli, respectively. The luminal cells are surrounded by the
myoepithelia, bounded by the basement membrane. Stem/progenitor cells are be-
lieved to reside in a suprabasal position between luminal and myoepithelial cells (2).
In the mouse mammary gland, the whole epithelium is surrounded by fatty tissue
with a few fibroblasts in between (Figure 1A). This represents the major difference
between human and mice mammary gland, since the human gland contains much

more connective tissue (2, 10).
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Figure 1. Schematic overview of a mouse mammary duct (A) and hierarchy of different mam-
mary stem/progenitor (2).

A. Different cell types of mammary gland as indicated. B. Characteristic cell surface marker composi-
tions for different stem/progenitor populations identified in mouse (blue) and human (red) mammary
gland.

Ductal outgrowth and differentiation of different cell types in the postnatal mammary
gland originates from mammary stem and progenitor cells (17, 18). The existence of
mammary stem cells (MaSC) was proved by mammary epithelium reconstitution
assays after transplantation of donor epithelium (19). In the adult breast there is a
hierarchical organization of progenitor differentiation (2). A combination of different
cell surface markers allowed the isolation of distinct mammary cell populations.
Mammary stem cells were reported to be enriched in the CD49f"9"/CD29"%"/ CD24"/
Scal’ cell subset (19-21). A certain combination of different levels of these and other
used cell surface markers defined different progenitor populations, such as two pri-
mary epithelial cell lineages (myoepithelial and luminal) and alveolar progenitors
(Figure 1B) (19, 20).
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1.1.3 Breast cancer

Breast cancer is a heterogeneous disease based on histopathological features and mo-
lecular subtypes. Six molecular subtypes of breast cancer were defined based on their
gene expression profiles. These include normal-breast-like, claudin-low, basal-like,
luminal A or B, and HER2/ERBB2-overexpressing subtypes. The differences in sub-
types are presumed to originate from different mutations and different cells of origin,

thus indicating the implication of transformed stem/progenitor cells (22-24).

The most important criterion of the tumor types by immunohistochemistry is the ex-
pression of nuclear hormone receptors ERa (estrogen receptor o), PR (progesterone
receptor) and of HER2 (Human Epidermal Growth Factor 2, erbB2, neu). This histo-

pathological classification is essential for therapeutic treatment.

Most tumors, especially the common invasive ductal and lobular carcinoma are asso-
ciated with luminal subtypes and are ERa and PR positive, which respond to the en-
docrine therapy and are associated with good prognosis (25-28). The most used anti-
estrogen is tamoxifen, which is an ERa antagonist and prevents ERa mediated signal
transduction (29). As a result, tamoxifen inhibits the expression of ERa target genes,
including growth factors, which stimulate the proliferation of tumor cells. However,
many patients acquire tamoxifen resistance or do not respond despite the expression
of ERa. The possible reasons for that could be loss or reduction of ERa expression,
alternative ERa isoforms, altered receptor interaction partner expression or interfer-
ing with other signaling pathways (30-35). Another anticancer drug is named Fulves-
trant. It is a pure ERa antagonist and acts by preventing the dimerization of the re-
ceptor and its binding to the DNA. Unfortunately, Fulvestrant displays poor oral bio-
availability (30) . Aromatase inhibitors are the third group of endocrine therapeutics,
usually used for treatment of postmenopausal patients. As in case of tamoxifen, the

breast cancers treated with aromatase inhibitors can gain endocrine resistance (30).

HER?2 is deregulated in breast cancers by overexpression or amplification mutations
(26, 27, 36). HER2 is a member of the EGFR family and regulates different cellular
processes including proliferation and survival. Tumors with HER2 overexpression
show usually poor differentiation and are associated with poor outcome. Often tu-
mors with nuclear hormone expression and HER2 overexpression display resistance

to endocrine therapy. This often occurs because of a cross talk between HER2 and

11
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ERa pathways, where HER2 signaling dominates. A combination therapy of anti-
estrogens and anti HER2 antibody trastuzumab or a tyrosine kinase inhibitor lapatin-

ib reduces risk of tumor progression and metastases (37).

Around 20% of human breast cancers belong to the basal-like subtype. Tumors of
this subtype are the most aggressive and usually do not express HER2, ERa or PR
and are, therefore termed as triple-negative (36, 38). Interestingly, basal-like tumors
are reported to express marker of embryonic stem cells (24, 39). However, basal-like
tumors display gene expression signature similar to luminal mammary progenitor
cells, whereas luminal A and B as well as HER2 positive cancers correlate with a

gene signature from a more differentiated progenitor of the luminal lineage (2).

The tumors of claudin-low type display loss of adherence junctions and show mesen-
chymal characteristics (40). This tumor subtype displays the greatest overlap with

gene signature of mammary stem cells (2).

1.2 Wnt/B-catenin signaling in breast development and cancer

1.2.1 Overview of Wnt/B-catenin signaling

Only a few highly conserved signaling pathways regulate cell proliferation and tissue
organization during embryogenesis and in the adult organism. One of these pathways
represents the so called canonical Wnt or Wnt/p-catenin signaling cascade. Moreo-
ver, deregulated Whnt signaling is of particular importance for malignant transfor-

mation and tumor progression (17, 41-48)

The central component of the canonical Wnt signaling pathway is B-catenin (44, 49).
In the cell, B-catenin has two functions. It is a component of adherence junctions at
the cell membrane and is a transducer of Wnt signals in the cell (41, 48, 50). These
two functions are balanced by degradation of -catenin. In the absence of extracellu-
lar Wnt signals, free cytosolic [3-catenin is tightly controlled by a cytosolic destruc-
tion complex. These complex consists of the tumor suppressor adenomatous polypo-
sis coli (APC), casein kinase 1 (CK1), glycogen synthase kinase 3 (GSK3) and a

scaffold protein axin. The protein complex phosphorylates N-terminal residues of -

12
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catenin (Ser 33, 37, 41, 45). The N-terminal phosphorylation results in a subsequent
ubiquitination of the protein by B-TRCP (beta-transducin repeat containing), a subu-
nit of the E3 ubiquitin ligase. Finally, proteasomal degradation of B-catenin takes
place (41, 45, 48, 51). Binding of Wnt ligands to the transmembrane Frizzled/LRP
receptor complex leads to a repression of the destruction complex, a stabilization and
nuclear translocation of p-catenin. In the nucleus p-catenin binds to DNA-bound
TCF/LEF (T cell factor/lymphoid enhancer factor) transcriptional factors. The con-
sequence is a transcriptional activation of Wnt/B-catenin dependent target genes
(Figure 2) (44, 45, 50-52).

The nuclear function of B-catenin as a transcriptional activator is specified by several
co-factors, such as CBP, p300, BRG1, TBP and many more (52, 53). Recently, novel
nuclear co-factors of BCL9 and Pygopus proteins families were identified to co-
regulate (-catenin dependent transcription of target genes (54-56). The predicted
function of Legless/BCL9 was to act as an adaptor protein, which tethers another co-
factor of Wnt/p-catenin signaling Pygopus to the p-catenin/TCF complex. Members
of the Pygopus protein family Pygol/Pygo2 have been implicated in recruitment of
chromatin remodeling factors to the protein/DNA assembly and modulation of his-
tones (57-59).

1.2.2 Wnt/B-catenin signaling in breast development

Whnt signaling is essential for embryonic specification of the mammary placode line-
age and postnatal morphogenesis of the mammary gland (7, 18). Wnt10b is the first
marker of the mammary line during the embryonic development (5). Several other
Whnt genes are expressed when the mammary placodes develop (5, 6). Dkk1 (Dick-
kopf-related protein 1) acts as an antagonist of canonical Wnt signaling. Overex-
pressed in mice during mammary line development, Dkk1 inhibits mammary line
specification and subsequently mammary placodal development (60). Similar pheno-
types were observed in knock out models of different Wnt/p-catenin pathway com-
ponents, such as Lrp5 and 6 (Low-density lipoprotein receptor-related protein) or
Pygopus2 (61-63).

13
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Figure 2. Schematic overview of Wnt/B-catenin signaling pathway.

In the absence of extracellular Wnt molecules, the destruction complex marks cytosolic -catenin for
proteasomal degradation. Binding of Wnt ligands to the transmembrane Frizzled/LRP receptor com-
plex leads to a repression of the destruction complex, a stabilization and nuclear translocation of 3-
catenin. In the nucleus B-catenin binds to DNA-bound TCF/LEF transcriptional factors and activates
the transcription of target genes. The figure was adapted from Brembeck et al. 2006.

During puberty, the expansion of ductal tree takes place. This process is mainly driv-
en by estrogen and ER, growth hormone and insulin-like growth factor (IGF) (11).
The role of canonical Wnt pathway during postnatal mammary development was
established in different mouse models. For example, glands from MMTV-Wnt10b
transgenic virgin mice displayed ductal hyperbranching (64). Similarly, overexpres-
sion of stabilized B-catenin from K14 promoter led to precocious branching and lat-
eral bud formation (62). Lrp6™"; Lrp5” double knock out mutants failed to undergo a
proper ductal outgrowth (63). Vice versa, the overexpression of Lrp6 from the
MMTV promoter induced accelerated ductal branching in the mammary glands of

virgin mice (65).

The importance of canonical Wnt signaling during pregnancy associated processes
was also established from observations from multiple mouse models. The hallmark

of pregnancy is extensive lobular-alveolar development (3, 13, 66). As shown by the

14
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expression of the canonical Wnt signaling reporters, TOPGAL and TOPlacZ in vivo,
Whnt/B-catenin pathway is activated during pregnancy, as the reporters were both
active in mammary epithelium at this developmental stage (60, 67). MMTYV driven
expression of Wntl or Wnt10b induced lobulo-alveolar hyperplasia (64, 68). Similar-
ly, expression of stabilized B-catenin or overexpression of CyclinD1 led to preco-
cious alveologenesis (69, 70). Expression of stabilized p-catenin from K5 promoter
induced accelerated side branching and secretory cell differentiation in pregnancy
(71). In contrast, ductal branching was postponed in recipient mice during early
pregnancy following a transplantation of Wnt4”~ mammary cells into cleared fat pad
(72).

The significance of canonical Wnt signaling during the postlactational involution is
poorly studied. However, involution defects were detected in MMTV-Wnt10b trans-
genic mice (64). EZH2 is a histone methyltransferase, which promotes nuclear trans-
location of -catenin and transcriptional activity. In MMTV-EZH2 mice the overex-

pression of EZH2 leads to delayed involution (73).

1.2.3 Wnt/B-catenin signaling in breast cancer

Roeland Nusse and Harold VVarmus described in 1982, that mice infected with mouse
mammary tumor virus (MMTYV) developed breast tumors due to activation of the
Wntl gene (74). MMTV-Wntl transgenic mice developed mammary adenocarcino-
ma, confirming the oncogenic potential of Wntl1 (68). Generation of MMTV-Wnt10b
animals led to growth of mammary cancers histologically very similar to MMTV-
Whntl tumors (64). Transgenic expression of stabilized -catenin from MMTYV pro-
moter again showed increased susceptibility of transgenic females to breast tumor
development, approving the association of increased Wnt/B-catenin signaling with

breast cancer development in mice (69).

In human breast cancers stabilization mutations of -catenin or loss of APC are un-
common (18). Nevertheless, atypical p-catenin expression or localization is often
found in human mammary tumors. Elevated cytosolic and nuclear expression of -
catenin was detected in up to 66% of breast tumors and correlated with poor progno-

sis (75-78). However, deregulations of Wnt/p-catenin pathway components upstream

15
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of B-catenin are documented. Usually, there is enhanced expression of Wnt ligands,
inactivation of antagonists or mutations of receptors, which promote 3-catenin acti-
vation (75, 78, 79). In addition, overexpression of nuclear cofactors such as Py-
gopus2 was detected in a panel of human breast cancers (80). Moreover, proteins
aside from Wnt/p-catenin signaling, which however interact with (3-catenin, such as

EZH2, are overexpressed in breast cancers (73, 81).

The knowledge, that canonical Wnt signaling controls mammary epithelium growth
and differentiation established a link between the pathway and mammary stem cells.
The evidences came from FACS sorting analyses of different mammary epithelium
cell populations followed by transplantation assays. Zeng and Nusse 2010 demon-
strated a greater mammary reconstitution capacity for stem cells with activated
Whnt/B-catenin signaling compared to those where Wnt signaling was low (82). In
breast cancer mouse models, a reduction of stem cell activity was detected in Lrp5”
animals, indicating the implication of Wnt/B-catenin pathway in stem/progenitor cell
regulation in the mammary epithelium (61). Moreover, MMTV-Wntl and AN89p-
catenin mice showed an increase in stem/progenitor cell population in the normal
breast and tumors (19, 83, 84). These findings demonstrated that canonical Wnt sig-
naling not only controls stem/progenitor population in the normal breast, but also

may be involved in oncogenic transformation of these cells leading to tumorigenesis.

Indeed, in human breast cancers recent studies suggest Wnt signaling for (de-) regu-
lation of mammary stem/progenitor cell population. For example, the expression of
Lrp6 is higher in triple-negative breast cancers (85). Cytoplasmic and nuclear ex-
pression of -catenin was associated with basal-like hormone receptor negative type
of human breast cancers with poor prognosis. Moreover, cytoplasmic and nuclear
expression of B-catenin in these tumors corresponds to the CD24/CD44" stem cell
like phenotype (76, 86). In contrast, absence of -catenin expression was associated
with invasive lobular carcinoma (86). Taken together, the recent studies on [3-catenin

indicate its implication in basal-like type of breast cancer (86).
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1.3 BCL9-2 and its function in development and tumorigenesis

1.3.1 BCL9-2 encodes a member of BCL9 protein family

BCL9-2 is a member of the novel BCL9 protein family in vertebrates. Its human
homologue BCL9 was initially identified as the product of the B cell lymphoma 9
gene, which was translocated and overexpressed in B-cell malignancies with chro-
mosomal translocations (87). The function of BCL9 was disclosed in a genetic screen
by discovery of the Drosophila orthologue Legless as a component of Wg/Wnt sig-
naling (see below). Legless was identified as an essential co-factor of Wnt/p-catenin
signaling during Drosophila development, which binds to B-catenin. Legless was
functionally replaced by human BCL9 in rescue experiments (57, 88). BCL9-2 was
identified as another BCL9 related binding partner of B-catenin in a yeast-two-hybrid

screen of a mouse embryo cDNA library (54).

The overall sequence identity of the proteins of BCL9 family is relatively low (ap-
proximately 35 %). The similarities are comprised within the seven highly conserved
homology domains (HDs). These short sequences contain a Pygopus binding do-
main, -catenin binding domain and a nuclear localization signal (NLS) coding do-
main (HD1, HD2 and HD3, respectively) in the N-terminus. All proteins of BCL9
family share an additional N-terminal domain, which encodes for a putative sumoy-
lation site and, but only in case of BCL9-2 a further NLS. C-terminus of BCL9 pro-
teins includes three additional homology domains termed C-HD 1-3, which are less
conserved in Drosophila (Figure 3) (54, 57, 89).
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Figure 3. Schematic view of the domain structure of the BCL9 protein family (48).

NHD: N-terminal homology domain, containing a second nuclear localization signal (NLS) in BCL9-
2 sequence. PyBD: Pygopus binding domain (HD1), BcatBD: B-catenin binding domain (HD2), NLS:
classic nuclear localization signal containing domain (HD3). C-HD1, C-HD2 and C-HD3, C-terminal
homology domains-1, -2 and -3, respectively.

The analyses of domain functions revealed some unique features of BCL9-2. In con-
trast to Legless/BCL9, BCL9-2 is a nuclear protein (54, 89). Deletion of the second
NLS from the N-terminal homology domain (NHD) of BCL9-2 sequence resulted in
cytoplasmic localization of the mutant protein (54, 89, 90).

Binding to Pygo2 is crucial for Legless/BCL9 to promote its co-activator function in
Whnt/B-catenin dependent manner in Drosophila and vertebrates. In contrast, BCL9-2
does not require interaction with Pygo2 to co-activate Wnt/p-catenin dependent tran-
scription in vertebrates (54, 89, 90). Moreover, it was suggested that BCL9-2 trans-
locates pB-catenin to the nucleus thereby regulating B-catenin’s adhesion and tran-
scriptional functions. Phosphorylation of tyrosine 142 of B-catenin promotes BCL9-2

binding, which in turn enhances (3-catenin transcriptional activity (54).

The function of the C-terminal domains is not yet completely understood. However,
they seem to be important for promotion of Wnt/f3-catenin signaling, since a deletion
of a C-terminus in BCL9 abolished the Wnt/p-catenin dependent expression of a

reporter construct in cultured cells (91).

1.3.2 The role of BCL9-2 in normal development and cancer
Considerable number of studies in the last decade described the requirement of

BCL9 and BCL9-2 for the Wnt/B-catenin in normal cells and in tumors. However,
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BCL9 was reported to present its transcriptional co-activator function only in particu-
lar type of cells and tissues (e.g. in lymphoid or muscle cells), which are in part dis-
tinct from BCL9-2 (91-93). Together, these findings demonstrate distinct, cellular

context dependent functions of two proteins believed to fulfill similar tasks.

In vivo studies provided insights into the function of the proteins. In a recent study by
Matsuura et al., 2011 a conventional knock-out of BCL9-2 was used to analyze the
role of Wnt/B-catenin signaling in the regulation of the GCM1/syncytin pathway in
vivo. They reported that BCL9-2*" mice were healthy and fertile. In contrast, BCLO-
2" mice died at approximately embryonic day (E) 10.5. However, embryonic lethali-
ty was rather due to maternal placental defects (94). Studies on inducible
BCL9/BCL9-2 double knockout mice and on K19-BCL9-2 transgenics showed that
deregulation of BCL9 proteins is dispensable for normal homeostasis in the intestine
(92, 93, 95).

BCL9/BCL9-2 double mutant mice showed altered expression of several genes spe-
cifically expressed in intestinal stem cells including Lgr5. Moreover, the regenera-
tion capacity of BCL9/BCL9-2 intestinal epithelium was diminished after an induc-
tion of colitis by treatment of mice with DSS (dextran sulfate sodium). Furthermore,
double mutant mice showed a reduced expression of EMT (epithelial-mesenchymal
transition) markers in the intestinal adenoma and reduced size of colon tumors (95).
The limiting condition of the double knock out study was the lack of evidence that
both proteins share precisely the same function. So, it is not sure, if the resulting
phenotype was caused by deregulation of both proteins or if the mutation of one was
sufficient. However, the results of the study by Deka et al., 2010 are consistent with
our previous findings on BCL9-2 function in normal and cancer cell. Overexpression
of BCL9-2 promoted EMT in normal epithelial cells and reconverted a mesenchymal
phenotype of colon cancer cells into more epithelial (54). Furthermore, BCL9-2 en-
hanced local invasion of the APCM™* adenoma. In addition, overexpression of
BCL9-2 induced intestinal tumorigenesis in transgenic K19-BCL9-2 mice (93). Con-
sequently, the role of BCL9 proteins rather under pathological conditions became

more evident.

While an oncogenic role of BCL9 was implicated for B- and T-cell malignancies,
BCL9-2 was associated with epithelial cancers. High BCL9-2 levels were found in
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colon cancer cell lines and HeLa (54, 89, 93, 96). We recently described, that in co-
lon cancer cells BCL9-2 co-regulated only a subset of Wnt/B-catenin dependent
genes. In addition, for the first time we demonstrated that BCL9-2 also controls the
expression of the EphB3/B4 receptors and EphrinB1/B2/B3 ligands independently of
[-catenin (93). These BCL9-2 specific target are implicated in intestinal cancer (97).
The examination of human colorectal neoplasia and invasive cancers revealed a cor-

relation of high BCL9-2 protein level and progressive tumor stages (93, 98).

The expression of BCL9-2 was studied in a single study on human breast cancer
samples (99). Here BCL9-2 was described to be higher expressed in breast cancer
tissues than in the normal breast. In ductal carcinoma in situ (DCIS), the immuno-
histochemical BCL9-2 expression was significantly associated with the nuclear grade
and the expression of HER2, c-myc and p53. Moreover the expression of BCL9-2
tended to correlated with B-catenin and ER. Similarly, in invasive ductal carcinoma
(IDC) BCL9-2 expression correlated significantly with nuclear grade and the expres-
sion of HER2.

Although the implication of BCL9-2 in development and progression of colon can-
cers is clear, the mechanisms of its deregulation are still not known. The mechanisms
and factors, which regulate the expression of BCL9 proteins, are poorly analyzed.
However, recently a first hint in this regard was published. BCL9 was found to be
regulated by miRNAs in ovarian cancer (100). Moreover, the potential new functions
of C-terminal domains remain to be discovered. Since it is now evident that BCL9-2
can regulate genes independently of (-catenin (93), a detection of candidate path-
ways, which may interact with BCL9-2, could provide new insights into additional

functions of BCL9-2 and contribute to understanding of its oncogenic mechanism.
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2. Aims of the study

The aim of this study was to assess the oncogenic role of B-catenin’s co-factor
BCL9-2, a homologue of the human proto-oncogene product BCL9, in the formation
and progression of breast cancer. To analyze if BCL9-2 can contribute to breast can-
cerogenesis, the overexpression of BCL9-2 was analyzed in vivo using a K19-BCL9-
2 transgenic mouse model. The mammary glands of transgenic females were exam-
ined for the development of early premalignant changes. Furthermore, mammary
tumors from K19-BCL9-2 females were analyzed regarding their differentiation and
hormone receptor status by immunohistochemistry. To investigate the dependency of
these tumors on estrogen receptor activity, primary cell cultures of K19-BCL9-2 tu-
mors were established. MTT and BrdU functional assays were performed to examine
the viability and proliferation of K19-BCL9-2 tumor cells after estrogen and tamoxi-

fen treatment.

To study the implication of BCL9-2 in human mammary cancers, cell lines and tis-
sue samples derived from breast cancer patients were used. The BCL9-2 expression
levels in different breast cancer cell lines were analyzed by Western blot. Additional-
ly, the mRNA levels of estrogen receptor o and its target genes were examined after
siRNA-mediated BCL9-2 knock down, to assess a possible mechanism of how
BCL9-2 may regulate estrogen receptor expression and function. To evaluate a corre-
lation of BCL9-2 overexpression and hormone receptor status, human breast cancer

tissue arrays were analyzed by immunohistochemistry.
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3. Materials

3.1 General material

Materials Manufacturers
Cryovials Nunc

Culture plates (100 mm &) Nunc

Cuvettes Roth

Cell Strainer Falcon

Filters for solutions (0.2 pm and 0.45 pm) Sartorius

Flasks for cell culture (75 cm? and 175 cm?) Sarstedt

Gloves (nitrile, latex) Sempermed

Hybond-P PVDF membrane

GE Healthcare

Hypodermic needle (23 G)

BBraun

Parafilm Pechiney Plastic Packaging
Pasteur pipettes Peske OHG

Petri dishes Falcon

Pipettes (2, 5, 10 and 25 ml) Eppendorf

Pipette tips (10, 200 and 1000 pl) MbP

Pipette tips (10, 200 and 1000 pl with a filter) Biozym

Plates for cell culture (6-well, 24-well and 96-well) TPP, Nunc

Scalpels Technic cut
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Tubes for cell culture (polystyrene, 15 and 50 ml)

Falcon, Sarstedt

Tubes for cell culture (polypropylene, 15 ml and 50 ml)

Falcon

Tubes for molecular biology, Safelock (1.5 ml and 2 ml)

Eppendorf, Sarstedt

Whatman paper Whatman

3.2 Instruments and equipment

Type of device Manufacturer

Camera DC 300 FX Leica

Camera DFC 290 Leica

Cell counting chamber Neubauer Brand

Cell culture incubator BBD 6220 Heraeus

Cell culture sterile bench | LaminAir HB 2448 Heraeus

Centrifuge Refrigerated Microcentrifuge Eppendorf

Centrifuge Microcentrifuge Eppendorf

Centrifuge Refrigerated Bench-Top Hood | Eppendorf
Centrifuge

Centrifuge Microcentrifuge MCF 2360 MS Co. LTD

Controlled-freezing box Nalgene

Electrophoresis chambers Peglab

for agarose gels

Electrophoresis chambers BioRAD
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for SDS-PAGE

ELISA Reader SUNRISE A-5082 TECAN

Freezer (-150 °C) Ultra low temperature freezer | Sanyo
MDF-C2156VAN

Freezer (-20 °C) PremiumNoFrost Liebherr

Freezer (-80 °C)

Ultra low temperature freezer
U725

New Brunswick Scientific
GmbH

Fridge (+4 °C) AEG Electrolux SANTO AEG
Gel documentation BioDocAnalyze Biometra
Heating block Thermostat plus Eppendorf
Ice machine ZBE 70-35 Ziegra
Incubator Memmert
Micropipettes (0.5-10 pl, 10-100 pl, 20-200 Eppendorf
ul, 100-1000 pul)
Microscope DM 500 Leica
Microscope inverted DM IRB Leica
Microwave oven Powerwave
PCR cycler T3 Thermocycler Biometra
Pipetting assistant MATRIX Thermo Scientific
Power supplier EV231 Peglab
Printer Mitsubishi
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Pump

VDEO0530

Adam.Baumiller GmbH

Real Time PCR device

7900HT Fast Real-Time PCR
System

Applied Biosystems

Rotator GLW
Shaker IKA-Schittler MTS4 W.Krannich GmbH+Co.KG
Sonifier dr. Hielscher GmbH
Spectrophotometer ND-1000 NanoDrop
Stereomicroscope MZ FL I Leica
Transilluminator UV Star Biometra
UV lamp EBQ100 isolated Leica
Vortexer IKA ® Vortex IKA
Water bath GFL 1003 W.Krannich GmbH+Co0.KG
Water purification system Millipore
Western Blot Documenta- | LAS-4000 Fujifilm
tion
Wet Transfer Apparatus | Fastblot Biorad
3.3 Chemical and biological reagents
Reagents Manufacturer
Acetic acid Roth
Agarose Invitrogen
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Ammonium persulfate (APS) Roth
BrdU Roche
-Mercaptoethanol Roth
Prestained Protein Ladder Invitrogen
Bradford reagent BioRAD
Bromphenol Blue Roth
Carmin Roth
Chloroform Roth
Collagen Sigma
Collagenase/Hyaluronidase Cocktail Stemcell
D(+)-trehalose dihydrat Roth
DAPI Sigma
DEPC (diethyl pyrocarbonate) Roth
Dexamethasone Sigma
Dispase Sigma
DMEM/F12 medium with GlutaMAX™ Invitrogen
DMSO (dimethyl sulfoxide) Roth
DNA Ladder Fermentas
DNase Roche
DTT (DL-Dithiothreitol) Sigma
EDTA (ethylenediaminetetraacetate) Roth
EGTA (ethylene glycol tetraacetic acid) Roth
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[-estradiol

Sigma

EtBr (ethidium bromide)

Roth

Ethanol

Chemie Vertrieb Hannover

FBS (fetal bovine serum)

Invitrogen, Sigma

Glycerol Sigma
Glycine Roth

HCI (hydrochloric acid) Roth

HEPES Roth

HOT FIREPol DNA Polymerase Solis BioDyne
H,0, Roth
Immu-Mount ThermoScientific
Insulin Sigma
Insulin-Transferrin-Selenium Invitrogen
Isopropanol J.T.Backer
KCI (potassium chloride) Sigma
KAIS,0, - 12H,0 (potassium aluminium sulfate) Sigma
L-glutamine Invitrogen
Lipofectamin 2000 Invitrogen
Luminol Sigma

MEGF (mouse Epidermal Growth Factor) Invitrogen
MEM Non-Essential Aminoacids Invitrogen

Methanol

J.T.Backer, Merck
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MgCl, Roche
NaCl (sodium chloride) Roth
NaHCOg; (sodium hydrogen carbonate) Merck
NaOH (sodium hydroxide) Sigma
Nicotinamid Sigma
Nonidet-P40 (NP40) Sigma
Optimem Invitrogen
p-Coumaric acid Sigma
Penicillin / streptomycin Invitrogen
PFA (paraformaldehyde) Merck
PMSF (phenylmethanesulfonylfluoride) Sigma
Polyacrylamide (30% Acrylamide / Bis) Roth
Protease Inhibitor cocktail tablets Roche
Proteinase K Roche
Reverse transcriptase, MMLV-RT Fermentas
RNA sample buffer Fermentas
RNase A (Ribonuclease A) Roche
RNase Inhibitor Fermentas
Roti®-Histokitt Roth
Roti®-Phenol/Chloroform/Isoamylalkohol Roth
RPMI 1640 medium Invitrogen
SDS Sigma
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SYBR GREEN |

Sigma Aldrich

Powdered milk

Roth

Streptavidin-biotinylated HRP

GE Healthcare

TEMED (N,N,N’,N’-Tetramethylethan-1,2-diamin) Roth
Tris Roth
Triton X-100 Sigma
Trypan blue Sigma
Trypsin/ EDTA Invitrogen
Tween 20 Sigma
Xylene Cyanol Roth
Xylol Roth

3.4 Commercial reagent Kits
Name Manufacturer
Cell proliferation ELISA BrdU Kit Roche
Dako EnVision+ System HRP labeled DakoCytomation
Fast Start Tag DNA Polymerase (ANTPs pack) Roche
TRI Reagent RNA Isolation Kit Ambion
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3.5 Buffers, solutions and media

Table 1. Buffers for genomic DNA Isolation

Name

Ingredients

Lysis buffer

100 mM Tris-HCI pH 85, 5 mM EDTA pH 8.0,
200 mM NaCl 0.2 % SDS including 200 pg/ml Pro-

teinaseK

Table 2. Buffer and Gel for DNA / RNA electrophoresis

Name

Ingredients

1x TAE Running buffer

0.4M Tris, 0.01M EDTA-NaOH , 0.2M acetic acid

Electrophoresis gel

200 ml TAE buffer (1 x), 0.7-3% agarose, 3 pl EtBr

Blue Juice DNA sample buffer

30 % (v/v) Glycerol, in 1x TAE, 1-2 grains Bromphe-
nol Blue, 1-2 grains Xylene Cyanol

Table 3. Buffers and Gels for Western blot analysis

Name

Ingredients

1 x RIPA buffer

50 mM Tris ph 7.4, 150 mM NaCl, 1 mM EDTA, 1%
NP-40

4 x Protein sample buffer

100 mM Tris-HCI pH 8.0, 4% SDS, 0.2% Bromphenol
blue, 20% Glycerol

Buffer A 10 mM Hepes, pH 7.9, 10 mM KCI, 0.1 mM EDTA,
0.1 mM EGTA
Buffer C 20 mM Hepes, pH 7.9, 400 mM NaCl, 1 mM EDTA,

1 mM EGTA

Stripping buffer

0.15 M glycine pH 2.5, 0.4% SDS

SDS running buffer (1x)

2.5 mM Tris, 19.2 mM Glycine, 0.01% (w/v) SDS
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Separating buffer (4x)

1.5 M Tris, 0.4% SDS, adjusted to pH 8.8 with HCI

Separating gel (8-12.5%)

(10%): 2.5 ml 30% Acrylamide / Bis, 2.5 ml Separating
Buffer (4x), 5ml water, 100 ul APS (10%), 10 pul
TEMED

Stacking buffer (4x)

0.5 M Tris, 0.4% SDS, adjusted to pH 6.8 with HCI

Stacking gel (4%0)

1 ml 30% Acrylamide/Bis, 2.5 ml Stacking Buffer
(4 x), 6.5 ml water, 100 pl APS (10%), 10 pl TEMED

Transfer buffer (1x)

25mM Tris pH 8.3, 19.2 mM Gylcine, 20% (v/v)
Methanol

TBS (1)

50 mM Tris.HCI, pH 7.4 and 150 mM NacCl.

TBST

1 x TBS including 0.05% (v/v) Tween 20

Blocking Solution

5% powdered milk in TBST

ECL reagent solution A

2.5 mM Luminol, 0.4 mM p-coumaric acid, 0.1 M Tris-
HCI pH 8,5

ECL reagent solution B

0.05% (V/v) 35% H,05, 0.1 M Tris-HCI pH 8,5

ECL detection solution

1 part ECL reagent solution A, 1 part ECL reagent so-

lution B

Table 4. Stock solutions for in vivo studies

Name

Ingredients

Tamoxifen stock solution

4% PFA in 1 x PBS, adjusted to pH 7.4 with NaOH

BrdU Solution

10mg/ml in sterile 1x PBS
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Table 5. Buffers and solutions for tissue processing

Name

Ingredients

4% paraformaldehyde

4% PFA in 1 x PBS, adjusted to pH 7.4 with NaOH

Carmine Alum Solution

1g carmine natural red, 2.5g aluminium potassium sul-
phate, 500 ml dH,0O

Antigene retrieval buffer

10 mM Tris, ImM EDTA, pH 9.0

IHC Blocking Buffer

10% rabbit serum, 1% BSA in 1x PBS

AB buffer 0.1% Tween, 10 % horse serum in 1x PBS

PBS (1x) 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPO,, 1.47
mM KH>PO,4

PBST 1 x PBS, 0.05% Tween

Blocking Solution for immu-
nofluorescent staining on

cells

0.5% Triton X-100; 0.5% BSA in 1 x PBS

Table 6. Media, buffers and solutions for cell culture

Name

Ingredients

Dexamethasone stock solu-

tion

For 20 ug/ml: 1 mg Dexamethasone was solved in 1 ml
100% EtOH, filled up with 49 ml sterile medium while
mixing. Stored at -20 °C.

Nicotinamide stock solution
(10 x)

1M in sterile 1x PBS, stored at -20 °C

Isolation and culture medium
for primary mouse mamma-

ry cells

DMEM/F12 medium with GlutaMAX™ [ supplemented
with: 5% FBS, 20ng/ml mEGF, 5 pg/ml Insulin,10
ng/ml Dexamethasone, 10 mM Nicotinamide,1x MEM
Non-Essential ~ Aminoacids,1x  Insulin-Transferrin-

Selenium,1%Pen/Strep
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Culture medium for func-
tional assays on primary

mouse mammary cells

DMEM/F12 medium with GlutaMAX™ [ supplemented
with: 5% FBS, 20ng/ml mEGF, 5 pg/ml
1%Pen/Strep

Insulin,

Collagenase/Hyaluronidase
Cocktail Working Solution
(1x)

1x Collagenase/Hyaluronidase Cocktail in culture medi-

um for primary mammary cells

Dispase Stock Solution (10 x)

20 mg/ml in sterile 1x PBS, stored at -20 °C

Dispase Working Solution
(1x)

2 mg/ml Dispase

DMEM culture medium

DMEM supplemented with 10% FCS, 1% Penicil-
lin/Streptavidin

DMEM transfection medium

DMEM supplemented with 10% FCS

RPMI culture medium

RPMI supplemented with 10% FCS, 1% Penicil-
lin/Streptavidin

Medium for cryopreservation
of cells

Culture medium containing 20% FBS and 10% DMSO

Table 7. Solution for MTT Assay

Name

Ingredients

MTT stock solution

5 mg/ml in 1x PBS

MTT solvent

33% DMSO, 5% formic acid, 62% Isopropanol
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Table 8 GREEN PCR Master Mix

Name

Ingredients

GREEN PCR Master Mix

75 mM Tris-HCI pH 8.8, 20 mM (NH,;)2SO4, 0.01%
Tween-20, 3 mM MgCl,, 0.2 mM dNTP’s, 20 U/ml
HOT FIREPol DNA Polymerase, 0.25% TritonX-100,
500 mM D(+)-Trehalose Dihydrat, Cybr Green was

added to a final dilution of 1:80000

3.6 Antibodies

Table 9. Antibodies for Western Blot

Antibody Source Dilution Product No. Manufacturer
Anti-Flag-HRP mouse 1:500 A8592 Sigma
anti-BCL9-2 rabbit 1:100 Self-made (93)
anti-p-catenin rabbit 1:1000 Self-made (93)
anti-ERa rabbit 1:300 sc-7207 Santa Cruz
anti-Pygopus2 rabbit 1:1000 Self-made (93)
anti-a-tubulin mouse 1:10000 T9026 Sigma
anti-LaminB1 goat 1:100 Sc-6216 Santa Cruz
anti-goat 1IgG HRP rabbit 1:10000 705-035-147 Jackson Immu-
noresearch
anti-rabbit 1IgG HRP | goat 1:10000 111-035-144 Jackson Immu-
noresearch
anti-mouse 1IgG HRP | goat 1:10000 115-035-062 Jackson Immu-
noresearch
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Table 10. Antibodies for immunofluorescent staining on cells and tissue

Antibody Source Dilution / Product No. Manufacturer
Amount
anti-BCL9-2 rabbit 1:100 Self-made (93)
anti-p-catenin rabbit 1:1000 Self-made (93)
anti-ERa rabbit 1:300 sc-7207 Santa Cruz
anti-panCK mouse 1:300 C2562 Sigma
anti-E-cadherin mouse 1:100 610 182 BD
anti-aSMA rabbit 1:1500 A2547 Sigma
anti-K18 mouse 1:300 C8541 Sigma
anti-PR rabbit 1:250 sc-539 Santa Cruz
anti-rabbit 1gG Cy2 [ donkey 1:500 711-226-152 Jackson Immu-
noresearch
anti-rabbit 1IgG Cy3 | donkey 1:1000 711-166-152 Jackson Immu-
noresearch
anti-mouse 1gG Cy2 | donkey 1:500 715-226-150 Jackson Immu-
noresearch
anti-rabbit 1gG Cy3 [ donkey 1:1000 715-166-150 Jackson Immu-

noresearch
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Table 11. Antibodies for immunohistochemistry

Antibody Source Dilution | Product No. Manufacturer
anti-BCL9-2 rabbit 1:400 Self-made (93)
anti-p-catenin rabbit 1:1000 Self-made (93)
anti-ERa rabbit 1:300 sc-7207 Santa Cruz
anti-panCK mouse 1:300 C2562 Sigma
anti-E-cadherin mouse 1:100 610 182 DB
anti-aSMA rabbit 1:1500 A2547 Sigma
anti-K19 rabbit 1:250 ab154631 Abcam
anti-PR rabbit 1:250 sc-539 Santa Cruz
anti-BrdU rat 1:100 ab6326 Abcam
anti-Cleaved caspa- | rabbit 1:50 9661L Cell Signaling
se3 Technology
anti-rat biotin 19gG Goat 1:100 B7139 Sigma

3.7 Small interfering RNAs

Small interfering RNAs (siRNAs) were obtained from Thermo Scientific.

Table 12. Small interfering RNA used for transient transfection

siRNA Name

Target Sequence (5'-3")

ON-TARGETplus Non-

targeting Pool

Negative control sSiRNA with at least 4 mismatches to

any human, mouse, or rat gene

ON-TARGETplus BCL9-2

(pool)

5-GAA AGC CUC CCU CGC AGU U-3°
AAC CAG AUC UCG CCU AGC A-3
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3.8 Primers for quantitative RT-PCR and conventional PCR

Table 13. Primer sequences used for gRT-PCR

Name

Sequence (5’-3°)

hBCL9-2 sense

5’-AAT CAT GGC AAG ACA GGG AAT GGC T-3°

hBCL9-2 antisense

5’-TCT TCAGAC TTG AGT TGC TAG GCG-3°

*ESR1 sense

5’-GCATTC TAC AGG CCA AAT TCA-3

*ESR1 antisense

5’-TCC TTG GCA GAT TCC ATA GC-3’

*PGR sense

5’-TCC ACC CCG GTC GCT GTA GG-3’

*PGR antisense

5’-TAG AGC GGG CGG CTG GAA GT-3°

**GREBL1 sense

5’-GTG GTA GCC GAG TGG ACA AT-3’

**GREB1 antisense

5>-ATT TGT TTC CAG CCC TCC TT-3’

hp-actin sense

5°’-ATA GCA CAG CCT GGA TAG CAA CGT AC-3°

hp-actin antisense

5’-CACCTT CTACAA TGA GCT GCG TGT G-3’

* Sequences were kindly provided by Prof. Dr. Steven Johnsen, Dept. of Molecular

Oncology, Georg August University Gottingen, Germany

** Primer sequences published by Kininis et al.,2009

Table 14. Primer sequences for conventional PCR

Name

Sequence (5°-3°)

MIN-sense-1 primer

(wildtype)

5’-GCC ATC CCT TCA CGT TAG-3’

MIN-sense-2 primer (mu-

tation specific)

5’-TTC TGA GAA AGA CAG AAG TTA-3’

MIN-antisense primer

5>-TTCCACTTT GGC ATA AGG C-3’

[-cat fwd (662) primer

5-ACT GCCTTT GTTCTC TTC CCT TCT G-3’
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[-cat-rev (803) primer 5’-CAG CCA AGG AGA GCA GGT GAG G-3’

mBCL9-2-intron-TG-sense | 5°>-CTG GTC ATC ATCCTGCCTTT-3’

primer

mBCL9-2-exonl-sense 5’-TCC TGG CTA ACA AGA CAA GG-3°

primer

mBCL9-2-exon2-antisense | 5°-CTC TGA ATC GAG GGA TGG AG-3’

primer

Flag-tag-sense primer 5’- CAA GGA CGA CGA CGA CAA GG-3°

MMTV-CRE-fwd33 primer | 5>- CAATTT ACT GAC CGT ACAC-3’

MMTV-CRE-rev1058n 5’-TAATCG CCATCT TCC AGC AG-3’

primer

3.9 Human cell lines, mouse strains

Human cell lines MCF7, T47D, MDA-MB-231, BT549, MCF10A and HEK 293
cells were purchased from ATCC. SB-BR-3 was kindly provided by Dr. med. Tobias

Pukrop (Dept. Hematology/Oncology, University Medicine Gottingen, Germany).

Table 15. Description of utilized human cell lines

Cell Line

Description

MCF7

Breast adenocarcinoma cell line, derived from pleural effusion of a 69-
year old Caucasian woman. The MCF-7 line retains several character-
istics of differentiated mammary epithelium. The cells express the
wildtype and variant estrogen receptors as well as progesterone recep-

tor.

T47D

Breast carcinoma cells were isolated from a pleural effusion obtained
from a 54 year old female patient with an infiltrating ductal carcinoma

of the breast (101). The cells express estrogen and progesterone recep-
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tors.

MDA-MB-231 Breast adenocarcinoma cell line, derived from pleural effusion of a 51-
year old Caucasian woman. The cells are estrogen and progesterone
receptor and HER2 negative.

BT549 The cell line was isolated from a papillary, invasive ductal breast car-
cinoma from a 72 year old female patient. The cells are estrogen and
progesterone receptor and HER2 negative.

SK-BR-3 Breast adenocarcinoma cell line, derived from pleural effusion of a 43-
year old Caucasian woman. The cell line overexpresses HER2.

MCF10A Adherent epithelial cells isolated from a 36-year old Caucasian female
patient suffering from a fibrocystic disease of the breast

HEK 293 Human embryonic kidney cell line with epithelial properties. For im-

mortalization the cells were transformed with adenovirus 5 DNA.

Table 16. Description of utilized mouse strain

Mouse strain

Characteristics Origin

Apchn/+

This mouse strain was established from | Jackson Laboratories,
an ethylnitrosourea-treated C57BL/6J | Sulzfeld, Germany

(B6) male mouse. The single point muta- (102)
tion causes APC loss-of-function mutant
allele and is inheritable. Young adult
Min mice develop numerous adenomas

throughout their intestinal tract.

ANP-catenin

Transgenic mice carry a transgenic con- | (103)
struct, in which exon 3 of mouse f-
catenin gene is located between two loxP

sites. A conditional deletion of exon 3

39



Materials

induced by a Cre recombinase results in

a stabilized mutant (3-catenin protein.

K5-CreER™*

The tissue and cell specific regulation of
Cre expression is controlled by keratin 5
(K5) promoter. For temporal control of
the Cre recombinase, the recombinase
sequence is fused with the mutated hor-
mone-binding domain of the estrogen
receptor (ERT). This can be activated by
the synthetic estrogen analog tamoxifen
or 4-OHT, but not by the physiological
ligand 17-estradiol.

The mice were provided
by Prof. Dr. Heidi Hahn,
Institute of Human Genet-
ics, University of Gottin-

gen, Gottingen, Germany.

(104)

K19-BCL9-2

In this transgenic model BCL9-2 is over-
expressed under the promoter of the
mouse keratin-19 (K19) gene. The ex-
pression of the transgene is found in tis-
sue containing simple epithelia, includ-
ing mammary gland, stomach, intestine,

pancreas.

(93)

MMTV-Cre

The transgenic mice express Cre recom-
binase under the control of the MMTV
LTR promoter. The MMTV LTR pro-
moter directs the expression of the Cre
recombinase in the virgin and lactating
mammary gland, salivary gland, seminal

vesicle, skin, erythrocytes, B and T cells.

(105)
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3.10 Human Tissue Array

Paraffin-embedded human breast cancer tissues were purchased from Pantomics, Inc,
Richmond, USA and US Biomax, Inc, Rockville, USA. The arrays included TNM
classification, pathology grade and ER, PR and HER2 immunohistochemistry data.

Table 17. Description of utilized tissue arrays

Code of the

tissue array

Description

Manufacture

BRC481

Breast cancer tissue array, containing 16
invasive ductal carcinoma samples with
duplicate cores per case and 16 matched

normal breast tissue from each patient

Pantomics, Inc

BRC482

Breast cancer tissue array, containing 16
invasive ductal carcinoma samples with
duplicate cores per case and 16 matched

normal breast tissue from each patient

Pantomics, Inc

BR1503a

Breast cancer tissue array, containing 3 cas-
es of normal tissue, 7 intraductal carcinoma
and 60 invasive ductal carcinoma with du-

plicate cores per case

US Biomax, Inc

41



Methods

4. Methods

4.1 In vivo experiments

4.1.1 Generation of K19-BCL9-2 transgenic mice

To analyze the oncogenic potential of BCL9-2 in vivo, a transgenic mouse model
was established (93). BCL9-2 transgenic vector was generated by linking a 2,1 kb
genomic fragment containing the 5 UTR and promoter region of the mouse keratin
19 (K19) gene (106), rabbit B-globin intron sequence. This construct was fused to the
flag-tagged cDNA of the mouse BCL9-2 and the BGH-polyA (Figure 4A). Five dif-
ferent founder lines were established on a pure C57BL/6N background. For the
transgene integration, a Southern Blot was performed. For this, 40 ug of tail genomic
DNA was digested with Bglll (Figure 4). Genotyping of K19-BCL9-2 transgenic
offspring was performed by standard PCR using specific primer for the BCL9-2
transgene (Table 14).

A transgene
PCR
- <

BCL9-2 (4.5 kB) AAAA

\\ < > \3
N 2> N\
¥ 2.0kB o)
===

southern probe

B >
& o
mouse line S R o P R P
20 kB — ;
d - .-
10 KB — | s '
copy number - Ix 3x S5x 25x  S50x

Figure 4. Overexpression of BCL9-2 under control of the K19 promoter in C57BL/6 mice.

(A) Schematic view of the transgene construct for overexpression of BCL9-2 under control of a K19
promoter. The sites for probing of DNA integration by Southern blotting and for the transgene-
specific PCR primers are indicated. (B) Identification of K19-BCL9-2 founder lines with different
copy numbers by Southern blot analyses.

42



Methods

4.1.2 Generation of compound APCM"™*; K19-BCL9-2, MMTV®"; Catnb™**3;
K19-BCL9-2 and K5-CreER™*; Catnb™*%; K19-BCL9-2 females

To determine, if transgenic BCL9-2 expression may enhance or modulate mammary
tumor formation in other mouse models, K19-BCL9-2 mice were bred with
APCMIV* MMTVC'™: Catnb™2** and K5-CreER™*; Catnb™***animals.

The APCM"™: K19-BCL9-2 females were followed up to 9 months and were sacri-
ficed as they started to suffer from intestinal adenoma.

The MMTV®"™; Catnb™****; K19-BCL9-2 females were followed up to 10 months
and were sacrificed as they started to suffer from skin defects.

The K5-CreER™"; Catnb™***; K19-BCL9-2 females were followed up to 4 months

and were sacrificed as they started to suffer from skin defects.

4.1.3 Induction of K5-CreER™" expression by tamoxifen

For the induction of Cre recombinase, the K5-CreER™*; Catnb™2*** females and K5-
CreER™"; Catnb™**3; K19-BCL9-2 females were IP treated with tamoxifen. Prior
the injection, 100 mg tamoxifen were dissolved in 1 ml 100% EtOH following a dilu-
tion in sun flower oil to 10 mg/ml (Table 4). 1mg tamoxifen per 20 g animal weight

was administrated.

4.1.4 BrdU incorporation
To label the proliferating cells in vivo, 100 pg/g of body weight of pre-warmed
(37°C) BrdU (Table 4) were administrated by IP (intraperitoneal) injection 2 h prior

to necropsy.

4.2 1Isolation of genomic DNA (gDNA)

For genotyping, total DNA was isolated from mouse tail tissues. A small piece of tail
from 20 days-old mice was incubated overnight at 55°C on a shaker with 50-100ul
lysis buffer containing fresh Proteinase K (Table 1) After 1:10 dilution with H,O the
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genomic DNA was boiled for 10 min at 95°C, centrifuged for 2 min at maximum
speed and the supernatant was used for genotyping PCR analysis.

4.3 Genotyping PCR analyses

Following primers and cycler conditions were used for genotyping PCR to detect
different integrated transgenes and APC Min mutation. PCR analyses were per-
formed using 1x Taq buffer without MgCl,, 0.6 units FastTag DNA Polymerase, 0.5
UM primer each (Table 14), 0.2 mM dNTPs each, 1.5-2.5 mM MgCl; and 1 pl
gDNA in a final volume of 15 pl per reaction. Genomic DNA of an appropriate test-
ed transgenic mouse was used as positive and H,O as a negative control. Separation
of DNA fragments occurred in 1-2% agarose gel by electrophoresis.

Table 18. Cycler conditions and PCR product sizes for genotyping PCR

Genotyping of | Cycler conditions PCR products
APCM™ 10 min 95°C; [30's 95°C; 30's 54°C; 60 s | wildtype: 619 bp; mutant:
72°C] 35 x; 10 min 72°C; o0 4°C 331 bp

ANB-catenin 10 min 95°C; [30 s 95°C; 30’ s 62°C; 45 s | wildtype: 140 bp; lox/+

72°C] 35 x; 10 min 72°C; o 4°C mutant:140  bp,190  bp;
lox/lox mutant: 190 bp

K19-BCL9-2 10 min 95°C; [30 s 95°C; 30 s 60°C; 150 s | wildtype: 1593 bp;
72°C] 35 x; 10 min 72°C; o0 4°C transgene: 400-500 bp

MMTV-Cre, | 10 min 95°C; [30 s 95°C; 30 s 58°C; 60 s | transgene: 200-300 bp
K5-CreER™ | 72°C] 35 x; 10 min 72°C; o0 4°C

4.4 Isolation of total RNA using TRI Reagent

Isolation of RNA from fresh/frozen mouse tissue was done using TRI Reagent RNA
Isolation Kit according to manufacturer’s instructions (Ambion Manual Version
0610). Briefly, fresh/frozen tissue was homogenized in an appropriate volume of TRI
Reagent and incubated for 5 min at RT. After addition of 100 pl chloroform per
0.5 ml TRI Reagent, probes were vigorously vortexed for 15 s, incubated 10 min at
RT and centrifuged at 10500 rpm for 15 min (4°C). The aqueous RNA phase was
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transferred into a new reaction tube and RNA was precipitated by adding 250 pl iso-
propanol per 0.5 ml TRI Reagent. Samples were shacked well, incubated 10 min at
RT and again centrifuged at 10500 rpm for 10 min (4°C). The RNA pellet was
washed with 0.5 ml 70% ethanol and centrifuged at 8000 rpm for 10 min (4°C). Af-
ter removal of ethanol the pellet was air-dried for 2-5 min and dissolved in 20-100 pl
DEPC-dH,0. RNA concentration was determined photometrically at 260 nm and
RNA was stored at — 80°C.

4.5 Detection of BCL9-2 transcripts by PCR

To examine transgenic expression of BCL9-2, isolated RNA was treated with DNase
I and reverse transcribed into complementary DNA (cDNA) using MMLYV reverse
transcriptase and random hexamer primers. To digest residual gDNA 20 ug of total
RNA was incubated for 90 min at 37°C with 2.5 pl 10x DNase buffer, 1.25 pl 20mM
DTT, 0.5 pl RNase Out and 0.2 pl RNase-free DNase | at a final volume of 25 pl.
Subsequently, additional 0.2 ul RNase-free DNase | was added for further 60 min at
37°C and diluted with nuclease-free H,O to a final volume of 100 ul. After phe-
nol:chloroform extraction to precipitate the RNA, 7-10 ug RNA was incubated with
0.3 pg random hexamer primers (final volume 35 pl) for 5 min at 65°C and cooled
on ice, rapidly. While 5 pl of the sample was saved to measure residual gDNA con-
tamination, 30 pl of the sample was mixed with 12 pl 5x MMLV RT buffer, 3 pl 20
mM DTT, 1.5 ul RNase Out, 3 pl 20 mM dNTPs and 0.75 pul reverse transcriptase at
a final volume of 60 pl. After incubation at 42°C for 90 min and addition of 60 pl
nuclease-free H,O, the reverse transcribed cDNA was immediately used for PCR or
stored at -20°C.

For the detection of the transgenic BCL9-2, specific flag tag primer and the mBCL9-
2-exon2-antisense primers were used (Table 14). To amplify B-actin gene transcripts
human B-actin primers were used (Table 13). PCR was performed using 1x Taq buff-
er without MgCl,, 0.6 units FastTag DNA Polymerase, 0.2 uM primer each, 0.2 mM
dNTPs each, 2.5 mM MgCI; and 10 pl cDNA in a final volume of 15 pl per reaction.
H,O was used as negative control. Separation of PCR products occurred in 1% aga-

rose gel by electrophoresis.
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Table 19. Cycler conditions and PCR product sizes to detect R-actin and transgenic BCL9-2
transcripts

Detection of Cycler conditions PCR products

TG BCL9-2 10 min 95°C; [30 s 95°C; 30 s 60°C; 150 s | 500 bp
72°C] 35 Xx; 10 min 72°C; o 4°C

[B-actin 10 min 95°C; [30 s 95°C; 30 s 60°C; 30 s | 400 bp
72°C] 30 x; 10 min 72°C; o 4°C

4.6 Carmine whole mount staining

Carmine whole mount staining of the mammary glands were performed to identify
neoplastic changes of breast tissues derived from different founder lines of transgenic
mice. The breast tissue was fixed overnight at 4°C in fresh cold 4% PFA. Subse-
quently, the tissue was washed in dH,O and stained with carmine alum staining solu-
tion (Table 5) for at least 3 h at RT dependent on size of the gland and amount of
fatty tissue. After washing in dH,O, the tissue was dehydrated in 70%, 95% and
100% EtOH (2 x 15 min incubation each) and cleared in Xylol for at least 2 x
60 min. For imaging the fixed and stained tissue was pressed between two glass

slides to flatten and mounted on slides.

4.7 Tissue processing for immunohistochemistry

Tissue samples of transgenic and control mice were fixed in 4% paraformaldehyde at
4°C overnight, then washed with cold 1x PBS and transferred into 70% ethanol for
long-term storage. For dehydration and paraffinisation the tissue samples were incu-
bated in 75% EtOH, 80% EtOH, 90% EtOH, 96% EtOH, 2 x 100% EtOH for 1.5 h
each, followed by incubation in Xylol 2 x 1.5 haswell as 1.5 hand upto 12 hin a

Paraffin-series. Tissue samples were cut into 3 um-thick sections and stored at RT.
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4.8 Histological staining on tissues

4.8.1 Hematoxylin and Eosin staining (H&E)

For a histological overview staining, the 3 um-thick paraffin sections were then
stained with (H&E). To dewax and rehydrate, the tissue sections were incubated in
Xylol (3 x 5 min), EtOH (100%, 96%, 80% and 70% for 3 min each step) and then
washed in dH,0. The samples were incubated in Hematoxylin (2 min), rinsed with
dH,O (5-10 min) and then incubated in Eosin for additional 2 min. For imaging,
stained sections were dehydrated in a rising EtOH-series (70% 10 sec, 80% 10 sec,
96% 3 min and 100% 2 x 3 min) and Xylol (3 x 3 min) and then mounted with Ro-
ti®-Histokitt.

4.8.2 Immunohistochemistry

To detect protein expression, corresponding specific antibodies (Table 11) and the
indirect immunoperoxidase staining were used. The paraffin sections were rehydrat-
ed by incubation in Xylol (3 x 5 min), EtOH (100%, 96%, 80% and 70% for 3 min
each step) and then washed in dH,O. Following rehydration, the antigene retrieval
was performed by boiling the samples in preheated Antigene retrieval buffer (Table
5) for 20 min. The samples were cooled down in a cold water bath to RT. To block
endogenous peroxidase the sections were incubated for 10 min (RT) with 1% H,0,
and then washed once in dH,O (5 min) and twice in 1 x PBS (5 min each). After
blocking for 30 min (RT) in IHC blocking solution (Table 5) the sections were incu-
bated overnight (4°C) with the specific primary antibody (diluted in IHC blocking
solution) in a humidified atmosphere. After washing (3 X 5 min in 1 x PBS) the sam-
ples were incubated for 30-45 min (RT, humidified atmosphere) with the secondary
HRP-conjugated antibody (Dako EnVision Kit) and then washed again in 1 x PBS
(3 x 5 min). Antibody-antigen complexes were detected according to manufacturer's
protocol and counterstaining was performed with Hematoxylin (10 sec incubation
with Hematoxylin, 5-10 min rinsed in dH,0). For imaging, stained sections were
dehydrated in a rising EtOH-series (70% 10 sec, 80% 10 sec, 96% 3 min and 100%
2 x 3 min) and Xylol (3 x 3 min) and then mounted with Roti®-Histokitt.
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4.8.3 Immunohistochemical detection of in vivo BrdU labeled cells

To detect BrdU labeled cells, corresponding specific antibody (Table 11) and the
indirect immunoperoxidase staining were used. The paraffin sections were treated as
described in 3.8.2 including the primary antibody incubation. After the labeling the
tissues with the anti-BrdU primary antibody, the sections were incubated with biotin-
conjugated secondary antibody (diluted in IHC blocking solution) for 60 min at RT,
washed 3x in 1x PBS. The HRP addition was performed by incubation of the sec-
tions for further 30 min with streptavidin-biotinylated HRP (diluted in IHC blocking
solution) at RT. Antibody-antigen complexes were detected using Gold and Silver
tablets (1 Gold and 1 Silver tablet per 1 ml dH20) and counterstaining was per-
formed with Hematoxylin (10 sec incubation with Hematoxylin, 5-10 min rinsed in
dH,0). For imaging, stained sections were dehydrated in a rising EtOH-series (70%
10 sec, 80% 10 sec, 96% 3 min and 100% 2 x 3 min) and Xylol (3 x 3 min) and then
mounted with Roti®-Histokitt.

4.8.4 Immunofluorescent staining on paraffin embedded tissues

To detect protein expression, corresponding specific antibodies (Table 10) and the
indirect fluorescent staining were used. The paraffin sections were rehydrated by
incubation in Xylol (3 x 5 min), EtOH (100%, 96%, 80% and 70% for 3 min each
step) and then washed in dH,O. Following rehydration, the antigene retrieval was
performed by boiling the samples in preheated Antigene retrieval buffer (Table 5) for
20 min. The samples were cooled down in a cold water bath to RT. After 30 min
(RT) blocking of sections in AB buffer (Table 5), the sections were incubated over-
night (4°C) with the specific primary antibody (diluted in blocking solution) in a
humidified atmosphere. After washing (3 x 20 min in PBST) the samples were incu-
bated for 30-45 min (RT, humidified atmosphere) with the secondary fluorofore-
conjugated antibody (diluted in AB buffer) and then washed again in PBST
(3 x 20 min).The counterstaining with DAPI was performed in the pre-last washing
step by diluting DAPI stock solution to 0.1 pg/ml in PBST. For microscopy the sec-

tions were mounted in Immu-Mount and stored at 4°C in the dark.
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4.9 Scoring

For the quantification of the BCL9-2, nuclear ERa and PR expression in mouse and
human breast cancer tissues, an expression score was applied. The same expression
score we already used to evaluate the immunohistochemical expression of nuclear
BCL9-2 in human colon cancers (93). The percentage of positive epithelial cells was
scored as follows: 0 (0%), 1 (<30%), 2 (30%-60%), and 3 (>60%). The staining in-
tensity was classified as 0 (negative), 1 (low), 2 (moderate), and 3 (strong). The im-
munoreactive score (0 to 9) was calculated by multiplication of the scores of positive
cells and staining intensity. Stainings were scored by 3 independent investigators.
The histopathology of the mouse tumor samples was also assessed by a pathologist
(Dr. med. Christina Perske, Department of Pathology; UMG).

For the quantification of the early neoplastic changes, a score was developed, that
evaluated the severity of the preneoplastic changes and the amount of involved tissue
in the mammary gland. The definition of severity and amount of involved tissue is
described in (Table 20). The score (0 to 9) was calculated by multiplication of the
scores of severity of the preneoplastic changes and amount of involved tissue.

Table 20. Definition of severity of preneoplatic changes and amount of involved mammary tis-
sue

Score for severity Definition of severity Definition of
of the preneoplastic amount of
changes and i i involved
: Ductal dilata- | Hyperplastic | Alveolar mor- |
amount of involved | tissue
: tion Alveolar phology
tissue
Nodules
(HANS)
0 no dilatation no HANs no alveolar 0%
morphology
1 moderate <0,5mmon moderate <30%
average
2 strong 0,5-0,75 mm strong 30%—-60%
on average
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3 severe >0,75mmon | severe >60%

average

4.10 Primary culture of mouse tumor cells

4.10.1 Isolation of primary cells from K19-BCL9-2 and non-transgenic control
animals

Primary cultures of mammary tumors and from hyperplastic glands obtained from
aged K19-BCL9-2 females have been established as follows. Mammary gland tissue/
tumor tissue were isolated, washed in cold 1 x PBS and transferred into ice-cold tu-
mor isolation medium (Table 6) until digestion. For digestion, the medium was re-
moved, the tissue was chopped with scissors and then resuspended in Colla-
genase/Hyaluronidase-Solution (Table 6) with 10 ml per 1g tissue. After lysis
(1.5 hours at 37°C in a tissue incubator) the cells were centrifuged at 1000 rpm for
5 min and the pellet was resuspended in dispase solution (Table 6) with 10 ml per 1 g
tissue and incubated for another hour at 37°C in a tissue incubator. The digest was
filtered through a 40 um BD Falcon Cell Strainer, centrifuged at 1200 rpm for 5 min
and washed twice with tumor medium. The strained primary cells were cultured in
DMEM/F12 medium with supplements (Table 6) at 37°C (5% COy) in a humidified

atmosphere or cryopreserved at -150°C (see 4.10.2).

4.10.2 Cultivation of primary cells from K19-BCL9-2 and non-transgenic con-
trol animals

When cells grew to confluence (every 3-4 days) the medium was removed and cells
were split 1:2. To detach the tumor cells they were washed once with 1 x PBS and
incubated 5 min with 2 ml of 1 x trypsin at 37°C (5% CO,). Detached cells were re-
suspended in fresh culture medium, centrifuged at 1200 rpm for 7 min and spread in
new culture flasks. Dependent on tumor cell line concentrations between 1 x 10° and
1 x 10" cells per 1 ml culture medium/ 20% FBS/10% DMSO were frozen at -
150°C. After resuspension of cell pellets in an appropriate volume of medium for
cryopreservation (Table 6), 1 ml aliquots of the cell suspension were transferred into
pre-cooled cryovials. The cryovials were placed into controlled freezing boxes,
stored 12-18 h at — 80°C and were then transferred to -150°C for long-term storage.
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To re-culture the cryopreserved cells, cryovials were thawed at 37°C in the water
bath until only small ice crystals were seen floating inside the cryovial. The content
of a vial was rapidly transferred into a 50 ml Falcon tube containing 20 ml of fresh
culture medium. Cells were pelletized by centrifugation at 1200 rpm for 7 min, re-
suspended in pre-warmed culture medium and transferred into culture flask. Cell

amounts were determined using Neubauer hemocytometer.

4.11 MTT assay

To analyze cell vitality by MTT assay, 5 x 10° primary cells were seeded in tripli-
cates at a final volume of 100 pl Optimem (for starvation) into 96-well plates. After
incubation overnight at 37°C (5% CO,) in a humidified atmosphere, cells were treat-
ed with 3.6 uM tamoxifen or estrogen for 24 h, 48 h or 72 h in the culture medium
for functional assays (Table 6). The media were changed every 24 h. After appropri-
ate incubation time 10 ul of MTT stock solution (Table 7) was added to the
cells/control wells without cells and incubated for 3.5 h at 37°C (5% COy) in a hu-
midified atmosphere. The media was carefully removed and primary cells were incu-
bated with 150 pul MTT solvent / well for 15 min at RT (shaker). Absorbance

(590 nm) was measured in an ELISA reader.

4.12 BrdU incorporation assay

Cell proliferation was quantified using Cell Proliferation ELISA, BrdU (colorimet-
ric) Kit according to manufacturer's protocol (Roche Instruction Manual 08/2007).
Briefly, 5 x 10° primary cells per 96-well were seeded in triplicates at a final volume
of 100 pl Optimem (for starvation) and incubated at 37°C (5% COy) in a humidified
atmosphere. After an overnight starvation, the cells were treated with 3.6 uM tamox-
ifen or estrogen for 12 h, 24 h, 36 h or 48 h in the culture medium for functional as-
says (Table 6). BrdU labeling solution was added 12 h prior the defined measure-
ment times (0 h, 12 h, 24 h, 36 h, 48 h after treatment). After appropriate incubation
time cells were lysed and incubated with a specific peroxidase conjugated anti-BrdU-
antibody to detect incorporated BrdU. Reaction product was quantified by measuring

the absorbance (450 nm) using an ELISA reader. The mean value and standard devi-
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ation are displayed graphically using Microsoft Excel. Determination of the statisti-
cal significance was carried out by using the conventional t-test. The absorbance val-
ues directly correlate to the amount of DNA synthesis and hereby to the proliferation

rate of cells.

4.13 2D collagen assay
For 2D collagen assay, 96 Well plates were coated with 50 pul of Collagen matrix (1.5
mg/ml Collagen solution, 2.2 mg/ml NaHCO3, 5% FCS, 20 mM Hepes in medium

for functional assay and dried 30min at 37°C.

1x10° cells were then suspended in 100 pl Optimem and the cell were cultured for 7-
12 days on top of collagen pad in triplicates at 37°C, 5% CO2 und 95% humidity in
DMEM-F12, 5% FCS, 1%PenStrep.

For immunofluorescent stainings the collagen pads were fixed in cold 4% PFA solu-
tion and stained as described in 4.14.

4.14 Immunofluorescent staining on primary cells

Immunofluorescence analyses of primary cultured cells from K19-BCL9-2 females
as well as of non-transgenic mammary cells grown on coverslips and from 2D colla-
gen assay were performed as described here. After fixation of cells with 4% PFA,
permeabilization occurred with 0.5% Triton X-100 in 1 x PBS (15 min at RT). The
samples were washed twice in 1 x PBS and then blocked for at least 60 min in block-
ing solution. After washing, the cells were incubated with the appropriate primary
antibody for 12-18 hours at 4°C diluted in blocking buffer (Table 10), washed again
(3x 10 min in 1 x PBS) and incubated for 45 min (RT, in the dark) with a secondary
fluorophor-conjugated antibody diluted in blocking solution. Nuclei were stained
with DAPI (0.1pug/ml). The cells were washed with 1 x PBS (3 x 10 min) and then
mounted with Immu-Mount for microscopy, dried overnight at RT and stored at 4°C
in the dark.
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4.15 Cell culture of stable human breast cancer cell lines

Breast cancer cell lines were cultured in DMEM or RPMI culture medium (Table 6)
at 37°C (5% CO,) in a humidified atmosphere. The volume of medium in a middle-
sized culture flask (75 cm? adherence surface) was 20 ml and 30 ml in a large-sized
flask (175 cm? adherence surface). When cells grew to confluence (every 3-4 days)
the medium was removed and cells were split 1:5 to 1:10. To detach the tumor cells
they were washed once with 1 x PBS and incubated 5 min with 1 ml and 2 ml 1 x
trypsin at 37°C (5% CO,), respectively. Detached cells were resuspended in fresh
culture medium, centrifuged at 1000 rpm for 5 min and spread in new culture flasks

or cryopreserved as described in 4.10.2.

4.16 Transient RNA interference

For transient protein knock down, transfections with short interfering RNA (siRNA)
were done using Lipofectamin 2000 Transfection Reagent according to standard pro-
cedures for transfection in 6-well plates (Invitrogen Handbook 07/2011). Briefly, 6 x
10° cells were plated into 6-well plate at a final volume of 1.5 ml transfection medi-
um containing (Table 6) incubated overnight at 37 °C (5% CO?) in a humidified at-
mosphere. Following the overnight incubation, 500ul Optimem containing 25
nmol/L siRNA and 5 pl Lipofectamin 2000 Transfection Reagent were added to the
cells. The transfection medium was replaced by standard culture medium 8 h after
transfection and the cells were incubated for further 48 to 72 h at 37 °C (5% CO?) in
a humidified atmosphere. To analyze transient gene knock down compared to siRNA
control, RNA and nuclear proteins were isolated and gene expression was examined
by quantitative RT-PCR and Western Blot, respectively (see 4.17 and 4.20).

4.17 Quantitative Real Time PCR (QRT-PCR)

To examine gene expression by quantitative RT-PCR, the cells were resuspended in
1 ml TRI Reagent per 6-well and the RNA were isolated and reverse transcribed into
complementary DNA (cDNA) as described in 3.5 without DNase treatment. gRT-
PCR with 40 ng complementary DNA was performed with absolute SYBR Green.

Gene expression was calculated relative to a standard curve of B-actin.
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Quantification of synthesized cDNA by gRT-PCR allows examination of differential
gene expression, as the amount of cDNA correspond to the amount of cellular
MRNA. qRT-PCR was performed by use of GREEN PCR Master Mix (Table 8) con-
taining SYBR Green | dye, HOT FIREPol DANN Polymerase, PCR buffer and
dNTPs. Gene specific primers (0,3 pmol/ul) and 2 pl cDNA template were added to
8 pul master mix and adjusted to a final volume of 10 pl with RNase-free water. Gene
expression profiles were normalized to the mRNA levels of B-actin and calculated
using the 2-ddCt method. The mean value and standard deviation of duplicates are
displayed graphically using Microsoft Excel. Fluorescence was measured with an AB
7300 Real-Time PCR System (Applied Biosystems).

4.18 Isolation of whole cell protein lysates for Western blot

For whole cell lysate protein extraction the cells grown in 10 cm plate were washed
twice with ice cold 1 x PBS and resuspended in 500 ul of 1 x RIPA buffer (Table 3)
containing Protease Inhibitor Cocktail (1 tablet per 10 ml buffer). The cells were
scraped off, sonicated for 15 sec (4°C), centrifuged for 15 min at maximum speed
(4°C) and the protein containing supernatant was transferred to a fresh tube. After
photometrical determination of protein concentration by Bradford test, the appropri-
ate protein concentration was adjusted with 1 x extraction buffer and mixed with the
required volume of 4 x protein sample buffer. Aliquots of whole protein lysates and
nuclear extracts were stored at -20°C or immediately processed for SDS-

polyacrylamide gel electrophoresis (SDS-PAGE).

4.19 Isolation of nuclear proteins for Western blot

For nuclear extraction the cells were scrapped off and resuspended in 100l of buffer
A (Table 3) containing Protease Inhibitor Cocktail. After incubation for 15 min on
ice 10% NP40 (25 ul per 500 ul buffer A) was added and the samples were mixed by
vortexing for 20 sec and centrifuged for 2 min at 3000 rpm (4°C). The cytoplasmatic
fraction (supernatant) was mixed with the required volume of 4 x protein sample
buffer, while the nuclear fraction (pellet) was resuspended in 60 ul ice cold buffer C
(Table 3) and incubated for 15 min at 4°C (shaker). After centrifugation for 5 min at
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3000 rpm (4°C) the supernatant was mixed with 4 x sample buffer (20 pl 4 x PP /
60 pl nuclear protein lysate). Aliquots of whole protein lysates and nuclear extracts
were stored at -20°C or immediately processed for SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE).

4.20 Western blot analysis
To examine protein expression by Western blot, whole protein lysates or nuclear

protein extracts from cultured cells were used.

Dependent on the molecular weight of separating protein 6-12% polyacrylamide gels
were used for SDS-PAGE. Protein sample were boiled at 95°C for 5 min, centrifuged
for 1 min at maximum speed and then transferred to the gel. Electrophoresis was
carried out at 100-120 V for 3-4 h. Molecular weight of the separated proteins was
determined by comparison with a pre-stained molecular weight standard. For im-
munoblot analysis proteins were transferred onto Hybond-P PVDF membranes for
1.4h at 0.5 A in a wet blot device in the presence of transfer buffer at 4°C. After
electroblotting the transferred proteins are bound to the surface of the PVDF mem-
brane, providing access for reaction with immunodetection reagents. Prior protein
transfer, the PVDF membranes were incubation in methanol for approximately 30
sec. Unspecific binding sites were blocked by immersing the membrane in blocking
solution (Table 3) for 1-4 h at RT or overnight at 4°C. The membrane was then incu-
bated with primary antibody (Table 9) overnight at 4°C. Antibodies were diluted
according to the manufacturer’s instructions in blocking solution. The membrane was
washed 3 x in 1 x TBST, incubated for 45 min with horseradish peroxidase (HRP)
coupled secondary antibody and washed 3 x in 1 x TBST. Antibody-antigen com-
plexes were detected using ECL detection solution (Table 3). This detection system
is based on the oxidation of a Luminogen by HRP and peroxide, resulting in a
chemoluminescent signal detectable by a CCD camera. Signals were detected with
the LAS-4000 imaging system. For long-term storage, the membranes were air dried
and stored at -20°C. To reactivate dried PVDF membrane, membrane was incubated
in methanol (~30 sec), washed once with 1 x TBST and blocked for 1-4 h. For strip-
ping, the membrane was washed 3 x 5 min in TBST and incubated in freshly pre-

pared stripping buffer (Table 3) for 2 x 15 min. The membrane was then washed
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briefly in 1 M Tris pH 6.8 and 3 x 5 min in TBST. After blocking for 1 h the mem-

brane was incubated with primary antibodies.

4.21 Statistics

Determination of the statistical significance of data from MTT, BrdU and 2D colla-
gen assays and gRT-PCR was carried out by the conventional t-test using Microsoft
Excel. Significances for protein expression scores and scores for preneoplastic
changes in the glands of K19-BCL9-2 females were calculated by Mann-Whitney
test using SPSS 19.0 software. The correlations were tested by Spearmann’s analyses
using SPSS 19.0 software.
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5. Results

5.1 Characterization of K19-BCL9-2 transgenic mouse model

5.1.1 Analysis of the K19-BCL9-2 transgene expression in K19-BCL9-2 mice

To analyze the oncogenic potential of BCL9-2 in vivo, a transgenic mouse model
was established (93). Transgenic overexpression of BCL9-2 was achieved by linking
the cDNA of BCL9-2 with a 2,1 kb genomic fragment containing the 5> UTR and
promoter region of the mouse K19 gene and a 3-globin intron sequence (see Material
and Methods). The expression of K19 is known to be restricted to simple epithelia of
several organs including the proliferative compartments of the stomach, small intes-
tine, colon and ductal epithelia of the pancreas and mammary gland (107-109). To
identify the expression pattern of the K19-BCL9-2 transgene, RNA from different
epithelial tissues of approximately 10 weeks old transgenic and control females were
isolated. This was confirmed for 2 founder lines. To demonstrate transgenic expres-
sion of BCL9-2, a reverse transcription PCR using a sense primer that specifically

binds to the flag tag sequence encoded by the transgene construct was performed.

& Sl » A >
4 o . o $ 2 &
& & & & S &S & & &
%‘e Q‘b Q‘ b‘% <,°\ &c o}’ ‘.\b \&\ &‘b
)
K19-BCL9-2 | il (N M . U
aa = ra

-RT [

B-actin '..-...-- ....-.....-.
——

transgenic + -+ -+ -+ -+ -+ - -+ -+ -+ -

Figure 5. RNA expression of the transgene in different tissues of K19-BCL9-2 mice and non-
transgenic littermate controls was analyzed by RT-PCR (93).

Upper panel: 500 ng of cDNA was analyzed using K19-BCL9-2 transgene specific primers. Middle
panel: 100 ng RNA samples without reverse transcription were used as control for genomic DNA
contamination. Lower panel: 500 ng of cDNA was analyzed using B-actin primer as an internal con-
trol.
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The expression of the K19-BCL9-2 transgene in transgenic females was detected
throughout the gastrointestinal tract (including stomach, small intestine, colon, and
rectum), pancreas, liver, kidney and mammary glands. No expression of the K19-
BCL9-2 transgene was detected in the respective tissues obtained from control ani-

mals (Figure 5).

5.1.2 Phenotype of K19-BCL9-2 transgenic animals

K19-BCL9-2 mice were phenotypically normal at birth. Upon aging (starting at ap-
proximately 15 month of age), transgenic mice developed macroscopic tumors of the
pancreas, intestine and mammary gland (Figure 6).

The tumor spectrum was similar in all founder lines, however with different inci-
dences for the different founder lines compared to non-transgenic control mice
(Table 21, Table 22). In aged control animals, 26% of animals (10 of 39) developed
pancreas tumors, whereas the incidence for intestinal tumors was very low
(1/39=3%). In contrast, with the exception of one founder line, five of six analyzed
founder lines showed higher frequencies of tumors in the pancreas and in the small
intestine, ranging from 33 to 55% and 5 to 22% respectively (Table 21).

Figure 6. K19-BCL9-2 mice developed macroscopic tumors of the pancreas (left), small intestine
(middle) and breast (right).

In contrast, tumors of the mammary gland were never observed in non-transgenic
control mice (Table 22). K19-BCL9-2 transgenic mice developed macroscopic tu-
mors of the breast in 18% of the cases (20 of 109 analyzed animals). The incidence
for mammary tumors was not significantly different between all analyzed founder
lines. Interestingly, the incidence for breast tumors was higher in parous transgenic
females (26%) compared to virgin animals (16%) (Table 22). These tumors devel-

oped in transgenic female mice starting at approximately 15 month of age and prog-
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Table 21. Frequency of pancreas and small intestine tumors of K19-BCL9-2 animals compared
to age-matched non-transgenic littermates.

animals pancreas tumors si tumors
n n % n %
ctrl littermates 39 10 26 1 3
transgenics 186 70 38 24 13
#1 18 9 50 4 22
#2 22 12 55 4 18
#3 28 5 18 1 4
#4 33 12 36 4 12
#5 21 7 33 1 5
#6 64 25 39 10 16

ressed very fast within 2 to 4 weeks to large macroscopic tumors. Therefore, the fo-
cus of this project was to analyze the mammary gland tumors of K19-BCL9-2 female

mice.

Table 22. Frequency of mammary gland tumors of K19-BCL9-2 animals compared to age-
matched non-transgenic littermates.

animals breast tumors

n n %

ctrl littermates 15 0 0
transgenics 109 20 18
virgins 82 13 16
parous 27 7 26
#1 18 3 17

#2 19 4 21

#3 14 2 14

#4 25 5 20

#5 4 1 25

#6 29 5 17

These findings indicate a relationship between tumorigenesis in K19-BCL9-2 fe-
males and overexpression of BCL9-2, pointing to a possible oncogenic potential of
BCL9-2.
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5.1.3. Characterization of K19-BCL9-2 transgene expression in mammary gland
tumors of transgenic females

For the verification of the transgene expression in the breast tumors obtained from
transgenic females, RNA from tumor tissues was extracted. To demonstrate trans-
genic expression of BCL9-2 a reverse transcription PCR using the transgene specific
primers was performed. All analyzed mammary gland tumors obtained from the
transgenic females showed strong expression of the K19-BCL9-2 transgene. In con-

CMin/+

trast, mammary gland tumors from AP that were used here as a negative con-

trols, showed no transgene specific product (Figure 7).
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Figure 7. RNA expression of the transgene in mammary tumors from K19-BCL9-2 females.
Breast tumors from APCM™* females were used as negative control.

Upper panel: 500 ng of tumor cDNA was analyzed using K19-BCL9-2 transgene specific primers.
Middle panel: RNA samples without prior reverse transcription were used as a control, to exclude the
amplification from genomic DNA. Lower panel: 500 ng of tumor cDNA was analyzed using -actin
primer as internal control.

5.2 BCL9-2 expression during different stages of mammary gland

development

The tumor development of K19-BCL9-2 females in the breast prompted us to ana-
lyze, if BCL9-2 might play a role during different phases of postneonatal mammary
gland development. Currently, there is no detailed analysis available about the ex-
pression of BCL9-2 in different stages of the normal breast. Therefore, the expres-
sion of BCL9-2 in the mammary gland in mice between 4 weeks up to 18 month of

age was analyzed by immunohistochemistry using our new specific antibodies (93).
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During puberty, the terminal end buds of the primary mammary rudiments start to
proliferate and to invade into fat pad. As a result of this process, the entire adult fat
pad is filled by a branched ductal tree. During pregnancy, the mammary epithelium
differentiates into functional lobular-alveolar structures, which produce milk after
pregnancy. After weaning, the mammary gland goes through post-lactational involu-
tion, where the lobular-alveolar units collapse and undergo apoptosis. With aging of
the females, the lobular-alveolar epithelium of the breast undergoes terminal lobular

involution, which is characterized by loss of the alveolar units (3, 10-12).

High expression of BCL9-2 was found in the outgrowing ductal cells and terminal
end bud cells of pubertal mammary glands from 4 weeks old virgins (Figure 8A),
where the ductal outgrowth takes place due to proliferation of the cap cells in TEBs
(10). In contrast, the expression of BCL9-2 in the mature ducts was limited only to a
few epithelial cells (Figure 8B). The ductal epithelium of adult 4 month old virgin
females still expressed BCL9-2. The levels were comparable to the mature ducts of
the pubertal glands (Figure 8C and D). BCL9-2 expression was almost absent or very
low as the females aged (starting at 12 month of age) (Figure 8E and F). In contrast,
the highest BCL9-2 expression was detected in the breast epithelium during late
pregnancy (from E18.5). Here both, alveolar and ductal cells were strongly positive
for BCL9-2 (Figure 8G and H, respectively). The expression dropped again during
post-lactational involution of the breast epithelium. BCL9-2 was expressed at day 10
of involution in the milk ducts at moderate levels and was weakly detectable in the
collapsed alveoli (Figure 81 and J, respectively). As the involution progressed
(day20), BCL9-2 was only weakly expressed in the alveolar structures and was al-
most not detectable in the ductal epithelia, similar to the normal adult ductal epitheli-
um (Figure 8K and L).

The results of the immunohistochemical analyses show that BCL9-2 is highly ex-
pressed during developmental stages of wild-type mammary gland, which are charac-

terized by high proliferation of the mammary epithelium.
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Figure 8. Immunohistochemical BCL9-2 staining of mammary gland tissues from wild-type
mice during different postneonatal stages of breast development.

A. TEB and B. mature milk ducts of a pubertal gland. C. small and D. large ducts of a mammary
gland from a 4 month old female. E. small and F. large ducts of a mammary gland of a 12month old
female. G. avleoli and H. milk ducts of pregnant female (E18.5). J. collapsing alveoli and 1. ductal
epithelia on day 10 of involution. K. collapsing alveoli and L. ductal epithelia on day 20 of involution.
Inserts show the mammary tissue at higher magnification. 400x magnification.
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5.3 Histological analyses of mammary tumors from K19-BCL9-2

mice

5.3.1 The tumors of K19-BCL9-2 show distinct differentiations of the tumor
cells

For a more detailed characterization of the mammary tumors from K19-BCL9-2
transgenics, sections of the tumors were evaluated by H&E stainings and immuno-
histochemical analyses. The histopathology of the tumor samples was also assessed
by a pathologist (Dr. med. Christina Perske, Department of Pathology; UMG). 13 of
20 tumors were clearly evaluated as mammary adenomas or adenocarcinomas.
Moreover, 4 of these mammary tumors were defined as lobular breast carcinomas
that exhibit the typical histopathological morphology as found in humans. 6 other

tumors were poorly differentiated tumors adjacent to the mammary glands.

Our examination of the H&E and immunohistological stainings further revealed that
the mammary tumors exhibited distinct regions of differentiation of the tumor cells.
We identified well differentiated tumors that consisted of ductal-like and myoepithe-
lial-like tumor cells (Figure 9A and B). In addition, other tumors were moderately
differentiated and were characterized by few remaining ductal-like structures embed-
ded into monomorphic tumor cells with irregularly shaped nuclei. Those tumors were

classified as lobular carcinomas by the pathologist (Figure 9C).

The expression of specific markers of the mammary gland was analyzed in the tu-
mors by immunohistochemistry. In the normal mammary gland, ducts consist of an
inner luminal epithelial, which expresses epithelial markers such as K8/18, K19 and
an outer myoepithelial single cell layer that is characterized by the expression of
aSMA. Two different areas of tumor cells were identified within cancers with histo-
logical ductal-like differentiation. One area was characterized by strong membranous
and elevated cytoplasmic B-catenin expression and high expression of cytokeratins,
as indicated by prominent Pan-Cytokeratin staining (Figure 9G and J, respectively).
These ductal-like tumor cells highly expressed the luminal epithelia marker K19
(Figure 9M). In addition, they exhibited expression of alpha smooth muscle actin
(aSMA), which is a marker of mammary myoepithelial cells (Figure 9S). In the tu-
mors, multiple layers of aSMA positive cells surrounded the more irregular, also

multi-layered K19 expressing cells (Figure 10A). Since this morphology was remi-
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niscent of normal mammary ducts, we therefore described these tumor areas as dys-
plasia with ductal-like morphology. The second area within the well differentiated
tumors was characterized by a large number of aSMA positive cells (Figure 9T).
Pan-Cytokeratin expressing cells were also present within these areas, although to a
smaller degree (Figure 9K). The expression of B-catenin and K19 was restricted to a
few remaining ductal-like structures (Figure 9H and N, respectively). Thus, these
tumor areas showed a predominant myoepithelial-like morphology. E-cadherin is
usually strongly expressed in the epithelia of the mammary glands and its loss is as-
sociated with metastases in breast cancer (110-115). Remarkably, the expression of
E-cadherin was only moderately in some ductal-like structures in both luminal and
myoepithelial differentiated areas of K19-BCL9-2 tumors. The main tumor mass
showed only weak expression of E-cadherin (Figure 9P and Q).

Interestingly, high expression of BCL9-2 could be detected in both, luminal- and
myoepithelial-like tumor areas (Figure 9D and E, respectively). In addition, co-
immunofluorescence staining confirmed that both, the luminal and myoepithelial cell
lineages expressed high BCL9-2 (Figure 10B). Moreover, the luminal- like areas
displayed an increased cell proliferation indicated by an intensive BrDU staining
(Figure 9V).

In contrast to these well differentiated tumors, the examination of the lobular-like
tumors of the K19-BCL9-2 females uncovered a different architecture. They dis-
played also a high number of proliferating cells, indicated by BrdU incorporation,
similar to the well differentiated tumors (Figure 9X). In contrast, the expression of
luminal epithelial markers K19 and panCK was restricted to the remaining ductal-
like structures and to single cells within the tumor (Figure 90 and L, respectively). A
similar expression pattern was detected for E-cadherin (Figure 9R). Those ductal-like

were surrounded by aSMA positive cells (Figure 9U).

Intriguingly, the expression of BCL9-2 in these tumors resembled the expression of
the K19 with the highest expression in the ducts. The single cells of the tumor mass
displayed weak BCL9-2 staining (Figure 9F). Note that the expression of the trans-
genic BCL9-2 RNA showed in 5.1.3 (Figure 7) was performed with cDNA from tu-
mors with lobular-like differentiation, indicating that the expression of K19-BCL9-2
transgene still took place in this proportion of tumors.
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During necropsy of transgenic females displaying mammary tumors, small macro-
scopic nodes on the lung surface were observed (Figure 11). To asses if these lesions
correspond to lung metastasis, we evaluated the sections of the lungs of five K19-
BCL9-2 transgenic animals with mammary cancers by H&E staining. The stainings
showed multiple areas within the lung tissue, containing round-shaped, epithelia-like
structures, very reminiscent of mammary small ducts and alveoli (Figure 11). In to-
tal, micro-metastases to the lung were identified in 4 of 5 lungs of transgenic fe-

males, which were not seen in two aged matched controls.

Taken together, these findings indicate, that overexpression of BCL9-2 in the breast

may lead to a development of breast carcinoma with a potential to metastases.

5.3.2 The tumors of K19-BCL9-2 females are estrogen receptor positive

Expression of the hormone receptors ERa and PR, and of the epidermal growth fac-
tor receptor 2 HER2 (ErbB2/Neu) are relevant for the therapeutic regimens of human
breast cancers and are highly predictive for the response to the treatment (26, 116).
Only a few mouse breast cancer models have been described that can mimic the mo-
lecular features of human breast cancers, especially for ERa and PR positive mam-

mary tumors (70, 117, 118).

To analyze the hormone receptor status of the tumors of K19-BCL9-2 females, tumor
samples were analyzed for the expression of ERa and PR by immunohistochemical
stainings. All tumors showed high expression of nuclear ERa (Figure 12A-C) and the
majority of them expressed nuclear PR (Figure 12D-F).

For the quantification of the BCL9-2, nuclear ERa and PR expression, an expression
score was applied, that was calculated from the staining intensity and the amount of
positive epithelia (see Materials and Methods).

First, the expression of BCL9-2 in the mammary glands of age matched control fe-
males and in the tumors of K19-BCL9-2 females were compared.
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Figure 9. Histopathology of the ductal-like and lobular-like breast tumors from K19-BCL9-2
females.

A, D, G, J, M, P, S, V: Immunohistochemical staining as indicated of luminal-like area of a ductal-
like differentiated tumor. B, E, H, K, N, Q, T, W: Immunohistochemical staining as indicated of
myoepithelial-like area of a ductal-like differentiated tumor. C, F, I, L, O, R, U, X: Immunohisto-
chemical staining as indicated of lobular-like differentiated tumor. Inserts show the tumor tissue at
higher magnification. H&E: 100x magnification, BCL9-2, B-catenin, panCK, K19, aSMA and BrdU:
400x magnification.
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Figure 10. Co-immunofluorescence staining of mammary tumor tissues from K19-BCL9-2 fe-
males.

A: Image of a K19 (red) and aSMA (green) co-staining. B: Image of a BCL9-2 (green) and aSMA
(red) co-staining. Inserts show the tumor tissue at higher magnification. 200x magnification.

Figure 11. K19-BCL9-2 females bearing mammary tumors displayed pulmonary metastases.
Left: Macroscopic view of pulmonary nodes in the lung from a K19-BCL9-2 female with a breast
tumor. Right: H&E staining of paraffin embedded lung tissue from a K19-BCL9-2 female with a
breast tumor. H&E: 200x magnification.

The expression score for BCL9-2 in four of five control tissues was low with a medi-
an of 2. In contrast, tumors of K19-BCL9-2 females showed higher BCL9-2 expres-

sion, although the median for all 13 analyzed tumors was also 2 (Figure 13A).
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Eleven tumor samples, which were analyzed by IHC for the expression of BCL9-2,
ERa and PR expression of BCL9-2 were divided into 2 groups based on their BCL9-
2 expression. Those tumors which were comparable with the BCL9-2 expression in
the normal breast were defined as “low BCL9-2” tumors (n= 6). The tumors with an
expression score higher than 2 were defined as “high BCL9-2” tumors (n=5). Mann-
Whitney analyses revealed that in BCL9-2 high expressing tumors also the expres-
sion of both, ERa and PR was higher, compared to those with low BCL9-2 expres-
sion (Figure 13B), which however did not reach statistical significance, due to low
number of analyzed tissues (Figure 13B). These findings indicate that elevated levels
of BCL9-2 may play a role in the development of ERa and PR positive breast tumors
in K19-BCL9-2 mouse model.
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Figure 12. Breast tumors from K19-BCL9-2 females express nuclear ERa.

A-C: Immunohistochemical ERa staining of luminal-like area (A) and of myoepithelial-like area (B)
of a ductal-like differentiated tumor, and of lobular-like differentiated tumor (C) D-F: Immunohisto-
chemical PR staining of luminal-like area (D) and of myoepithelial-like area (E) of a ductal-like dif-
ferentiated tumor, and of lobular-like differentiated tumor (F). Inserts show the tumor tissue at higher
magnification. 400x magnification.
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Figure 13. High expression of BCL9-2 in breast tumors from K19-BCL9-2 females correlates
with nuclear ERa.

A: Box plot analyses of the BCL9-2 expression score in normal breast tissue from non-transgenic
control females and breast tumors from K19-BCL9-2 females. In tumors, the expression of BCL9-2
was higher compared to control mammary glands. B: high nuclear expression of BCL9-2 in K19-
BCL9-2 tumors correlated with higher levels of nuclear ERa and PR. For statistical analyses a Mann-
Whitney-Test was performed.

5.4 Transgenic females display delayed age-related and post-

postlactational involution of the breast epithelium

5.4.1 Aged K19-BCL9-2 females display premalignant alterations of the mam-
mary gland

The development of epithelial cancers represents a multistep process. Preneoplastic
alterations in the mammary gland of the mouse consist of hyperplastic alveolar nod-
ules (HANSs) and ductal hyperplasia. They are often accompanied by ductal dilata-
tions. Those changes are considered as premalignant (119-121). To identify early
neoplastic changes of K19-BCL9-2 breast tissues, carmine whole mount staining of
the mammary glands derived from the different founder lines of transgenic mice
were performed. For this, mammary tissues from transgenic females without macro-
scopic mammary tumors of 12 and 20-24 months of age were compared to age
matched non-transgenic controls. For the quantification of the early neoplastic
changes, a score was developed, that that evaluated the severity of the preneoplastic
changes and the amount of involved tissue in the mammary gland (see Materials and
Methods).
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At 12 months of age, transgenic females showed only a slight increase of the ductal
dilatation (Figure 14B). The mammary glands of these females did not develop
HANSs at this age, similar to control littermates. In contrast, at the age of 24 month,
mammary glands of 3 of 4 transgenic founder lines clearly developed more HANS,
which were also significantly larger in size than in control animals (Figure 14A). In
addition, two of four analyzed founder lines of 24 month old K19-BCL9-2 females
showed a significantly stronger dilatation of the ducts compared to controls (Figure
14B).

Surprisingly, carmine whole mount staining of the mammary glands of both, 12 and
24 month old transgenic females showed more extensive alveolar structures, com-
pared to control animals (Figure 14C). This morphology of the breast epithelium is
unexpected in aged females, since the loss of alveolar structures of the breast is a

consequence of the age related involution (4, 13, 122).

The premalignant alterations of the mammary epithelium in K19-BCL9-2 aged fe-
males were analyzed by immunohistochemical staining on tissue sections. H&E
staining of control tissues revealed only slightly enlarged milk ducts, but almost no
alveolar structures (Figure 15C). In contrast, the examination of the breast tissues of
transgenic females showed strongly dilated ducts surrounded by numerous enlarged
alveoli. The ductal and alveolar structures were filled with secretions (Figure 15D).
This morphology was very reminiscent of the histology usually found in the postlac-
tationaly involuting mammary gland (see below). While only few ductal cells of con-
trol mammary glands expressed BCL9-2, the gland epithelia, especially the epitheli-
um of HANs in K19-BCL9-2 glands displayed higher expression of BCL9-2 (Figure
15E and F, respectively). Similar results were found for the expression of ERa. In the
transgenic epithelium, the epithelial cells of HANs expressed high ERa, while only a
few ductal cells of control epithelia showed nuclear ERo expression (Figure 15G).
Moreover, in the epithelia of hyperplastic alveoli of the transgenics, increased cyto-
plasmic staining of ERa was detected (Figure 15H). The examination of BrdU stain-
ings revealed high proliferation within the hyperplastic alveolar epithelium of aged
K19-BCL9-2 females compared to the mammary epithelia of the control animals

(Figure 15J and I, respectively). These results indicate that the development of early
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premalignant hallmarks of the mammary tissue may be enhanced by the overexpres-
sion of BCL9-2 in the breast epithelium.
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Figure 14. Aged K19-BCL9-2 females develop early breast epithelial neoplasia.

A. Left: Box plot graphs showing that transgenic females at the age of 20 month develop more and
greater hyperplastic alveolar nodules (HANs) compared to control littermates. Right: Representative
carmine staining. B. Left: Box plot graph indicates that duct dilatation was found in the breast tissues
of K19-BCL9-2 females starting at 12 month of age. Right: Representative carmine staining. C. Left:
Box plot graph showing mammary glands from 12 and >20 month old transgenic females that display
an extensive alveolar morphology compared to non-transgenic controls. Right: Representative car-
mine staining. The insets within the pictures display the magnification of respective preneoplastic
changes. For statistical analyses, a Mann-Whitney-Test was performed. * p < 0.05. Carmine staining:
200x magnification.
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Figure 15. Histopathology of hyperplastic breasts from 24 month old control and K19-BCL9-2
females.

A, B: Whole mount carmine staining of control (A) and transgenic mammary gland (B). C, E, G, I:
Immunohistochemical staining as indicated of control mammary gland. D, F, H, J: Immunohisto-
chemical staining as indicated of transgenic mammary gland. Inserts show the tissue at higher magni-
fication. Carmine staining: 200x; H&E: 100x; BCL9-2, ERa and BrdU: 400x magnification.
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5.4.2 The mammary glands of K19-BCL9-2 females displayed delayed postlac-
tional involution

Not only preneoplastic alternations of the breast epithelium were shown to be associ-
ated with development of mammary tumors. The risk for breast cancer was reported
to increase if the mammary gland has not undergone proper postlactational lobular

involution (4).

To analyze the involution of the breast of the transgenic females after lactation, car-
mine whole mount staining of the mammary glands on day 10 and 20 of the involu-
tion was performed. Furthermore, the tissues were analyzed by IHC for BCL9-2 ex-

pression, apoptosis and proliferation.

Carmine staining revealed a more dense structure of the transgenic mammary gland
on day 10 of involution. The tissues contained more alveolar structures compared to
controls (Figure 16B and A, respectively). H&E staining of tissue sections of control
mammary glands showed collapsed, small alveolar structures. In contrast, K19-
BCL9-2 glands still retained large alveoli at day 10 of involution (Figure 16C and D,
respectively). Moreover, the breast epithelia of the transgenic mice expressed BCL9-
2. It was hardly detectable in the mammary glands of control animals (Figure 16E
and F, respectively). However, the examination of Cleaved caspase 3 by IHC re-
vealed no differences between controls and transgenics (Figure 16G and H). Interest-
ingly, the mammary epithelium of the transgenes showed high proliferation in the
alveoli, indicated by BrdU stainings. Only a few BrdU-labeled cells were detected in
the glands of the control animals (Figure 16J and I, respectively). On day 20 of invo-
lution, the transgenic glands displayed still larger alveolar structures than controls.
However, the proliferation in the transgenic epithelium was low as in the control
mammary gland (Figure 16K and L). Thus, K19-BCL9-2 displayed delayed postpar-
tum mammary involution with increased epithelial cell proliferation.

Figure 16. Immunohistochemical staining of a mammary gland from a K19-BCL9-2 female
during the involution.

A, B: Whole mount carmine staining of control (A) and transgenic mammary gland (B). C, E, G, I:
Immunohistochemical staining as indicated of control mammary gland. D, F, H, J: Immunohisto-
chemical staining as indicated of transgenic mammary gland. K, L: BrdU staining of control (K) and
transgenic mammary gland (L) on day 20 of involution. Inserts show the tissue at higher magnifica-

tion. Carmine staining: 200x; H&E: 100x; BCL9-2, Cleaved caspase 3 (cc3) and BrdU: 400x magnifi-
cation.
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5.5 Transgenic overexpression of BCL9-2 in different Wnt mamma-

ry tumor models

To determine, if transgenic BCL9-2 expression may enhance or modulate mammary
tumor formation in other mouse models, K19-BCL9-2 mice were bred with
APCM* MMTVC™: Catnb™**? and K5-CreER™*: Catnb™**** animals.

5.5.1 Transgenic overexpression of BCL9-2 leads to a higher mammary tumor
susceptibility in compound APCM™*; K19-BCL9-2 mice

APCM"* females spontaneously develop mammary gland tumors. They usually dis-
play acinar/pilar differentiation with characteristic squamous metaplasia (123-126).

To investigate if overexpression of BCL9-2 can enhance tumor development, trans-
genic BCL9-2 mice were crossed with APCM™* mice. Compound APCM™*: K19-
BCL9-2 females, developed tumors of mammary gland starting at approximately 3
month of age similar to APCM™* mice. However, APCM"*: K19-BCL9-2 compound
females showed an increased incidence for breast tumor development (9/30= 30% vs.
17/35= 49%, respectively).

K19-BCL9-2 females developed hyperplasia of the breast epithelium. To analyze if
overexpression of BCL9-2 can induce hyperplasia in the breast of APCM™* females,
glands of 5 month old APCM™* and compound APCM"*; K19-BCL9-2 females were
analyzed by carmine whole mount staining. Examination of the carmine staining
revealed no apparent hyperplastic changes in the mammary glands from APCM"*
and APCM"*: K19-BCL9-2 females (Figure 17A and B).

The tumors of APCM™*: K19-BCL9-2 compound females were also analyzed by

IHC. The examination of H&E revealed no apparent differences between APCM™*

and APCM"*: K19-BCL9-2 females. The architecture of APCM"™*: K19-BCL9-2

CMin/+

tumors was similar to the well described mammary tumors from AP mice. They

showed pilar differentiation combined with areas of extensive squamous metaplasia
(Figure 18A and B). As indicated by BrdU staining, both tumors exhibited high pro-

CMin/+

liferation (Figure 18C and D). Compared to the tumors from AP mice, the tu-
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mor tissues from APCM"*; K19-BCL9-2 mice expressed higher levels of nuclear
BCLO-2 in the tumor epithelia (Figure 18E and F). Both, the tumors from APCM"™*
and APCM"*: K19-BCL9-2 mice showed also elevated levels of cytoplasmatic f-
catenin (Figure 18G and H). In contrast to the tumors of aged K19-BCL9-2 transgen-
ics, tumors of both mutant genotypes on the APC Min background displayed weak or

absent staining of nuclear ERa (Figure 181 and J).

APCMINZF APCMIN+; K19-BCL9-2

CMinl+

Figure 17. Carmine whole mount staining of breast tissues from AP
APCM"*: K19-BCL9-2 females. _
A: Carmine whole mount staining of the mammary tissue from a 5 month old APC"™* female. B
Carmine whole mount staining of the mammary tissue from a 5 month old APCM"*: K19-BCL9-2
female. 80x magnification.

and compound

These findings indicate that overexpression of BCL9-2 in the breast may enhance the

CMin/+

tumorigenesis in AP mice. However, the overexpression of BCL9-2 does not

affect the tissue differentiation caused by aberrant stabilization of 3-catenin.

5.5.2 Transgenic overexpression of BCL9-2 leads to mammary tumor develop-
ment in MMTV®"; Catnb™**?*; K19-BCL9-2 compound mutant mice

MMTVC"; Catnb”2** is a mouse model, in which an constituitive active form of -
catenin is specifically expressed in the mammary gland epithelium. This mutation of
[B-catenin results in deregulated Wnt signaling in the breast and induces also the
transdifferentiation of the alveolar epithelium into epidermal and pilar structures.
However, the deregulation of B-catenin does not result in the development of macro-

scopic mammary tumors (127).
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Figure 18. Immunohistochemical staining of breast tumor tissues from APCM™*

K19-BCL9-2 compound females.

and APCMI"*-

A, C, E, G, I: Immunohistochemical staining as indicated of the tumor sample from APCM""* female
B, D, F, H, J: Immunohistochemical staining as indicated of the tumor sample from APC*"™*; K19-
BCL9-2 female Inserts show the tumor tissue at higher magnification. H&E and BrdU: 100x; BCL9-

2, B-catenin and ERa:: 400x magnification.
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To analyze the role of transgenic BCL9-2 overexpression in this model,
MMTV " Catnb™**: K19-BCL9-2 compound mice were generated. The females

were followed up untill 12 month of age.

In contrast to the MMTV*Catnb™**** females (n=9), 2 of 10 MMTV"*Catnb"***;

K19-BCL9-2 females developed macroscopic mammary gland tumors (20%).

The histopathological examination of those tumors revealed a morphology, similar to
that found in APCM™* and APCM"™: K19-BCL9-2 tumors. The tumors of
MMTV " Catnb™**: K19-BCL9-2 females displayed large areas of squamous met-
aplasia (Figure 19A). The analysis of the hormone receptor status showed that the
tumors were also ERa and PR negative (Figure 19C and D). Only a few remaining
ducts with normal morphology displayed low nuclear ERa expression (Figure 19C).
The expression of nuclear PR was not detected. These tumors expressed low amounts
of BCL9-2 in the remaining ductal structures (Figure 19B).

The glands of 5 and 9 month old virgin MMTV ®Catnb™** and
MMTV "™ Catnb™3: K19-BCL9-2 females, which did not develop macroscopic
tumors, were additionally analyzed by carmine whole mount stainings. An extensive
alveolar morphology was evident in both analyzed mutant mouse lines (Figure 20).
The number of alveoli increased in the mammary glands of the nine month old ani-
mals (Figure 20C and D). Moreover, the alveolar structures were strongly enlarged
and dilated. This dilated alveoli were even more frequent in the epithelium of the
MMTV " Catnb**: K19-BCL9-2 females (Figure 20D).

The histopathological analyses revealed a strong hyperproliferation of the ductal epi-
thelium in both, MMTV®"®;,Catnb”**® and MMTV®";Catnb”***; K19-BCL9-2
breasts, indicated by epithelial cell layers growing into the duct lumen. In addition,
the glands of both mouse lines showed characteristic regions of squamous metaplasia
(Figure 21A and B). Both, MMTV":Catnb”2** and MMTV*":Catnb™***; K19-
BCL9-2 glands showed nuclear expression of ERa within the hyperplastic epithelium
(Figure 21E and F). BCL9-2-expression was exhibited by the epithelium of the
MMTVC"™:Catnb ™2 K19-BCL9-2 mammary glands (Figure 21C and D).

These results indicate that overexpression of BCL9-2 in the breast may enhance the

hyperplasia and trigger the tumorigenesis in MMTV"™:Catnb™2** mice. However,
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the overexpression of BCL9-2 does not affect the tissue differentiation caused by

aberrant stabilization of B-catenin.
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Figure 19. Histopathology of breast tumor tissues from MMTVCracambr/aes. K19 BCLY-2 fe-
males.

A. H&E. B. BCL9-2. C. ERa and D. PR stainings of the tumor sample. Inserts show the tumor tissue
at higher magnification. H&E: 100x; BCL9-2, ERa and PR: 400x magnification.

5 month

9 month

Figure 20. Carmine whole mount staining of breast tissues from MMTV®"™;Catnb**** and
MMTVC"; Catnb*4*; K19-BCL9-2 females.

A, C: Carmine staining of the mammary tissue from a 5 (A) and a 9 (C) month old
MMTVC"®:Catnb”*** female. B, D: Carmine staining of the mammary tissue from a 5 (B) and 9 (D)
month old MMTV®";Catnb™***; K19-BCL9-2 female. Inserts show dilated alveolar structures at
higher magnification. 80x magnification
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Figure 21. Immunohistological staining of breast tissues from MMTV®"™;Catnb and

MMTVE";Catnb™**?; K19-BCL9-2 females.

A, C, E: Immunohistochemical staining as indicated of the mammary gland from a 9 month old
MMTV®"®;Catnb+/Aex3 female. B, D, F: Immunohistochemical staining as indicated of the mammary
gland from a 9 month old MMTVC"®;Catnb+/Aex3; K19-BCL9-2 female. Inserts show the mammary
tissue at higher magnification. H&E: 100x, BCL9-2 and ERa: 400x magnification.

5.5.3 Transgenic overexpression of BCL9-2 does not induce mammary tumor
development in K5-CreER"*; Catnb™*®?; K19-BCL9-2 compound mutant mice
Compound MMTV®"™; Catnb™**3; K19-BCL9-2 mutant animals were also compared
to K5-CreER™"; Catnb™2*; K19-BCL9-2 mutant mice. MMTV-LTR drives the ex-
pression of the Cre-recombinase predominantly in the luminal epithelia of the breast
(128, 129). In contrast, K5-CreER"* drives the expression of stabilized B-catenin in
the basal epithelial cells of the breast epithelium due to specific expression of K5 in
the myoepithelia. The induction of the Cre expression by tamoxifen injection was
performed 6 weeks after birth. At this time point the outgrowth of the ductal tree is

completed and cannot be disturbed by overactivation of R-catenin. K5-CreER™";
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Catnb ™2 and K5-CreER"*: Catnb"2*3: K19-BCL9-2 were sacrificed 4 month after

tamoxifen administration, since some females started to suffer from skin defects.

Neither K5-CreER™*: Catnb™*** nor K5-CreER™": Catnb™****: K19-BCL9-2 fe-

males developed macroscopic tumors of the breast.

The glands of 5 month old virgin K5-CreER™*; Catnb"2** and K5-CreER"":
Catnb"/2**; K19-BCL9-2 females were further analyzed by carmine whole mount
staining. Similar to MMTV®'™; Catnb"2*** and MMTV®"; Catnb™**; K19-BCL9-2;
both K5-CreER™* compound lines displayed extensive alveolar morphology of the
mammary glands. In the K5-depnendent mouse model, no differences were found
between K5-CreER™; Catnb”* and K5-CreER™*; Catnb"**?; K19-BCL9-2
mammary glands (Figure 22A and B).

KSCERT; Catnb/Aex3 K5CRERT; Catnb/Ae%3; K 19-BCL9-2

Figure 22. Carmine whole mount staining of breast tissues from K5-CreER"™*; Catnb™** and
K5-CreER™; Catnb™®3; K19-BCL9-2 compound females.

A: Carmine staining of the mammary tissue from a 5 month old K5-CreER™*; Catnb"2*** female. B:
Carmine staining of the mammary tissue from a 5 month old K5-CreER™"; Catnb”2***; K19-BCL9-2
female. Inserts show alveolar structures at higher magnification. 80x magnification.

Histological analyses of the breast tissues revealed hyperproliferation of the mamma-
ry epithelium in both, K5-CreER™": Catnb™2***, and K5-CreER™"; Catnb™2**; K19-
BCL9-2 glands, indicated by a multilayered ductal epithelium (Figure 23A and B).
Weak BCL9-2-expression was found in the epithelium of both, K5-CreER™";
Catnb™2*, and K5-CreER™": Catnb™***: K19-BCL9-2 mammary glands (Figure
23C and D). In addition, K5RT; Catnb™**** and K5-CreER""; Catnb™*; K19-
BCL9-2 glands showed a strong nuclear expression of ERa within the hyperplastic
epithelium (Figure 23E and F).

These results indicate that overexpression of BCL9-2 in the luminal breast epithelia
does not affect hyperplasia development or trigger the tumorigenesis in K5-
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CreER™*; Catnb™*** mice. Moreover, the overexpression of BCL9-2 does not influ-

ence the tissue differentiation caused by aberrant stabilization of 3-catenin.
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Figure 23. Immunohistological staining of breast tissues from K5-CreER™*; Catnb*2*** and K5-
CreER™"; Catnb™**?; K19-BCL9-2 females.

A, C, E: Immunohistochemical staining as indicated of the mammary gland from a 5 month old K5-
CreER™; Catnb™**** female. B, D, F: Immunohistochemical staining as indicated of the mammary
gland from a 5 month old K5-CreER™*; Catnb™***; K19-BCL9-2 female. Inserts show the mammary
tissue at higher magnification. H&E: 100x, BCL9-2 and ERa: 400x magnification.

5.6 Primary culture of breast tumor and hyperplastic glands from
K19-BCL9-2 females

5.6.1 Characterization of cultured tumors cells from transgenic females

For functional experiments, primary cultures of the mammary tumors and from hy-
perplastic glands obtained from aged K19-BCL9-2 females were established. The
primary cells grew as adherent monolayer and showed an epithelial like phenotype
(Figure 24A and B).
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K19-BCL9-2 hyperplastic breast cells were successfully cultured and maintained for
up to 9 passages. The culture of tumor cells obtained from K19-BCL9-2 mice was
maintained for up to 23 passages. In addition, the tumor cells achieved much faster
full confluence compared to cells from K19-BCL9-2 hyperplastic mammary glands.
This indicated stronger proliferation of the primary tumor cells. For functional as-
says, mammary cells from non-transgenic females were also cultured as controls. Of
note, both, the cells from the hyperplastic breasts of the transgenic mice and from

non-transgenic controls grew in smaller colonies compared to tumor cells.

Further examinations revealed that the primary hyperplastic gland and tumor cells
retained the same markers as found by immunohistochemistry on fixed tissues. Im-
munofluorescence staining revealed that the cells from hyperplastic glands and tu-
mors were strongly positive for panCK, an antibody which detects all cytokeratins
and is a marker of epithelial cells (Figure 24C and D). Moreover, aSMA staining on
the cells showed that the cell population contained a subset of aSMA positive my-
oepithelial cells (Figure 24E and F). Primary tumor cells expressed strongly -
catenin, not only at the membrane, but also in the cytoplasm (Figure 25C and D). In
addition, the cells from hyperplastic glands and tumor cells showed E-cadherin stain-
ing on the membrane and in the cytoplasm (Figure 25A and B). Moreover, they ex-
pressed the luminal epithelia marker K18 and the marker for myoepithelia, SMAa
(Figure 25E and F; and Figure 26, respectively). Using our specific antibody against
BCL9-2, strong expression of BCL9-2 was detected in cells from hyperplastic glands
and tumor cells (Figure 25Figure 26A and B). Interestingly, co-immunofluorescence
staining of the tumor cells with antibodies against BCL9-2 and SMAa revealed, that
both, SMA« positive and negative cell types, expressed BCL9-2 (Figure 26A). The
expression of BCL9-2 was constantly detected even in the late passages.

The tumor cells were further analyzed for the expression of hormone receptors. Nu-
clear ERa expression was detected in cells from control glands, as well as in cells
from transgenic hyperplastic glands and tumors (Figure 25C and D, and data not
shown). Similar to the BCL9-2 expression, co-staining of the tumor cells with anti-
bodies against ERo and SMAa revealed, that both SMAa positive and negative cell
types, expressed nuclear ERa (Figure 26B). In addition, the expression of nuclear PR

was detected in the cells from hyperplastic glands and tumors (Figure 25E and F).
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Figure 24. Immunofluorescence analyses of primary cells from hyperplastic mammary glands
and mammary tumors from K19-BCL9-2 females.

A, B: Bright field images of cultured primary cells from hyperplastic mammary glands from K19-
BCL9-2 females. C, E: Immunofluorescence staining of panCK (C) and aSMA (E) on primary cells
from hyperplastic mammary glands from K19-BCL9-2 females. D, F: Immunofluorescence staining
of panCK (D) and aSMA (F) on primary cells from mammary tumors from K19-BCL9-2 females. All
images: 100x magnification.

Immunofluorescent stainings described above were performed on the non-transgenic
mammary control cells, too. The expression of BCL9-2 and hormone receptors was
detected in the nuclei of the cells. The quantification of the BCL9-2 and ERa protein
levels in control versus hyperplastic and tumor cells was not possible based of im-
munofluorescence stainings. Therefore, Western Blot analyses were performed using

cell lysates.
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Figure 25. Immunofluorescence co-staining on primary cells from hyperplastic mammary
glands and mammary tumors from K19-BCL9-2 females.

A, C, E: Images of BCL9-2 (green)/ E-cadherin (red) (A), ERa (green)/ p-catenin (red) (C), and PR
(green)/ K18 (red) (E) co-staining on primary cells from hyperplastic mammary glands from K19-
BCL9-2 females. B, D, F: Images of BCL9-2 (green)/ E-cadherin (red) (B), ERa (green)/ p-catenin
(red) (D) and PR (green)/ K18 (red) (F) co-staining on primary cells from hyperplastic mammary
glands from K19-BCL9-2 females. Inserts show the cells at higher magnification. BCL9-2/E-
cadherin: 200x, ERa /B-catenin and PR/K18: 400x magnification.
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Figure 26. Immunofluorescent co-staining on primary mammary tumor cells from K19-BCL9-2
females.

A: Image of BCL9-2 (green)/ aSMA (red) on primary mammary tumor cells from K19-BCL9-2 fe-
males. B: Image of ERa (red)/ aSMA (green) on primary mammary tumor cells from K19-BCL9-2
females. Inserts show the tumor cells at higher magnification. 400x magnification.

85



Results

control hyperplasia tumor *

fl - ' '
a8 . A |—180
BCL9-2

-— ey “. —180

B-catenin - -..” - __100
-9

o-tubulin _55

- e e e gy w—

Figure 27. Western Blot analyses of BCL-2, 3-catenin and ERa expression in lysates from non-
transgenic control cells and from K19-BCL9-2 hyperplastic glands and mammary tumors.

For the detection of transgenic BCL9-2, total BCL9-2 and [3-catenin, 60 pg of total protein lysates
were used. For the detection of ERa and a-tubulin, 25 ug of total protein lysates were used. * indi-
cates the Western Blot analysis an whole lysates obtained from HEK?293 cells after a transient trans-
fection with the respective cDNAs and were used as positive controls.

As shown in Figure 27, both analyzed transgenic tumor cell lines expressed transgen-
ic BCL9-2, as indicated by a 180 kDa protein band detected by an anti-flag tag spe-
cific antibody. The same band was not detected in the non-transgenic cells or in the
cells from transgenic hyperplastic glands. Further Western Blot analyses revealed
higher BCL9-2 protein in tumor cells compared to controls and hyperplastic cells. In
addition, strong 3 -catenin protein expression was detected in the cell lysates from
control, hyperplastic and tumor cells. However, the tumor cells showed even higher
[3-catenin protein levels compared to control and hyperplastic cells. Finally, the cell
lysates were analyzed for ERa expression. Again, both tumor cell lines showed much
higher ERa expression compared to a very weak expression in the controls and hy-
perplastic cells. Interestingly, the antibody against ERa detected an ERa full length
specific band of appr. 66 kDa and a second band of appr. 55 kDa. This confirms, that
overexpression of BCL9-2 may correlate with high levels of ERa in K19-BCL9-2

tumor cells.
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5.6.2 Estrogen treatment of cultured tumor cells enhances their viability

The proliferation of many human ERa positive breast cancers and breast cancer cell
lines is known to be dependent on estrogen (130). Since the tumor cells from K19-
BCL9-2 females express high nuclear ERa, the aim of the following experiments
was to test, if these cells depend on the stimulation or inhibition of the estrogen
pathway. Therefore, the viability and proliferation of the K19-BCL9-2 tumor cells

after treatment with an anti-estrogen (tamoxifen) or estrogen was analyzed.

The normal culture medium for the propagation of our primary cells was supple-
mented with 5% calf serum that contains several hormones including estrogen. In
addition, this medium contained phenol red, which was reported to have estrogenic
action (131-133). To reduce hormone-active supplements from the medium before
treatment with estrogen, the primary cells were cultured in phenol red free medium
supplemented with charcoal stripped fetal calf serum and their viability was tested.
However, it was not possible to perform experiments under hormone reduced condi-
tions, since the cells did not survive in the hormone reduced, phenol red free medi-
um. The MTT and BrdU incorporation assays were therefore performed in complete

medium.

First, different concentrations of estrogen and tamoxifen were used to determine the
best conditions for stimulation of the cells. Estrogen and tamoxifen at concentrations
of 0.5; 1; 3.6; 7 and 10 uM were administrated. As controls, the cells were treated
with 0.1 % (v/v) EtOH, which served as vehicle for estrogen and tamoxifen. The cell

viability was measured in a MTT assay after 48 hours.

As shown in the Figure 28, the viability of cells from non-transgenic glands was not
affected after 48 hours stimulation with any concentration of estrogen. The stimula-
tion of transgenic tumor cells with estrogen led to a slight increase of cell viability
after 48 hours with each hormone concentration used for stimulation. The highest
effect on cell viability of the tumor cells was measured after stimulation with 3.6 uM

estrogen.

Treatment with the anti-estrogene tamoxifen showed different effects on cell viabil-
ity: High concentrations of tamoxifen (7 and 10 uM) led to death of both, control and

transgenic tumor cells after 48 hours of incubation. The viability of control cells was
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however not affected by lower tamoxifen concentrations, but they even were further
growing after 48 hours of treatment with 0.5-3.6 UM tamoxifen. In contrast, the via-
bility of tumor cells by low concentrations of tamoxifen was not reduced and was
comparable to that of the cells treated with vehicle. Thus, treatment with low concen-

trations of tamoxifen up to 3.6 uM did not show toxic effects on the cells.

However, compared to non-transgenic control cells, the viability of the tumor cells

was higher after stimulation with 3.6 uM estrogen.
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Figure 28. Estrogen and tamoxifen toxicity test on non-transgenic mammary gland cells and

K19-BCL9-2 tumor cells.
The non-transgenic control cells and the cells from K19-BCL9-2 breast tumors were treated with the

indicated estrogen or tamoxifen concentrations for 48 hours. Cells treated with 0.1% EtOH as vehicle
in culture medium were used as untreated control.

Based on the results of the toxicity test, the concentration of 3.6 UM for both estro-
gen and tamoxifen, were considered as an appropriate non-toxic concentration to

carry out MTT cell viability and BrdU proliferation assays.

A time course for cell viability using the MTT assay was performed to address the
question if the addition of tamoxifen or estrogen to the medium alters the viability of
the primary cultured cells from the transgenic hyperplastic glands or tumors for up to

96h. Cells from non-transgenic females were used as controls.
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The cells received 3.6 uM tamoxifen or estrogen and the viability of cells was meas-

ured after 24, 48, 72 and 96 hours.
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Figure 29. MTT assay on non-transgenic mammary gland cells, cells from K19-BCL9-2 hyper-

plastic glands and mammary tumors.

The non-transgenic control cells, cells from K19-BCL9-2 hyperplastic glands and mammary tumors
were treated with 3.6 uM tamoxifen or estrogen over 96 hours. Cells treated with 0.1% EtOH as vehi-
cle in the culture medium were used as untreated control. * indicates significant differences with p <

0.05.

The stimulation with estrogen led to a slight increase of the viability of control cells.

Surprisingly, the treatment of the non-transgenic cells with tamoxifen had similar

effect like estrogen, and also increased the cell viability (Figure 29, left graph). The

cells from hyperplastic mammary glands of transgenic females behaved differently

after treatment with tamoxifen and estrogen.

After 72 and 96 h, the cell viability of the cells from hyperplastic mammary glands

was slightly reduced, while the stimulation with estrogen increased the cell viability

at these time points (Figure 29, middle graph). Finally, the treatment of transgenic

tumor cells with tamoxifen and estrogen showed similar results as found for the cells

from hyperplastic mammary glands of K19-BCL9-2 females. While the administra-

tion of tamoxifen slightly reduced the viability of the tumor cells after 48 hours, es-
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trogen stimulation significantly (p < 0,002) increased their viability after 48 and 96
hours compared to vehicle treated cells (Figure 29, right graph). The viability of the
tumor cells was still higher after 96 hours of tamoxifen treatment compared to 24
hours of treatment. This indicated that reduced viability of the tumor cells was not
due to a toxic effect of tamoxifen at the concentration of 3.6 uM. Moreover, tumor
cells showed an increased viability in response to estrogen after 96 hours, which was

not observed for control cells.

5.6.3 Tamoxifen treatment of cultured tumor cells reduces their proliferation

The BrdU assay was performed to address the question if the proliferation of the
primary hyperplastic and tumor cells can be altered by tamoxifen or estrogen treat-
ment. Cells from non-transgenic females were used as controls. The cells received
3.6 uM tamoxifen or estrogen and the BrdU incorporation was analyzed after 12, 24,
36 and 48 hours. In contrast to the MTT assay, cell proliferation can be directly

measured by DNA synthesis based on the incorporation of BrdU into the cells.

The stimulation of the non-transgenic cells with tamoxifen increased the BrdU incor-
poration after 24 hours. In contrast, after 36 hours of tamoxifen treatment cells pro-
liferated less than cells which received the medium containing the vehicle (Figure 30,
left graph). Compared to that, the stimulation of the control cells with estrogen en-
hanced the BrdU incorporation only after 36 hours. After 48 h, based on the BrdU
incorporation, the vehicle treated control cells stopped to proliferate after 48 hours,
but the addition of estrogen still stimulated their proliferation (Figure 30, left graph).
Treatment of cells from the transgenic hyperplastic mammary glands with tamoxifen
showed a slight reduction of BrdU incorporation, while estrogen increased the prolif-
eration of the cells strongly after 48 hours (Figure 30, middle graph). Interestingly,
the tumor cells still proliferated strongly after 36 and 48 hours, as shown for the ve-
hicle treated cells (Figure 30, right graph). Moreover, tamoxifen administration sig-
nificantly (p < 0.05) reduced the proliferation of the tumor cells after 36 and 48

hours, while estrogen stimulated their proliferation at that time point.
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5.6.4 Mammary tumor cells from K19-BCL9-2 generate tamoxifen sensitive col-
onies in vitro

To examine the differentiation potential of mammary tumor cells from K19-BCL9-2
females, 2D- and 3D collagen cultures with non-transgenic control cells and cells
from K19-BCL9-2 tumors were established. Control and tumor cells cultured in 3D
system were unable to proliferate and died. In contrast, cells cultured on 2D collagen

proliferated and were organized as
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Figure 30. Proliferation assay on non-transgenic mammary gland cells, cells from K19-BCL9-2
hyperplastic glands and mammary tumors.

The non-transgenic control cells, cells from K19-BCL9-2 hyperplastic glands and mammary tumors
were treated with 3.6 UM tamoxifen or estrogen over 48 hours. Cells treated with 0.1% EtOH as vehi-
cle in culture medium were used as untreated control. For BrdU incorporation, the cells were incubat-
ed with BrdU solution 12 hours prior to measurement. * indicates significance with p < 0.05.

colonies after 4 days. The colonies developed also duct-like structures (Figure 31A).
Treatment of the primary tumor cells in 2D culture with estrogen led to an increased
number of colonies, while the cells from non-transgenic mammary glands developed
similar numbers of colonies compared to vehicle treated cells (Figure 31B). Moreo-
ver, the number of colonies generated by tumor cells was reduced by treatment with

tamoxifen. In addition, the tumor cell colonies treated with tamoxifen died sooner
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than colonies treated with vehicle or estrogen. In contrast, the number of colonies
from control cells even increased initially after tamoxifen administration, but then

died already after a few days (Figure 31B).

Immunofluorescence studies of the colonies showed that the colonies generated un-
der treatment with vehicle alone or with estrogen, consisted of epithelial cells with
tight cell-cell contacts. The cells were strongly positive for panCK and expressed

membranous (3-catenin (Figure 32A and B).

Taken together, the protein expression analyses and functional examinations of pri-
mary cultured cells indicate, that the overexpression of BCL9-2 may account for de-
velopment of ER positive tumors, which growth depends on the ER action.

5.7 BCL9-2 is overexpressed in hormone receptor positive human

mammary breast cancers

5.7.1 Human breast cancer cell lines express different levels of BCL9-2

We recently characterized the expression of BCL9-2 in a panel of human colon can-
cer cell lines (93). Similarly, the expression of endogenous BCL9-2 in different hu-
man breast cancer cell lines was analyzed by Western Blot analyses. High levels of
BCL9-2 were detected in ERa positive cell lines (MCF7 and T47D) and in the HER2
positive breast cancer cell line SKBR3 (Figure 33). Triple negative cell lines MDA.-
MB-231 and BT549 expressed moderate levels of BCL9-2. Furthermore, the expres-
sion of BCL9-2 was analyzed in a non-tumorigenic human epithelial breast cell line
derived from a fibrocystic breast disease (MCF10a). These cells expressed the lowest
amounts of BCL9-2 of all analyzed cell lines. HEK293 cells were used as negative
control since they do not express BCL9-2. All analyzed cell lines, with the exception
of SKBR3, expressed B-catenin in different amounts (Figure 33). Thus, in human
breast cancer cell lines, the amount of BCL9-2 is higher in hormone receptor and

HER2 positive cell lines.
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Figure 31. 2D collagen assay.

Cells from non-transgenic glands and K19-BCL9-2
tumors were seeded on top of collagen gels (10°
cells/96well) and treated with 3,6 uM estrogen or
tamoxifen. A. Upper panel: colonies generated by
non-transgenic cells after 4 and 10 days of culture.
Lower panel: colonies generated by K19-BCL9-2
cells after 4 and 10 days of culture. 100 x magnifica-
tions. B. Quantification of colony numbers after es-
trogen or tamoxifen treatment made by cells from
non-transgenic glands and K19-BCL9-2 tumors after
4 days of culture.
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Figure 32. Immunofluorescent staining on colonies from non-transgenic mammary cells and
mammary tumor cells from K19-BCL9-2 females in a 2D collagen assay.

A: Representative images of panCK and -catenin staining on colonies from non-transgenic and K19-
BCL9-2 tumor cells after 10 days of vehicle (0.1% EtOH) treatment. B: Representative images of
panCK and (-catenin staining on colonies from non-transgenic and K19-BCL9-2 tumor cells after 10
days of estrogen treatment. All images were taken at 200x magnification.
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Figure 33. Western Blot analyses of endogenous BCL9-2 expression in different human breast
cancer cell lines

60 g of total protein from whole cell lysates from the indicated cell lines were used to detect BCL9-2
and B-catenin. Whole cell lysates from HEK293 were used as control. * indicates protein lysates ob-
tained from HEK293 cells after transient transfection as positive controls.
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5.7.2 Knock down of BCL9-2 in MCF7 leads to reduced expression of ERa and
its target genes

To examine if BCL9-2 is able to regulate ERa itself and its target genes, a SIRNA-
mediated BCL9-2 knock down in the hormone receptor positive cell line MCF7 was
performed. The expression of ERo was analyzed by qRT-PCR and Western Blot. In
addition, the expression of ERa regulated genes GREBland PR was analyzed by
gRT-PCR. All experiments were performed and analyzed together with a bachelor

student, Christopher Diederichs.

Using specific sSiRNAs against BCL9-2, the BCL9-2 protein expression was reduced
after 48 and 72h (Figure 34A). gRT-PCR revealed that transfection of cells with
SIRNA against BCL9-2 led to an approximately 70 % reduction of BCL9-2 RNA at
48 and 72h (Figure 34B).

Western Blot analyses of ERa protein expression revealed only a reduction after 48
hours of siBCL9-2 treatment, which was not detected after 72 hours (Figure 34A).
Similarly, gqRT-PCR results showed a 50 % and 25 % reduction of ERa RNA expres-
sion after 48 and 72 hours of siBCL9-2 treatment, respectively (Figure 34B).

The qRT-PCR analyses of ERa target gene expression revealed, that the expression
of both PR and GREB1 was significantly reduced after 48 hours of siBCL9-2 treat-
ment (20% and 25 %, respectively), but no reduction was found after 72hours
(Figure 34Figure 34B). These results indicate an implication of BCL9-2 in ERa sig-

naling.

5.7.2 BCL9-2 expression correlates with the expression of ERa, PR and HER?2

Toya et al. 2007 characterized for the first time BCL9-2 expression in human normal
breast epithelium and breast cancer tissues by immunohistochemical analyses. Im-
munohistochemical stainings on three breast cancer tissue microarrays was per-
formed to analyze the BCL9-2 expression. In total, the tissue microarrays provided
194 breast cancer samples from 99 patients. In addition, they contained 30 cases of
corresponding uninvolved breast tissue. To estimate the immunohistochemical ex-
pression of nuclear BCL9-2 in normal and cancer epithelium an expression score was

calculated. The same expression score we already used to evaluate the immunohisto-

95



Results

chemical expression of nuclear BCL9-2 in human colon cancers (93). It contained a
rating of staining intensity and amount of positive epithelia (see Material and Meth-
ods).

First, a comparison of histologically normal breast epithelium from uninvolved
breast tissue samples and cancer cases for the BCL9-2 expression was performed
(Figure 35A). In normal breast epithelia the expression of BCL9-2 showed median
expression of 3. In contrast, the expression of BCL9-2 in breast cancer epithelium of
194 cancer cases was significantly higher than in controls and showed the median

expression of 5 (Figure 35B, left).

The tissue microarrays provided grading data for the tumors. The expression of
BCL9-2 was analyzed in tumors of grade one to three (n= 16, 116, 38, respectively).
Mann-Whitney analyses revealed a decrease of BCL9-2 expression as the tumor
grade became higher. However, BCL9-2 expression in tumors of grade three was still

significantly higher (median expression of 4) than in control tissue (Figure 35B, left).

The tissue microarrays provided immunohistological expression data for ER, PR and
HER2. To analyze if BCL9-2 expression correlates with the expression of these re-
ceptors, the cancer cases were subdivided into four groups. The expression of BCL9-
2 in the group of tumors which were defined as triple negative (n= 48) was slightly
higher compared to control tissue. This group of tumors included tumors with no
expression of nuclear hormone receptors and with HER2 expression score of 0 and 1.
BCL9-2 expression was significantly higher in tumors which were HER2 receptor
positive (n= 64), or expressed nuclear hormone receptors ERa and PR (n= 26), or
were defined as HER2, ERa and PR positive (n= 53) (Figure 35B, right).

To further analyze, that BCL9-2 expression correlates with the expression of these
receptors, the cancer cases were subdivided into 3 groups based on their BCL9-2
expression score as follows: 0-3 for low (n = 42), 4-6 for moderate expression (n =
72); and 7-9 for high expression of BCL9-2 (n = 45). Mann-Whitney test revealed
that the group of the tumors with the highest expression of BCL9-2 showed a signifi-
cantly higher expression of ER, PR and HER2 compared to tumors with low BCL9-2

expression (p < 0.05). Moreover, a Spearman-Rho analysis showed that the expres-
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sion of all 3 analyzed receptors positively correlated with the expression of BCL9-2
(p <0.00007, <0.00002, and < 0.03, respectively) (Figure 36).
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Figure 34. Expression analyses of BCL9-2, ERe and its target genes in MCF7 after BCL9-2
knock down.

A: Western Blot analyses of BCL9-2 and ERa protein expression after BCL9-2 knock down. Nuclear
protein extracts 48 and 72 hours after BCL9-2 knock down were used. B: gRT-PCR analyses of ERa
and its target genes after BCL9-2 knock down. qRT-PCR was performed 48 and 72 hours after BCL9-
2 knock down. 40 ng of cDNA from MCF7 48 and 72 hours after BCL9-2 knock down were used.
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Figure 35. Human breast cancer express higher levels of BCL9-2 compared to normal breast
tissue and correlates with the expression of ER,PR and HER2.

A. Representative images of immunohistochemical staining of BCL9-2 in normal human breast tissue
and in invasive ductal carcinoma of the breast. B. Left: Expression of BCL9-2 was compared between
30 samples of normal breast tissue samples and 194 breast cancer tissue samples and for the patholog-
ical grade of the tumors. Right: Expression of BCL9-2 was compared between 30 samples of normal
breast tissue samples and 194 breast cancer tissue samples based on the expression of nuclear hor-
mone receptors and Neu. For statistical analyses a Mann-Whitney test was performed. * p< 0.05, **
p< 0.005.

Taken together, the analyses of BCL9-2 expression on human breast cancer tissue
further confirm a correlation between high BCL9-2 expression and development of

hormone receptor positive breast tumors in humans.
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Figure 36. High nuclear ERa and PR and HER2 expression correlates with high expression of
BCL9-2 in human breast cancer.

The graphs show the box plot analyses of nuclear hormone receptor and Neu expression score in
breast cancer samples with low, moderate and high BCL9-2 expression score. For statistical analyses a
Mann-Whitney test was performed. * p < 0.05
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6. Discussion

The role of BCL9 proteins has been discussed the recent years. While a connection
of BCL9 to B-cell Lymphoma was clearly established (87, 91), BCL9-2 was found to
be involved in tumorigenesis in the epithelial tissues. We and others recently demon-
strated the relevance of BCL9-2 in intestinal tumorigenesis in human and mice (89,
91, 93, 95). We found that BCL9-2 was highly expressed in adenoma of
APCM"*mice and in humans. Moreover overexpression of BCL9-2 enhanced ade-

noma formation in APCMI"*

mice and led to progression by inducing local invasion
of the tumor cells beyond the mucosa. In addition, we found that BCL9-2 was highly
expressed in human colorectal cancers. The role of BCL9-2 in other carcinoma was
not analyzed in details yet. Toya et al. 2007 presented the only immunohistochemical
study on human ductal carcinoma in situ and invasive ductal carcinoma of the breast.
Here, BCL9-2 was overexpressed in the breast tumors compared to the normal breast

epithelium.

The study presented here shows for the first time, that overexpression of BCL9-2 in
vivo leads to breast tumor development. Moreover, the results suggest a mechanism

of BCL9-2 oncogenic action in the breast by interfering with ERa signaling.

6.1 Overexpression of BCL9-2 leads to tumorigenesis in vivo

To examine the oncogenic potential of BCL9-2 in vivo, a novel transgenic mouse
model on a C57BL/6N background was established. The overexpression of the
transgene was regulated by the keratin 19 (K19) promoter. K19 is expressed in the
simple epithelia of several organs including the proliferative compartments of the
stomach, small intestine, colon and ductal epithelia of the pancreas and mammary
gland (106-109). Aged transgenic animals (older than 15 month) developed macro-
scopic tumors of the pancreas and small intestine with higher incidence than control
animals. Females of all analyzed founder lines developed mammary gland tumors,
whereas tumors of the breast were never found in control animals. In addition, a
number of transgenic females displayed macroscopic breast tumors, developed pul-
monary metastases. The transgene was established on a pure C57BL/6N background,
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which is known to be more resistant to tumor development compared to other differ-
ent mouse strains (134, 135), already indicating an oncogenic potential of BCL9-2

overexpression.

Breeding K19-BCL9-2 mice with APCY™* mice increased breast tumor number.
Compound MMTV®"™:Catnb™2**; K19-BCL9-2 developed macroscopic tumors of
the breast, whereas MMTV";Catnb™*** only displayed breast epithelial hyperplas-
ia. These results indicate that overexpression of BCL9-2 can lead or contribute to

development of macroscopic tumors.

No macroscopic tumors were observed in K5-CreER™*; Catnb™*™*; K19-BCL9-2
females. The absence of macroscopic tumors in these compound females may be due
to distinct spatial promoter activity used in this model. Keratin 5 (K5) is a basal epi-
thelium specific keratin (71). Therefore, the Cre-mediated stabilization of 3-catenin
and the resulting hyperactivation of Wnt signaling take place within the myoepitheli-
al cells of the breast epithelium, using K5 promoter-driven Cre recombinase expres-
sion. The overexpression of BCL9-2 under the K19 promoter occurs exclusively in
the luminal breast epithelia. Thus, the simultaneous expression of both, stabilized [3-
catenin and BCL9-2, within the same cell is not achieved. In contrast, usage of
MMTV-Cre system enables a coincident expression of stabilized p-catenin and
BCL9-2 in the same luminal cells, since the MMTYV promoter is reported to be acti-
vated predominantly in the luminal epithelial compartment of the breast (105, 129).
The APCM™* model also provides a coexistent expression of stabilized -catenin and
of BCL9-2 in the same cell, since the mutation of the APC gene is maintained in eve-
ry cell of the organism (136, 137). The simultaneous deregulation of B-catenin and
BCL9-2 in the same ductal cell may have therefore synergistic effect leading to on-

cogenic transformation of the cell.

6.2 Overexpression of BCL9-2 leads to mammary gland hy-

perplasia in vivo

The epithelial hyperplasia in the breast is associated with higher cancer risk. Serial

transplantation of hyperplastic mouse breast epithelium from p53 heterozygous or
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homozygous null mice or mice infected with MMTV (Mouse Mammary Tumor Vi-
rus) results in the development of tumors, impressively demonstrating the malignant
potential of hyperplastic lesions (13, 119-121, 138). Enhanced development of hy-
perplastic alveolar nodules (HANS) in the terminal parts of the ducts and ductal dila-
tation in the K19-BCL9-2 transgenics compared to controls were detected in this
study. Moreover, increased hyperplastic foci in the glands of compound
MMTV " Catnb"**; K19-BCL9-2 females were found, too.

In humans and mice, there is a process taking place as the organism ages, called age-
related involution. During this process, the mammary gland loses its complexity and
function due to regression of its glandular/secretory structures such as alveoli and
terminal ducts. Progressed age-related involution was shown to negatively correlate
with risk of breast cancer (4, 122). Different studies showed an extensive alveolar
phenotype of the breast, accompanied by breast tumor development. This is the case
for several Wnt/p-catenin pathway-deregulated mouse models, such as MMTV-
Wnt10b, MMTV-CyclinD1 or MMTV-Wntl (43, 64, 69, 70, 139-141). The surpris-
ing finding of the present study was the extensive alveolar morphology, which still
persisted in the mammary glands of aged transgenic females. This morphology was
very reminiscent of a mammary gland from pregnant or lactating females which is
characterized by extensive alveolar development. Our findings indicate a delayed
aged-related involution accompanied by hyperplasia of the aged transgenic mamma-
ry gland, which is consistent with preneoplastic changes.

Delayed postlactational involution is correlated with higher breast cancer risk. The
work on different mouse models clearly demonstrated a connection between pro-
longed mammary postpartum involution and mammary tumor development (64, 73).
Based on that, postlactational involution was defined as a special window for breast
cancer susceptibility (122, 142, 143). In this thesis, we analyzed females during the
phase of the postlactational involution at day 10 and 20. We found greater alveolar
structures persisting in the glands of transgenic females on day 10 of involution,
which were less present in controls. Based on this, we concluded that K19-BCL9-2
animals displayed delayed involution. Interestingly, the transgenic alveolar epitheli-
um showed a higher proportion of BrdU-labeled cells than found in control glands.

This result indicates that the extensive alveolar morphology may be a consequence of
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an enhanced proliferation of the transgenic epithelium after weaning. Capuco et al.
reported that pregnancy indirectly inhibited mammary involution by increasing the
proliferation of mammary epithelial cells. This was indicated by an increased number
of BrdU incorporating epithelial cells in the mammary gland of mice which were
pregnant at the time point of weaning (144). In the present study high BCL9-2 ex-
pression was found during ductal outgrowth and pregnancy in the wild-type mamma-
ry gland, which overlaps with Wnt/p3-catenin signaling activity at these stages (145).
Based in that, one could speculate that high expression of BCL9-2 may be linked to
high proliferation and /or differentiation of the mammary epithelia, which usually

takes place during puberty and pregnancy.

Taken together, using the K19-BCL9-2 mouse model, we could target mammary
epithelial cells for the overexpression of BCL9-2. We demonstrated for the first time
that elevated level of BCL9-2 in the epithelia of the mammary gland has the potential
to mediate a premalignant state of the epithelium. Moreover, we showed that overex-
pression of BCL9-2 leads to tumor development in vivo, confirming an oncogenic
potential of BCL9-2.

6.3 BCL9-2 overexpression may mediate EMT in breast tu-

mors

The breast tumor from K19-BCL9-2 females barely expressed E-cadherin, as was
detected by immunohistological staining of the tissue samples. Loss or inactivation
of E-cadherin is associated with invasive lobular carcinoma and EMT (epithelial-
mesenchymal transition), which enables a tumor to invade and metastasize (110, 112,
113, 146-150). Interestingly, Mani et al., 2008 showed that human and murine
mammary cells defined by expression of CD24"°“/CD44"%" displayed stem cell like
properties and showed expression of markers associated with EMT, including loss of
E-cadherin expression (147). Our previous studies already showed, that overexpres-
sion of BCL9-2 in normal epithelial cells induces EMT and an increase in cell migra-
tion capacity. sSiRNA mediated down regulation of BCL9-2 could revert the cells to
the epithelial phenotype (54). Moreover, we found that overexpression of BCL9-2 in

vivo induces invasion of adenoma in compound APCM"*: K19-BCL9-2 mice (93).
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These data was consistent with reduced expression of EMT markers in adenomas
from BCL9/BCL9-2 double knockout mice (95). Taken together, these findings sug-
gest that BCL9-2 may regulate E-cadherin expression, thereby mediating invasion
and EMT.

6.4 Overexpression of BCL9-2 may interfere with ERa

Histological examinations of the breast tumors from K19-BCL9-2 females revealed a
spectrum of distinct tissue differentiation. This morphological variety was previously
described for Wnt signaling associated tumors in different mouse models (13, 126,
140, 151). We found well differentiated tumors, with well-established luminal and
myoepithelial layers. This type of tumor tissue differentiation is described as “type-
P> (Pregnancy-dependent or Plaque-like) tumors and show predominantly ductule
architecture (126). Interestingly, those well-differentiated breast tumors from K19-
BCL9-2 females displayed distinct, myoepithelial-like differentiated areas. Such less
differentiated, myoepithelial-like tumor pattern can be found adjacent to well differ-
entiated type-P-like pattern in Wnt pathway tumors (126). However, a panel of K19-
BCL9-2 cancers showed a differentiation reminiscent of lobular carcinoma found in
humans. These tumors expressed markers of the luminal and basal breast epithelium,

too.

Intriguingly, BCL9-2 expression among the distinct histological pattern of K19-
BCL9-2 mammary tumors changed. It was high in the well differentiated tumors, in
luminal-like as well as in myoepithelial areas. In contrast, the lobular-like tumor tis-
sues displayed defined BCL9-2 expression with the high expression limited to ductal
cells and a weak staining of BCL9-2 in single tumor cells. The staining of K19 lu-
minal marker revealed similar expression pattern in the lobular-like K19-BCL9-2
tumors. However, transgenic BCL9-2 RNA expression was high in the lobular-like
tumors, indicating that the transgenic BCL9-2 contributed to the development and

progression of this type of tumors.

The probably most impressing result of this study is the nuclear expression of ERa
and PR in all K19-BCL9-2 mammary tumors. This finding represents a unique char-
acteristic of the K19-BCL9-2 mouse model, since the most mouse breast cancer

models show no or low levels of nuclear ERa and PR and are not hormone respon-
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sive (117). In contrast, many human breast cancers are characterized by nuclear ER
expression and a subtype of these tumors are also hormone responsive. In fact, ERa
is the most common anti-hormonal therapeutic target for the treatment of such tu-
mors (130, 152, 153). There are a few Wnt pathway models that develop ERa posi-
tive breast tumors (117, 152). A tumor growth dependency on hormones was already
demonstrated for Wntl transgenic mice (154). In this study we showed that the pro-
liferation of the primary K19-BCL9-2 tumor cells was reduced by tamoxifen, an an-
tagonist of the estrogen receptor. In addition, in 2D collagen culture, the tumor cells
developed ductal-like epithelial colonies. The number of those structures was higher
after estrogen treatment. Treated with tamoxifen, the number of the epithelial colo-
nies was lower compared to vehicle control and the cells died after several days.
Moreover, examination of primary cells revealed higher ERa protein levels in K19-
BCL9-2 mammary tumor cells compared to non-transgenic control cells. These re-
sults indicate that the growth of the K19-BCL9-2 breast tumors is dependent on ERa,
thus implying a possible correlation between overexpression of BCL9-2 and ERa

expression.

This assumption is further supported by the immunohistological BCL9-2 expression
data, obtained from wild-type animals in this thesis. The strongest expression of en-
dogenous BCL9-2 was detected during the puberty within the epithelium of the ter-
minal end buds (TEBs), and in the late pregnancy. Interestingly, the proliferating
activity of the outgrowing pubertal ductal epithelium is regulated by estrogen and its
receptor (10, 11). In addition, in the mammary glands the levels of ERa are high dur-
ing pregnancy (13, 155-157). These findings indicate a time matched high expression
of both, ERa and BCL9-2 in the proliferating mammary epithelium of pubertal and
pregnant females, and in mammary tumor cells. Thus, BCL9-2 may be a novel can-

didate to interfere with ERa expression and action.

6.5 Overexpression of BCL9-2 may lead to oncogenic trans-

formation of stem/ progenitor cells in the mammary gland

No pillar-like differentiation or squamous metaplasia was detected in the K19-BCL9-

2 breast tumors. Those pillar-like differentiation and squamous metaplasia of tumor
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tissue are usually found in APCM"*

mammary tumors (123, 124, 126). In addition,
the pattern of transdifferentiation into epidermis combined with squamous metaplasia
was described within the mammary glands of MMTV"™:Catnb™*** females (127).
We found the same differentiation within the glands and tumors from APCM™*; K19-
BCL9-2 and MMTV®":Catnb™****; K19-BCL9-2 females. Thus, overexpression of
BCL9-2 drives the hyperplasia caused by accumulation of 3-catenin to progress to

CM"*mice. However, over-

macroscopic cancers, and enhances tumorigenesis in AP
expression of BCL9-2 at least in a K19 promoter-driven system is not sufficient to
alternate the characteristic squamous metaplasia of mammary glands in APCM™"* or
MMTV":Catnb"*** models. Thus, it may act as a co-factor of Wnt/B-catenin sig-

naling enhancing tumorigenesis.

Based on the immunohistochemical analyses and primary tumor cell culture experi-
ments on K19-BCL9-2 tumors, it is evident that K19-BCL9-2 mammary tumors are
more reminiscent of breast tumors induced by overexpression of Wntl compared to
breast cancers from APCM™* or MMTV™:Catnb™® mice. K19-BCL9-2 and
MMTV-Wntl cancers share similar tissue differentiation and they depend on ERa
action. One explanation for the disparity of these models could be the different levels
of Wnt/B-catenin levels induced by distinct mutations. Several studies confirmed the
possibility of a tissue specific level of Wnt/p-catenin signaling, so that only specific
alternations of Wnt/p-catenin pathway components could cause a “just right” level of
signaling to induce tumorigenesis in the mammary gland (123, 124). These and other
studies showed in addition that special mutations affect different epithelial
stem/progenitor cells in the mammary gland (123, 124, 128, 158). Using an expres-
sion of different cell surface markers, Teissedre et al. 2009 analyzed differences be-
tween mammary tumors caused by MMTV-Wntl and MMTV-AN89B-catenin
transgenes. They found that although driven by the same promoter, the activation of
Whnt-B-catenin signaling targeted different cell types within the mammary epitheli-
um. MMTV-AN89p-catenin expression induced autocrine canonical signaling and
affected bipotent alveolar/ductal progenitor population, which resulted in well differ-
entiated and hormone receptor negative tumors. The tumors induced by MMTV-
Wntl expression originated from paracrine Wnt/p-catenin signaling which affected

multipotent mammary progenitors, defined by the low expression of CD24 and high
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expression of CD49f (128). The progenitor origin of the tumors detected in the stud-
les described above was confirmed by immunohistochemical expression of luminal
and basal/myoepithelial specific markers in the tumor tissue. The tumors from K19-
BCL9-2 females displayed K19 and SMAa positive cells, indicating a possible pro-
genitor cell origin of the tumors. Moreover, immunofluorescent staining on the breast
tumor tissue from K19-BCL9-2 mice showed that the expression of BCL9-2 was
activated in luminal and myoepithelial cell, indicating a common BCL9-2 positive
progenitor of the tumor cells. The exact progenitor specific cell surface marker ex-
pression of tumor cells from K19-BCL9-2 females was not analyzed in this thesis.
However, it is plausible though to expect that the overexpression of BCL9-2 using a
K19 promoter could target mammary progenitor cell lineages. K19 was described as
a marker for lobular mammary stem cells, which express ERa (159, 160). Moreover,
the majority of human breast cancers are characterized by expression of both, ERa
and K19, suggesting these cells as a target for oncogenic transformations (161). Re-
cently, a down regulation of BCL9 and BCL9-2 was shown to reduce stem cell
marker and to impair regeneration of the epithelium in the intestine, confirming the
role of BCL9-2 in regulation of stem cell functions (95). These findings indicate that
K19-BCL9-2 mouse model may possibly mimic specific oncogenic transformation

processes taking place during breast cancer development in humans.

6.6 BCL9-2 overexpression in human breast cancer correlates with

high hormone receptor expression

To analyze the role of BCL9-2 in human breast cancers this study made use of hu-
man breast cancer tissue microarrays. The immunohistological examination of the
invasive ductal carcinoma samples revealed overexpression of BCL9-2 compared to
normal breast tissues, provided by the microarrays. This finding was consistent with
the results of the study performed on human ductal carcinoma in situ (DCIS) and
invasive ductal carcinoma (IDC) for the immunohistochemical expression of BCL9-2
by Toya et al. 2007.
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Furthermore, we found a correlation between high BCL9-2 expression and nuclear
hormone receptor positivity. The highest BCL9-2 levels were detected in ER and/or
PR positive tumors and in tumors, which displayed the expression of nuclear hor-
mone receptors and HER2. The modern classification of the breast cancers is based
on their hormone expression profile. The combination of their expression is applied
to define the tumors into following subtypes: the luminal A (ER+, PR+, HER2-),
luminal B (ER+, PR+, NER2+), HER2-overexpressing (ER-, PR-, HER2+) and tri-
ple-negative (ER-, PR-, HER2-) (25, 27, 28, 162). Thus, the tumor samples from the
microarrays with the highest BCL9-2 expression are defined as luminal A and B type
of breast cancers, according to their hormone receptor and HER2 expression profile.

These data are consistent with our results obtained from the Western blot analyses of
BCL9-2 expression in different human breast cancer cell lines. BCL9-2 was ex-
pressed in all analyzed cancer cell lines regardless of their subtype. However, the
level of BCL9-2 was highest in breast cancer cell lines of the luminal type, MCF7
and T47D, which express ER, and SK-BR-3, a HER2-positive luminal cell line (163,
164). Compared to that, the BCL9-2 levels were only moderate in the triple negative
breast cancer lines MDA-MB-231 and BT 549. Similarly, the expression of BCL9-2
was only slightly elevated in the triple-negative cancer samples of the tissue arrays

compared to the normal mammary breast.

These data are in part consistent with the results published by Toya et al. 2007. In
this publication, high BCL9-2 expression correlated with the expression of HER2,
similar to our findings. However, the statistical analyses of BCL9-2 and ER expres-
sion did not reveal a significant correlation of the expression of these molecules.
That may be due to the lower patients numbers used in the mentioned study (99).
Taken together, our data from the tissue microarrays strongly indicate, that BCL9-2
could play an important role for development and/or progression of breast tumors,

especially of the luminal, ER positive type.

In this study, BCL9-2 was not only highly expressed in ER and/or PR positive hu-
man breast cancers. Higher expression levels were detected in HER2 positive and in
tumors with ER, PR and HER2 expression. Although the majority of human breast
cancers are ER positive, and a large number of patients respond to the tamoxifen

therapy, a significant number of breast cancer evolve into tamoxifen resistant type.
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Recent studies suggest different mechanism of tamoxifen resistance, such as decrease
or loss of ER expression, changes in expression of ERa co-factors, and interference
with other signaling pathways (30, 35, 165, 166). Whether BCL9-2 may play a role
in maintenance of tamoxifen action and balancing the crosstalk among ERa and oth-

er pathways is yet to be determined.

To find out if BCL9-2 interferes with ERa signaling, we used RNAi to knock down
BCL9-2 in the ERa positive human breast cancer cell line MCF7. We found reduced
ERa mRNA and protein levels after 48 hours of BCL9-2 knock down. In addition,
the mRNA level of the ERa target genes PR (progesterone receptor) and GREBI
(growth regulation by estrogen in breast cancer 1) was down regulated simultaneous-
ly. However, after 72 hours of BCL9-2 knock down, ERa and its target genes in-
creased again, although the knock down of BCL9-2 still persisted. These results sug-
gest that reduction of BCL9-2 protein leads to a reduction of ERa and its transcrip-
tional activity. However, this effect seems to be transient and the expression of ERa.
and its targets recovers rapidly. Studies on MCF7 cell line reported a rapid dynamic
process of ERa degradation and synthesis as a general estrogen response (167).
Moreover, a cross-regulatory mechanism between ERa and its target genes such as
PR and GATAZ3 (trans-acting T-cell-specific transcription factor GATA-3) was re-
ported (168, 169). Furthermore, ERo was shown to have an auto-regulating ability
(170-172). Together these findings indicate that the maintenance of ERa levels is a
very dynamic cell process, rapidly controlled by various mechanisms. Thus, being a
co-factor, BCL9-2 could be a part of a regulatory machinery of feedback loops,
which influence the expression of ERa and, consequently, of its targets. However, a
validation of BCL9-2 knock down experiments and immunoprecipitation studies in
MCF7 and further ERa positive breast cancer cell lines would help to gain more de-
tails about the interaction of BCL9-2 and ERa.

It is possible that BCL9-2 acts as a co-factor of B-catenin in this context. An interac-
tion between ERo and Wnt/B-catenin signaling in different tissues was previously
reported (173-176). Recent studies suggest a mechanism via inhibition of GSK3f by
estrogen that leads to an induction of Wnt/B-catenin signaling (177, 178). However,
the findings concerning the direct interaction between ERa and -catenin are contro-

versial (173, 179, 180). Nevertheless, p-catenin was reported to positively regulate
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ERa signaling in breast cancer cell lines (173, 179). Thus, BCL9-2 could indirectly
co-regulate ERa function by acting as a co-factor of B-catenin. An alternative model
could be that BCL9-2 directly binds to ER or is a part of a protein complex with
ERa. Such BCL9-2/ER complexes could bind to regulatory sequences and regulate
ER target gene expression. This speculation is supported on the findings from our
recent study. We found that BCL9-2 regulates a subset of Wnt/B-catenin dependent
target genes in colon cancer cells, indicating a context specific mode of action of
BCL9-2. Furthermore, it is able to act as a transcriptional regulator in a Wnt/B-
catenin independent manner (84). Of note, canonical Wnt/p-catenin signaling is al-
most inactive in human breast luminal breast cancer cell line MCF7 which were used
in this thesis to analyze the expression of ERa and its target genes after BCL9-2
knock down (179). Therefore, BCL9-2 could indeed act in a Wnt/B-catenin inde-
pendent mode in this model. Sustmann et al., 2008 detected a transactivation domain
in the C-terminus of BCL9, a homologue of BCL9-2. The C-terminal domains of
BCL9 and BCL9-2 are highly conserved between vertebrate BCL9 proteins but not
in Drosophila Legless (48, 54, 88, 89, 91). The function of C-terminal domains in
BCL9-2 seem to be important for promotion of Wnt/B-catenin signaling, since a de-
letion of a C-terminus in both, BCL9 and BCL9-2 reduced the Wnt/j3-catenin de-
pendent expression of a reporter construct in cultured cells (54, 91). However, a def-
inite function of any of three C-terminal domains was not addressed yet precisely.
Thus, C-terminus of BCL9-2 could be a candidate to bind to further not yet described
interaction partners, in a B-catenin dependent or independent manner. Finally, BCL9-
2 could act on the protein level as a regulator of ERa stability. However, the precise
mechanism of how BCL9-2 interferes with ERa signaling is not apparent from the

results of this study and yet has to be analyzed.
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/. Summary

One of a few highly conserved signaling pathways, which regulate cell proliferation
and tissue organization during embryogenesis and in the adult organism, is the
Whnt/B-catenin signaling cascade. The mutations of different Wnt/p-catenin signaling
components lead to an aberrant activation of -catenin and to an abnormal expres-
sion of diverse target genes. A deregulated Wnt signal transduction results in a ma-
lignant transformation followed by tumor progression in many tissues, including the
breast. Recently, BCL9-2, the member of the novel BCL9/legless oncogene family,
was identified as essential co-activator of R-catenin dependent regulation of target
gene transcription. The oncogenic potential of BCL9-2 in colorectal cancer is becom-
ing more apparent. Its implication in breast tumor development is not yet investigat-
ed. This study shows for the first time, that overexpression of BCL9-2 in vivo leads
to breast tumor development. Moreover, the results suggest a mechanism of BCL9-2

oncogenic activity by interfering with ERa signaling.

Overexpression of BCL9-2 using a keratin 19 (K19) specific promoter sequence in
transgenic mice led to breast tumor development in aged females. Moreover, BCL9-2
overexpression was sufficient to increase the breast tumor incidence in APCM™* fe-

+/Aex3 mice.

males and to induce macroscopic tumors of the breast in MMTV®™;Catnb
Aged transgenic females displayed mammary gland hyperplasia characterized by
enlarged ducts and hyperplastic alveolar nodules (HANs), which are described as
premalignant foci in mice and in human. In addition, they displayed increased alveo-
lar morphology and delayed postlactational involution of mammary epithelium, pos-
sibly associated with tumorigenesis in the breast. Interestingly, the mammary tumors
of transgenic K19-BCL9-2 females showed nuclear estrogen receptor alpha (ERa)
and progesterone receptor (PR) expression, representing a unique feature of the K19-
BCL9-2 model. Moreover, the tumor growth was dependent on estrogen stimulation,

as was shown by MTT and BrdU assays.

Comparing different human breast cancer cell lines, the highest BCL9-2 protein lev-
els were found in ERa and HER2 positive cells. Additionally, a siRNA-mediated
transient knock down of BCL9-2 resulted in a transient mRNA reduction of ERa and

corresponding target genes, indicating that BCL9-2 may regulate the ERa expression
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and interferes with downstream signaling. Finally, immunohistochemical analyses of
human breast cancer tissues showed that BCL9-2 overexpression significantly corre-
lated with high expression of ERa, PR and HER2 and that the expression of BCL9-2

is higher in malignant than in healthy mammary tissue.

Taken together, this study demonstrates, for the first time, an implication of BCL9-2
In mammary tumorigenesis and suggests BCL9-2 as a novel modulator of estrogen
receptor a signaling.
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8. Zusammenfassung

Einer der wenigen hoch konservierten Signalwege, welche die Zellproliferation und
Gewebeorganisation wéhrend der Embryogenese aber auch im adulten Organismus
regulieren, ist die Wnt/B-Catenin Signalkaskade. Mutationen verschiedenster Wnt/j3-
Catenin Signalkomponenten fulhren zu einer aberranten Aktivierung von B-Catenin
und zu einer abnormalen Expression diverser Zielgene. Eine solche deregulierte Wnt
Signaltransduktion verursacht in vielen Geweben, inklusive des Brustgewebes, eine
maligne Transformation mit anschliefender Ausbildung von Tumoren. Kirzlich
wurde BCL9-2, ein Mitglied der neuen onkogenen BCL9/legless Familie, als essen-
tieller Co-Aktivator der p-Catenin-abh&ngigen Regulation der Transkription von
Zielgenen identifiziert. Im kolorektalen Karzinom zeichnet sich das onkogene Poten-
tial von BCL9-2 immer mehr ab. Seine Implikation in der Entstehung von Brusttu-
moren wurde dagegen noch nicht untersucht. Diese Arbeit zeigt zum ersten Mal, dass
eine Uberexpression von BCL9-2 zur Bildung von Brusttumoren in vivo fihrt. Zu-
dem weisen die Ergebnisse auf einen Mechanismus der onkogenen Aktivitat hin, bei
dem BCL9-2 in die ER Signaltransduktion eingreift.

Nach Uberexpression von BCL9-2 unter einem Keratin 19 (K19) -spezifischen Pro-
motor kam es in &lteren transgenen Weibchen zur Ausbildung von Brusttumoren.
Zudem reichte eine BCL9-2 Uberexpression aus, um die Brusttumor-Inzidenz in
APCM"* \Weibchen zu erhéhen und makroskopische Tumore der Brust in
MMTVC™;Catnb™* Mausen zu induzieren. Gealterte transgene Weibchen zeigten
Milchdrusenhyperplasien, welche durch erweiterte Gange und hyperplastische alveo-
lare Knoten (hyperplastic alveolar nodules; HANS) charakterisiert und als pramaligne
Foci in Maus und Mensch beschrieben sind. Zusatzlich weisen sie eine erhohte alve-
olare Morphologie und eine verzdgerte post-laktationale Rickbildung des Brus-
tepithels auf, was moglicherweise mit einer Tumorbildung in der Brust assoziiert ist.
Interessanterweise wiesen Brusttumoren der transgenen K19-BCL9-2 Weibchen eine
nukleédre Estrogenrezeptor alpha- (ERa) und Progesteronrezeptor- (PR) Expression
auf, was eine Besonderheit des K19-BCL9-2 Mausmodells darstellt. Dartiber hinaus
zeigten MTT und BrdU Assays, dass das Tumorwachstum abhéngig von der Stimu-

lation mit Estrogen ist.
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Der Vergleich verschiedener humaner Brustkrebs-Zelllinien zeigte, dass ERa- und
HER2- positive Zellen die hochsten Level an BCL9-2 Protein aufweisen. Zusatzlich
resultierte ein sSiRNA-vermittelter transienter knock down von BCL9-2 in einer tran-
sienten MRNA Reduktion des ERa und entsprechender Zielgene. Dies weist auf eine
mogliche Regulation der ERa-Expression durch BCL9-2 und ein Eingreifen in die
ERa downstream Signaltransduktion hin. Schliellich zeigten immunhistochemische
Analysen an humanen Brustkrebsgewebeproben eine signifikante Korrelation zwi-
schen BCL9-2 Uberexpression und erhohter Expression des ERa, PR und HER2 so-
wie eine deutlich starkere BCL9-2 Expression in malignem verglichen mit gesundem

Brustgewebe.

Zusammenfassend veranschaulicht diese Arbeit erstmals eine Implikation von
BCL9-2 in der Tumorgenese von Mamma Tumoren und lasst BCL9-2 als neuen Mo-

dulator der ERa Signalkaskade vermuten.
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