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Breast cancer is the most frequent cause of cancer related death occurring among
women (World Cancer Report, 2008) in both developed and developing countries. It
affects approximately 1 in 8 women in the Western world with a total of more than
one million new cases wortldwide per year, of which 35% will eventually die. Breast
cancer is a heterogeneous and complex disease with several histological and molecular
characteristics within tumors and between patients [1]. Invasive ductal carcinoma (IDC)
is the most common form of breast cancer (~80%), while 10%-15% of patients
present with invasive lobular carcinoma (ILC), and the rest comprises rare subtypes |2,
3]. Lobular and ductal carcinomas differ from each other in terms of molecular features,
histology and response to therapy (detailed information in Chapter 2). Histologically,
classic ILCs are characterized by small and round shaped cells that infiltrate individually
or in strands, with frequently intracytoplasmic vacuoles and small to intermediate
size nuclei. The discohesive tumor cells are highly dispersed and locally very invasive,
making diagnosis with physical examination and mammography difficult [4]. Therefore,
ILC is relatively often an incidental finding on a breast biopsy taken for other clinical or
radiological mild abnormalities.

ILCs do more frequently express hormone receptors than IDCs do [5] and generally
respond to endocrine therapy. However, ILCs with high histological grade usually loose
the hormone receptor expression and therefore become resistant to endocrine therapy
[6]. Compared to IDC, ILC morte frequently shows low/absent EGFR and HER-2
expression |2] resulting in a lower eligibility for anti-EGFR family monoclonal antibody
or small molecule based therapies (e.g.CetuxiMab, Lapatinib, Herceptin) [7, 8]. It has
been reported several times that ILC has a worse prognosis than IDC and this is a clear
sign of inadequate success rate of current treatment strategies against this malignancy
[5, 9, 10]. ILCs exhibit certain molecular aberrations such as loss of chromosome
16q and lack of E-cadherin expression which are characteristic to this subtype [11].
Nevertheless, there is a lack of further understanding in the molecular pathways and
abnormalities associated with lobular cancer etiology.

Aim of the thesis

A comprehensive understanding of the molecular pathways and aberrations leading
to ILC development and progression is required to improve the existing strategies and
to develop novel therapies. Several signaling pathways which play a key role in normal
mammary gland development and homeostasis have been identified, and increasing
evidence indicates that the same pathways are often deregulated in breast cancer. The
aim of this thesis was to study the involvement of some of these key pathways in lobular
breast cancer growth and maintenance to gain a better insight in this breast cancer
subtype. Eventually, this investigation could reveal attractive candidates for additional
treatment options for individualized treatment regimens of patients with ILC.

Scope of the thesis
In Chapter 2, molecular, pathological and clinical characteristics of lobular breast
cancer are extensively reviewed. In Chapter 3, an overview of the current literature



on the role of mammary stem cells is given in the context of normal breast and breast
cancer development. This review offers broad information on the key molecular
pathways controlling normal mammary homeostasis and playing a role in breast cancer
progression, with emphasis on the NOTCH pathway which is frequently altered
in human breast cancer. Chapter 4 investigates the role of NOTCH signaling as a
possible therapeutic target in the growth and maintenance of lobular breast cancer. In
this chapter, frequent NOTCH activation in lobular breast carcinomas and response
to NOTCH inhibitors is described. In addition, we investigated associations between
NOTCH and HIF-1a signaling in human breast cancer specimens and metastases in
Chapter 5. These two highly conserved signaling pathways are known to play a role
in normal development and breast cancer and show interplay 7z vitro where hypoxia
induced NOTCH activation through HIF transcription factors.

Chapter 6 is devoted to investigating mutations in the tumor suppressor p53 in two
different subtypes of lobular breast cancer; classic and pleomorphic. In Chapter 7, we
investigated copy number changes of tumor suppressor and oncogenes in classic and
lobular breast cancer cases. Finally, Chapter 8 summarizes and discusses all the findings
reported in this thesis.
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Abstract

Lobular breast cancer is a subtype of breast cancer comprising 10-15 % of all breast
cancer cases. The clinical diagnosis of this subtype remains to be difficult whereas its
incidence has been increasing. The histopathological characteristics of this disease
have probably been better defined than its biological features. Here, we review the
pathological and molecular features of lobular cancer.



1. Introduction

1.1 Terminology & History

Lobular carcinoma accounts for 10-15% of all breast cancer cases [1] and is the second
most common histological type of breast cancer. Two microphotographs documented
by Ewing in 1919 were the first documentation of this subtype (Ewing J. Neoplastic
diseases: a textbook on tumors). Two decades later, in 1932, it was Broders who defined
lobular “catcinoma in situ” (LCIS) for the first time (Broders, A. C. Carcinoma in Situ
Contrasted with Benign Penetrating Epithelium. J. Am, Med. Assoc, 99: 1670-1674,
1932)). Later, in 1942, Foote and Stewart described this form of breast cancer as a
population of small monomorphic cells filling and distending from the terminal ducto-
lobular unit (where early progenitor cells determine the histological fate) [2] spreading in
a pagetoid manner through the ductal system. In time, less extensive lesions within LCIS
were noticed and called as atypical lobular hyperplasia (ALH) (Muir R. The evolution of
carcinoma of the mamma. ]. Pathol. Bacteriol. 1941). The term lobular neoplasia (LN)
was introduced only later by Haagensen [3] who used this word to cover the spectrum of
disease; from ALH to LCIS. So far, LN has been described not only as often associated
with invasive lobular breast cancer but also as a risk factor for subsequent development
of invasive cancer [4-6]. This hypothesis is supported by increasing molecular evidence
which show that LCIS is a likely precursor of invasive lobular cancer (ILC), which will
be discussed later in this review [7].

1.2 Subtypes & Morphology

1.2.1 Lobular neoplasia

As it has been described by Rosen et al. (Rosen PP, Oberman H. Tumors of the
Mammary gland. Washington, DC, Armed Forces Institute of Pathology, 1993), ALH
is as an intralobular proliferation of discohesive fairly monotonous small cells with
scant cytoplasm and often clear cellular borders, with often vacuoles in the cytoplasm
(to form “signet (ring) cells”), mildly distending the individual acinar structures but
not completely solidifying them (often less than half of the acinar structures of the
lobule). The nuclei are fairly monotonous, small, rounded, have bland chromatin and no
or small nucleoli. Necrosis is absent and mitoses and apoptosis are rare. LCIS is more
outspoken with regard to these criteria: more monotonous and completely solidifying
more than half of the acinar structures.

In view of the problems with differentiating between ALH and LCIS and the wide
ovetlap in molecular features, ALH and LCIS are nowadays grouped as LN (Figure 1A
& B). Although usually located in the lobuli, LN cells may spread to the ductal system,
denoted “Pagetoid spread” [4, 8, 9]. Very often, LN is diffusely found in the affected
breast. High grade variants of LN are pleomorphic LCIS with very atypical nuclei and
sometimes apocrine differentiation, and the macroacinar type with hugely distended
acini that tend to become necrotic in the center because of severe hypoxia, and may
contain microcalcifications [11] (Figure 2). These high grade forms of LCIS are more
difficult to discern from ductal carcinoma 7 situ (DCIS) and tend to behave more as
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DCIS in the sense that they usually form more localized disease that is easier treatable
with surgery.

Figure 1. Representative images of atypical lobular hyperplasia (A) and lobular carcinoma in situ (B).

Alternatively, LN (here: lobular intraepithelial neoplasia (LIN)) has been divided into
three groups based on different degrees of atypia; LIN1, LIN2 and LIN3 [10]. LIN1
is comparable to ALH, LIN2 to classic (low grade) LCIS, and LIN3 to pleomorphic or
macroacinar LCIS.

There is increasing molecular evidence showing that LCIS is a likely precursor of ILC.
For example, conventional cytogenetic and comparative genomic hybridization (CGH)
analysis revealed recurrent genomic gains on chromosome 1q and loss of chromosome
16q in ALH, LCIS and ILC highlighting their common origin (see further below) [11-

15].

Figure 2. Macroacinar LCILS with central
necrosis, surrounded by IL.C

1.2.2 Invasive lobular cancer

The classic type of ILC is characterized by small regular cells with frequently
intracytoplasmic vacuoles, small rounded nuclei with no or small nucleoli, discohesively
infiltrating as single cells or one layer thick (“indian”) files in a targetoid pattern around
uninvolved ducts (Figure 3 A & B). The mitotic rate is low and there are few apoptotic
cells.



Figure 3. Representative images of classic type invasive lobular cancer (A) and invasive lobular cancer with

targetoid growth (B).

Some ILC variants have been described which have a different architecture but classic
lobular cytonuclear appearance (the alveolar and solid subtypes), or which have a
classic architecture but different cytonuclear appearance (the pleomorphic, myoid and
histiocytic subtypes). The alveolar type is defined by its typical lobular cytology but
architectural pattern of round aggregates of 20 or more cells (Figure 4A).

Figure 4. Representative images of with alveolar architecture (A) and 1L.C with apocrine cellular

differentiation (B).

Solid ILC shows solid sheets of lobular type cells with little intervening stroma. This
variant often exhibits more mitoses and more nuclear atypia. The pleomorphic variant
of ILC displays cells with polygonal, highly atypical nuclei and also more frequent
mitoses, infiltrating in a classic lobular pattern [106].

The myoid, histiocytic and apocrine subtypes (Figure 4B) are composed of polygonal
larger cells with distinct eosinophylic cytoplasm resembling striated muscle cells,
histiocyt-like cells and apocrine cells, respectively.

1.3 Incidence

LCIS is found in about 5% of all cancer excision specimens [17, 18]. The incidence of
LCIS appears to have increased in the last two decades [19] as stated by a study based
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on Surveillance, Epidemiology, and End Results (SEER) data. This increase is likely to
be due to the improvement of screening methods and its widespread use together with
the increased consciousness of the pathologists about this lesion [20, 21].

ILC is known to comprise approximately 10-15% of all breast cancers; the study of
Orvieto et al. gives an idea about the frequency of ILC subtypes [22]. In their report,
the investigated 530 patients and observed that 57% classic, 19% alveolar, 11% solid,
and 13% pleomorphic, signet ring cell, histiocytoid, or apocrine features.

Figure 5. ILC with complete loss of E-cadberin
expression  surrounding a pre-existent duct with
normal expression

2 Molecular Features
2.1 Immunophenotype

LN and most of its variants have a similar immunophenotype. They usually express
the estrogen (ER) and progesterone receptors (PR), and only rarely overexpress HER2.
They lack cytokeratin (CK)5, CK14 and EGFR expression, usually negative for p53,
but express CK18 [1, 34, 35]. Exceptions are pleomorphic LN and ILC that are more
often ER/PR negative but HER2 and p53 positive [23], and apoctine LN and ILC that
are more often ER/PR negative but HER2 positive, and express GCDFP15 and the
androgen receptor (AR). E-cadherin expression is very often lost or at least diminished
(see further below) (Figure 5). Thereby, most LN and ILCs are considered to be “luminal
A” lesions, pleomorphic and apocrine LN and ILC being exceptions belonging rather to
the HER2 driven or Luminal B type spectrum.

2.2 Genetic changes

Over thelast decades, investigations on molecular features that ate characteristic to certain
subtypes of breast cancer have led to increased understanding on molecular evolution
and progression of breast cancer. Genetic data based on conventional cytogenetic and
comparative genomic hybridization (CGH) analysis showed no significant difference
between ALH and LCIS. Furthermore, these data demonstrated that LCIS/ILC harbor
recurrent genomic gains on chromosome 1q and loss of 16q which are also features
of low grade DCIS/infiltrating ductal cancer (IDC) [11-14, 24]. These reports revealed
LCIS as a direct precursor to 1LC. Moreover, the results also supported a common
evolutionary link between LCIS and low grade DCIS/IDC [25]. The recurrent loss of
chromosome 16q in ALH, LCIS and ILC supports the common evolutionary origin of



these three conditions [15, 20].

The E-cadherin gene (CDHT) is located on chromosome 16q and mainly known by its
role in cell adhesion. Human CDHT was cloned and characterized by Bussemakers et
al. [27] who later identified inactivating somatic mutations in CDHT in lobular breast
carcinomas |28, 29]. Interestingly, Guilford et al. identified a germline mutation in
CHDY, the locus for E-cadherin, as a hereditary factor in families with both gastric and
breast cancer [30]. In cases where LCIS and ILC co-existed, similar truncating mutation
have been observed in both of them, which is more evidence supporting their common
origin [31, 32].

DCIS (especially high grade) seems to develop through divergent molecular pathways
than LN/ILC since it harbors very distinct genetic changes compared to LN/ILC
such as chromosomal alterations in 6q, 8q, 11q and 17q [33, 34]. Low grade DCIS
and LN appear to have a stronger evolutionary association and high grade DCIS seem
to be the most distinct one. Interestingly, several reports indicated that pleomorphic
variant of LN/ILC show similar characteristics to high grade DCIS which certainly
added to the complex nature of evolutionary associations of breast cancer subtypes
[35-37]. Eusebi et al. reported the presence of apocrine differentiation in a group
of pleomorphic ILC cases based on the positive expression of gross cystic disease
fluid protein 15 (GCDFP-15) in these cases. GCDFP-15 is encoded by the PIP gene.
Moreover, amplifications/overexpression of HER2 and accumulation/mutations of
p53 in pleomorphic ILC were reported [35]. Partial gains and deletions of chromosomes
(1p, 8p, 12p, 14q, 18q, 19p+q) and gain of oncogenes (e.g. c-myc, HER2) are among
the similarities of pleomorphic LN/ILC and high grade DCIS [38]. However, recent
reports demonstrated that only a very small percentage of genes were differentially
expressed between classic and pleomorphic ILC, indicating that pleomorphic LN/
ILC ate different from DCIS/IDC [39, 40]. Pleomorphic ILC cases showed a lack
of E-cadherin and B-catenin expression and gain of 1q and loss of 16q, which are
characteristics of 1LC but not IDC.

In conclusion, these results point to the concept of pleomorphic variant emerging
via a common genetic pathway shared by DCIS/IDC and LN/ILC [41]. Allred et
al. also reveal that ILC has an exclusive genetic profile compared to their grade and
molecular subtype matched IDC, mostly on genes involved in processes like adhesion
and cytoskeletal signaling. Considering the characteristic morphology of LN/ILC, this
was not an unexpected observation. Today, the most characteristic molecular feature of
LN and ILC remains the frequent loss of E-cadherin [32, 42] (see below).

Together, these data support the progression routes described in Figure 1. ILC is mainly
thought to derive from normal breast through stages of ALH and LICS. Columnar cell
lesions are also thought to progress to ILC through stages of CCL with hyperplasia and
atypia. Thirdly, also some forms of low grade DCIS may be precursors of ILC (Figure
6).
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Figure 6. Schematic representation of progression routes from normal breast to ILC
3 Clinical Diagnosis

LN s usually too small and too scattered to present as a palpable lesion, and similatly does
not show up on imaging (except for calcified macroacinar LN). Pure LN is thereby almost
always an incidental finding, made after pathological examination of a breast biopsy taken
for other clinical or radiological abnormalities. This makes it difficult to estimate the exact
incidence of the disease since there are certainly women who do not show any symptoms.
According to studies reporting the clinical, pathological and mammographic features
of LN, various types of microcalcifications with additional opacities suggestive of
malignancy are associated with LCIS [43-46]. Microcalcifications were observed usually
around the areas of adenosis and apocrine metaplasia near the tumor area but not
inside it (except for the macroacinar type). In addition, frequent presence of sclerosing
adenosis of mastopathy, and lobular hyperplasia was observed. Fibroglandular
type density was detected in the breasts of patients with LN. Multifocality in
the ipsilateral breast is observed in more than 50% of the patients diagnosed with
LCIS and 30% of these cases develop LCIS in the contralateral breast as well [47].
The diagnosis of ILC with physical examination, mammography, sonography, MRI
and PET scanning is also often difficult due to the lack of characteristic radiological
abnormalities and the fact that also ILC often does not present as a palpable lump [48-52].
MRI has been shown to have the highest sensitivity of current imaging techniques for
ILC. In a more recent study, Brem et al (2009) investigated and compared the sensitivity
of mammography, sonography, MRI, and breast-specific gamma imaging (BSGI) in the



detection of ILC [53] and concluded that there was no statistically significant difference
among these techniques.

In comparison to IDC patients, ILC patients are more likely to be older, and the ILC
tumors tend to be larger in size [1]. More often than in IDC, there is diffuse or multifocal
infiltration, therefore breast conserving surgery and heat ablation strategies [54] are
more likely to be irradical.

4 Prognosis
4.1. Lobular neoplasia

The relative risk to develop subsequent invasive cancer was originally estimated to be
4-5 fold for of ALH and 8-10 fold for LCIS, which is in the same order as atypical
ductal hyperplasia (ADH) and DCIS, respectively [55].

Multifocality in the ipsilateral breast is observed in more than 50% of the patients
diagnosed by LCIS and 30% of these cases develop LCIS in the contralateral breast
as well [47]. The latter case is still a point of discussion since there are conflicting
reports on the risk of contralateral breast cancer associated with LCIS [56, 57]. In
these two studies based on a SEER data; Chuba et al. reported an equal number of
contralateral and ipsilateral invasive cancers occurring in women with LCIS; however,
Li et al. reported that ipsilateral cancers were the most frequently observed. Irrespective
of their conflicting findings, both studies showed that a large proportion of women
with a history of LCIS developed ILC. A third study observed that the incidence of
contralateral breast cancer in women with ILC was higher than in women with IDC [1].
Arpino et al. [58] did a survey on core biopsies which were diagnosed with LCIS or
ALH to determine the incidence of breast carcinoma in these patients. The follow-up
excisional biopsies of these women were investigated and invasive disease was found
in 14% of those that were initially diagnosed with LN only. Therefore the investigators
concluded that surgical biopsy is needed for establishing the presence of LCIS. In view
of the above described multifocality and high rate of ipsilateral invasive recurrences, the
proper surgical treatment for LN would be bilateral mastectomy, but this is generally
considered massive overtreatment.

There are relatively few validated prognostic factors for LN. Bodian at el. stressed the
importance of age at diagnosis of a benign lesion or LCIS and family history as reliable
prognostic factors. These factors appeared to reflect poor prognosis for this malignancy
[59]. Both of these factors were previously reported by London and Haagensen et al.
as well [3, 60]. Furthermore, the number of lobules with LCIS on the specimen and
nuclear size were shown to be significantly related with recurrence of the disease [61].

4.2 Invasive lobular cancer

Reported comparisons between the prognosis of ILC vs. IDC are inconsistent; some
studies report that ILC has a better prognosis [62], some conclude that there is no
difference [63] and some states it has worse prognosis [64, 65]. However in all these
studies, only very small groups of patients were included. Recently, Arpino et al. [1]
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confirmed the lack of prognostic difference between these two biologically different
entities in a very large group of 4140 cases with ILC and 45169 cases with IDC.
Hormone receptor positivity is a prognostic factor in ILC [66]. Orvieto et al. [23]
pointed out the prognostic role of histopathologic subtyping of ILC since non-classic
subtypes of ILC had poorer prognosis.

5 Treatment
5.1. Lobular neoplasia

In the past, mastectomy was a frequently applied management strategy for the case
of LCIS (Ewing J. Neoplastic diseases: a textbook on tumors. Philadelphia, PA: WB
Saunders; 1919) [67]. Bilateral mastectomy was also suggested as a possible management
strategy with the claim that LCIS gives rise to invasive cancer in both breast with an
equal risk [68, 69]. However, in the light of recent investigations showing only a small
percentage of women being diagnosed with invasive carcinoma in the contralateral
breast, the management of this malignancy has shifted towards a more conservative
approach [20]. An exception to this more conservative attitude, is the high grade forms
of LN, which are more often segmental in distribution, have a relatively high local
recurrence rate and should therefore be treated with surgery (like DCIS) [70]. A strict
conservative trend in the management of LN has been favored by some authors to
follow the principle of avoiding unnecessary surgery. In this approach the patients are
just examined annually and monitored regularly by mammography [71, 72].

LN has usually been managed non-operatively. However, the criteria for the choice
of surgical excision or another approach is sill under discussion and different for
different clinical centers. There are certain arguments put forward for choosing
performing surgical excision after diagnosis with LN such as; significant risk of invasive
cancer (controversial reports exist) [9, 73], the limitations of core needle biopsy
therefore possible underestimation of the diagnosis [74, 75], existence of suspicious
microcalcifications [76, 77] and certain histopathological features (discussed above).
As we mentioned before [56, 57|, there are controversial reports on the risk of LCIS
diagnosis on contralateral cancers but overall the diagnosis of LN is not a sufficient
reason to perform surgery of the ipsilateral or contralateral breast.

Radiation therapy is usually not recommended in the treatment of classic LCIS due
to its low radio-sensitivity, but radiotherapy could be an option for the pleomorphic
variant which has a higher proliferation rate and high-grade cytology [78, 79].
Systemic treatments are also used for the prevention of progression into ILC. It has
previously been shown both pre- and postmenopausal women with LCIS benefits from
tamoxifen treatment in terms of prevention of invasive disease [80, 81]. Raloxifene
treatment is another option but suggested only for postmenopausal women [81].

In terms of choices as adjuvant therapy, at the moment, there is limited verification
existing for adjuvant therapies since surgical excision has not been the primary choice
of many surgeons so far. Routine use of tamoxifen has been suggested before [80]
however without a supportive argument. Adjuvant radiotherapy has been suggested as



an effective method when performed together with surgery [82].
5.2. Invasive lobular cancer

Surgery is usually the first choice of treatment for the patients with ILC (wide local
excision for the area of cancer and surrounding healthy tissue). Since the disease might
have spread to multiple areas within the breast, a mastectomy might be offered. ILC
regularly metastasizes to the axillary lymph nodes and a sentinel node biopsy is therefore
routinely in place [83] generally followed by axillary lymph node dissection only in case
of macrometastases to the sentinel node.

Radiation therapy, chemotherapy, endocrine therapy is also applied individually or as a
combination therapy [Ref; breastcancer.org].

ILC can metastasize to any distant site, but there is a preference for the gastrointestinal
tract, the ovaries and the bone. Systemic treatment in case of distant metastases is as
usually based on hormone and HER2 receptor status, preferentially assessed in biopsies
of the metastases [84].

6 Conclusion

Lobular breast cancer differs from ductal breast cancer in terms of biology, histology
prognosis and response to therapy. Although there are key molecular aberrations
associated with this disease (such as loss of E-cadherin expression), investigations
regarding the molecular events underlying lobular cancer etiology is limited. This is
especially applicable to men where hardly any knowledge on lobular disease has been
gained. A better understanding of the molecular pathways governing tumor development
and progression are needed to provide new opportunities for therapeutic intervention.

7 References

[1] G. Arpino, V. J. Bardou, G. M. Clark and R. M. Elledge, Infiltrating lobular carcinoma of the breast:
tumor characteristics and clinical outcome. Breast Cancer Res 6:R149-56 (2004).

[2] E. W. Foote and F. W. Stewart, Lobular carcinoma in situ: A rare form of mammary cancer. Am J Pathol
17:491-496 3 (1941).

[3] C. D. Haagensen, N. Lane, R. Lattes and C. Bodian, Lobular neoplasia (so-called lobular carcinoma in
situ) of the breast. Cancer 42:737-69 (1978).

[4] J. E. Wheeler, H. T. Enterline, J. M. Roseman, J. P. Tomasulo, C. H. Mcllvaine, W. T. Fitts, Jr. and J.
Kirshenbaum, Lobular carcinoma in situ of the breast. Long-term followup. Cancer 34:554-63 (1974).

[5] E. S. Hwang, S. J. Nyante, Y. Yi Chen, D. Moore, S. DeVries, J. E. Korkola, L. ]. Esserman and E
M. Waldman, Clonality of lobular carcinoma in situ and synchronous invasive lobular carcinoma. Cancer
100:2562-72 (2004).

[6] S. Aulmann, R. Penzel, T. Longerich, B. Funke, P. Schirmacher and H. P. Sinn, Clonality of lobular
carcinoma in situ (LCIS) and metachronous invasive breast cancer. Breast Cancer Res Treat 107:331-5
(2008).

[7] E. Gudlaugsson, 1. Skaland, E. A. Janssen, P. J. van Diest, F. J. Voorhorst, K. Kjellevold, A. zur Hausen
and J. P. Baak, Prospective multicenter comparison of proliferation and other prognostic factors in lymph
node negative lobular invasive breast cancer. Breast Cancer Res Treat 121:35-40 (2010).

[8] L. Liberman, Clinical management issues in percutaneous core breast biopsy. Radiol Clin North Am
38:791-807 (2000).

[9] S. J. Shin and P. P. Rosen, Excisional biopsy should be performed if lobular carcinoma in situ is seen on

Chapter 2



24

needle core biopsy. Arch Pathol Lab Med 126:697-701 (2002).

[10] S. R. Lakhani, In-situ lobular neoplasia: time for an awakening. Lancet 361:96 (2003).

[11] T. Nishizaki, K. Chew, L. Chu, ]. Isola, A. Kallioniemi, N. Weidner and E M. Waldman, Genetic
alterations in lobular breast cancer by comparative genomic hybridization. Int ] Cancer 74:513-7 (1997).
[12] R. L. Loveday, J. Greenman, D. L. Simcox, V. Speirs, P. J. Drew, J. R. Monson and M. J. Kerin, Genetic
changes in breast cancer detected by comparative genomic hybridisation. Int ] Cancer 86:494-500 (2000).
[13] F. Richard, M. Pacyna-Gengelbach, K. Schluns, B. Fleige, K. ]. Winzer, . Szymas, M. Dietel, I. Petersen
and A. Schwendel, Patterns of chromosomal imbalances in invasive breast cancer. Int J Cancer 89:305-10
(2000).

[14] S. R. Lakhani, N. Collins, J. P. Sloane and M. R. Stratton, Loss of heterozygosity in lobular carcinoma
in situ of the breast. Clin Mol Pathol 48:M74-8 (1995).

[15] L. Morandi, G. Marucci, M. P. Foschini, M. G. Cattani, A. Pession, C. Riva and V. Eusebi, Genetic
similarities and differences between lobular in situ neoplasia (LN) and invasive lobular carcinoma of the
breast. Virchows Arch 449:14-23 (2006).

[16] N. Perry, M. Broeders, C. de Wolf, S. Tornberg, R. Holland and L. von Karsa, European guidelines
for quality assurance in breast cancer screening and diagnosis. Fourth edition--summary document. Ann
Oncol 19:614-22 (2008).

[17] C. 1. 1i, J. R. Daling and K. E. Malone, Age-specific incidence rates of in situ breast carcinomas by
histologic type, 1980 to 2001. Cancer Epidemiol Biomarkers Prev 14:1008-11 (2005).

[18] E. R. Frykberg, Lobular Carcinoma In Situ of the Breast. Breast ] 5:296-303 (1999).

[19] C. 1. Li, B. O. Anderson, J. R. Daling and R. E. Moe, Changing incidence of lobular carcinoma in situ
of the breast. Breast Cancer Res Treat 75:259-68 (2002).

[20] E. R. Fisher, S. R. Land, B. Fisher, E. Mamounas, L. Gilarski and N. Wolmark, Pathologic findings from
the National Surgical Adjuvant Breast and Bowel Project: twelve-year observations concerning lobular
carcinoma in situ. Cancer 100:238-44 (2004).

[21] L. Liberman, M. Sama, B. Susnik, P. P. Rosen, L. R. LaTrenta, E. A. Morris, A. . Abramson and D.
D. Dershaw, Lobular carcinoma in situ at percutaneous breast biopsy: surgical biopsy findings. AJR Am ]
Roentgenol 173:291-9 (1999).

[22] E. Orvieto, E. Maiorano, L. Bottiglieri, P. Maisonneuve, N. Rotmensz, V. Galimberti, A. Luini, F.
Brenelli, G. Gatti and G. Viale, Clinicopathologic characteristics of invasive lobular carcinoma of the
breast: results of an analysis of 530 cases from a single institution. Cancer 113:1511-20 (2008).

[23] Y. Y. Chen, E. S. Hwang, R. Roy, S. DeVries, J. Anderson, C. Wa, P. L. Fitzgibbons, T. W. Jacobs,
G. MacGrogan, H. Peterse, A. Vincent-Salomon, T. Tokuyasu, S. J. Schnitt and F. M. Waldman, Genetic
and phenotypic characteristics of pleomorphic lobular carcinoma in situ of the breast. Am J Surg Pathol
33:1683-94 (2009).

[24] K. Guather, S. Metkelbach-Bruse, B. K. Amo-Takyi, S. Handt, W. Schroder and L. Tietze, Differences
in genetic alterations between primary lobular and ductal breast cancers detected by comparative genomic
hybridization. ] Pathol 193:40-7 (2001).

[25] P. T. Simpson, J. S. Reis-Filho, T. Gale and S. R. Lakhani, Molecular evolution of breast cancer. ] Pathol
205:248-54 (2005).

[26] T. L. Mastracci, A. Shadeo, S. M. Colby, A. B. Tuck, E P. O’Malley, S. B. Bull, W. L. Lam and L.
L. Andrulis, Genomic alterations in lobular neoplasia: a microarray comparative genomic hybridization
signature for early neoplastic proliferationin the breast. Genes Chromosomes Cancer 45:1007-17 (2006).
[27] M. J. Bussemakers, A. van Bokhoven, S. G. Mees, R. Kemler and J. A. Schalken, Molecular cloning and
characterization of the human E-cadherin cDNA. Mol Biol Rep 17:123-8 (1993).

[28] G. Berx, A. M. Cleton-Jansen, F. Nollet, W. J. de Leeuw, M. van de Vijver, C. Cornelisse and F. van
Roy, E-cadherin is a tumout/invasion suppressor gene mutated in human lobular breast cancers. Embo ]
14:6107-15 (1995).

[29] G. Berx, A. M. Cleton-Jansen, K. Strumane, W. J. de Leeuw, E. Nollet, E. van Roy and C. Cornelisse,
E-cadherin is inactivated in a majority of invasive human lobular breast cancers by truncation mutations
throughout its extracellular domain. Oncogene 13:1919-25 (1996).



[30] P. Guilford, J. Hopkins, J. Harraway, M. McLeod, N. McLeod, P. Harawira, H. Taite, R. Scoular, A.
Miller and A. E. Reeve, E-cadherin germline mutations in familial gastric cancer. Nature 392:402-5 (1998).
[31] G. Berx, K. E. Becker, H. Hofler and F. van Roy, Mutations of the human E-cadherin (CDH1) gene.
Hum Mutat 12:226-37 (1998).

[32] C. B. Vos, A. M. Cleton-Jansen, G. Berx, W. J. de Leeuw, N. T. ter Haar, F. van Roy, C. J. Cornelisse, J. L.
Peterse and M. J. van de Vijver, E-cadherin inactivation in lobular carcinoma in situ of the breast: an early
event in tumorigenesis. Br ] Cancer 76:1131-3 (1997).

[33] H. Buerger, E Otterbach, R. Simon, C. Poremba, R. Diallo, T. Decker, L. Riethdorf, C. Brinkschmidt,
B. Dockhorn-Dworniczak and W. Boecker, Comparative genomic hybridization of ductal carcinoma in situ
of the breast-evidence of multiple genetic pathways. ] Pathol 187:396-402 (1999).

[34] H. Buerger, F. Otterbach, R. Simon, K. L. Schafer, C. Poremba, R. Diallo, C. Brinkschmidt, B.
Dockhorn-Dworniczak and W. Boecker, Different genetic pathways in the evolution of invasive breast
cancer are associated with distinct morphological subtypes. ] Pathol 189:521-6 (1999).

[35] L. P. Middleton, D. M. Palacios, B. R. Bryant, P. Krebs, C. N. Otis and M. J. Merino, Pleomorphic
lobular carcinoma: morphology, immunohistochemistry, and molecular analysis. Am ] Surg Pathol 24:1650-
6 (2000).

[36] J. Palacios, D. Sarrio, M. C. Garcia-Macias, B. Bryant, M. E. Sobel and M. ]. Merino, Frequent E-cadherin
gene inactivation by loss of heterozygosity in pleomorphic lobular carcinoma of the breast. Mod Pathol
16:674-8 (2003).

[37] V. Eusebi, F. Magalhaes and ]. G. Azzopardi, Pleomorphic lobular carcinoma of the breast: an
aggressive tumor showing apocrine differentiation. Hum Pathol 23:655-62 (1992).

[38] J. S. Reis-Filho and S. R. Lakhani, The diagnosis and management of pre-invasive breast disease:
genetic alterations in pre-invasive lesions. Breast Cancer Res 5:313-9 (2003).

[39] J. S. Reis-Filho, P. T. Simpson, C. Jones, D. Steele, A. Mackay, M. Iravani, K. Fenwick, H. Valgeirsson,
M. Lambros, A. Ashworth, J. Palacios, F Schmitt and S. R. Lakhani, Pleomorphic lobular carcinoma of
the breast: role of comprehensive molecular pathology in characterization of an entity. J Pathol 207:1-13
(2005).

[40] B. Weigelt, F. C. Geyer, R. Natrajan, M. A. Lopez-Garcia, A. S. Ahmad, K. Savage, B. Kreike and
J. S. Reis-Filho, The molecular underpinning of lobular histological growth pattern: a genome-wide
transcriptomic analysis of invasive lobular carcinomas and grade- and molecular subtype-matched invasive
ductal carcinomas of no special type. ] Pathol 220:45-57 (2010).

[41] D. C. Allred, Y. Wu, S. Mao, 1. D. Nagtegaal, S. Lee, C. M. Perou, S. K. Mohsin, P. O’Connell, A.
Tsimelzon and D. Medina, Ductal carcinoma in situ and the emergence of diversity during breast cancer
evolution. Clin Cancer Res 14:370-8 (2008).

[42] C. Huiping, ]. R. Sigurgeirsdottir, J. G. Jonasson, G. Eiriksdottir, J. T. Johannsdottir, V. Egilsson and S.
Ingvarsson, Chromosome alterations and E-cadherin gene mutations in human lobular breast cancer. Br |
Cancer 81:1103-10 (1999).

[43] R. V. Hutter, R. E. Snyder, J. C. Lucas, F. W. Foote, Jr. and J. H. Farrow, Clinical and pathologic
correlation with mammographic findings in lobular carcinoma in situ. Cancer 23:826-39 (1969).

[44] M. R. Sonnenfeld, T. H. Frenna, N. Weidner and J. E. Meyer, Lobular carcinoma in situ: mammographic-
pathologic correlation of results of needle-directed biopsy. Radiology 181:363-7 (1991).

[45] B. J. Beute, L. Kalisher and R. V. Hutter, Lobular carcinoma in situ of the breast: clinical, pathologic,
and mammographic features. AJR Am ] Roentgenol 157:257-65 (1991).

[46] T. L. Pope, Jr., R. E. Fechner, M. C. Wilhelm, H. J. Wanebo and E. S. de Paredes, Lobular carcinoma in
situ of the breast: mammographic features. Radiology 168:63-6 (1988).

[47] J. A. Urban, Bilaterality of cancer of the breast. Biopsy of the opposite breast. Cancer 20:1867-70
(1967).

[48] K. N. Krecke and J. J. Gisvold, Invasive lobular carcinoma of the breast: mammographic findings and
extent of disease at diagnosis in 184 patients. AJR Am ] Roentgenol 161:957-60 (1993).

[49] V. L. Selinko, L. P. Middleton and P. J. Dempsey, Role of sonography in diagnosing and staging invasive
lobular carcinoma. ] Clin Ultrasound 32:323-32 (2004).

Chapter 2



26

[50] C. Boetes, . Veltman, L. van Die, P. Bult, T. Wobbes and J. O. Barentsz, The role of MRI in invasive
lobular carcinoma. Breast Cancer Res Treat 86:31-7 (2004).

[51] A. Sapino, A. Frigerio, ]. L. Peterse, R. Arisio, C. Coluccia and G. Bussolati, Mammographically detected
in situ lobular carcinomas of the breast. Virchows Arch 436:421-30 (2000).

[52] D. Georgian-Smith and T. J. Lawton, Calcifications of lobular carcinoma in situ of the breast:
radiologic-pathologic correlation. AJR Am ] Roentgenol 176:1255-9 (2001).

[53] R. F. Brem, M. Ioffe, J. A. Rapelyea, K. G. Yost, J. M. Weigert, M. L. Bertrand and L. H. Stern, Invasive
lobular carcinoma: detection with mammography, sonography, MRI, and breast-specific gamma imaging,
AJR Am ] Roentgenol 192:379-83 (2009).

[54] S. van Esser, G. Stapper, P. J. van Diest, M. A. van den Bosch, J. H. Klaessens, W. P. Mali, I. H.
Borel Rinkes and R. van Hillegersberg, Ultrasound-guided laser-induced thermal therapy for small palpable
invasive breast carcinomas: a feasibility study. Ann Surg Oncol 16:2259-63 (2009).

[55] D. L. Page, R. A. Jensen, J. F. Simpson and W. D. Dupont, Historical and epidemiologic background of
human premalignant breast disease. ] Mammary Gland Biol Neoplasia 5:341-9 (2000).

[56] P. J. Chuba, M. R. Hamre, J. Yap, R. K. Severson, D. Lucas, F. Shamsa and A. Aref, Bilateral risk for
subsequent breast cancer after lobular carcinoma-in-situ: analysis of surveillance, epidemiology, and end
results data. ] Clin Oncol 23:5534-41 (2005).

[57] C. 1. Li, K. E. Malone, B. S. Saltzman and J. R. Daling, Risk of invasive breast carcinoma among women
diagnosed with ductal carcinoma in situ and lobular carcinoma in situ, 1988-2001. Cancer 106:2104-12
(2000).

[58] G. Arpino, D. C. Allred, S. K. Mohsin, H. L. Weiss, D. Conrow and R. M. Elledge, Lobular neoplasia
on core-needle biopsy--clinical significance. Cancer 101:242-50 (2004).

[59] C. A. Bodian, K. H. Perzin and R. Lattes, Lobular neoplasia. Long term risk of breast cancer and
relation to other factors. Cancer 78:1024-34 (1996).

[60] S. J. London, J. L. Connolly, S. J. Schnitt and G. A. Colditz, A prospective study of benign breast disease
and the risk of breast cancer. Jama 267:941-4 (1992).

[61] G. L. Ottesen, H. P. Graversen, M. Blichert-Toft, K. Zedeler and J. A. Andersen, Lobular carcinoma in
situ of the female breast. Short-term results of a prospective nationwide study. The Danish Breast Cancer
Cooperative Group. Am ] Surg Pathol 17:14-21 (1993).

[62] S. Toikkanen, L. Pylkkanen and H. Joensuu, Invasive lobular carcinoma of the breast has better short-
and long-term survival than invasive ductal carcinoma. Br ] Cancer 76:1234-40 (1997).

[63] X. Sastre-Garau, M. Jouve, B. Asselain, A. Vincent-Salomon, P. Beuzeboc, T. Dorval, J. C. Durand, A.
Fourquet and P. Pouillart, Infiltrating lobular carcinoma of the breast. Clinicopathologic analysis of 975
cases with reference to data on conservative therapy and metastatic patterns. Cancer 77:113-20 (1996).
[64] R. Ashikari, A. G. Huvos, J. A. Urban and G. F. Robbins, Infiltrating lobular carcinoma of the breast.
Cancer 31:110-6 (1973).

[65] T. P. Mate, D. Carter, D. B. Fischer, P. V. Hartman, C. McKhann, M. Merino, L. R. Prosnitz and J. B.
Weissberg, A clinical and histopathologic analysis of the results of conservation surgery and radiation
therapy in stage I and II breast carcinoma. Cancer 58:1995-2002 (1980).

[66] M. E. Bur, M. J. Zimarowski, S. J. Schnitt, S. Baker and R. Lew, Estrogen receptor immunohistochemistry
in catcinoma in situ of the breast. Cancer 69:1174-81 (1992).

[67] R. M. Goldwyn, Subcutaneous mastectomy. N Engl ] Med 297:503-5 (1977).

[68] R. W. Powers, P. H. O’Brien and A. Kreutner, Jr., Lobular carcinoma in situ. ] Surg Oncol 13:269-73
(1980).

[69] D. Carter and R. R. Smith, Carcinoma in situ of the breast. Cancer 40:1189-93 (1977).

[70] M. Hussain and G. H. Cunnick, Management of lobular carcinoma in-situ and atypical lobular
hyperplasia of the breast--a review. Eur ] Surg Oncol 37:279-89 (2011).

[71] V. P. Bauer, B. A. Ditkoff, F. Schnabel, D. Brenin, M. El-Tamer and S. Smith, The management of
lobular neoplasia identified on percutaneous core breast biopsy. Breast ] 9:4-9 (2003).

[72] A. A. Renshaw, N. Cartagena, R. P. Derhagopian and E. W. Gould, Lobular neoplasia in breast core
needle biopsy specimens is not associated with an increased risk of ductal carcinoma in situ or invasive



carcinoma. Am | Clin Pathol 117:797-9 (2002).

[73] M. A. Cohen, Cancer upgrades at excisional biopsy after diagnosis of atypical lobular hyperplasia or
lobular carcinoma in situ at core-needle biopsy: some reasons why. Radiology 231:617-21 (2004).

[74] T. M. Elsheikh and ]. E Silverman, Follow-up surgical excision is indicated when breast core needle
biopsies show atypical lobular hyperplasia or lobular carcinoma in situ: a correlative study of 33 patients
with review of the literature. Am J Surg Pathol 29:534-43 (2005).

[75] V. Londero, C. Zuiani, A. Linda, E. Vianello, A. Furlan and M. Bazzocchi, Lobular neoplasia: core
needle breast biopsy underestimation of malignancy in relation to radiologic and pathologic features. Breast
17:623-30 (2008).

[76] W. A. Berg, H. E. Mrose and O. B. Ioffe, Atypical lobular hyperplasia or lobular carcinoma in situ at
core-needle breast biopsy. Radiology 218:503-9 (2001).

[77] 1. Rosenfeld, P. I. Tartter, C. Gajdos, G. Hermann and 1. Bleiweiss, The significance of malignancies
incidental to microcalcifications in breast spot localization biopsy specimens. Am J Surg 182:1-5 (2001).
[78] N. Sneige, J. Wang, B. A. Baker, S. Krishnamurthy and L. P. Middleton, Clinical, histopathologic, and
biologic features of pleomorphic lobular (ductal-lobular) carcinoma in situ of the breast: a report of 24
cases. Mod Pathol 15:1044-50 (2002).

[79] E. Downs-Kelly, D. Bell, G. H. Perkins, N. Sneige and L. P. Middleton, Clinical implications of margin
involvement by pleomorphic lobular carcinoma in situ. Arch Pathol Lab Med 135:737-43 (2011).

[80] B. Fisher, J. P. Costantino, D. L. Wickerham, C. K. Redmond, M. Kavanah, W. M. Cronin, V. Vogel, A.
Robidoux, N. Dimitrov, J. Atkins, M. Daly, S. Wieand, E. Tan-Chiu, L. Ford and N. Wolmark, Tamoxifen
for prevention of breast cancer: report of the National Surgical Adjuvant Breast and Bowel Project P-1
Study. ] Natl Cancer Inst 90:1371-88 (1998).

[81] V. G. Vogel, ]. P. Costantino, D. L. Wickerham, W. M. Cronin, R. S. Cecchini, ]. N. Atkins, T. B. Bevers,
L. Fehrenbacher, E. R. Pajon, J. L. Wade, 3rd, A. Robidoux, R. G. Margolese, ]. James, C. D. Runowicz,
P. A. Ganz, S. E. Reis, W. McCaskill-Stevens, L. G. Ford, V. C. Jordan and N. Wolmark, Update of the
National Surgical Adjuvant Breast and Bowel Project Study of Tamoxifen and Raloxifene (STAR) P-2 Trial:
Preventing breast cancer. Cancer Prev Res (Phila) 3:696-706 (2010).

[82] B. Cutuli, B. de Lafontan, P. Quetin and E. Mery, Breast-conserving surgery and radiotherapy: a
possible treatment for lobular carcinoma in situ? Eur | Cancer 41:380-5 (2005).

[83] P. J. Borgstein, R. Pijpers, E. F. Comans, P. J. van Diest, R. P. Boom and S. Meijer, Sentinel lymph node
biopsy in breast cancer: guidelines and pitfalls of lymphoscintigraphy and gamma probe detection. ] Am
Coll Surg 186:275-83 (1998).

[84] L. D. Hoefnagel, M. J. van de Vijver, H. J. van Slooten, P. Wesseling, J. Wesseling, P. J. Westenend, J.
Bart, C. A. Seldenrijk, I. D. Nagtegaal, ]. Oudejans, P. van der Valk, P. van der Groep, E. G. de Vries, E. van
der Wall and P. J. van Diest, Receptor conversion in distant breast cancer metastases. Breast Cancer Res

12:R75 (2010).

Chapter 2



28



Chapter 3

Mammary Development and Breast Cancer:
The Role of Stem Cells

Cigdem Ercan', Paul J. van Diest', Marc Vooijs'*

1 Department of Pathology, University Medical Center Utrecht, Utrecht, the Netherlands
2 Maastricht Radiation Oncology (MAASTRO Laboratory), GROW - School for Oncology and Develop-
mental Biology, University Medical Centre Maastricht, Maastricht, the Netherlands.

Curr Mol Med 2011,11:270-285



30

Abstract

The mammary gland is a highly regenerative organ that can undergo multiple cycles
of proliferation, lactation and involution, a process controlled by stem cells. The last
decade much progress has been made in the identification of signaling pathways that
function in these stem cells to control self-renewal, lineage commitment and epithelial
differentiation in the normal mammary gland. The same signaling pathways that
control physiological mammary development and homeostasis are also often found
deregulated in breast cancer. Here we provide an overview on the functional and
molecular identification of mammary stem cells in the context of both normal breast
development and breast cancer. We discuss the contribution of some key signaling
pathways with an emphasis on Notch receptor signaling, a cell fate determination
pathway often deregulated in breast cancer. A further understanding of the biological
roles of the Notch pathway in mammary stem cell behavior and carcinogenesis might
be relevant for the development of future therapies.



Introduction

Stem cells in adult tissues are of key importance for physiological tissue renewal and
regeneration after injury. Understanding the molecular pathways that govern normal
stem cell function may aid in the development of tissue-specific cell replacement
therapies whereby stem cells adopt specific cell fates and functions in any desired organ.
Although still in its infancy, cell replacement therapy using autologous stem cells holds
great promise for overcoming genetic disorders and tissue regeneration after damage.
Under pathological conditions such as uncontrolled proliferation and metastases
formation in cancer, populations of tumor cells have been identified that are collectively
referred to as “tumor-initiating cells (TIC) or cancer stem cells (CSC)” controlling
cancer cell maintenance and growth. These cells are thought to harbor many properties
of normal stem cells in that they exhibit self-renewing capacity, multipotency and

their ability to initiate and sustain neoplastic growth. Increasing evidence indicates
that these CSC are responsible for cancer cell maintenance that underlies malignant
progression and recurrence after treatment failure.

Breast cancer affects almost 1 in 8 women in the Western world with a total of about
one million new cases per year world wide of which 35% will eventually die. Breast
cancer is a complex and heterogeneous disease with several histological and molecular
manifestations within tumors and between patients. A comprehensive understanding
of the etiology of breast cancer is paramount to the identification of novel therapies
and improving existing strategies for treatment and prevention of the disease. The
mammary gland is a dynamic organ that goes through significant changes during the
menstrual cycle, development, pregnancy, lactation, and involution. Normal mammary
gland development and homeostasis is a stem cell driven process and key signaling
pathways have been identified that control these processes. Mounting evidence indicates
that the same genes that control physiological organ development and function are
often deregulated in cancer.

Here we provide an overview on the functional and molecular characterization and
identification of mammary stem cells in the context of normal breast development and
their role in breast cancer. We highlight the key molecular pathways controlling these
processes with a special emphasis on the role of Notch receptor signaling, a highly
conserved cell fate determination pathway frequently altered in human breast cancer.

Stem Cells

Stem cells can be categorized into two types: pluripotent and multipotent. Pluripotent
stem cells are cells that can give rise to the three germ layers, endoderm, mesoderm
and ectoderm and propagate by symmetric cell division; i.e. the capacity to give rise
to identical daughter cells with identical fates. Examples are embryonic stem cells and
embryonic germ cells, which will not be discussed further here. Unlike embryonic stem
cells, adult stem cells are multipotent and lineage-restricted and divide by asymmetric
cell divisions producing a daughter and a mother at every division with distinct cell fates.
Multipotent stem cells are present in many if not all adult tissues and are rare immature
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cells characterized by the ability to undergo unlimited self-renewal and differentiate into
all cells of a given lineage [1]. Until recently it was assumed that stem cells are quiescent
or slow-dividing so-called label retaining cells (LRCs) [2], but that dogma has recently
been challenged by the identification of rapidly dividing populations of stem cells in
the epidermis and gut where tissue replenishment is a continuous process [3-5]. It has
become clear that these organs have both slow and fast dividing stem cell populations
that perform different and overlapping functions in regulating tissue homeostasis [6].
The enormous interest in stem cell research over the last decade has lead to the
identification of many different markers that allow the identification and purification of
cell types with long term repopulating activity in various tissues and organs. So far the
most well characterized stem cells are those which form blood, namely Hematopoietic
Stem Cells (HSCs) [1]. Currently, there is a good understanding of hierarchical
organization of hematopoietic lineage commitment [1]. A similar organization has been
observed in other self-renewing tissues such as the intestinal epithelium [7]. Approaches
analogous to the ones applied for the hematopoietic system and intestinal stem cells
have been employed for the identification of mammary stem cells. Not surprisingly the
continuous cell renewal required during each menstrual cycle and for lactation as well
as regression in the mammary gland is also controlled by mammary stem cells [§]. The
existence of a slow (LRC) and a fast proliferating stem/progenitor populations within
the mammary gland has been postulated [9].

Cancer stem cells (CSCs)

Stem cells are obvious targets of accumulating oncogenic mutations due to their
longevity and capacity for indefinite proliferation [10]. However, it was only in nineties
until John Dick and colleagues established the existence of tumor initiating cells (TICs)
or CSCs from myeloid leukemia. By careful immunophenotyping and fractionation of
subpopulations of tumor cells, they established that only a fraction of the bulk of the
myeloid tumor had the capacity to self-renew in vitro and give rise to transplantable
leukemias in vivo [11, 12]. Whereas all cancer cells harbored the initiating mutation, only
a fraction was able to initiate and maintain neoplastic growth. From these studies the
concept was put forward that leukemias are composed of a hierarchy of undifferentiated
immature cells to more differentiated cells with limited potential for self renewal. Soon
hereafter colon [13], brain [14], breast [15], pancteas [10], prostate [17], and melanoma
[18] CSCs have been postulated. According to this hypothesis, normal stem cells
that acquire mutations during tumor evolution continue to exist within tumors and
are responsible for the initiation and maintenance of neoplastic growth. TICs retain
key stem cell properties such as self-renewal and the capacity to generate progenitor
cells, in contrast with the bulk of tumor cells. There is increasing evidence that TICs
are enriched in breast cancer patients after conventional treatment, indicating their
intrinsic therapeutic resistance [19]. Thus, the first step towards understanding breast
carcinogenesis is to identify the pathways that regulate normal breast development and
homeostasis. This understanding may lead to insight into the pathways that drive cancer



formation, progression, maintenance and resistance to therapy.
Mammary Gland Development

In mammals the first step in mammary morphogenesis is a thickening of the ventral
ectoderm also referred to as the milk or mammary line. This structure gives rise to
placodes: the precursor to the mammary bud that will give rise to a ductal branching
network rooted within the fat pad and attached to the nipple. Whereas humans only
have one pair of placodes that develop into two breasts, mice have 5 pair symmetrically
distributed along the rostral-caudal axis between the upper- and hind limbs developing
in 10 functional mammary glands. Early mammary gland morphogenesis relies on
coordinated signaling between the epithelium and the underlying mesenchyme similar
to the development of other epithelial appendages (e.g. limbs, hair follicles). There
are important differences however between murine and human mammary gland
development. A brief overview of the key steps in mouse mammary gland development
is given below and indicated where human development differs significantly.

Mouse mammary gland development

Mouse mammary gland development starts around embryonic day 10.5 (E10.5) and is
complete just before birth at E19 day. Just around the time of milk line development
Wntl0b expression marks the epithelial and mesenchymal cells destined to form the
future mammary gland [20]. Canonical WNT signaling promotes mammary placode
development and is essential for initiation of mammary gland morphogenesis and
maintained in the ducts until E15.5. Activation of Wnt signaling induces placode
formation and size [21, 22]. Canonical WNT signaling is mediated by the transcription
factor Lefl and epithelial WntlOb expression is driven by FGF10 produced by
mesenchymal cells from the somites which is essential for midline and placode
formation [23]. Together with Lef1, Tbx3 has also been shown to be expressed in early
mammary gland development. The combination of signaling pathways Tbx3, Fgf and
Wt regulates epithelial-mesenchymal interactions during this time. Both Fgf and Wnt
signaling seem to maintain Tbx3 expression while this leads to the expression of Lefl [24].
It is important to note that due to the spatial distribution of placodes along the rostro-
caudal axis, each pair is also exposed to unique signaling cues [25]. During the embryonic
development, the mammary gland remains quiescent until E15.5-E16.5 when ductal
growth is stimulated by steroid hormones [26]. A combination of steroid and locally
acting growth hormones like Insulin-like growth factor [27], estrogen, progesterone,
and somatotropin [28] mediate developmental signals and work synergistically in the
transmission of these signals to the stromal and epithelial components of the mammary
gland [29]. The lumen is generated by apoptosis of central cells in the multilayered
epithelium while ducts expand into the fatpads by growth centers with high mitotic
rates at the tip of ducts called terminal end buds (TEBs) [30] where stem cells are
thought to reside [31].

Afterbirth, ductal growth and branching from TEBs give rise to fully developed mammary
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outgrowths between 3-12 weeks of age. Mammary gland goes through changes during
pregnancy such as lobulo-alveolar outgrowth (pregnancy), differentiation-secretion
(lactation), and apoptotic regression (involution) as part of the normal reproductive
cycle [32]. Peptide and steroid hormones together with the interactions of extracellular
matrix are responsible of regulating these different phases. Estrogen, progesterone,
and prolactin and their cognate receptors are well known regulators required for the
successful completion of this developmental cycle [33].

The adult mammary gland is composed of a highly branched system of ducts that
terminate in a lobulus. Lobules are composed of alveoli, secretory cells that produce
milk. Ducts are composed of two major cell types: an inner layer of luminal epithelial
cells and an outer layer of contractile myoepithelial cells which are responsible for
contraction in response to oxytocin during lactation [34]. The rapid proliferation and
differentiation of mammary gland stem cells at the onset of lactation is necessary to
provide secretory activity for milk production [35]. After weaning milk production
ceases and the gland involutes [36].

Morphological and functional differences between mouse and human

Mammary development in humans starts as a primary ectodermal outgrowth in 4-6
months old embryo [37]. At this stage, the primary bud contains a central and a
peripheral-basal cell population which will give rise to different cell layers [38]. The
existence and organization of these distinct cell layers is important in both mice and
humans for the correct functioning of the gland and a unique feature of the mammary
gland. The epithelial buds start to form from the primary bud in the 21-25 weeks of
embryonic age [38] (Figure 1). Breast development differs between individuals of mice
at the level of birth. While some individuals have a few branched ducts at that point of
development, highly structured ductal tree together with regular lobules as it is observed
in adults are also observed [39-41]. After birth, the effect of maternal hormones lessens
and the newborn’s breast involutes. In females, the ductal tree development and the
stromal enlargement continue further only during puberty [42].

Mouse and human mammary gland also differ in terms of morphology. In humans,
branching ducts connect to groups of small terminal ductal and alveolar structures
which are collectively called terminal ductal lobular units (TDLUs). On the contrary,
TDULs are not a feature of mouse mammary epithelial tree. Instead, in the mouse,
once the mammary gland is stimulated by hormones, ducts branch and elongate from
TEBs (Figure 1). Despite these differences, there is ample evidence supporting overall
similar morphology and function including the existence of mammary epithelial stem

cells [43].
Developmental patterning and breast cancer

Pathways involved in patterning and morphogenesis during mammary gland development
are also implicated in breast cancer formation. Among these are neuregulin3 (NRG3) (an
epidermal growth factor receptor (EGFR) ligand [44] involved in placode induction),
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Figure 1. A schematic representation of monse mammary gland development and a duct. The closed circular
structures appearing at the ductal tips during puberty represent terminal end buds and during pregnancy, also
alveolar buds. Mature alveoli are symbolized by the open circles.

Whnt signalling (essential for midline specification [20]), fibroblast growth factor
(FGF) (critical for inductive signaling to the placode [45]) and NOTCH signaling [40]
important in luminal cell fate commitment which are all frequently activated/mutated
in human breast cancer. Importantly, the same pathways have also been identified by
insertion mutagenesis as common proviral insertions in mouse mammary tumor virus
(MMTYV) induced breast cancer [47] indicating also a causal role for these signaling
cascades in breast cancer in mice. Similar insertions by a complete proviral sequence,
95% to 99% homologous to MMTYV, were observed also in human breast cancer tissue.
This virus was named as Human Mammary Tumor Virus (HMTYV) [48]. The percentage
of HMTYV occurrence is shown to reach up to 42% in breast cancers occurring in
Europe, North America [49] and Australia [50] compared to the healthy breast tissues,
which do have 1 to 2 % HMTYV prevalence. High percentage of insertions seems to play
a role in some human breast cancers.

Evidence for Mammary Stem Cells

The postnatal development of the mammary gland makes it possible to surgically
remove the rudimentary gland leading to an epithelium free (cleared) fat pad and to
study mammary development by transplantation from donor mice. The first functional
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evidence for the presence of murine mammary epithelial stem cells comes from
transplantation experiments of DeOme [51]. This study showed that small tissue
fragments isolated from a randomly selected portion of the mammary gland were
capable of regenerating a functional ductal tree upon transplantation into a cleared
mammary fat-pad. Moreover, explants taken from a regenerated gland could be serially
transplanted to other fat-pads [52]. While these experiments strongly pointed to a long-
lived pool of epithelial progenitors, whether these contained “true” stem cells was
questioned since transplant ability and ductal outgrowth could only be maintained for
up to 7 generations [53-55]. More conclusive evidence for a mammary stem cell was
obtained by clonal analysis using insertion mutagenesis with MMTYV. These elegant
studies demonstrated for the first time that an entire mammary gland composed of
luminal and myoepithelial cells was a clonal derivative of a single cell. This “stem
cell” was also capable of forming restricted lineages that produced only lobules or
only ductal outgrowths without lobules that cannot expand upon impregnation [56].
Accordingly, it appears that mammary epithelial cell populations generated by a single
stem cell comprise distinct and multipotent epithelial cells which are able to proliferate.
Moreover, MMTV tagged progenitors survived multiple rounds of pregnancy and
involution demonstrating that these cell had the capacity for robust proliferation and
differentiation and were protected from apoptosis. It is important to note that such a
stem-cell population would be exquisitely sensitive to oncogenic transformation.

It took almost another decade for researchers to identify markers that could be used to
enrich for this multi-potent mammary stem cell (MaSC) and corroborate these earlier
findings [57, 58].

Molecular Characterization of Mammary Stem Cells (MaSC)

Researchers have been using several complementary methods to isolate and study
mammary stem/progenitor cells. The isolation of stem cells based on the expression
of cell surface markers has been the most commonly used technique. The knowledge
obtained in many different systems such as neuronal, hematopoietic and epidermal
lineage has been an advantage for the researchers working on the characterization of
mammary epithelial stem cells. The following part will provide an overview of the
techniques used to identify mammary stem cells.

1- The side population technique; The Side Population or SP is a population of cells
that are characterized for their ability to actively exclude vital dyes from being taken up
by the cell such as Hoechst and Rhodamine 123 while maintaining other stem cell-like
markers [59, 60]. Dye uptake is an active process mediated by ATP-binding cassette
family of multi drug resistance proteins e.g. MDR1/P-glycoprotein) and SP staining can
be inhibited by drugs such as verapamil. Drug efflux is restricted to normal stem cells and
CSC and not observed in differentiated cells. Expression of ABC is closely correlated
with stem cells from a wide variety of tissues sources ranging from embryonic stem
cells to bone marrow [61]. Mammary gland SP isolated from reduction mammoplasty
[62],normal human [63, 64] and mouse mammary gland [65, 66] respectively have



been shown to be enriched by stem/progenitor cells based on their ability to generate
lobuloalveolar and ductal outgrowths upon transplantation.

2- Label retention; Label retaining cell (LRC) is another approach to identify stem cells.
This approach is based on differential retention of nucleotide analogs *H-Thymidine
(HTdR) or 5-BromodeoxyUridine (BrdU)) that are incorporated during S-phase
between slowly proliferating versus fast proliferating cells. The LRC hypothesis has
been very popular for many years particulatly for epidermal and intestinal stem cells
[2, 67] however recent work has challenged this hypothesis by the isolation of fast-
cycling stem cells [6]. LRCs have also been reported in the mammary gland [66, 68,
69]. The undifferentiated nature of LCRs in mammary gland has been identified by the
lack of differentiation markers [9]. This population of cells has been shown to divide
asymmetrically and is able to repopulate stem cell niches. Although asymmetric cell
divisions of stem cells have been proposed before, in a more recent study, Smith et
al. tried to answer the question by labeling mice first with *HTdR and then with BrdU.
'HTdR label was shown to be retained by LRCs in the mammary gland. Following
the pulse of BrdU as a second label, most of *HTdR labeled LRCs were shown to
have the BrdU label as well. As a next step, it was shown that these cells were able to
undergo asymmetric divisions and pass the newly synthesized BrdU labeled strand to
their progeny while retaining the *HTdR label [69].

3- Hormone receptor status; steroid hormones have a huge impact on mammary
development and the majority of breast cancers are estrogen receptor (ER) positive and
are an important target for anti-hormonal therapy [70]. In view of this, itis not surprising
that researchers have been trying to characterize MaSC with respect to steroid receptor
expression. Previously, studies of Clarke et al. demonstrated the existence of steroid
receptor positive cells within LRC and SP with full self-renewal and differentiation
capacity [71]. On the other hand, more recent studies revealed that both mouse and
human MaSCs show a ER, PR and ErbB2 negative phenotype [72]; but yet they respond
to ovarian hormone signaling [73].

4-Mammosphere culture; this approach has been used to functionally identify MaSC
and TICs based on their ability to form mammospheres in culture that give rise to
tumors containing all the differentiated cell types present in the original tumors. [64].
Using this technique, the differentiation capacity (based on the markers specific for
different lineages of the mammary gland) and clonality (by retroviral tagging) of cells
enriched in the mammospheres was demonstrated. Cells from mammospheres can be
serially passaged and retain their multipotency for multiple passages.

5-ALDEFLUOR assay; this is another promising approach to identify stem cells such
as hematopoietic and neural stem cells which have high aldehyde dehydrogenase 1
(ALDHT1) activity [74]. ALDH1 is a detoxifying enzyme responsible for the oxidation
of retinol to retinoic acid and it may have a role in the early differentiation of stem cells
[75,76]. ALDH1" cells were shown to possess functional and phenotypic characteristics
of mammary stem cells even though they seem to be restricted luminal epithelial layer
[77]. It has been shown that ALDH1" cells can survive and proliferate under anchorage

Chapter 3

37



38

independent conditions and they are capable of self-renewal. Furthermore clonogenic
assays demonstrated that these cells do have the ability to give rise to mixed colonies of
myoepithelial and luminal cells. ALDH1 expressing cells have been demonstrated in
the normal human mammary gland and human breast cancers [78].

6-Cell surface markers; to date, different combinations of cell surface antigens have
been used for the isolation of human and mouse mammary epithelial stem/progenitor
cells. Although several research groups reached to an agreement on the cell surface
expression profiles of stem and certain progenitor cell groups, it is important to keep
in mind that the interpretation of the FACS data obtained so far mostly depends on the
use of antibodies conjugated to different fluorochromes, antibody titrations and good
controls. In the following part, we will review markers used to identify mouse or human
mammary stem cells which are summarized in Table 1.

Mammary Gland Stem Cells Marker

Mouse CD24, CD29, CD49%, CD61, Sca-1.
Human ALDHI, ¢ KIT, CD10, CD24, CD44, CD49f, CD90, CD133,
EpCAM, MUC-1

Table 1. Commonly used surface markers used for mouse and human mammary stem cells

Mouse Mammary Stem Cells

Defined subsets of mouse mammary epithelial cells have been used to show stem cell
capacity by being able to reconstitute mammary glands when transplanted into cleared
fat pads [43]. So far, the most useful markers for mouse MaSCs have been CD49 («6
integrin), CD29 (81 integrin), CD61 (83 integrin), CD24, and Sca-1 [79]. Mouse MaSCs
could be purified based on CD24"CD29"CD49f"Scal" profile following the removal
of stromal and hematopoietic cells [57, 58, 80]. A single genetically tagged cell from
this population could give rise to an entire epithelial tree upon transplantation [57].
The self renewal and multi-lineage capacity of these cells was demonstrated by serial
transplantations into cleared fat pads leading to mature functional glands with the
formation of milk producing alveolar units upon impregnation. Moreover, when these
genetically tagged cells were cultured together with wild type cells, they were able to
produce chimeric structures [57, 58]. By these experiments, researchers were able to
show that the purified cells based on the markers mentioned above did indeed contain
stem cells. It is important to note that only a small group of MaSCs is characterized by
the CD24*CD29"CD49f"Sca-1" population, others have identified other combinations
of markers that indicate stemness (e.g. CD45Ter119-CD31-CD49f"CD24™. Such
populations are not pure since committed progenitors and differentiated cells are also
present because these cells express some of these markers as well [58].

Some of the markers used to enrich MaSC populations are interesting due to their
regulatory roles. For example high expression levels of integrin «6 (CD49f) and 1



(CD29) both important for adhesion and migration indicates an important role for
stemness and microenvironment interactions [81]. It has been previously shown that
both «6 and 1 integrin expression decreases during breast cancer progression [82,
83]. Reduced levels of integrins might give rise to reduced interaction of MaSCs with
the microenvironment and a failure in the self-renewal and proliferation. Deletion
of B1 integrins from Keratin-5 expressing basal cells led to defects in mammary
morphogenesis, proliferation and survival of mammary epithelial cells. $1 integrin
deficient transplants efficiently regenerated an entire new gland albeit slower than
control transplants and were characterized by disorganized ductal outgrowth indicating
a lack of regenerative potential in the absence of integrin 31 [84]. A comprehensive
review on the role of integrins and extracellular matrix in mammary gland development
has recently appeared [85].

Human Mammary Stem Cells (hMaSCs)

Common patterns of X chromosome-inactivation and loss of heterozygosity in
adjacent areas of breast epithelium (so-called “Field effect”) have provided proof for
the clonality of lineages within the normal and neoplastic human mammary gland [86,
87]. Further evidence for a hierarchical model of human breast epithelial development
has been obtained by in vitro clonogenic assays where the human mammary stem cells
have been shown to reside within the ducts since it was possible to serially passage ductal
fragments [64, 88, 89]. The attempts to characterize human mammary stem cells have
resulted in identification of a combination of markers such as epithelial cell adhesion
molecule (EpCAM), ALDH1 and CD49f [88-92].

Eirew et al. developed a xenotransplantation approach to study the in vivo characteristics
of human mammary epithelial cells. A population of cells having EpCAM"*CD49f™
profile was sorted by FACS from reduction mammoplasty samples and these cells
were subsequently transplanted into immunodeficient mice together with irradiated
fibroblasts. The in vivo experiments of Eirew et al. and Lim et al. revealed that
EpCAM"*CD49f" population are positioned basally within the mammary gland
ducts and posses stem cell characteristics [90, 93]. Even though these two markers do
identify different cell types when used alone, together they define a subset of human
mammary cells, which have regenerative capacity in a xenograft mouse model. The self-
renewal and regenerative capacity of EpCAM"YCD49f" cells was further supported by
transplantation into humanized mouse mammary fat pads -Human in Mouse model
(HIM)- [93, 94]. In this model, the mouse mammary fat pads are humanized by pre-
injection of immortalized human fibroblasts. Using the same method, Ginestier et al.
identified another subpopulation of human stem/progenitor cell population expressing
high levels of ALDH1, with high engraftment capability into NOD/SCID mice [77].
It should be noted that not only MaSCs but also luminal lineage restricted cells express
ALDHT1 therefore it is necessary to use a combination of different markers together
with ALDH1 such as EPCAM, CD49f, MUC1 and others to obtain the highest enriched
fraction of cells with MaSC ability.
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Evidence for Tumor Initiating Cells in breast cancer

A large body of evidence has demonstrated the similarities between stem cells and
cancer cells. It is well established that stem and progenitor cells are likely targets of
genetic mutations necessary for carcinogenesis. The stem cell theory of cancer proposes
that there is a small group of cells -cancer stem cells (CSC) or tumor initiating cells
(T1C)- within tumors, that fosters tumor initiation and maintenance [95, 96]. The first
evidence for TICs was based on studies which showed human acute myeloid leukemia
originated from a small proportion of cancer cells [12]. Since then, many groups have
investigated and demonstrated the existence of tumor cells capable of self-renewal
from hematopoietic to solid cancers by using different techniques [26]. A frequently
applied approach has been the transplantation of tumor cells classified by cell surface
markers into NOD/SCID mice to investigate the ability of subpopulations of tumor
cells to give rise to new tumors. Similar approaches have been used to identify TIC in
breast cancer, which will be discussed below. The risk of developing breast cancer is
1 in every 8 women in the western world and it increases with age. This is thought to
be related to the accumulation of multiple mutations in cells of the mammary gland
over lifetime of women. Damaged stem cells with unlimited potential of proliferation
can give rise to delayed cancers such as breast cancer after having a normal phenotype
for decades. This is important because once it becomes possible to identify such cells;
approaches to eliminate them would decrease the risk of breast cancer incidence
and recurrence. The first prospective identification of breast cancer stem cells from
human breast cancer specimens reported that within lineage - (tumor cells depleted
with expression of normal antigens CD2, CD3, CD10, CD16, CD18, CD31, CD64,
and CD140b) population up to 35 % of cells displayed a CD44"CD24”/"*" marker
profile that was able to efficiently generate retransplantable tumors in mice. [15, 97].
Ginestier et al. has showed that ALDH1" phenotype within a number of human
breast tumor samples defined a subpopulation of cancer stem cells not ovetlapping
with EpCAM*CD44"CD24 phenotype [62]. When the cells were isolated based on
ALDH1"EpCAM*CD44*CD24 phenotype, this population was highly enriched with
TIC. Interestingly, a study from Heerma van Voss et al. showed that ALDH1 expression
did not differ between BRCA1 (breast cancer 1) mutation cartiers (who are at increased
risk of developing breast cancer) and non-carriers [78]. Others however have shown a
close correlation between Brcal-deficiency and ALDH1 FLUOR positivity in clinical
samples and experimental models of Brcal-related cancer [98]. Even though numerous
studies [99-102] have proposed the existence of breast TICs, to date the exact nature of
these cells remains undefined and far from clinical utility.

Signalling Cues Regulating Mammary Stem Cell Renewal and Breast Cancer

Normal mammary gland development and function is tightly controlled by TGF-8,
Wnt, FGF Hedgehog, EGE, Estrogen and NOTCH signaling pathways have been
[103]. It has been demonstrated that deregulation of these pathways in the mammary
gland can give rise to tumor development. In the following part, we will discuss the role



of these pathways with a focus on NOTCH signaling.
Wnt/ B-catenin

Wt proteins are highly conserved secreted signaling molecules that regulate cell fate
throughout metazoan development and homeostasis. Canonical Wnt proteins transduce
signals through frizzled (FZD) transmembrane receptors which lead to inactivation of
the tumor suppressor protein APC and stabilizes -catenin which is the intracellular
effector of the Wnt pathway [104]. The importance of Wnt pathway activation in
breast cancer was demonstrated by identification of Wnt a common insertion site
of MMTYV [105]. Besides promoting maintenance and proliferation of stem cells,
Wt signaling is also shown to be crucial in pluripotency. The expression of Nanog,
a gene known to be associated with pluripotency and self-renewal of stem cells, is
suppressed by the Wnt-responsive transcription factor T cell factor 3 (TCF3) [100].
Whnt involvement in pluripotency is further supported by the effect of upregulation of
Oct-4, a transcription factor mostly known through its involvement in the inhibition
self-renewal of undifferentiated embryonic stem cells [107]. Aberrant activation of
the canonical Wnt pathway is also associated with cancer development in early-onset
familial adenomatous polyposis (FAP) and late-onset spontaneous forms of colon
cancer [108, 109]. Upregulated Wnt activity due to the loss of the Wnt inhibitor SFRP1
(Secreted Frizzled-related protein 1) and high levels of B-catenin is correlated with poor
prognosis in breast cancer [110, 111]. Moreover, B-catenin expression has been shown
to be associated with survival of mammary epithelial stem cells and more efficient
self-renewal [112, 113]. Transplantation of mammary epithelial cells overexpressing
constitutively active B-catenin into cleared mammary fat pads gave rise to hyperplasias
[112]. These results illustrate that upregulated canonical Wnt signaling increases the
mammary stem cell activity in vivo. Conclusive evidence for a role of Wnts in mammary
stem cell renewal was recently obtained by the Nusse lab that demonstrated that purified
Whts are sufficient to promote clonogenic growth of mammary stem cells in culture
and support their long-term repopulation 7 vivo [114]. It is likely that Wnt induced
mitogenic effects in the stem cell compartment is causative to tumor initiation.

Hedgehog

The Hedgehog (Hh) pathway is another highly conserved pathway essential for
early embryonic patterning and cell fate determination and in the self-renewal and
maintenance adult tissues including mammary gland [115-117]. In mammalian cells,
signaling takes place between the three secreted ligands; Sonic Hedgehog (Shh), Desert
Hegdehog (Dhh) and Indian Hedgehog (Ihh) and cells that express the transmembrane
receptor for Hedgehog ligand Patched-1 (PTCH1) and Patched-2 (PTCH2). In the
absence of ligands, Ptch forms a complex with another transmembrane protein called
Smoothened (Smo) inhibiting the binding of Smo to Gli: a transcription factor. In the
presence of Hh, Patched binds to Hh, enabling Smo to activate Gli proteins (Glil, Gli2
and Gli3) that activate gene transcription. Deregulated Hh signaling has been shown to
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be associated with a range of malignancies. Mutations found in the Hh pathway genes
leading to ligand independent activation have been shown to be associated with several
malignancies such as medulloblastoma, sarcoma and basal cell carcinoma (BCC) [118,
119]. Overexpression of Hh ligands is frequently observed in gastrointestinal tract and
lung carcinomas [120].

The evidence supporting Hh involvement in breast carcinogenesis is increasing. In
one of the first studies, Lewis and colleagues showed that heterozygous disruption
of Ptchl and Gli-2, impairs ductal morphogenesis resulting in ductal hyperplasias and
dysplasias [121]. Constitutive activation of Smo also leads to aberrant proliferation and
ductal dysplasia [122]. The association of Hh pathway with human breast cancer was
first demonstrated by Kubo who were able to show the correlation of high levels of
Shh, Ptch and Glil in human breast cancer tissues and growth inhibition by the Hh
inhibitor cyclopamine [123]. Although activating mutations in Hh pathway are common
in many cancers, they are not frequently associated with breast cancer [124]. Instead,
epigenetic events may be more important in Hh pathway activity in breast cancer as
demonstrated by the finding that demethylating and deactylating agents can upregulate
Ptch expression in breast cancer cell lines [125]. Finally, Patched polymorphisms have
been shown to be associated with the risk of oral contraceptive use on breast cancer
risk [126]. This suggests that Hh signaling pathway might an important role in hormone
induced development of breast cancer.

Furthermore, in an in vitro study, addition of Shh ligand or overexpression of Gli2 into
mammosphere cultures increased primary and secondary mammosphere formation and
size, which was reversed by cyclopamine, a specific inhibitor of the pathway. Finally, Hh
signaling has been associated with the tumorigenic phenotype of CD24*Cd44”/"*¥Lin’
TIC [127]. Altogether, the Hh pathway plays pivotal roles during normal mammary
gland development and likely also plays unrecognized roles in breast cancer as well.

Transforming growth factor—beta

The transforming growth factor beta (TGFB) family of polypeptide growth factors
comprise secreted proteins of which there are three isoforms: TGF1, TGFB2, and
TGFB3. TGEB proteins bind to Type 11 receptors that heterodimerize to Type I receptors
which triggers serine/threonine phosphorylation and activation of receptor SMAD
proteins that in turn heterodimerize with other SMAD proteins which enter the nucleus
and activate gene-transcription. TGFJ signaling controls virtually all cellular processes
during development and in adult tissues including cell proliferation, differentiation, and
apoptosis, in species from worms to mammals. Defects in TGFB signaling occur in
many inherited and acquired diseases including cancer [128]. The function of TGFB
in mammary morphogenesis appears to be cell and context dependent. Several groups
demonstrated the importance of different local concentrations of TGFf within ductal
epithelium as an inhibitory factor in the ductal growth and lateral branching [129, 130]
TGF within luminal epithelial cells controls alveolar development [131, 132]. The role
of TGFB in breast cancer is complex as TGFB has both growth suppressive as well



growth promoting activities. In general TGF@ promotes tumor progression in several
ways including suppression of immune responses, stimulation of angiogenesis and
promotion of epithelial-to-mesenchymal transition [133, 134].

Estrogens and Progestagens

The steroid hormones estrogen and progesterone have key roles during normal mammary
gland physiology from puberty to menopause. Deregulation of this hormonal regulation
also markedly influences breast cancer risk forming the basis for anti-hormonal therapies
in breast cancer treatment. Although the role of hormones in cancer risk has already
been known for a long time it was only recently that two groups reported the underlying
mechanism [73], [135]. The thought that TICs would directly respond to hormones
is attractive however these cells do not express the receptors for either hormone. It
appears that proliferative effect of hormones on breast tissue occurs during the normal
reproductive cycle and pregnancy when hormones rise causing significant increases in
MaSC numbers. The proliferative effect is indirectly mediated by the response of the
Niche (basal and luminal cells) surrounding the stem cells. These produce a Wnt4a
signal that stimulates MaSC proliferation. These findings pave the way to understanding
why hormones can modulate growth and proliferation of the normal mammary gland
and may sustain malignant growth. They also suggest that during such hormonal surges
stem cells may be particularly vulnerable for accumulating mutations that lay dormant
until later in life when women develop breast cancer. Such breast cancers may ultimately
be unresponsive to hormonal therapies if their origin is driven by TICs. In hindsight the
relationship between estrogens, MaSC and breast cancer may not be totally unexpected
given the interplay between transcriptional regulation of estrogen/progesterone and
cyclinD1; a gene frequently upregulated in breast cancer [136, 137]. Mice lacking the
cyclinD1 gene have defects in hormone-induced proliferation during pregnancy [138]
and are protected from breast cancer [139]. Paradoxically these findings do not explain
why pregnancy and breast-feeding in the long term protects against breast cancer in
humans [140].

Notch

NOTCH signaling is a short-range cell-cell communication pathway that controls
virtually every aspect of metazoan development and cellular responses to maintain
tissue homeostasis in adults. NOTCH signaling occurs between transmembrane
bound ligands and receptors on adjacent cells and is conserved from flies to mammals.
Flies have a single NOTCH receptor and two ligands (Delta and Serrate/Jagged)
whereas mammalian cells have four receptors and at least five Delta/Jagged type
ligands (Figure 2). NOTCH proteins are single pass type 1 transmembrane receptors,
with an extracellular domain involved in ligand binding, and a cytoplasmic domain
involved in signal transduction [141]. During maturation in the trans-Golgi network,
NOTCH precursors are first cleaved at Site-1 (S1) by Furin-like convertase producing
a heterodimeric type I receptor with the NOTCH extracellular domain (NECD) non-
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covalently bound to a transmembrane/intracellular fragment (TMIC). The extracellular
domain of NOTCH proteins is composed of 29-36 epidermal growth factor (EGF)
like repeats involved in ligand interactions, three cysteine rich LIN12/NOTCH (LNR)
repeats and a heterodimerization domain (HD). The intracellular domain of NOTCH
(NICD) contains nuclear localization signals together with a transcriptional activation
domain (TAD) and a PEST domain [142]. The canonical NOTCH signaling cascade is
regulated by proteolysis. In the absence of ligand mature NOTCH receptors are held
into an inactive “proteolysis resistant” state because the Negative Regulatory Region
(NRR) composed of the HD domain and the Lin12/NOTCH repeats (LNR) inhibits
NOTCH activation. Ligand binding to NOTCH receptors unfolds the NRR permitting
cleavage by the metalloproteases ADAM10/Kuzbanian at a site close to the membrane
termed site-2 [142] leading to shedding of the NOTCH extracellular domain [142, 143].
Extracellular cleavage of NOTCH triggers the intramembranous cleavage by the multi-
subunit protein complex termed y-secretase containing the aspartyl protease Presenilin.
This leads to the release and translocation of NOTCH intracellular domain (NICD)
to the nucleus where it interacts with the transcription factor CSL (CBF1 in humans;
RBP-J, in mice) to activate Hes/Hey family genes, which are involved in growth and
proliferation, differentiation, and survival [144]. In the absence of NOTCH signaling,
CSL inhibits the transcription of target genes. Most if not all NOTCH signaling requires
metalloprotease and y-secretase cleavage to release the NICD and induce transcriptional
activation by binding to CSL [145].

Most if not all canonical (CSL-dependent) NOTCH signaling requires y-secretase
cleavage. NOTCH activity is frequently deregulated in human cancer by overexpression
or mutation [146]. Mutations are found in the extracellular HD and intracellular PEST
domain and induce ligand-independency and increased stability of NOTCH [147].
Mutations that affect the activity of NOTCH are also found in negative regulators such
as the ubiquitin ligase Fbw-7 [148, 149]. Given the frequent involvement of Notch in
human malignancies, targeting NOTCH cleavage appears an attractive drug target. At
the same time this provides challenges for drug development since such drugs would
also target physiological NOTCH activation. Several clinical trials are underway that
evaluate the efficacy of y-secretase inhibitors (GSIs) as anti-cancer drugs [150]. While
targeting y-secretase has shown encouraging results in targeting tumors with activated
NOTCH it has many pitfalls as well. Among these is the lack of specificity and the
mechanism based toxicity caused by attenuating physiological NOTCH function. For
example, the gastrointestinal toxicity caused by precocious secretory differentiation of
intestinal epithelial cells prevents long-term use because of intestinal stem cell depletion
[151-153]. Real et al. showed that such side-effects may be overcome by combination
treatment with glucocorticoid and GSIs which suppressed gut toxicity through inhibition
of KLF4 [154]. Since y-secretase has many different substrates, pleiotropic effects are
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unavoidable when targeting this enzyme, although modulators have been identified that
may show selectivity for specific substrates [155]. Despite the fact that GSI have been
studied intensely for the past decade, a safe-drug has yet to enter clinical practice [150].

Notch in mammary development

Members of NOTCH family have been shown to play important roles in normal breast
development by several studies (Figure 3). In one of the earliest reports, Uyttendaele
et al. (1995) demonstrated that normal breast epithelial cells failed to differentiate
upon overexpression of a constitutively active form of NOTCH4 in vitro [156]. This
was supported by other reports where a constitutively active form of Notch4 was
expressed in transgenic mice and lead to a failure in mammary development followed
by the progression of mammary tumors [157-159] The increase in mammosphere
numbers in mammosphere culture systems upon activation of Notch signaling via an
exogenous peptide showed that Notch signaling has a promoting role in self-renewal in
human primary mammary epithelial cells [160]. In addition, Notch activation facilitated
proliferation and branching morphogenesis which could be inhibited by using Notch
antagonists. Altogether, these reports demonstrate the importance of Notch signaling
in the regulation of ductal branching in normal development where aberrant Notch
signaling seems to disrupt differentiation and causes excessive proliferation.

Notch3, another member of the family, was shown to be upregulated in mammospheres
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formed by normal breast tissue [160] suggesting its role in self-renewal. Notch3 has also
been shown to be upregulated in breast cancer cells [161]. Causality between deregulated
NOTCH signaling and mammary carcinogenesis was exemplified by the identification
of NOTCH1 and NOTCH4 loci as common insertions in MMTV induced tumors
[162, 163]. The integration of MMTYV into the NOTCH4 locus results in a Notch
protein lacking most of the extracellular domain creating a ligand-independent protein
[164-167]. WAP (whey acidic protein) or MMTV (mouse mammary tumor virus)-driven
expression of NOTCH4 in transgenic mice also leads to developmental defects and
formation of mammary tumors [158]. The failure in development leads to differentiation
defects and hyper-proliferation of immature ductal cells. A possible explanation can be
that specified cells within the mammary epithelium govern a proliferating stem cell fate
that makes the cells vulnerable to mutational events driving tumorigenesis [158].

The Notch activation is likely to be important for alveolar development since Notch4
overexpression leads to aberrant alveolar growth and lactation in both WAP and
MMTV-Int3 female mice [157-159]. This observation was supported by Buono et al.
who reported that loss of RBP-J, and Pofutl, a fucoslytransferases necessary for the
activity of Notch proteins, leads to disproportion in differentiation of the luminal and
basal cell lineages [168].

A)

e

P ST E e TN

Figure 3. Nozch1 Signaling in Normal Human Breast. We have observed high Notch1 activity in normal
buman breast epithelinm, indicating the activation of this pathway during normal breast development. Normal
buman breast tissue probed with an antibody against (A) cleaved Notch1 , representing NotehT activity (10X
and 40X magnification), and (B) Hes1 (a downstream target of Notch pathway) (10X and 40X magnification).

Similar patterns of expression are evident.

Notch and Mammary Stem Cells

Dontu et al. were among the first who demonstrated the involvement of NOTCH
signaling in mammary stem cell renewal [160]. By utilizing the mammosphere system,
they were able to show that human mammary stem/progenitor cells formed an
increasing number of mammospheres when NOTCH signaling was activated, and that
sphere formation was inhibited when NOTCH signaling was blocked. In the same
study, they demonstrated the role of NOTCH4 in myoepithelial lineage commitment
and branching morphogenesis of human mammary stem/progenitor cells in three



dimensional matrigel cultures. More genetic approaches have also been used to block the
NOTCH pathway, such as the targeted disruption of RBP-jk in the mouse mammary
gland [168]. Even though no aberrant changes were observed in virgin animals, alveolar
cell maintenance and basal cell proliferation increased dramatically by the loss of RBP-
jk upon pregnancy. Thus NOTCH appears to be regulating alveolar development
during pregnancy by controlling the luminal cell fate since the luminal cells fail to
differentiate upon loss of NOTCH signaling. The role of NOTCH signaling in luminal
cell fate commitment was supported later by Bouras [169], who demonstrated high
Notch1 activity in luminal progenitor cells in vivo. Moreover, constitutive activation of
NOTCH1 in CD29%CD24" cells was shown to stimulate luminal cell fate commitment
leading to excessive proliferation and eventually tumorigenesis. Conversely, knockdown
of RBP-Jk led to an increase in number, size and clonogenic capacity of CD29"CD24*
mammary epithelial cells. Notch pathway inhibition induced aberrant luminal cell
differentiation and expansion of basal cells. In contrast, NOTCH4 was shown to
be down-regulated in luminal restricted stem/progenitor cells whereas NOTCH3,
was shown to be upregulated [169]. Functional studies supported this further where
NOTCHS3 signaling was blocked and this retarded the luminal cell fate commitment
where it stimulated myoepithelial cell differentiation. This was further confirmed by
Rouf et al’s work, where they performed a transcriptome analysis and showed that
upregulation of NOTCH3 and down-regulation of NOTCH4 characterized the luminal
cell lineage [91].

Noteh in Mammary Carcinogenesis

MMTYV insertions in the NOTCH1 locus were first identified in MMTV-Neu
mammary tumors [162] as a collaborating oncogene in ErbB2/Neu driven mammary
tumorigenesis. NOTCH1 was shown to be rearranged in 2 out of 24 MMTV-Neu
mammary tumors investigated. These insertions caused expression of constitutive
active truncated NOTCHT1 proteins in a similar manner to that observed in the case of
NOTCH4. Wnt and NOTCH signaling also collaborate in the transformation of human
primary mammary epithelial cells (HMECs) [170]. In this study, ectopic expression of
Wntl, induced overexpression of NOTCH ligands (DII1, DII3, and DIl4). Further, it
induced Notch receptor cleavage which leads to NOTCH activity resulting in mammary
epithelial transformation. HMECs with constitutive activation of NOTCH1 detached
from culture plates and began to form spherical structures. However these spheres
failed to proliferate, indicating that NOTCHI1 activation alone was not sufficient to
induce transformation of these cells. Interestingly, Notch1 activation in 3 dimensional
cultures of MCF-10A, an immortalized human mammary epithelial cell line, yields
heterogeneous phenotypes such as large and hyper-proliferative structures or small and
growth arrested structures [171]. Based on these results, it is postulated that different
phenotypes are related with dose and context dependence of Notch pathway [172].
There is increasing evidence that activation of NOTCH signaling is a frequent event in
human breast cancers. In one of the eatliest studies, immunohistochemical analysis of
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NOTCHI1 was observed in high percentage (~57%) of breast cancers in concert with
high Ha-RAS expression [173]. Further in vitro experiments revealed that oncogenic
Ha-RAS acts at a post-transcriptional level to increase NOTCHT1 activity and that Ha-
RAS induced transformation requires NOTCH1 activation. High NOTCHI1 levels have
been correlated mainly with pootly differentiated breast tumors suggesting a possible
defect in cell fate decisions, whereas NOTCH2 expression is inversely correlated to
poor prognosis [174]. These data support the notion that different members of the
NOTCH family might have different roles depending on cellular context. Analysis of
several human breast cancer cases showed high JAG1 levels besides high NOTCH1
and NOTCHS3 expression in association to poor overall survival [100, 161, 175]. These
findings are in line with research demonstrating the tumor-promoting role of NOTCH1
and NOTCH3 in mice [100, 176]. Similarly, Pece et al. showed that loss of NUMB
expression (a negative regulator of the NOTCH pathway) is commonly observed in
primary human breast cancer [177].

Notch as a prognostic tool and a therapentic drug target

To date, it is clear that the NOTCH pathway plays a crucial role in breast cancer
development. Therefore, targeting Notch activity in cancer may provide a bona fide
approach for the development of novel therapeutic intervention strategies. Strategies
include: (i) preventing ligand-receptor interaction using soluble ligand [178, 179], (i)
ectodomain blocking antibodies [180-183] (iii) targeting metalloprotease cleaveage [143,
184] and (iv) targeting y-secretase cleavage [173]. Crosstalk between Notch signaling
and other pathways frequently altered in breast cancer are exploited to sensitize breast
cancers to common cancer therapeutics drugs by combined Notch inhibition [185,
186]. Finally, approaches to block transcriptional activation have also been successful
and may be implemented for future treatment regimes [187].

Inhibition of gamma-secretase activity has been so far the most well developed
approach to prevent the activation of NOTCH signaling. Gamma secretase inhibitors
(GSIs) have been heavily investigated since the gamma secretase complex also cleaves
AR peptide which plays an important role in Alzheimer’s disease [188]. These inhibitors
can also block the NOTCH pathway, generating increasing interest for their potential
usage as new cancer therapeutics. In case of breast cancer treatment, GSIs seem to
have potential in combination with other therapies for individualized therapy. The
optimal use of NOTCH inhibitors was demonstrated to be dependent on ER status
of the tumor. It has been suggested that GSIs might be more efficient in combination
with chemotherapy for the treatment of ERo/PR negative tumors [189] which do not
overexpress Her2/Neu. Accordingly, another study showed that inhibition of Her2
overexpression by trastuzumab or tyrosine kinase inhibitors (TKI) increases NOTCH1
activity, which then sensitized breast cancer cell lines [185] for GSI treatment.
Expression patterns of NOTCH pathway genes are also likely to have a prognostic
relevance. Recent studies stressed the importance of the detection of NOTCH
expression as a potential prognostic marker in breast cancer. Yao et al. demonstrated the



correlation of the expression of NOTCH, NOTCH4 and Jagl with known prognostic
factors such as ERa status, tumor grade, Ki67, lymphovascular invasion, lymph node
status and tumor size [190].

Conclusions

The existence of MaSCs was already demonstrated more than 50 years ago but we are
only beginning to understand the identity of these cells, the signaling pathways that
regulate their homeostasis and their role in diseases such as breast cancer. Currently,
there are a number of important questions remaining to be answered; what are the
functional differences between human and murine stem cells in the mammary gland?
Where do these stem cells reside within their organs and in what micro-environment
(niche)? This knowledge is needed to improve our understanding of breast stem cells
and their role in cancer formation and progression. Notch signaling has emerged as
an important cell fate determinant in mammary gland morphogenesis where it plays
seemingly opposite roles in cell renewal and differentiation. Notch is also frequently
deregulated in breast cancer and in some cases expression of Notch or its ligands
has shown prognostic significance. The y-secretase inhibitors are emerging as potent
drugs that attenuate Notch signaling and are currently being evaluated in clinical trials
including those with breast cancer. The coming years will reveal if and how breast
cancer patients may benefit from treatments with Notch inhibition.
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Abstract

The lifetime risk of developing breast cancer is about one in eight for women in the
western world and one of the leading causes of cancer-related death in women. 10%—
15% of breast cancer patients are diagnosed with invasive lobular carcinoma (ILC);
the second most prevalent type of breast cancer. There is a strong need for a better
understanding of ILC to improve treatment. Here, we address the role of NOTCH
signaling in lobular breast cancer. We observed a high frequency of NOTCH pathway
activity in human ILC patient material. Importantly, 7 vitro inhibition of NOTCH
signaling using y-secretase inhibitors (GSI) led to proliferative arrest in both mouse and
human ILC like cell lines. Furthermore GSI treatment in a mouse allograft model for
ILC inhibited NOTCH signaling and retarded tumor growth. Our data reveals NOTCH
signaling as an important pathway for the growth and maintenance of 1LC, making it an
attractive candidate for individualized treatment of these patients.



Introduction

Breast cancer is the most frequently occurring malignancy among women in the western
world, affecting almost 1 in 8 women with approximately one million new cases per year
world wide, of which 35% will eventually die. Breast cancer is a complex disease with
several histological and molecular manifestations within tumors and between patients
[1]. Invasive ductal carcinoma (IDC) is the most prevalent form of breast cancer,
whereas 10%—15% of patients present with invasive lobular carcinoma (ILC), and some
other minor subtypes [2, 3]. Lobular carcinomas differ from ductal carcinomas in terms
of biology, histology and response to therapy. ILC is often multifocal and bilateral [4-
6]. Histologically, ILC manifests as small and round shaped non-cohesive cells which
are highly dispersed and locally invasive, making diagnosis with physical examination
and mammography difficult [7]. The majority of ILCs are more frequently hormone
receptor positive than IDC [8]. Although ILCs initially often respond to endocrine
therapy, they become resistant once the hormone receptor expression is lost, which
often occur in tumors with high histological grade [9]. Unlike IDC, ILC more frequently
shows low/absent EGFR and HER-2 expression [3], making them less suited for anti-
EGFR family monoclonal antibody or small molecule based therapies (e.g. CetuxiMab,
Lapatinib, Herceptin) [10, 11]. Overall, ILC has a worse prognosis compared to IDC [8].
This reflects the low success rate of current treatment strategies against ILC. Although
there are key molecular aberrations associated with ILC (such as loss of E-cadherin
expression), investigations regarding the molecular events underlying lobular cancer
etiology is limited [12, 13]. A better understanding of the molecular pathways governing
ILC development and progression are needed to provide new opportunities for
therapeutic intervention.

The NOTCH signaling pathway is a cell fate specification and self-renewal pathway
important for normal breast development and cancer [14]. In mammals the NOTCH
family consists of 4 transmembrane receptors and 5 membrane bound ligands. Ligand-
receptor interactions between adjacent cells induce a series of proteolytic cleavages
that result in the release of the NOTCH intracellular domain (NICD) from the
plasma membrane which translocates to the nucleus to initiate gene transcription.
This intramembranous cleavage is performed by y-secretase -the Presenilin containing
enzyme complex- which is required for most NOTCH activity[15].

Deregulated expression of NOTCH ligands and receptors is common in human cancers
[16]. In about 50 % of T cell acute lymphocytic leukaemias (T-ALL) activating mutations
in NOTCH1 are present, and inactivating mutations in the ubiquitin ligase FBW7/
SEL10/CDC4 also increase NOTCH activity in T-ALL [17-19]. Aberrant NOTCH
signalling is also implicated in the development of breast cancer. For example, No#ch1
and Nozeh4 loci have been identified as common insertion sites of the Mouse Mammary
Tumour Virus (MMTYV), which induces mammary cancers in mice [20, 21]. Forced
expression of activated NOTCH4 or NOTCH1 in mammary epithelial cells also leads
to transformation and rapid development of pootly differentiated adenocarcinoma [22,
23].
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In human breast cancer there is mounting evidence for an important role of deregulated
NOTCH signaling. For example, in early breast lesions such as Ductal Carcinoma in
Situ (DCIS), NOTCH1 signaling is active and associated with breast cancer recurrence
[24]. Also in advanced breast cancer NOTCHI1 receptor and JAGGED1, a NOTCH
ligand, expression are associated with basal phenotypes and poor prognosis [25, 26].
Furthermore, NOTCH4 can transform primary mammary epithelial cells and influences
the ability of mammary progenitors to form mammospheres in vitro [27], a property
associated with the ability to form transplantable tumors in mice [28]. Altogether these
studies suggest that NOTCH4 is more important in maintaining undifferentiated
progenitors whereas NOTCH1 and NOTCH3 are implicated in secretory or luminal
differentiation [29-31].

Despite the amount of knowledge we have on the role of NOTCH signaling in
the development and progression of ductal breast cancer, little is known about the
importance of this pathway in ILC. Currently several clinical trials are ongoing for
invasive ductal cancer using NOTCH inhibitors (y-secretase inhibitors or GSI). Whether
such a therapy would also work in the more aggressive therapy resistant lobular cancers
is not known.

In this study, we report frequent NOTCH activation in human lobular breast cancer and
we demonstrate therapeutic feasibility of using NOTCH inhibitors in a mouse model
for ILC.

Materials and Methods
Tissue samples and tissue micro arrays

Formaldehyde-fixed paraffin embedded breast cancer tissue blocks of 240 cases
were collected from the archives of Department of Pathology of University Medical
Centre of Utrecht, to prepare tissue micro arrays (TMAs). For TMA construction,
representative areas containing morphologically defined tumor tissue were identified
on haematoxylin-eosin stained reference slides by an expert pathologist (PJvD). The
tissue micro array was constructed by transferring tissue cylinders of 4-5 mm from the
representative tumour area of each donor block to the recipient block using a tissue
arrayer (Beecher Instruments, Sun Prairie, WI, USA). Serial sections of 4 um were cut
from this TMA and transferred on Superfrost+ slides (Menzel and Glaeser, Germany)
for immunohistochemistry experiments.

Tmmunobistochemistry

Immunohistochemistry was performed on conventional 4 um slides by using the
following markers; activated NOTCH1 Val 1774 antibody (N1ICD antibody) (Cell
Signaling Technologies, Danvers, MA, USA), activated NOTCH1 antibody (Abcam,
Cambridge, UK), HES1 antibody (Millipore, Billerica, MA, USA), Ki67 (Thermo
Scientific, USA) and cleaved Caspase3 (Cell Signaling Technologies, Danvers, MA, USA).
Briefly, tissue sections were deparaffinised and rehydrated. Endogenous peroxidase
was blocked with methanol / 0.3% hydrogen peroxidase by immersing the slides in



the solution for 15 minutes. Slides were heated in Citrate or EDTA buffer depending
on the antibody used. Unspecific binding sites were blocked with a 1:50 normal goat
serum in PBS (pH: 7.4) containing 0.1% sodium azide and 1% BSA. Polyclonal rabbit
activated NOTCH1 antibody (Cell Signaling) was diluted 1:100, polyclonal rabbit
activated NOTCHI1 antibody (Abcam) 1:500, HES1 antibody (Millipore) was diluted
1:600 in PBS/1%BSA, Ki67 was diluted 1:2000 and cleaved Caspase3 antibody (Cell
Signaling) was diluted 1:1000. Tissue slides were incubated at 4 °C overnight in a
humidified chamber, and then incubated with a HRP conjugated secondary antibody
followed by diaminobenzidin (10 min), counterstaining with hematoxylin, dehydration,
and coverslipping. Appropriate positive and negative controls were used throughout.
For PAS staining; tissue sections were first deparaffinised and rehydrated and then
treated with 1% Periodic acid for 5 minutes. After this step, the sections were washed
with demi water and treated with Schiff ’s reagent for 15 minutes. Following this step,
sections were washed with demi water and rinsed with running tap water and then
counterstained with hematoxylin, dehydrated, and coverslipped.

Scoring

For active NOTCHI1 staining, the percentage of positively stained nuclei was estimated.
N1ICD staining in more than 10% of cells was considered as positive. For HES1 staining,
percentage and the intensity of positively stained nuclei (scored semi-quantitatively 0-3)
were estimated by an experienced pathologist (PJvD). A standard light microscope was
used for the evaluation of staining, at 20-40X final magnification. Pictures were taken
with a Leica digital camera DMX1200 through 10X, 20X and 40X objectives. The TMA
tissue cores were not scored if they were missing.

Cell lines and culture conditions

Luciferase expressing mouse ILC breast cancer cell line KEP1.11 and WEP3, were
derived from spontaneous tumours from Kl4cre; Ecad”’" ;p53 %" and WAPcre; Ecad”/*
;53 /¥ mouse breast cancer models which have been described before [32]. Murine ILC
lines were grown in DMEM/F-12 supplemented with 10% fetal calf serum, 100IU/ml
PeniStrep, 5ng/ml Insulin And 5ng/ml EGF (all from Invitrogen Life Technologies).
Human breast cancer cell lines used for DNA sequencing and functional analysis (ZR-
75-30 and MDA-MB-453) were a gift from dr. J. W. Martens (Erasmus MC, Rotterdam,
the Netherlands) and were grown in standard culture flasks in DMEM medium
supplemented with 10% fetal calf serum, PeniStrep in a humidified incubator at 37 °C
at an atmospheric pressure in 5% (v/v) CO,. T-ALL cells lines JURKAT and DND41)
were cultured in the same medium and under the same conditions.

Western blot

The human and mouse breast cancer cell lines were treated with 1 uM of the GSI,
DBZ, ot vehicle DMSO for overnight in a humidified incubator at 37 °C at atmosphetic
pressure in 5% (v/v) CO,. Cells were then lysed in lysis buffer (1% Triton, 50 mM Tris
pH=7.6, 150 mM NaCl, 1X Protease inhibitor completed with H,O) for 30 min on ice.
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Lysates were spun down for 15 min at 14000 rpm at 4 °C. For western blot analysis, equal
number amount of protein was added to 6x Laemmli buffer. Proteins were separated by
SDS-PAGE and transferred onto PVDF membranes. Protein detection was performed
with subsequent primary antibodies: activated NOTCH1 Val 1774 antibody (N11CD
antibody) (Cell Signaling Technologies, Danvers, MA, USA), activated NOTCHI1
antibody (Abcam, Cambridge, UK), HES1 antibody (Millipore, Billerica, MA, USA) and
ACTIN antibody (MP Biomedicals, California, USA) Secondary antibodies used were
anti mouse (DAKO, Denmark) and rabbit (Jackson Immuno Research, Baltimore, USA)
IgG HRP linked antibodies and detected using ECL (Amersham Biosciences, UK).

Proliferation and cell cycle assay

The effect of GSI treatment on the proliferation of human and mouse breast cancer cell
lines was investigated by using a FITC BrdU Flow Kit (according to the manufacturer’s
instructions, BD Biosciences). Flow cytometric measurements were performed using
a FACSCalibur (BD Biosciences) and data were analyzed by CellQuest software (BD
Biosciences). The cell lines were treated with 1 uM of the GSI, DBZ, or vehicle DMSO,
which was refreshed daily, for 4-7 days in a humidified incubator at 37 °C at atmosphetic
pressure in 5% (v/v) CO,.

Apaptosis assay

Apoptosis of the GSI treated and control cells were measured by using the Annexin
V-FITC Apoptosis Detection Kit (Bender MedSystems, San Diego, USA). As a positive
control, the cells were treated with Staurosporine (1 pM, for 24 hrs).The staining was
carried out according to the manufacturer’s instructions. Flow cytometry measurements
were performed using FACSCalibur and the results were analyzed by CellQuest software.

Immunofluoresence

To address further if GSI induces apoptosis in human and breast cancer cell lines,
immunofluoresence staining against cleaved Caspase-3 was performed. Cells were
plated on sterilized glass coverslips placed in 12-well plates. After treatment with 1 uM
of the GSI, DBZ, or vehicle DMSO, which was refreshed daily, cells were incubated
for 4 days in a humidified incubator at 37 °C at atmospheric pressutre in 5% (v/v)
CO,. At the end of the experiment, cells were fixed and permeabilized with ice cold
100% Methanol for 10 minutes. Fixed cells were blocked with 2% BSA for 1 hr at RT
and incubated with a primary antibody raised against cleaved Caspase-3 (Cell Signaling,
1:50) overnight at 4°C. Next day, the cells were washed and incubated with a secondary
antibody Alexa Fluor 555 (Invitrogen, 1:500) for 1hr at RT. Before the final washing step,
DAPI staining was performed for visualization of nuclei. The imaging was performed
by Leica DMI4000b fluorescence microscope.

NOTCH inbibition in an orthotopic model for ILC

For in vivo experiments, we used mouse ILC cell lines (KEP1.11 cell line) isolated from



an established mouse model of ILC, based on conditional disruption of Cdh7 and
Trp53 [33]. For our experiment, KEP1.11 mouse breast cancer cells were orthotopically
transplanted into the cleared mammary fat pads of female nude mice (n=13 for
each group). After this, mice were examined regularly for tumor size with a digital
caliper. Once tumors were palpable (~50 mm’), bioluminescent imaging and caliper
measurements were performed. To calculate the effect of GSI on tumor volume, we
have excluded the tumors which are smaller than 20 mm® in control and drug treated
groups. This approach provided a reproducibility measure.

Vehicle only or drug administration was performed using Alzet Osmotic Pumps
(DURECT Corporation, Canada). Control group (n=13) was given only vehicle and
drug group was given the GSI, DBZ, (10 micromole / kg) daily/ for 10 days, as described
previously [34]. At the end of the treatment period, the mice were euthanatized and
the tissues were harvested for further analysis. Mice were housed in pathogen-free
conditions at Animal Facility of University of Utrecht in compliance with IACUC
regulations. Experimental protocols were conducted with permission from the local
animal experimental committees (DEC) in compliance with the Dutch law on animal
experimentation.

Statistical analysis

The Chi-square test was used to evaluate correlations between protein expression
and histological type of the tumor. For statistical analyses of proliferation assay, cell
cycle assay, two way ANOVA test was applied and for tumor volume measurements
and goblet cell count in the gut, the Mann-Whitney U test was used to calculate the
significance levels of differences between the control and GSI treated cells/groups.

Results
High NOTCHT activation correlates with lobular breast carcinomas

To investigate NOTCHI1 activation in human breast cancer specimens, we screened a
TMA containing 240 human breast cancer specimens of which 125 IDC and 115 ILC
using an antibody detecting the activated cleaved form of NOTCH1 (Val1744 cleaved
NOTCHI). In normal breast tissue, we observed N1ICD in the luminal epithelial
cells in line known NOTCHI1 expression and activity patterns (Figure 1A). A similar
observation was made for the common downstream target of NOTCH pathway,
HES1 (Figure 1B). In breast cancer specimens, high N1ICD and HES1 expression was
observed in a significant proportion of ILC cases compared to IDC (Figure 1C, D and
Table 1) (p<0.001). Moreover, ILC cases with high N1ICD expression were also mostly
HES1 positive (p=0.002) (Table 2).

NOTCH inbibition canses proliferative arrest in lobular breast cancer cell lines

To further study the phenotypic consequences of NOTCH activation in ILC, we used
two human and two mouse breast cancer cell lines with similar characteristics to ILC.
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| Figure 1. Immunostaining of normal human
! breast and breast cancer tissue for NOTCHT
ICD and HEST A) A representative immn-
nobistochemistry picture of NTICD staining on
normal breast tissue B) HEST staining in nor-
mal breast tissue C) NTICD staining in a lobn-
lar breast cancer specimen D) HEST staining
a lobular breast cancer specimen. Pictures were
taken with a Leica digital camera DMX1200
through 10 X and 40 X obyjectives.

IDC ILC

NIICD - 48 (%53) 19 (%19) p <0.001
+ 42 (%47) 83 (%81)

HES1 - 67 (%68) 30 (%32) p<0.001
+ 31 (%32) 64 (%68)

Table 1. Expression of NOTCH1 ICD and HEST in human invasive ductal (IDC) and lobular invasive
carcinomas (ILC) * The TMA tissue cores were not scored if they were missing. There were 35 missing cores

Jor IDC and 13 for ILC cases.

First, we confirmed NOTCH1 and HES1 expression in these cell lines by analyzing
control and/or GSI treated cell lysates by immunoblotting for cleaved and activated
NOTCH1 and HES1 (Figure 2A). All four cell lines showed active N11ICD indicative of
NOTCHI1 cleavage and activity which was confirmed using HES1 immunoblotting, We
observed that N1ICD formation and HES1 expression were lost upon GSI treatment.
Therefore the NOTCH pathway is active in cell lines with characteristics of ILC.
Next, we asked if the growth and proliferation of the human and mouse cell lines are
affected by NOTCH inhibition. The T-ALL cell line JURKAT harbors mutations in
both NOTCHI1 as well as in FBW7 and is known to be resistant to GSI [18]. As expected
JURKAT cells showed no change in BrdU incorporation when treated with GSI. The
GSI sensitive DND41 T-ALL carrying activating NOTCH1 mutations responded to
GSI inhibition by a reduction in DNA synthesis as measured by S-phase labeling using
5-bromo-2-deoxyuridine (BrdU) incorporation. (Figure 2B).
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Table 2. Correlation of activated NOTCHT1 (N1ICD) and

* HEST expression in human ILC. p=0.002 * The missing
HES1 - 39 41 TNA tissue cores for each staining were excluded.
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Figure 2. Mouse and human breast cancer cell lines are sensitive to GSI treatment. In A,B and C, cells
were treated wither with DMSO or GSI A) Lysates of human (ZR-75-30, MDA-MB-453) and mouse
(KEP1.11, WEP3) breast cancer cell lines were blotted for NT1ICD expression with Vall 744 (upper panel) or
Jor HES'T excpression (lower panel). Total protein levels for ACTIN were determined as loading control. B) The
effect of NOTCH inhibition was monitored in T-ALL cell lines JURKAT and DND41 by S-phase labeling
using 5-bromo-2-deoxcyuridine (BrdU) incorporation and following EACS measurement. C) Effect of GSI on

the proliferation of human and mouse breast cancer cell lines.

Using these conditions, we exposed growing cultures of mouse and human ILC like cell
lines to GSI for the duration of 4-7 days and analyzed them for BrdU incorporation.
All cell lines showed reduced proliferation ranging from 30% to 50% when cultured
in the presence of GSI (Figure 2C). To address if the reduced proliferation caused by
NOTCH inhibition was accompanied by increased cell loss or apoptosis, we stained the
cells with PI and apoptotic marker Annexin-V. In all cell lines we observed a low level
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of cell loss (1-3%) by PI-Annexin-V staining (data not shown).
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Figure 3. GSI treatment does not induce apoptosis in mouse and human breast cancer cell lines. A) To monitor
the effect of NOTCH inbibition on apoptosis, control and GSI treated cells (After 7 days) were stained against
cleaved Caspase3, a commonly used apoptosis marker. In all cell lines we observed very low level or no of cell loss.
GST treatment did not increase apoptosis in any of the cell lines tested. B) To test whether mouse ILC cell lines
were intrinsically resistant to apoptosis, we exposed the cells to the apoptosis inducer Stanrosporine. We observed
massive apoptosis induced by Stanrosporine in KEP1.11 cells indicating the apoptotic machinery is intact. (The
images are representative for other cell lines.) C) Human and mouse breast cancer cell lines were labeled with
7-AAD (7-amino-actinomycin, a total DNA stain) and BrdU to distinguish S-phase G1 diploid (2n) and
G2 tetraploid (4n) populations. EACS measurements were analyzed by FCS Express 4 Software. In both



human ZR-75-30 and MDA-MB-453 cells GSI treatment induced a slight but significant reduction in S-phase
labeling, but little accumnlation in G1 or G2 phases. In both mouse I1L.C lines we observed a clear increase in G1

arrested cells with a concomitant reduction in S and G2 phase in GSI treated cells versus controls.

We did perform immunofluoroscence staining against cleaved Caspase3 to visualize any
apoptosis occurring and tested whether mouse ILC cell lines were intrinsically resistant
to apoptosis by exposing them to the apoptotic inducer Staurosporine. GSI treatment
did not increase this cell loss in any of the cell lines tested during 7 days of treatment
(Figure 3A and B). We observed significant apoptosis induced by Staurosporine in
murine KEP1.11 ILC cells indicating the apoptotic machinery is intact (Figure 3B).
Cell cycle arrest and redistribution may also underlie decreased S-phase labeling.
To address this we pulse labeled cells with 7-AAD (7-amino-actinomycin D) a total
DNA stain and BrdU to distinguish S-phase G1 diploid (2n) and G2 tetraploid (4n)
populations. In both ZR-75-30 and MDA-MB-453 cells (human breast cancer cell lines)
GSI treatment induced a slight but significant reduction in S-phase labeling, but little
accumulation in G1 or G2 phases. In both mouse ILC lines we observed a clear increase
in G1 arrested cells with a concomitant reduction in S and G2 phase in GSI treated cells
versus controls (Figure 3C).

GST treatment interferes with lobular breast cancer progression in vivo

Because we observed a high frequency of NOTCH1 activation in human breast cancer
specimens and a proliferative block in breast cancer cell lines in vitro using NOTCH
inhibitors we asked if GSI treatment would affect breast cancer progression in vivo. We
used a well-established mouse model with combined conditional deletion of Cdh7 and
Trp53 in mammary epithelial cells that develop ILC at high incidence. KEP1.11 used
here is a cell line derived from these mice which grows in vitro and causes metastatic
ILC with high incidence and short latency when transplanted orthotopically [32].

To address if KEP1.11 metastatic ILC is sensitive to NOTCH inhibition 7z vivo, we
transplanted 10* cells into cleared fat pads of immune-compromised Nude mice. When
tumours reached a volume of 50 mm’, we treated the mice for 10 consecutive days
with vehicle or with a 10 umole/kg of GSI. We measured tumour volumes after 10
days and observed a significant decrease in volumes in animals treated with GSI versus
animals that received vehicle only (Figure 4A). The experiment was repeated for the
second time where the trend of tumour volume decrease in GSI treated groups was
present although not significant (data not shown). A third experiment is still ongoing
to conclude this part.

We isolated tumor tissues from these mice and performed N1ICD and HES1
immunohistochemical staining on paraffin embedded tissues and observed a decrease
in NOTCHT1 Val1744 staining and a reduction in HES1 staining in GSI treated tumors
compared to isogenic control tumors (Figure 4B and C). We also observed a significant
reduction in proliferation by Ki67 tumor stainings in GSI treated mice (Figure 4B and
O).
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Figure 4. Effect of GSI treatment . A) 104 KEP1.11 (metastatic mouse ILC cell lines) were transplanted
into cleared fat pads of immune-compromised Nude mice. When tumors reached a volume of 50 mm3, the mice
were treated for 10 consecutive days with vebicle or with a 10 umole/ kg of GS1. Tumor volumes were measured
by caliper after 10 days and a significant decrease was observed in volumes in animals treated with GSI versus
animals that received vebicle only B) Representative immunobistochemistry images of HSE, K167, N1ICD
and HES'T staining’s on isolated tumor tissues from control or GSI treated mice. We observed a decrease in KI6G7
(proliferation marker), N1ICD staining and a reduction in HEST staining in GSI treated tumors compared
to isogenic control tumors. C) Quantitative IHC analysis of NICD, HES and Ki-67 staining in sections
Srom control and GSI treated mice. %o of positive nuclei was calenlated of the each staining. We also observed

a significant reduction in all stainings in GSI treated mice. D) GSI treatment does not induce apoptosis in vivo.



Respresentative images of cleaved Caspase3 staining of tumor tissue extracted from control and GSI treated

mice.

To investigate if GSI treatment induced apoptosis in vivo, we performed
immunohistochemistry against cleaved Caspase3, however very small percentage of
(<1%) tumor cells were apoptotic (Figure 4C).

NOTCH inhibition is known to cause intestinal toxicity due to proliferative arrest of the
intestinal crypt epithelium leading to precocious goblet cell differentiation and stem cell
depletion [34]. We observed a significant increase in intestinal goblet cell differentiation
but no clinical signs of gut toxicity, as observed with intraperitoneal injections of GSI
(Figure 5A and B).
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Figure5. Effect of NOTCH Inbibition in the gut. A) NOTCH inbibition is known fo cause intestinal
toxicity due to proliferative arrest of the intestinal crypt epithelinm precocious goblet cell differentiation and stem
cell depletion. We observed a significant increase in intestinal goblet cell differentiation which is represented here by
PAS staining of the guts from control and GSI treated mice. B) Goblets cells numbers of 10 crypts were connted
Jrom 3 different areas of each case (control and GSI treated group) and a statistical analysis was performed. We
observed a significantly bigher number of goblet cells (p<<0.05) in guts of GSI treated mice.

Discussion

NOTCH signaling is frequently deregulated in human cancers including breast cancer
and many preclinical models have demonstrated that NOTCH inhibition may attenuate
tumor growth zz vitro and in vive. The majority of these breast cancer models however
are of ductal origin. Very little is known of the molecular pathways that govern lobular
cancer etiology which account for about 10-15% of breast cancer cases. Here we show
that the NOTCHI1 receptor and a common downstream target HES1 are frequently
activated in human ILC. We demonstrated that human and mouse ILC are sensitive
to NOTCH inhibition z# vitro and in vivo in a murine model for ILC. Altogether our
findings show that NOTCHI1 signaling is likely to be important for ILC etiology and
that NOTCH inhibition using GSI may provide additional treatment options in the
management of ILC.
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To date, a number of studies have reported on the expression of NOTCH receptors
and ligands in breast cancer |25, 35, 36]. Most studies have focussed on IDC. We find
significantly more frequent N1ICD and HES1 expression in a high percentage of ILC
compared to IDC (Table 1). There is a high concordance between cleaved NOTCH1
and expression of HES1 indicating that the NOTCH pathway is also active.

There are multiple processes controlling NOTCH activation, such as, proteolysis,
glycosylation, ubiquitylation and phosphorylation. Overexpression of ligands or loss
of negative regulators could lead to hyper activation of NOTCH as well. For example,
it is possible that mutations in a negative regulator of NOTCH such as FBW7 and/or
NUMB can lead NOTCH hyper activation. FBW7 is an E3 ubiquitin ligase, targeting
NOTCH for proteasomal degradation [37]. We did not observe mutations in FBW7
in the breast cancer cell lines and patient material analysed here but whole genome
sequencing efforts have reported a low frequency of FBW7 mutations in breast cancer
[38]. Another negative regulator of NOTCH pathway, NUMB, is involved in targeting
NOTCH for endosomal degradation [39]. Frequent loss of NUMB could therefore
contribute to hyper activation of NOTCH which has been observed in breast cancer.
Low NUMB expression was related with more aggressive phenotype and was a predictor
of poor prognosis [40, 41].

Uncontrolled ligand driven NOTCH activity could also explain hyper activation of
the NOTCH1 pathway in ILC. We have not focused on NOTCH ligands in this study.
However it has previously been demonstrated by several studies that human breast
cancer cases tend to have high expression levels of NOTCH ligands correlates with
high receptor expression [25, 42]. Deregulated WNT signaling is a common event
in mammary carcinogenesis. Many studies have shown that NOTCH ligands can be
direct targets of the WNT/B-CATENIN/TCEF cascade [43-46]. For example in human
primary mammary epithelial cells, ectopic expression of WNT1 induces the expression
of NOTCH ligands leading to NOTCH hyperactivity and mammary epithelial
transformation [47]. It remains to be determined which of the above mentioned reasons
lie behind our observation of high NOTCH activation in ILC.

According to the current literature NOTCH signaling plays an important role in luminal
cell differentiation [30]. ILCs are usually luminal type breast cancers; a subtype mainly
including hormone receptor expressing breast cancers with similar expression patterns
of cytokeratins, ER and genes involved in ER activation [48] [49]. Our observation
together with the published literature suggests therefore an important role of
deregulation of NOTCH signaling in ILC progression due to the induced defects in
luminal cell differentiation. In our data set, N1ICD correlated significantly with ER
status (data not shown). Interestingly, this correlation was reported before and it was
found that ER activity upregulated NOTCH1 activity [50]. Rizzo et al. exploited this by
demonstrating that a therapy based on combinations of anti-estrogens (i.e tamoxifen)
and a NOTCH inhibitor might be effective in the treatment of ER + breast cancers
which could be an option for low or intermediate grade 1LC cases. Following a similar
paradigm ErbB-2 inhibition via TrastuzuMab might sensitize breast cancers to NOTCH



inhibitors. In our ILC mouse model, tumors mimic mainly high grade human ILC and
are mostly ER low/negative [33]. Therefore in ILC, NOTCH inhibition may provide a
good (short-term) response regardless of ER status. NOTCH signaling is known to be
involved in the regulation of cell proliferation or apoptosis, depending on the cell type
and context [51]. Our 7 vitro data suggests that even short term inhibition of NOTCH
signaling by GSI in mouse ILC cell lines and human breast cancer cell lines results in a
decrease in cell proliferation by inducing cell cycle arrest. The role of NOTCH signaling
in cell cycle regulation has already been reported in different situations including breast
cancer [52]. In the case of haematological malignancies, GSI treatment has been shown
to induce GO/GT1 arrest in a panel of T-ALL cell lines 7 vitro and in vivo instead of
inducing apoptosis [53-55].

For our #n vivo experiments, we made used of mouse breast cancer cell lines which
were established from a mouse breast cancer model which showed strong resemblance
to human ILC [32]. The tumors developed upon orthotropic transplantation of these
cells into nude mice showed volume reduction upon GSI treatment. This observation
correlates with our 7z vitro results, demonstrating the importance of Notch activation in
the progression of this breast cancer subtype and GSI treatment as a potential therapy for
ILC patients. There are many reports describing the effect of GSI inhibition in murine
breast cancer models mostly resembling IDC [56]. For example in ERBB2-transgenic
mouse model of breast cancer GSI decreased cell proliferation and inhibited tumor
growth resulting in increased survival [57]. Watters et al., employed transcriptomics
from a mouse model of breast cancer to extract signatures that predict GSI sensitivity
in vivo [58]. Interestingly, Lee at al (2008) demonstrated that NOTCH upregulation
caused enhanced cell proliferation 7z vitro in ER negative human breast cancer cell lines
and GSI inhibition induced apoptosis in these cells.

This result is in contrast to our observations where we did rather observe proliferative
arrest and not necessarily an increased apoptosis. This difference might be related to
the use of different cell lines. The same group also uses an 7 vivo model, where they
inoculated immunocompromised mice with tumors of an ER negative human breast
cancer cell line MDA-MB-231. Intraperitoneal administration of GSI to these mice
resulted in inhibition of tumour growth in a short time like observed in our study. It
well established that NOTCH signaling plays an important role in cell differentiation.
In the intestine GSI therapy causes stem cell depletion and secretory differentiation
leading to severe dose-limiting toxicity [34]. During our experiments we did not observe
any clinical signs of intestinal toxicity. We believe that this maybe due to the slow local
release administration of GSI via osmotic pumps. The levels of drug in the gut might
have reached to the threshold to induce goblet cell differentiation but was not enough
to induce toxicity. Thus we speculate that with localized GSI treatment high enough
therapeutic concentrations may be achieved in tumors without reaching the threshold
for mechanism based toxicity in other organs.

GSIs are currently being evaluated in different clinical trials which include breast cancer
and they appear to be successful and potent drugs that block NOTCH signalling. The
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anti-tumor effects of GSI treatment on a novel in vivo ILC model that we show here
warrants a further investigation into its potential for the treatment of 1LC patients.
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Abstract

NOTCH signaling is involved in every step of metazoan development and
maintenance of adult tissue homeostasis. It is frequently deregulated by mutations and
overexpression in different cancer types including solid tumors such as breast cancer.
Another common feature of solid tumors is hypoxia, which occurs due to defective
or insufficient vascularization. Hypoxia-inducible factors (HIFs) are key regulators of
the homeostatic response to low oxygen levels. HIF-1a is overexpressed in many solid
tumors, including breast cancer. Hypoxia-induced stabilization of HIF transcription
factors has been shown to lead to NOTCH activation in vitro in different contexts and
tissues, causing differentiation arrest and induction of proliferation and migration. Since
the link between HIF-1a and NOTCH signaling has hardly been studied, we set out to
closely investigate associations between HIF-1a and NOTCH signaling in primary and
metastatic human breast cancer specimens. Our results show that co-expression of
NOTCHI1 intracellular domain (N1ICD) and HIF-1a is associated with a high grade
and a high proliferation rate in invasive breast cancer. HIF-1a expression was low in
classic, but high in pleomorphic lobular cancers, which also frequently showed stromal
HIF-1a expression. NOTCH pathway activation was associated with a poor prognosis,
but NOTCH and HIF signaling did not seem to be functionally associated in breast
cancet.



Introduction

NOTCH signaling serves as a short-range cell-cell communication pathway, which
is highly conserved from flies to mammals. It is involved in every step of metazoan
development and maintenance of adult tissue homeostasis. NOTCH proteins are
single pass type transmembrane receptors consisting of extracellular ligand binding and
cytoplasmic signal transduction domains [1]. Canonical NOTCH signaling is regulated
by proteolysis and initiated by the interaction of transmembrane bound ligands and
receptors on neighboring cells. Upon the final intramembranous cleavage of receptors,
the NOTCH intracellular domain (NICD) is released and translocated to the nucleus.
In the nucleus, NICD interacts with the transcription factor CSL (CBF1 in humans;
RBP-J, in mice) to activate the HES/HEY family of genes, which are involved in
growth, proliferation, differentiation, and survival [2]. NOTCH signaling is frequently
deregulated by mutation and overexpression in different cancer types [3]. Therefore,
targeting NOTCH in human malignancies could be a powerful approach to counteract
tumor progression.

The NOTCH pathway has also been shown to play an important role in breast
cancer. NOTCH1 was the first member of the family identified in breast cancer and
the NOTCH1 locus was also identified as a Mouse Mammary Tumor Virus (MMTV)
insertion site in MMTV-Neu tumors [4]. Based on previous research, we have proposed
that dose and context dependency of NOTCH pathway activation may lead to different
phenotypes in different tissues [5]. Immunohistochemistry performed on human breast
cancer specimens revealed frequent overexpression of NOTCH1 [6], NOTCH3 [7-9]
and the NOTCH ligand JAGGED1 in most cases, together with loss of expression
of NUMB, a negative regulator of NOTCH [10]. NOTCH family members seem to
have different roles in cancer. For example, high NOTCH2 expression in breast cancer
has been shown to be correlate to a higher chance of survival [11]. In vivo studies
performed in mice supported the tumor promoting role of NOTCH1, NOTCH3 and
NOTCH4 [7, 12, 13].

Low oxygen tension (hypoxia) is a common feature of solid tumors and it can occur due
to defective or insufficient vascularization. Hypoxia-inducible factors (HIFs) are key
regulators of the homeostatic response to low oxygen levels. Hypoxia and HIF-1a, the
hypoxia response-regulating unit of the HIF complex, have been proposed to play a role
in breast carcinogenesis [14] and to affect breast cancer prognosis [15, 16]. Hypoxia-
dependent NOTCH activation has been observed in different contexts and tissues
[17-19]. Recently, Chen et al. demonstrated that hypoxia-induced stabilization of HIF
transcription factors leads to expression of the NOTCH target genes HES1 and HEY'1
in human breast cancer cell lines [20]. In another study, Xing et al. reported increased
JAGGED?2 (a NOTCH ligand) and NOTCHI1 intracellular domain (N11CD) expression
in the hypoxic invasive front of the tissues (breast cancer specimens) investigated
[21]. Given these interesting results, which indicate a potential link between these two
oncogenic pathways in breast cancer, we investigated the associations between HIIF-Ta
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and N1ICD expression in primary and metastatic human breast cancer specimens, in
conjunction with downstream targets of both pathways.

Materials and Methods
Tissue samples

Formaldehyde-fixed paratfin embedded breast cancer tissue blocks of 449 cases were
collected from the archives of Departments of Pathology of the University Medical
Center Utrecht (Utrecht, the Netherlands) and the Radboud University Nijmegen
Medical Centre (Nijmegen, the Netherlands) to prepare tissue microarrays (TMAs).
This series was enriched in lobular carcinomas because of a special interest in this type
of cancer by our research group. Typing was done according to the WHO, and grading
was done according to the Nottingham scheme. The mitotic activity index (MAI) was
assessed as previously described [22]. Representative areas containing morphologically
well-defined tumor tissues were identified in haematoxylin-eosin stained reference
slides by a pathologist (PJvD). Tissue cylinders of 0.6 mm were transferred from
these tumor areas in each donor block to the recipient block using a tissue arrayer
(Beecher Instruments, Sun Prairie, WI, USA). Four um thick serial sections wete cut
from the recipient blocks and transferred to Superfrost + slides to produce TMAs
(Menzel and Glaeser, Germany) for immunohistochemistry. The use of anonymous or
coded leftover material for scientific purposes is part of the standard treatment contract
with patients in The Netherlands [23]. Ethical approval was therefore not required.
Opverall survival data were obtained from the Comprehensive Cancer Centre of The
Netherlands (Integraal Kankercentrum Nederland, IKNL).

Material of distant metastases (including brain, lung, skin, liver and GI tract) was
available for 44 out of 449 cases primary breast cancer cases (19 lobular, 6 ducto-lobular
and 19 ductal). These were used to investigate the difference in HIF-1a and N1ICD
expression in primary tumors and its corresponding metastases.

Tmmunobistochemistry

Immunohistochemistry was carried out for the following proteins: N1ICD, HEST,
HIF-1a, and the HIF downstream proteins CAIX and GLUT1. After deparaffination
and rehydration, the TMA slides were immersed in a buffer solution containing 0.3%
hydrogen peroxidase for 15 minutes to block endogenous peroxidase activity. Antigen
retrieval was obtained by boiling for 20 min in 10mM citrate buffer pH 6.0 for GLUT1,
CAIX and N1ICD staining, or Tris/ EDTA buffer pH 9.0 for HES1 and HIF-1« staining.
A cooling off period of 30 min was applied before pre-incubation with 1:50 normal
goat serum in PBS (pH: 7.4), containing 0.1% sodium azide and 1% BSA to block
unspecific binding sites. This was followed by primary antibody incubation: polyclonal
rabbit activated NOTCH1 antibody (Abcam, Cambridge, UK) in 1:500, HES1 antibody
(Millipore, Billerica, MA, USA) 1:600, GLUT1 (DAKO, Glostrup, Denmark) in 1:200;
CAIX (Abcam) 1:1,000 in PBS/1%BSA, HIF-1a (BD Transduction Labs, Breda, The
Netherlands). The slides were incubated with antibody solutions either for 1 hour at



room temperature (GLUT1, CAIX) or overnight at 4°C (HIF-1a, HES and NOTCH]1).
After that, the sections were incubated with Brightvision poly-HRP anti-mouse,
rabbit, rat (DPVO-HRP, Immunologic, Duiven, The Netherlands) or the Novolink
kit (Leica, Rijswijk, The Netherlands) (in the case of HIF-1la) and developed with
diaminobenzidin, counterstained with hematoxylin, dehydrated in alcohol, and sealed
with a coverslip. Throughout the immunohistochemical analyses, negative controls were
obtained by omitting the primary antibodies. For NOTCH1 and HES1 staining, normal
breast tissue was used as a positive control. For GLUT1 staining, positive erythrocyte
staining was used as an internal control. For CAIX and HIF-1a, a breast cancer case was
included that was previously proven to be positive for these markers.

Scoring

Scoring of immunohistochemistry was done in a blinded fashion with respect to patient
characteristics and other staining results. N1ICD and HEST staining in more than 10%
of nuclei was considered as positive. The percentage of nuclei positive for HIF-1o was
estimated as well. The staining was considered positive when =1% nuclear staining
was observed, as described before [24]. GLUT1 and CAIX expression were scored
positive when membrane staining was observed. HIF-1a expression in the stroma was
also scored positive when frequent nuclear staining in fibroblasts was observed.

Statistics

The SPSS version 16.0 (SPSS Inc., Chicago, 1L, USA) was used for statistical analysis.
Pearson’s Chi-squate test was used to examine associations between categorical variables.
Percentages of nuclei expressing HIF-1oe and N1ICD in primary tumors and their
corresponding metastasis were compared by a paired Student’s t-test. The graphs were
made using GraphPad Prism 5 (GraphPad Software Inc., CA, USA). Survival analysis
was performed by plotting Kaplan-Meijer curves and Log rank test. Two-sided p-values
below 0.05 were considered as statistically significant. Multivariate survival analysis
was performed using Cox regression, using entry and removal limits of 0.05 and 0.10,
respectively.

Results
Associations between HIF-1a and NOTCH pathways, and clinicopathological features

Table 1 summarizes the clinicopathological characteristics of the patient material used
in this study. Table 2 shows the association between HIF-1a and N1ICD and Table
3 summarizes the associations between the expressions of the proteins studied. The
expression of HIF-1a and that of its downstream targets CAIX and GLUTI (p<0.001
for both, Table 3) were significantly associated, as expected, as were those of N1ICD
and its downstream target HES1 (p=0.004). HIF-lo expression correlated with
neither N1ICD (p=0.435, Table 2) nor HES1 expression, and N1ICD expression did
not correlate with the expression of HIF-la targets. The only significant correlation
observed was between GLUT1 and HES1 expression (p = 0.003) (Table 3 & 4). Also,
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no significant associations were noted between the expression of proteins in these
pathways, when investigated in the N1ICD negative subgroup (data not shown).

Feature Grouping N or value
Age (years) Mean 60
Range 28-88

Histological Type IDC 290
ILC 119

other 40

Tumour size (cm) <2 179
>2and <5 203

>5 46

missing 21

Mitotic Index (per <12 204

2mm?)

=13 230

missing 15

Lymph node status Negative 139
Positive 193

missing 117

Tablel. Clinopathological characteristics of 449 invasive breast cancer patients included in this study

Co-expression of N1ICD and HIF-1a was significantly associated with a high tumor
grade (p<<0.001) and a high mitotic activity index (MAI; p<<0.001) (Table 5). No other
significant correlations with clinicopathological features were observed.

HIF-1a expression o .
Table 2. Association between expression of HIF-

N1I1CD - + pvalue  7a and NTICD (chi-square test)
expression
- 50 31 0.435
+ 222 128

Associations between HIF-1a and NOTCH pathway proteins in primary breast cancers and distant
metastases

There were no significant associations between the expression of N1ICD and HIF-
1o pathway proteins in distant metastases (data not shown). However, primary breast
tumors expressed on average higher levels of N1ICD than their corresponding
metastases (p<0.05), especially in the cases that metastasized to brain (p=0.001) and
skin (p<0.05) (Figure 1).



CAIX GLUTI HES1 Table 3. Summary of associations between ex-
pression of HIF-1a and NT1ICD on the one hand
HIFl-u p <0.001 p <0.001 p=0313 and their downstream targets CALX, GLUTT and
NIICD p=0.283 p=0279 p=0.004 HEST on the other hand in invasive breast cancer

(chi-square fest).
GLUT!1 exptession
Table 4. Association between expression of HES1 expression - + p-value
GLUTT and HES1 (chi-square test) i 184 ¢ 0,003
+ 167 31

HIF-1a expression in lobular breast carcinomas and surrounding stroma cells

High HIF-1a expression in tumor cells was observed more often in ductal carcinomas
(109/277,39%) and the pleomorphic variant of lobular breast cancer (21/54, 38.8%) as
compared to classic lobular cancer cases (1/34, 2.9%) (p<0.001). Strikingly, pleomorphic
lobular cases more frequently exhibited stromal HIF-1a expression as compared to classic
lobularbreastcarcinomas (42.5 % vs 0%, p=0.001) (Table 6). Figure 2 shows representative
images of HIF-la expression in tumor cell nuclei (A) and in stromal fibroblast
nuclei (B). Stromal HIF-1a correlated to HIF-1a expression in the tumor (p<0.001).

Associations between HIF-1a and NOTCH pathway proteins and survival

In all patients, there was no difference in survival between patients with no N1ICD and
HIF-1o expression and those with either N1ICD expression alone or N1ICD/HIF-1a
co-expression (p=0.708). The same applied to the subgroups of classic and pleomorphic
ILC (Figure 3). Stromal HIF-la expression in both classic and pleomorphic lobular
breast cancer patients also had no prognostic value. In the entire group, patients with
HES1 expression exhibited a significantly worse survival as compared to the low HES]
expressing group (p=0.03) (Figure 4).

Upon Cox regression analysis, lymph node status and mitotic index were found to act as
independent prognosticators, and none of the other variables had additional prognostic
value. HES1 was, however, close to having additional prognostic value (p=0.089).

Discussion

The NOTCH and HIF signaling pathways are highly conserved through evolution, and
play a role in various cellular processes [25, 20]. Several studies have demonstrated the
ovetlapping effects of hypoxia-induced expression of HIFs and NOTCH signaling
in normal development and various cancers [20, 27, 28] . It has been suggested that
NOTCH signaling is aberrantly activated during tumor progression, and that hypoxia
might further stimulate its activation [20]. For example, NOTCH1 mRNA levels
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were found to increase upon stabilization of HIF-1a in melanoma cell lines [19], and
NOTCHI1 signaling was found to be upregulated in lung cancer cell lines cultured in
hypoxic conditions [17]. Very recently, Xing et al. (2011) investigated a large group of
breast cancer patients and observed a strong upregulation of JAGGED2, a NOTCH
ligand, and NOTCH signaling at the hypoxic invasive tumor front, although they did not
show a firm correlation between HIF and NOTCH signaling by immunohistochemistry
analysis in patient material [21]. Previously, Chen et al. (2010) demonstrated by chromatin
immunoprecipitation (ChIP) that hypoxia-induced HIF-1a binds to the HES1 promoter,
thereby inducing its activity [20]. These researchers claimed that the mechanism behind
this observation likely involves an interaction of HIFs with the NOTCH co-activator
MAML1, which potentiates NOTCH activation.

Feature Coexpression of HIF-1¢. and N1ICD
NIICD| NI1ICD| NI1ICD?T N1ICD
HIF-1a| HIF-1at HIF-1a| 1
HIF-
lat
Histological type
Ductal 40 31 135 84
Lobular 26 6 70 30
Other 1 3 16 1
Histologic grade
1 13 5 46 9
2 21 7 88 41
3 30 27 78 72%
Tumour size (cm)
<2 30 15 94 50
>2and <5 32 22 93 59
>5 4 2 26 14
Mitotic Index (per
2mm?)
<12 29 11 128 46
>13 36 28 87 76*
Lymph node status
Negative 34 21 106 55
Positive 27 19 97 64

Table 5. Associations between HIF-1a and NOTCHT intracellular domain (N1ICD) co-excpression and
clinicopathologic features (* means p<0.001)

Our immunohistochemistry results did not show significant correlations between HIF-
la and N1ICD expression, indicating no direct functional effect of HIF-la on the
activation of NOTCH in invasive breast cancer. There was also no association observed
between HIF-1a and HES1, suggesting that HIF-1a might not directly induce HES1
expression, as was suggested by the ChIP experiments of Chen et al. [20]. We have no
mechanistic explanation for the association between GLUT1 and HES1 expression, an



observation that may be haphazard.

HIF-la expression in HIF-la expression in
tumor cells fibroblasts
+ p-value - + p-value
Pleomorphic ILC 33 21 0.001 31 23 0.001
Classic ILC 33 1 34 0

Table 6. HIF-Ta expression in tumor nuclei and stromal fibroblasts of pleomorphic versus classic invasive

lobular cancers

Interestingly, co-expression of HIF-1a and N1ICD was significantly associated with high
tumor grade and high mitotic activity index, suggesting that activation of both signaling
pathways might be leading to a more aggressive phenotype. However, this hypothesis
should be investigated and supported further by functional evidence, especially since
HIF-1a and N1ICD co-expression had no prognostic value, and metastases expressed
lower levels of N1ICD as compared to the primary tumors. Our group has previously
shown that the immunophenotype of distant breast cancer metastases can be different
from that of the primary tumor [29] with prognostic impact [29, 30]. NOTCH targeting
may therefore be less effective in brain and skin metastases in breast cancer patients,
and may be especially effective in preventing local recurrences and metastases to sites
other than brain and skin. Previously, a similar observation was reported for NOTCH
expression in human colorectal cancer [31].

It was interesting to note the prognostic value of expression of HES1 expression, a
downstream target of all NOTCH members [32]. N1ICD itself had no prognostic
value, which may be explained by the fact that it is highly expressed in the normal
breast, where it might not be functional. The association of high HES1 expression with
a poor prognosis, which had an almost additional prognostic value to lymph node status
and mitotic index, may indicate that NOTCH1 downstream activation does lead to
more aggressive behavior of breast cancer. However, we cannot exclude that NOTCH
family members other than NOTCH1 may have caused the activation.

It is well established now that the tumor stroma is important for regulating tumor
growth [33]. The role of fibroblasts, the principal cellular components of connective
tissues, in cancer progression is increasingly recognized. Recently, Chiavarina et al.
(2010) speculated, based on iz vitro and in vivo experiments, that HIF-1a might have
a tumor promoting role in breast cancer associated fibroblasts [34]. Our observation
of strong stromal HIF-la expression, particularly in pleomorphic lobular cases, is
interesting in this respect. Novel therapies targeting HIF-1a may add to the current
treatment strategies of pleomorphic cases [35].

In conclusion, co-expression of N1ICD and HIF-1a is associated with a high grade
and a high proliferation rate in invasive breast cancer, and activation of the NOTCH
pathway is associated with a poor prognosis. HIF-1a expression is low in classic and high
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in pleomorphic lobular cancers, the latter of which also frequently show stromal HIF-
1o expression. However, N1ICD and HIF-1a do not seem to be functionally related
in breast cancer. Primary breast cancers express higher levels of N1ICD than their
corresponding metastases, especially those in the brain and skin, implying that NOTCH
targeting may especially be effective in preventing local recurrences and metastases at

sites other than brain and skin.

A) B) ©

1001

501

% of N1ICD expression

#p=0,001

=

T
Primary tumor Metastases (brain)

Figure 1. High N1ICD expression in primary tumors which metastasized to brain

A representative image of NTICD staining in a primary breast tumor case (10X and 40X) A) and
its corresponding metastases B) to the brain. C) NT1ICD expression in paired primary breast tumors and
corresponding brain metastases (p<0.001).

Duoetal pﬁmaﬁ"bf‘east cancer
i+ Narcleas HIE-1o expression |

Lobulat primary breast.cancer
Stromal HIF-1x expression

Figure 2. HIF-1a expression in ductal and lobular breast carcinomas and surrounding stroma. Representative
images of HIF1-a staining (10X and 40X) in A) ductal breast carcinoma and B) lobular breast carcinoma.
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Figure 3. Survival curves of breast cancer patients according to HIF-1a/N1ICD status (left all patients,
middle and right subgroups of pleomorphic and classic ILC, respectively). There were no significance differences

in survival.
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Abstract

p53 is a tumor suppressor gene that is commonly mutated in human cancers. Although
alterations in p53 are common in breast cancer, few studies have specifically investigated
p53 mutations in the breast cancer subtype invasive lobular carcinoma (ILC). Recently
reported conditional mouse models have indicated that functional p53 inactivation may
play a role in carcinogenesis of 1LC. Since reports on the detection of p53 mutations in
the relatively favorable classic and more aggressive pleomorphic variants of 1LC (PILC)
are rare and ambiguous, we performed an extensive analysis to determine p53 status in
these breast cancer subtypes. To increase our understanding of p53-mediated pathways
and the roles the may play in the etiology of classic ILC and PILC, we investigated p53
mutations and p53 accumulation in a cohort of 22 cases of classic and 19 cases of PILC
by direct DNA sequencing and immunohistochemistry. We observed 11 potentially
pathogenic TP53 mutations, of which 3 were detected in classic ILC (13.6%) and 8 in
PILC (42.1%; p=0.04). Mutations that affected structure and protein function were
significantly associated with p53 accumulation. However, p53 accumulation was not
significantly different between classic and pleomorphic ILC cases. In conclusion, p53
mutations seem to occur more frequently in PILC than classic ILC.



Introduction

The tumor suppressor p53 was first described in 1979 as a key cell cycle regulator. Upon
cellular stress, the p53 signaling pathway turns on the expression of genes including
inhibitors of cell cycle, DNA repair, and apoptosis [1, 2]. Inactivating alterations in the
p53 gene are commonly observed in human cancers, resulting in suppression of the
regulatory functions of p53, which contributes to transformation of cells. Mutations in
p53 are observed in breast cancer, however with a lower frequency (~ 20%) compared
to other solid tumors [2]. Although it has been well established that p53 mutations
correlate with high grade and triple negativity [3, 4], the p53 mutation spectrum across
the various different histological types of breast cancer has not been well defined.
Invasive lobular cancer (ILC) accounts for approximately 10% of breast cancers [5]. Based
on their molecular profile, most ILC belong to the luminal—type breast cancers. Within
ILC, several subtypes can be discerned: 1) the classic type composed of small regular
cells with frequently intracytoplasmic vacuoles, small nuclei and a typical trabecular
infiltration pattern with dissociated cells or forming single files, often in targetoid
patterns around uninvolved ducts and with low mitotic rate; 2) the better demarcated
alveolar type exhibiting small round aggregates of 20 or more cells with typical lobular
cytology; 3) the also better demarcated solid variant consisting of more solid sheets of
cells with little intervening stroma, more mitoses and often some more atypia; 4) the
pleomorphic variant that exhibits the growth pattern of classical lobular carcinoma
throughout but with polygonal, eccentric pleomorphic nuclei and more frequent mitoses
[6]. The pleomorphic variant of ILC (PILC) accounts for less than 1% of all breast
carcinomas and not more than 10% of all ILC [7]. It has a poorer prognosis compared
to classic ILC (5, 8). Several studies have addressed the molecular and histological
aspects of PILC as a separate entity. Immunohistochemical analyses demonstrated that
PILCs frequently express estrogen (ER) and progesterone (PR) receptors and are mostly
E-cadherin negative, Her2 positive and occasionally p53 positive [8-12]. Although
expression of gross cystic disease fluid protein (GDCFP) has been used to facilitate
differential diagnosis between classic ILC and PILC, reliability is variable [11-14].
Little is known about p53 mutation status in PILC. In view of the higher nuclear grade
and poorer prognosis, one would expect a higher frequency of p53 mutation in PILC.
Interestingly, conditional knock-out mouse models have indicated that functional
inactivation of p53 may play a role in carcinogenesis and progression of mouse PILC
[15, 16]. In the present study, we have investigated the p53 mutation status in a series
of 41 ILC cases including 22 classic and 19 pleomorphic subtypes to advance current
knowledge on these variants of ILC.

Materials and Methods

Patients

Archival material from 41 breast cancer patients with lobular carcinoma was collected
from the Pathology depattments of the University Medical Center Utrecht, Utrecht,
the Netherlands and Radboud University Nijmegen Medical Centre, Nijmegen,
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The Netherlands, and the Institute of Pathology, Paderborn, Germany. ILC and
PILC were identified on Hematoxylin and Eosin (H&E) stained reference slides
from formaldehyde-fixed paraffin embedded breast cancer tissue blocks of 41 cases
by an experienced pathologist (PJvD), considering cases with nuclear atypia score
3 as PILC. Use of anonymous or coded left over material for scientific purposes
is a part of the standard treatment contract with patients in our hospitals [17].

DNA extraction

After de-paraffinization of the slides by standard methods, the relevant area from each
slide (as identified on corresponding H&E stained sections) was scraped off with a
scalpel and suspended in lysis buffer (Ttis / HCl buffer pH 8.0 with Tween). Then,
proteinase K was added (concentration) and the samples were incubated for 1 hour at
56°C. After that, samples were incubated at 95°C for 10 minutes to inactivate proteinase
K.

Sequencing and mutation analysis

For the detection of mutations, genomic DNA was amplified with primers flanking
exons 4, 5, 6,7, 8 and 9 of the TP53 gene (Tables 1).

Exon Sequence

41 FW 5'CTG GTC CTC TGA CTG CTC 3'
41RV 5' GAC AGA AGA TGA CAG GGG ¥
42FW 5' AGC TCC CAG AAT GCCAGAG 3
42RV 5'TGA AGT CTC ATG GAA GCC 3
5.1FW 5'CCG TGT TCC AGT TGC TTT ATC 3'
5.1RV 5' GCT GTG ACT GCT TGT AGA TG 3
5.2 FWa 5'TCA ACA AGATGT TTT GCC AACTGG 3'
5.2 FWb 5' ACA AGA TGT TTT GCC AAC TG 3'
5.2 RV int 5' GAG CAA TCA GTG AGG AAT CAG 3'
6 FW 5'"TCC CCA GGC CTCTGATIC 3

6RV 5'CTG ACA ACC ACC CTT AACC 3
7FW 5'CTT GCC ACA GGT CTC CCC AA 3'
7RV 5'GCG GCA AGC AGA GGCTGG 3

8 FW 5' CCT TACTGC CTC TTG CTT C 3'

8RV 5'TAA CTG CACCCTTGGTCTC 3
9FW 5' GTT ATG CCT CAG ATT CACT 3'
9RV 5'TGA GTG TTA GACTGG AAAC 3’

Table 1. Summary of primer sequences

The PCR conditions were set up as follows; initial denaturation at 94°C for 3 min, 35
cycles at 94°C for 1 min (denaturation), 60°C for 30 sec (annealing) and 72°C for 45 sec
(extension), followed by a final extension at 72°C for 5 min. Then, PCR products were
sequenced in both sense and antisense directions using the BigDye Terminator v1.1
sequencing kit on ABI 3130 (Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s instructions. The sequences were analyzed using Mutation Surveyor



software (SoftGenetics, LLC., State College, PA, USA).
Tmmunobistochemistry

Four pum thick sections were cut from the paraffin blocks and transferred to Superfrost+
slides (Menzel and Glaeser, Braunschweig, Germany). Citrate buffer was used for
antigen retrieval Immunohistochemistry was then performed with a mouse monoclonal
p53 antibody, clone BP53-12-1, 10 mg/mL stock, (MU 195-UC, BioGenex, San Ramon,
CA, USA; 1:100) on an automated immunostainer (Bond-MaX, Leica, Bannockburn,
IL).. Slides were counterstained with hematoxylin, dehydrated, and cover-slipped.
Throughout the immunohistochemical analysis, negative controls were obtained by
omitting the primary antibody and staining of a colon cancer tissue with a verified p53
mutation was used as a positive control. Scoring of the stained nuclei was performed
by an experienced pathologist (PJvD). p53 was regarded as accumulated when =5% of
nuclei were stained. p53 was regarded as wild-type when approximately 1% of nuclei
showed expression.

Statistical analysis

Chi-Squared test, or, when appropriate, Fischer’s Exact test was applied to compare
frequencies between groups with the SPSS 15.0 software package (IBM), regarding
p-values <0.05 as significant.

Results

We identified the pleomorphic ILC variant using H&E staining, based on a classical
trabecular ILC growth pattern, but with polygonal eccentric pleomorphic nuclei and
more frequent mitoses (cases with nuclear atypia score 3). We have not observed a
significant increase in HER2 expression in PILC when comparing with classical ILC in
our samples (data not shown).

The rationale behind our investigation of p53 in classic ILC and PILC is gaining a new
insight into distinctive gene alterations which give rise to these two different subtypes
of ILC.

P53 mutations

To investigate the incidence of TP53 mutations in classic ILC and PILC, we performed
PCR on exons 4 — 9 (conserved midregion) of TP53 for 41 ILC cases (22 classic ILC
and 19 PILC). Direct DNA sequencing was subsequently performed on PCR products.
Overall, we detected 11 mutations (of which 1 novel and 10 previously reported) and
2 validated polymorphisms in 41 ILC cases (Tables 2 and 3). One out of 11 mutations
was located in an intron and 10 mutations were located in coding regions. Using the
freely available IARC TP53 database, we have scrutinized the following; the functions
of the domains in which the mutated tesidues are located, the known functions of
the wild-type residues, the effect of the mutations, the predicted effect on splicing,
functional predictions based on the structure change and previously reported tumor
sites (Table 2) [18, 19].

Chapter 6



(€5
Tussoadxa sjar [0 a5oIUs243]) Utn]0s 1Y HO PajudsaLdas 51 5aSI asayy 40f uorssaidxca urajoud ¢¢d fo sistgpuy Cigsiniaqoopsiqounmis fo synsat oq [ uorssaidx ¢¢df

.:\S\Q.S&&\&cx\é:\S\&\Q@\:Q\%RHQ\:&SS&\&S\,NxQQQ.\w%&@M%&\m&&%§.&§m§§§§§§§
poumvay st pup suiajo.4q juvinu puv sl pjua Jo aingonays ([¢ 2G7 jun0aw ojuz sayvy jpGy [apo 4aindritos v SEM DALY SUOIPAI JOUOLIUN,T UOLIUN T-0411IMA] S

.&&%&.ﬁ:&ﬁ@\.ﬁ:&\&w%u&@&%&xmﬁxmé&&.ﬁ&m?%%&
uonpINIL 37 UFY0.4q 1S “wuanbas adiq pruu aqy ur juasaad jou figom 2977 v pagvals worpini agy apis @] Jipoud 295ds %Q‘\m Dt a4y ut o5UDGS 01 ITUDG JUDILIUTLS
ON €A ASH P17 6 0HDI TdSNN 007 totoipasd Sursnds oy uo pasvq Suryds uo uoygpndi 231" Jo 192ff2 popnpasd aqy 51 suq [, Sutoyds no paffef poppasd p
“(ouanbas uiagoad agy ur a5uvqs ou) Juajis puv (PrIv-oustuy suo Jo ITUDGs) ISUISSIH AP ULLII0I SIGY 1T TULLINIIO SHLAT 3G T “uovinit aqi [0 poffq 9l
(apqupivay joN =1/ NJ) onpesas odiG-ppue agy Jo uospsunf uaou ‘uotpoun,J anpisay[q

DaJIO] S1 INPISAL PADINIL Y] (I UL UIDHLOP IG] JO UOLIUN,T SUOLIUN,T UIDUO(T'D

(0107 42quaaoN ‘¢ |] “ospqupp aq1 Jo uorsia ) 8] 4aouvy jsvasg apnqo s1qqaomodd puv sissvy?y Jo synsad sisijpup uoyvpmi ¢¢d g dqe],

Yol SON 1PN VN 23S N EESTEN pasodxyg Supuig VNA ssgisd L<DgbsT1S guoxg 8-O711d
2 PPoH AU

Yo - VN Mg MIN EESIN VN VN Ozsod D<VLEEITT puoxyg L-0T1d
%l Isearg ‘oUT ‘stapd TeuopounyuoN]  23ueyp juedyTuSIs SSUISSTIAT pasodxyg Supurg VNA szsidad L<DThbe1S GuOXH 9-OTId
[euy Ut A[urey oN Aqreneq
%0€ Isearg [oUT [PUORSUMIUON  25UPYD JULIPIUTIS  ISUDSSIN papng Supulg VNA L191v-d V<D69vZ18 guoxyg S-OTId
‘saBuruspy ur A[urepy oN
%€ Isearg [our VN a8ueyd Juedyrusis pasodxy Supuig VNA H891H'd L<DT6¥T18 guoxy +-O1Id
BANXIAID) A[UrEIN OoN AN Aqrenseq
%0 frae) reseN A[urey VN oBueyd JuedgIuSls  duonu] VN VN - L<D0bpe1S LuonuL €-OTId
oN
%0T Isearg “[OUL [PUORDUTYUON]  9Sueyd JuEdHIUSs  dsudssIAL Supuid VNA  Suipuid VNA Herewd  L<O86L€1°3 gUOXEH 20711
‘sSunT Aqurey oN
%1 sauog A[ureN. VN 1S MIN EESILN pasodxyg Suppulg yNA ~ dAvcedd V<OI1yLZ18 guoxg 1-0T1d
— uayorg MG
%L9 ISeaI [PUT DEIL  [EUORIUNIUON S MIN SSUDSSHA. papng Supulg VNA OsozX d D<vegIzLs guoxy €Ol
Ayeurr) ur ATUTeAl
%l 3241 A[UTeN revonsun,g 23g MmN SSUISSTIAL pasodxyg Supulg VNA s6ozyd  L<v969Z13 guoxg 010
%001 IseaIg UL [EUORDUNIUON]  28UByd JUEdPIUSIS  ISUISSIA papng Supuig VNA xLzisd V<089¢z18 guoxy 1-D71L
FOpprIqIrED A[UTeN oN
yuorssaxdxa sII§ JowIny, suopdung vwﬂmuﬂ&w uo 1P H quonoun,g Luonoung a8ueyn wvonduosaq uoneso ase)
esd P3a13sqQO -2Imonng 1093 H PIIPId anprsay urewroq vV STuIoUd)

100



This data summarized in Table 2 allowed us to predict the pathogenicity of the
observed mutations. We conclude that all of the 11 mutations found could potentially
be pathogenic based on the mentioned criteria above.

Next, we evaluated the distribution of these potentially pathogenic mutations over
classic and pleomorphic ILC variants. Eight of the 19 PILC cases (42.1%) exhibited
a potentially pathogenic mutation which is significantly more often when compared
to the percentage of potentially pathogenic mutations found in classic ILC cases (3
mutations (missense) observed in 22 classic ILC cases (13.6 %; p=0.05)) (Table 4). We
have also observed two previously reported and validated polymorphisms among our
samples. These were distributed similarly over the classic and pleomorphic ILC variants
(Table 3).

Genomic Aminoacid Domain Predicted Effect

Obsetved in el
# Location Description  Change Function® Effect™ on Splicing? 5
g
1 Exond  gl11339G>A 36P>P Transactivation Silent NA 3PILC and 3 ILC cases ,é:‘j
2 Exon4 2.11446C>G* 72P>R SH3-like/Pro-fich ~ Missense New Site 11 PILC and 18 ILC cases
Table 3. p53 mutation analysis results of Classic and Pleomorphic Lobular Breast Cancer [18] (Version of 101

the database; R15, November 2010)

a Several studies showed its association with breast cancer in different populations.

b Domain Function; Function of the domain in which the mutated residue is located.

¢ Effect; Effect of the mutation. The terms occurring in this colummn are: missense (change of one amino-acid) and
silent (no change in the protein sequence).

d Predicted Effect on Splicing This is the predicted effect of the mutation on splicing based on two splicing
prediction tools NNSPLICEQ.9 and HSF 172.3. No significant change: no change in the wild type splice
motif. New site: the mutation created a splice motif not present in the wt sequence. Site broken: the mutation
removed a splice motif that was identified in the wt sequence. (NA=Not available)

P53 excpression and accummnlation

p53 immunostaining was performed to investigate the correlation of mutational
status and effects on protein expression. Immunohistochemistry scores and mutation
data of each case are summarized in Table 2. We observed a variation in the
immunohistochemistry scores of p53 in both pleomorphic and classic cases. In normal
breast tissue, p53 staining is observed in a small percentage (approximately 1%) of the
cells. Therefore, 5% positivity was chosen as a value to distinguish normal, wild-type
p53 expression and mutated p53 overexpression. Overall, 9/41 cases (21.9%) showed
p53 accumulation, while 6 cases showed absence of expression. Of these 15 cases, 6
were ILC and 9 PILC (p=0.157). In conclusion, p53 accumulation was not associated
exclusively with a specific ILC variant.
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Potentially Pathogenic p53

Mutations
+ _
Classic ILC 3(13.6 %) 19 (86.4 %) Total 22
PILC 8 (42.1 %) 11 (57.9 %) Total 19

Table 4. Correlation of potentially pathogenic p53 mutations and Classic and Pleomorphic Invasive Lobular
Carcinomas (p < 0.05 *)

Correlation of p53 accumnlation and mutation

Because a large body of literature has shown that p53 accumulation can be caused by
mutations in TP53, we set out to investigate the correlation between p53 accumulation
and mutation. In total, 5 out of 9 cases that showed p53 accumulation based on

immunohistochemistry harbored mutations (Table 5).
A) B)

examples of p53 expression of PILC cases (a)
wild-type; 1% positive nuclei (b) no expression and absence of mutations (c) g.12368C>A’ mutation resulting
in 100% p53 overexpression (d) g.13440C>T" mutation occnrring in an intron site and resulting in absence

of p53 expression

Interestingly, we detected potential pathogenic mutations in 4 of the 32 cases without
p53 accumulation (wild-type staining + 0% staining) (p=0.01), while 1 of 6 cases
showed a pathogenic mutation in the absence of p53 staining (0% staining). However,
the 5 remaining cases with 0% staining had one of the two validated polymorphisms
(Number 2 in Table 3). In summary, we observed a significant correlation of p53
accumulation with potentially pathogenic mutations (Table 5).



Mutations causing a predicted defect in p53 structute

+
p53 - 32 0
Accumulation + 4 5

Table 5. Correlation between p53 mutations that give rise to a non-functional structure and p53 accummlation

Discussion

Pleomorphic ILC was first described in 1982 as a variant of infiltrating lobular carcinoma
[20]. Even though the morphology of PILC with high nuclear atypia is distinctive, its
feature of high frequency of multicentrity and bilaterality seem to be similar to the
classic ILC [21]. The report of Weidner and Semple (1992) is one of several reports
demonstrating the aggressive clinical behavior and poorer prognosis of patients
with PILC in comparison to patients with ILC [9]. Therefore, despite the similarities
between them, the question mark on the genetic pathways through which each variant
evolves still remains. The TP53 tumor suppressor gene has been an interesting target
to investigate in invasive breast cancer since it is very frequently altered in other human
cancers [22]. Many research groups have investigated the distribution of p53 mutations
and its correlation with immunohistochemistry in invasive carcinomas [23-27] but data
focusing on different variants of ILC are limited. Therefore our aim was to study the
mutational status of p53 in classic and pleomorphic ILC to gain a better understanding
of the molecular changes occurring in this gene, which possibly contribute to the
development of these subtypes and the potential of it as a tool to differentially diagnose
ILC versus PILC.

In the present work, we studied 41 ILC cases for p53 mutations and accumulation in
relation to the classic and pleomorphic variants. Eleven mutations were detected in
41 cases studied (26%) which is in line with the literature which states that the overall
frequency of p53 mutations in breast cancer is approximately 20% [28]. Almost all
the observed mutations locate in the highly conserved DNA-binding domain of
the protein [18] (Table 2). Interestingly, our mutation analyses reveal that PILC is
associated with a higher frequency (42.1 %) of potentially pathogenic p53 mutations
compared to ILC (13.6 %). Even though some of these potentially pathogenic
mutations (4 out of 11 mutations) do not result in an amino acid change, they have
been reported before in different solid tumors including breast cancer [18]. These silent
mutations are of particular interest. It has already been known for decades that non-
transforming mutations can affect the protein production and therefore the function
by interfering with various phases of transcription and translation [29]. Examples to
possible scenarios are: i) interference with the editing of a gene transcript if silent
mutations occur in codons that contain splicing enhancers responsible for the proper
removal of introns, or ii) interference with the stability of mRNA by preventing
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correct folding; thus affecting the speed of translation of the protein as well as the
degradation of the mRNA. Strikingly, Lamolle et al. recently showed that all reported
non-transforming mutations of p53 which are documented in p53 somatic mutation
database are preferentially located in conserved amino acid positions, which may depict
their importance [30]. The majority of these mutations were found as single mutations,
so never associated with other mutations in p53 gene, and they tended to be located
inside suspected splicing enhancers. Interestingly, silent mutations observed in our
study also exist as single mutations and locate either in an exposed residue of the DNA-
binding domain or cause a predicted change in splicing. Moreover, silent mutations in
p53 may also lead to a functional response by interfering with binding to MDM2. In
this scenario, single silent point mutations in p53 mRNA can disrupt its binding to
Mdm?2 resulting in aberrant p53 synthesis and degradation [31]. This failure in binding
is shown to reduce p53 activity, thereby supporting the notion that silent p53 mutations
can affect p53 function. Therefore, we think that our observation is noteworthy and in
the light of recent discoveries in this field, assumptions on non-transforming mutations
should be made carefully. We have also observed two previously reported and validated
polymorphisms in a high number of our cases with no significant preference for either
ILC variant. Of note is the fact that these polymorphisms were shown to be related
with cancer susceptibility [18]. Especially the amino acid change 72P>R (Table 3) has
been shown to be associated with breast cancer susceptibility [32-306].

The observation of this significantly increased frequency of pathogenic mutations in
PILC -more than half of which do probably give rise to a non-functional protein based
on predictions of computer models and for some based on literature (Table 2)- is also in
line with mouse studies in which stochastic somatic inactivation of p53 and E-cadherin
in the mammary gland induced the development of mouse PILC [16]. For some of the
observed potentially pathogenic mutations, predictions on function of the protein were
not available. However, it would not be unexpected if there were activating mutations
among them since mutant p53 protein can also have a distinct function in cancer such
as promoting invasion and metastases [37].

Another observation in this study was the significant correlation between p53
accumulation and transforming pathogenic mutations independent of any ILC variant.
The positive correlation between p53 accumulation and mutations were made by other
groups [4, 38-40] although not by all [41, 42]. It is apparent that the correlation between
accumulation and mutations also depends on the influence of the mutation on the
half-life of the protein. Most mutant forms of p53 have a longer cellular life and are
therefore recognized by antibodies while others are not. This can explain our differential
observation of p53 accumulation when all mutations are counted. A mutation might
cause a misfolding of the protein structure (such as the above mentioned silent mutations
resting in splicing enhancers or playing a role in mRNA stability) or a truncation that
affects the epitope that is recognized by the antibody. We have also observed a case
with p53 accumulation but no mutations. An explanation for this may be the possibility
of mutations that are located outside of the investigated exons. Interestingly, a high



percentage of p53-negative cases showed a polymorphism in residue 72, a mutation
that has been implicated in enhanced targeting for degradation [43] providing a possible
explanation for the p53 negativity in these cases. However, based on published data
and our results, we can conclude that p53 immunostaining does not always reflect the
genetic alteration and vice versa; the existence of a mutation does not always lead to p53
accumulation or complete lack of expression.

In conclusion, the clinically more aggressive pleomorphic variant of ILC bears a
significantly higher frequency of p53 mutations compared to the classic variant,
Moreover, since inactivation of p53 and E-cadherin in mice leads to the development
of PILC, we envisage that p53 mutations may play a role in carcinogenesis of PILC.

Acknowledgments
We thank Dr. Petra van der Groep for advice on immunohistochemistry.

References

[1] C. C. Harris, Structure and function of the p53 tumor suppressor gene: clues for rational cancer
therapeutic strategies. ] Natl Cancer Inst 88:1442-55 (1996).

[2] M. Gasco, S. Shami and T. Crook, The p53 pathway in breast cancer. Breast Cancer Res 4:70-6 (2002).

[3] B. J. Chae, J. S. Bae, A. Lee, W. C. Park, Y. J. Seo, B. J. Song, J. S. Kim and S. S. Jung, p53 as a specific
prognostic factor in triple-negative breast cancer. Jpn J Clin Oncol 39:217-24 (2009).

[4] P. Rossner, Jr., M. D. Gammon, Y. J. Zhang, M. B. Terry, H. Hibshoosh, L. Memeo, M. Mansukhani,
C. M. Long, G. Garbowski, M. Agrawal, T. S. Kalra, M. M. Gaudet, S. L. Teitelbaum, A. I. Neugut and
R. M. Santella, Mutations in p53, p53 protein overexpression and breast cancer survival. | Cell Mol Med
13:3847-57 (2009).

[5] E. Gudlaugsson, 1. Skaland, E. A. Janssen, P. J. van Diest, F. J. Voorhorst, K. Kjellevold, A. zur Hausen
and J. P. Baak, Prospective multicenter comparison of proliferation and other prognostic factors in lymph
node negative lobular invasive breast cancer. Breast Cancer Res Treat 121:35-40 (2010).

[6] N. Perry, M. Broeders, C. de Wolf, S. Tornberg, R. Holland and L. von Karsa, European guidelines for
quality assurance in breast cancer screening and diagnosis. Fourth edition--summary document. Ann Oncol
19:614-22 (2008).

[7] P. R. Kini H, Rau AR, Lobo FD, Augustine AJ, Ramesh BS, Pleomorphic Lobular Carcinoma of the
Breast - A diagnostic Dilemma. Journal of Cytology 24:193-195 (2007).

[8] V. Eusebi, F. Magalhaes and J. G. Azzopardi, Pleomorphic lobular carcinoma of the breast: an aggressive
tumor showing apocrine differentiation. Hum Pathol 23:655-62 (1992).

[9] N. Weidner and J. P. Semple, Pleomorphic variant of invasive lobular carcinoma of the breast. Hum
Pathol 23:1167-71 (1992).

[10] J. S. Bentz, N. Yassa and F. Clayton, Pleomorphic lobular carcinoma of the breast: clinicopathologic
features of 12 cases. Mod Pathol 11:814-22 (1998).

[11] L. P. Middleton, D. M. Palacios, B. R. Bryant, P. Krebs, C. N. Otis and M. J. Merino, Pleomorphic
lobular carcinoma: morphology, immunohistochemistry, and molecular analysis. Am J Surg Pathol 24:1650-
6 (2000).

[12] D. Frolik, R. Caduff and Z. Varga, Pleomorphic lobular carcinoma of the breast: its cell kinetics,
expression of oncogenes and tumour suppressor genes compared with invasive ductal carcinomas and
classical infiltrating lobular carcinomas. Histopathology 39:503-13 (2001).

[13] N. Sneige, J. Wang, B. A. Baker, S. Krishnamurthy and L. P. Middleton, Clinical, histopathologic, and
biologic features of pleomorphic lobular (ductal-lobular) carcinoma in situ of the breast: a report of 24
cases. Mod Pathol 15:1044-50 (2002).

[14] G. Mazoujian, C. Bodian, D. E. Haagensen, Jr. and C. D. Haagensen, Expression of GCDFP-15 in
breast carcinomas. Relationship to pathologic and clinical factors. Cancer 63:2156-61 (1989).

Chapter 6



106

[15] P. W. Detksen, X. Liu, F. Saridin, H. van der Gulden, J. Zevenhoven, B. Evers, J. R. van Beijnum, A. W.
Griffioen, J. Vink, P. Krimpenfort, J. L. Peterse, R. D. Cardiff, A. Berns and J. Jonkers, Somatic inactivation
of E-cadherin and p53 in mice leads to metastatic lobular mammary carcinoma through induction of
anoikis resistance and angiogenesis. Cancer Cell 10:437-49 (2000).

[16] P. W. Derksen, T. M. Braumuller, E. van der Burg, M. Hornsveld, E. Mesman, J. Wesseling, P.
Krimpenfort and J. Jonkers, Mammary-specific inactivation of E-cadherin and p53 impairs functional
gland development and leads to pleomorphic invasive lobular catcinoma in mice. Dis Model Mech (2011).
[17] P. J. van Diest, No consent should be needed for using leftover body material for scientific purposes.
For. Bmj 325:648-51 (2002).

[18] A. Petitjean, E. Mathe, S. Kato, C. Ishioka, S. V. Tavtigian, P. Hainaut and M. Olivier, Impact of
mutant p53 functional properties on TP53 mutation patterns and tumor phenotype: lessons from recent
developments in the IARC TP53 database. Hum Mutat 28:622-9 (2007).

[19] S. Kato, S. Y. Han, W. Liu, K. Otsuka, H. Shibata, R. Kanamaru and C. Ishioka, Understanding the
function-structure and function-mutation relationships of p53 tumor supptressor protein by high-resolution
missense mutation analysis. Proc Natl Acad Sci U S A 100:8424-9 (2003).

[20] J. M. Dixon, T. J. Anderson, D. L. Page, D. Lee and S. W. Duffy, Infiltrating lobular carcinoma of the
breast. Histopathology 6:149-61 (1982).

[21] D. L. Page, Anderson TJ., Diagnostic Histopathology of the Breast. (1987).

[22] M. Hollstein, D. Sidransky, B. Vogelstein and C. C. Harris, p53 mutations in human cancers. Science
253:49-53 (1991).

[23] ]J. Bartek, J. Bartkova, B. Vojtesek, Z. Staskova, A. Rejthat, J. Kovarik and D. P. Lane, Patterns of
expression of the p53 tumour suppressor in human breast tissues and tumours in situ and in vitro. Int |
Cancer 46:839-44 (1990).

[24] I. B. Runnebaum, M. Nagarajan, M. Bowman, D. Soto and S. Sukumar, Mutations in p53 as potential
molecular markers for human breast cancer. Proc Natl Acad Sci U S A 88:10657-61 (1991).

[25] A. M. Thompson, T. J. Anderson, A. Condie, J. Prosser, U. Chetty, D. C. Catter, H. ]. Evans and C.
M. Steel, p53 allele losses, mutations and expression in breast cancer and their relationship to clinico-
pathological parameters. Int ] Cancer 50:528-32 (1992).

[26] A. D. Thot, D. H. Moore, 11, S. M. Edgerton, E. S. Kawasaki, E. Reihsaus, H. T. Lynch, J. N. Marcus,
L. Schwartz, L. C. Chen, B. H. Mayall and et al., Accumulation of p53 tumor suppressor gene protein: an
independent marker of prognosis in breast cancers. | Natl Cancer Inst 84:845-55 (1992).

[27] T. I. Andersen, R. Holm, J. M. Nesland, K. R. Heimdal, L. Ottestad and A. L. Bortesen, Prognostic
significance of TP53 alterations in breast carcinoma. Br | Cancer 68:540-8 (1993).

[28] P. D. Pharoah, N. E. Day and C. Caldas, Somatic mutations in the p53 gene and prognosis in breast
cancer: a meta-analysis. Br ] Cancer 80:1968-73 (1999).

[29] J. V. Chamary and L. D. Hurst, The price of silent mutations. Sci Am 300:46-53 (2009).

[30] G. Lamolle, M. Marin and E Alvarez-Valin, Silent mutations in the gene encoding the p53 protein
are preferentially located in conserved amino acid positions and splicing enhancers. Mutat Res 600:102-12
(2000).

[31] M. M. Candeias, L. Malbert-Colas, D. J. Powell, C. Daskalogianni, M. M. Maslon, N. Naski, K.
Bourougaa, F. Calvo and R. Fahraeus, P53 mRNA controls p53 activity by managing Mdm2 functions. Nat
Cell Biol 10:1098-105 (2008).

[32] N. Buyru, H. Tigli and N. Dalay, P53 codon 72 polymorphism in breast cancer. Oncol Rep 10:711-4
(2003).

[33] T. Ohayon, R. Gershoni-Baruch, M. Z. Papa, T. Distelman Menachem, S. Eisenberg Batzilai and E.
Friedman, The R72P P53 mutation is associated with familial breast cancer in Jewish women. Br ] Cancer
92:1144-8 (2005).

[34] C. Noma, Y. Miyoshi, T. Taguchi, Y. Tamaki and S. Noguchi, Association of p53 genetic polymorphism
(Arg72Pro) with estrogen receptor positive breast cancer risk in Japanese women. Cancer Lett 210:197-203
(2004).

[35] M. M. Siddique, C. Balram, L. Fiszer-Maliszewska, A. Aggarwal, A. Tan, P. Tan, K. C. Soo and K.



Sabapathy, Evidence for selective expression of the p53 codon 72 polymorphs: implications in cancer
development. Cancer Epidemiol Biomarkers Prev 14:2245-52 (2005).

[36] T. G. Kalemi, A. F. Lambropoulos, M. Gueorguiev, S. Chrisafi, K. T. Papazisis and A. Kotsis, The
association of p53 mutations and p53 codon 72, Her 2 codon 655 and MTHFR C677T polymorphisms
with breast cancer in Northern Greece. Cancer Lett 222:57-65 (2005).

[37] P. A. Muller, P. T. Caswell, B. Doyle, M. P. Iwanicki, E. H. Tan, S. Karim, N. Lukashchuk, D. A. Gillespie,
R. L. Ludwig, P. Gosselin, A. Cromer, J. S. Brugge, O. ]. Sansom, J. C. Norman and K. H. Vousden, Mutant
p53 drives invasion by promoting integrin recycling. Cell 139:1327-41 (2009).

[38] J. Lukas, N. Niu and M. . Press, p53 mutations and expression in breast carcinoma in situ. Am ] Pathol
156:183-91 (2000).

[39] E C. Schmitt, R. Soares, L. Cirnes and R. Seruca, P53 in breast carcinomas: association between
presence of mutation and immunohistochemical expression using a semiquantitative approach. Pathol Res
Pract 194:815-9 (1998).

[40] Y. Umekita, K. Kobayashi, T. Saheki and H. Yoshida, Nuclear accumulation of p53 protein correlates
with mutations in the p53 gene on archival paraffin-embedded tissues of human breast cancer. Jpn ] Cancer
Res 85:825-30 (1994).

[41] B. W. Lisboa, S. Vogtlander, T. Gilster, L. Riethdorf, K. Milde-Langosch and T. Loning, Molecular
and immunohistochemical analysis of p53 mutations in scrapings and tissue from preinvasive and invasive
breast cancer. Virchows Arch 431:375-81 (1997).

[42] D. Lohmann, C. Ruhri, M. Schmitt, H. Graeff and H. Hofler, Accumulation of p53 protein as an
indicator for p53 gene mutation in breast cancer. Occurrence of false-positives and false-negatives. Diagn
Mol Pathol 2:36-41 (1993).

[43] A. Storey, M. Thomas, A. Kalita, C. Harwood, D. Gardiol, F. Mantovani, J. Breuer, I. M. Leigh, G.
Matlashewski and L. Banks, Role of a p53 polymorphism in the development of human papillomavirus-
associated cancer. Nature 393:229-34 (1998).

Chapter 6



108



Chapter 7

Copy Number Analysis of Tumor Suppressor
and Oncogenes in Classic and Pleomorphic In-
vasive Lobular Carcinoma of the Breast

Cigdem Ercan', Cathy Moelans', Horst Buerger?, Peter Bult’, Patrick WB Derksen',
Elsken van der Wall*, Paul J. van Diest'

1 Department of Pathology, University Medical Center Utrecht, Utrecht, the Netherlands

2 Institute for Pathology, Paderborn, Germany.
3 Department of Pathology, Radboud University Nijmegen, the Netherlands
4 Division of Internal Medicine and Dermatology, University Medical Center Utrecht, Utrecht, the

Netherlands

Manuscript



110

Abstract

At present, 10-15% of breast cancer patients present with invasive lobular carcinoma
(ILC) which differs from ductal carcinomas in terms of biology, histology and response
to therapy. The disease is clinically difficult to diagnose and has relatively poor prognosis.
Even though there are crucial molecular aberrations associated with ILC (such as loss of
CDH1), investigations regarding the molecular events undetlying ILC development and
progression is limited. Along the spectrum of ILC, several variants have been described
such as the classic subtype and the rare, more aggressive pleomorphic subtype. A better
understanding of the molecular pathways governing the etiology of ILC subtypes is
needed to develop new diagnostic and therapeutic targets.

In order to gain more insight in the genetic profile of these two ILC subtypes, we
performed multiplex ligation-dependent probe amplification (MLPA) copy number
analysis for a set of established breast cancer tumor suppressors and oncogenes in 27
classic and 12 pleomorphic ILC.

Opverall, we observed fewer copy number changes in classic than in pleomorphic ILC.
Amplifications of FGFR1, ADAMY9, PRDM14, MTDH, TRAF4 and MED1 were
significantly more frequent in pleomorphic ILC. Unsupervised hierarchical clustering
revealed that pleomorphic ILC clustered partly with classic ILC and partly with invasive
ductal cancers.

In conclusion, copy number changes for a set of established breast cancer genes are
more frequent in pleomorphic ILC than in classic ILC, compatible with their more
aggressive clinical behaviour. Moreover, cluster analysis suggested that classic and
pleomorphic ILC may represent separate entities, pleomorphic ILC being an entity
molecularly in between classic ILC and invasive ductal cancer.



Introduction

After invasive ductal cancer (IDC), the second most prevalent histologic breast cancer
type is invasive lobular breast cancer (ILC), which accounts for approximately 15%
of all breast cancers [1]. ILC differs from IDC in terms of clinical presentation,
biology, histology and response to therapy. Based on their molecular profile, ILCs
are usually “luminal” type breast cancers expressing estrogen (ER) and molecules
involved in ER activation including the progesterone receptors (PR) [2, 3]. With
increasing histological grade, ILCs become resistant to endocrine therapy once the
hormone receptor expression is lost [4]. As a consequence, they are less susceptible
for standard chemotherapy regimens and targeted therapies against EGFR due to low/
absent EGFR expression [4, 5]. In addition, there are several studies supporting that
ILC has a worse prognosis compared to IDC [6]. Altogether these data underline the
importance of investigations regarding the molecular events underlying lobular breast
cancer development and progression.

ILC has several variants, the two most common ones being the classic and pleomorphic
types. Classic ILC is composed of small regular cells with frequently intracytoplasmic
vacuoles, small nuclei in a highly infiltrative growth pattern with dissociated cells and
single (“indian”) files, often in targetoid patterns around uninvolved ducts, and with low
mitotic rate. The pleomorphic variant exhibits the growth pattern of classical ILC but
with polygonal, eccentric and highly pleomorphic nuclei with nucleoli, and usually more
mitoses [7]. The frequency of these subtypes among all ILC cases is suggested to be
approximately 60% for classic ILC and 10% for pleomorphic ILC [8, 9]. Pleomorphic
ILC has been established to have a poorer prognosis [10]. Moreover, several reports
suggested that pleomorphic ILC shows similar characteristics to high grade IDC rather
than to ILC [11, 12]. In general, investigations on molecular similarity and differences
of classic and pleomorphic ILCs are limited which hampers the understanding of the
differential progression of these subtypes. Moreover, this knowledge could provide
new insight into diagnostic criteria and response to therapy of ILC patients.

So far, various oncogenes and tumor suppressors have been demonstrated to be involved
in carcinogenesis, progression and therapy response of invasive breast cancers such
as HER2, TOP2A, ESR1, MYC, CCDN1 and CDH1 (detailed information in Table
1). Analysis of copy number changes of these genes might be valuable for molecular
profiling of different subtypes. Multiplex ligation dependent probe amplification (MLPA)
is a PCR based high-throughput technique that can well be used for this purpose. With
this technique, copy number of multiple genes can be determined simultaneously in
a quantitative way and it is ideal when using DNA extracted from paratfin embedded
material since it requires very small quantities of (fragmented) DNA. In previous studies
we established the reliability and reproducibility of this technique [13, 14].

With the aim to increase the current awareness on key molecular aberrations associated
genes in a group of classic and pleomorphic ILC cases. The analysis was done with the
“breast cancer MLPA kit” which includes probes for ESR1, EGFR, FGFR1, ADAMO9,
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Gene

ESR1

EGFR

FGFR1

ADAM9

IKBKB

PRDM14

MTDH

MYC

CCND1

C11o1£30

CDH1

TRAF4

CPD

MED1

ERBB2

CDC6

TOP2A

MAPT

BIRC5

CCNE1

AURKA

Chrom.Pos.

06925.1

07p11.2

08p11.23

08p11.23

08p11.21

08q13.3

08q22.1

08q24.21

11q13.2

11q13.5

16q22.1

17q11.2

17q11.2

17q21.2

17q12

17q21.2

17q21.2

17q21.31

17q25.3

19q12

20q13.31

#Probes
2

Description of the Gene Product

Estrogen receptor 1; transcription factor;
primarily essential for sexual development,
reproductive function

Epidermal growth factor receptor; cell surface
receptor tyrosine kinase involved in signal
transduction

Fibroblast growth factorl; receptor tyrosine
kinase involved in signal transduction

Disintegrin and metalloproteinase domain
containing protein 9; enzyme involved in
cell-cell, cel-matrix interactions, protein
metabolism

Inhibitior of kappaB kinase beta;
serine/threonine kinase involved in signal
transduction

PR domain zinc finger protein 14; involve in
regulation of transcription

Metadherin; a protein involved in invasion and
metastasis

Transcription factor playing a role in proliferation
and apoptosis

G1/S-specific cyclin-D1; involved in regulation
of cell cycle and signal transduction

Protein EMSY; involved in regulation of
transcription

E-cadherin; involved in adhesion and signal
transduction

TNF receptor-associated factor 4; involved in cell
proliferation, apoptosis and signal
transduction

Carboxypeptidase D; an enzyme involved in
protein metabolism

Mediator of RNA polymerase II transcription
subunit 1; involved in regulation of
transcription

Human Epidermal growth factor Receptor 2;
receptor tyrosine kinase involved in signal
transduction

Cell Division Cycle 6; involved in regulation of
cell cycle and signal transduction

DNA topoisomerase 2-alpha; involved in
controlling the topologic states of DNA
during transcription

Microtubule-associated protein; involved in
stabilization of microtubules

Survivin; involved in regulation of cell cycle and
apoptosis

G1/S-specific cyclin-E1; involved in regulation
of cell cycle and signal transduction

Aurora A kinase; serine/threonine kinase
involved in signal transduction

Ref.
[43]

[44]

[32]

[32]

[29]

[45]

[40]

[47]

[48]

[48, 49]

[28]

[50]

[51]

[52]

[15]

[37]

[53, 54]

[55, 56]

[57]

[58]

[59]

Table 1. Probes of the P078-B1 ML.PA kit (MRC Holland) (modified from [15))



IKBKB, PRDM14, MTDH, MYC, CCND1, C110tf30, CDH1, TRAF4, CPD, MED1,
ERBB2, CDC6, TOP2A, MAPT, BIRC5, CCNE1 and AURKA. As described previously
[15], these genes were selected based on their prognostic and/ ot therapeutic implications
in breast cancer, or their proven frequent copy number change by comparative genomic
hybridization.

Materials and Methods

Patients

Tissue samples of ILC patients were gathered as described previously [16]; and
comprised archival material from 39 breast cancer patients with ILC (27 classic and
12 pleomorphic) collected from the Pathology departments of the University Medical
Center Utrecht, Utrecht, and Radboud University Nijmegen Medical Centre, Nijmegen,
the Netherlands, and the Institute of Pathology, Paderborn, Germany. Classic and
pleomorphic subtypes were identified on Hematoxylin and Eosin (H&E) stained
reference slides from formaldehyde-fixed paraffin embedded breast cancer tissue blocks
of 41 cases by an experienced pathologist (PJvD), considering cases with nuclear atypia
scote 3 as pleomorphic ILC. Use of anonymous or coded left over material for scientific
purposes is a part of the standard treatment contract with patients in our hospitals [17].

DNA extraction

After deparaffinization of the slides by standard methods, the relevant area from each
slide (as identified on corresponding H&E stained sections) was scraped off with a
scalpel and suspended in 50-100 pl lysis buffer (Tris-HCL pH 8.0 with 0.5 % Tween 20).
After that, proteinase K (1mg/ml) was added to each sample and incubated overnight at
55°C. Next day, all the samples were incubated at 100°C for 10 minutes. Following this
process the samples were centrifuged at 14000 rpm (4°C) for 30 minutes, after which
the supernatant was collected and stored at -20°C.

Multiplex: Ligation-Dependent Probe Amplification

MLPA was performed as described previously [15]. DNA was used for MLPA analysis
according to manufacturers’ instructions, using the P078-B1 kit (MRC Holland,
Amsterdam, the Netherlands). Table 1 summarizes the contents of this kit. All
tests were performed in duplicate by PCR (ABI 9700; Applied Biosystems, Foster
City, CA, USA) and PCR products were analyzed on an ABI730 capillary sequencer
(Applied Biosystems). Gene copy numbers were analyzed using Genemapper (Applied
Biosystems) and Coffalyser (version 7.0) software (MRC-Holland). For genes with more
than one probe present in the kit, the mean of all the probe peaks of this gene was
calculated in duplicate. If the mean value was below 0.7 the respective gene was defined
as lost, a value between 0.7 and <1.3 was defined as normal, a value between 1.3 and
2.0 as low-level amplification and values >2.0 as high-level amplified, as previously
established [18, 19].
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Statistics

Frequencies of copy number changes were compared between classic and pleomorphic
ILC by Chi-square analysis (SPSS), grouping low and high level amplifications. Median
number of copy number changes of classic and pleomorphic ILC were compared by
Mann-Whitney (SPSS). P-values below 0.05 were considered significant.

Unsupervised hierarchical cluster analysis (Euclidean distance, average linkage analysis)
was petformed using the open-source R statistical software (http://www.t-project.org)
as before [20, 21].

First, clustering was performed on the classic and pleomorphic ILC cases to identify
gains and losses patterns for these entities. Thereafter, we performed a second cluster
analysis including 39 IDC from a previous study analyzed with the same MLPA kit [22]
to investigate whether pleomorphic ILC clusters with classic ILC or rather with IDC.

Results
Amplifications and losses in classic and pleomorphic ILC

As shown in Table 2, all analyzed genes were involved in copy number alterations,
mostly as amplifications with varying frequencies. Amplifications (low and high level)
were most frequently observed in genes located on chromosome 8 such as CCDN1
(11/39; 28%), MTH (10/39; 26%), and PRDM14 (10/39; 26%) and genes located in
chromosome 17, such as CDC6 (12/39; 31%), and ERBB2 (8/39; 20%). The most
common loss was observed in CDH1 (11/39; 28%). Losses for other genes were either
not present or very rare such as AURKA (3/39; 8%), FGFR (1/39; 3%), CPD (1/39;
3%), and MAPT (1/39; 3%).

Table 2 and Figures 1 and 2 reflect the copy number changes in classic and pleomorphic
cases. There was a striking difference in the frequency of amplifications and losses
between these two ILC subtypes. In general, a higher frequency of low (ratio>1.3) and
high level (ratio>2.0) level amplifications was observed in pleomorphic compared to
classic ILC (Figure 2). Only two genes showed high level amplifications in classic ILC
although rarely; FGFR (2/27; 7%) and CDCG6 (1/27; 4%). In classic ILC cases, the
most frequently amplified (high and low level) gene was CDCG6 (7/27; 26%) followed by
CCND1 (5/27;19%). In general, the genes located on chromosome 8 (FGFR1, ADAMY,
IKBKB, PRDM14, MTDH and MYC) and some of the genes located on chromosome
17 MED1, ERBB2, TOP2A, MAPT, BIRC5) showed copy number gains (FigurelA).
The same held true for the pleomorphic cases, but the frequency of amplifications
(high and low) for most cases was approximately 3-4 times higher compared to the
classic ILCs (Figure 1B, Figure 2), and amplification frequencies for amplified genes
were mostly higher than 30%. ADAMY (6/12; 50%), MTDH (6/12; 50%) and CCND1
(6/12; 50%), all located on chromosome 8, showed the highest amplification frequency
within our study population (observed in half of the pleomorphic cases). PRDM14
and CCND1 were the genes showing most frequently high level amplification in
pleomorphic cases with a frequency of 4/12 (33%).



All cases Classic ILC Pleomorphic ILC p-value*

Amp. High Level Loss Amp.  HighLevel Loss Amp. HighLevel Loss

Gene C4)  Amp.%) (%) (%) Amp.%) (9 (4 Amp.(h) (%)
ESR1 8 0 0 11 0 0 0 0 0 0.47
EGFR 5 0 0 4 0 0 8 0 0 0.47
FGFR1 20 13 3 11 7 0 42 25 8 0.04
ADAM9 20 5 0 7 0 0 50 17 0 0.02
IKBKB 20 8 0 11 0 0 42 25 0 0.08
PRDM14 26 10 0 15 0 0 50 33 0 0.02
MTDH 26 8 0 15 0 0 50 25 0 0.02
MYC 18 0 11 0 0 33 17 0 0.1
CCND1 28 10 0 19 0 0 50 33 0 0.08
Cl1otf30 8 3 0 7 0 0 8 8 0 0.4
CDH1 0 0 28 0 0 22 0 0 41 -
TRAF4 18 0 0 7 0 0 42 0 0 0.00
CPD 0 0 3 0 0 4 17 0 0 0.08
MED1 18 5 0 7 0 0 42 17 0 0.04
ERBB2 20 8 0 11 0 0 42 25 0 0.1
CDC6 31 8 0 26 4 0 42 17 0 0.1
TOP2A 18 3 0 11 0 0 33 8 0 0.08
MAPT 20 0 3 15 0 4 33 0 0 0.1
BIRC5 20 0 0 15 0 0 33 0 0 0.1
CCNE1 3 0 0 11 0 0 8 0 0 0.3
AURKA 0 0 8 4 0 4 0 0 17 -

Table 2. Frequencies (represented as percentages) of low level amplification (ratio>1.3), high level amplification
(ratio>2.0) and loss (ratio<0.7) for all 21 genes analyzed by MIPA for 39 invasive lobular breast cancer
patients (27 classic and 12 pleomorphic ILC). (for references see Tablel). Amp=Amplifications. * chi-square
analysis classic vs. pleomorphic ILC, gronping high and low level amplifications.

The most frequently lost region in pleomorphic ILC was CDH1 with a frequency of
5 out of 12 patients (41%); this was almost two times more frequent compared to
classic cases. There were on average 6.25 amplifications per patient (range 0-17 of
the 21 investigated genes) for pleomorphic ILC patients of which 2.5 were high level
amplifications compared to 2 amplifications per patient for classic ILC patients of
which 0.1 were high level amplifications.
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A) Copy number changes in Classic ILC
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Figurel. Copy number changes in Classic (A) and Pleomorphic (B) ILC

Except for two classic ILC samples, the analyzed genes were never amplified or lost
alone. Interestingly, 4 out of 12 (33%) pleomorphic ILC showed amplifications for
all six chromosome 8 genes which were accompanied by the amplifications of some
genes located on chromosome 17. This was not observed for classic cases. For one
pleomorphic case (8%0) both genes on chromosome 11 were amplified whereas this was
the case for two patients (7%) in the classic group.

As shown in Table 2, copy number changes (lumping low and high level amplifications)
were significantly different between classic and pleomorphic ILC for the genes FGFR1,
ADAMY, PRDM14, MTDH, TRAF4 and MEDI1.

Cluster Analysis

Unsupervised hierarchical clustering analysis of classic and pleomorphic cases showed a
separate gene cluster consisting of CCND1 (chromosome 11) and FGFR (chromosome
8) (Figure 3). All of the remaining chromosome 8 genes (ADAMY, IKBKB, PRDM14,
MYC) were located in a second cluster and within the same subcluster.



After the analysis, there were two major clusters observed (Figure 3). The first cluster
was characterized by a low frequency of gains and contained all the classic cases (twenty
seven) except one and six pleomorphic cases. The second cluster was characterized by a
high frequency of gains and mainly composed of pleomorphic cases.

A second clustering analysis including 39 IDC (Figure 4) revealed a separate gene cluster
consisting of ERBB2, FGFR and CCND1. Reasoning from the cases, two clusters were
observed. One cluster was characterized by a high frequency of copy number changes
and contained mainly high grade IDC (12 grade 3, 3 grade 2 and 1 grade 1 tumor) and
most pleomorphic cases.. In contrast, the second cluster was composed of classic ILC,
and low-grade IDC (3 grade 1, 8 grade 2 and 12 grade 3 tumors).

Comparison of Amplifications

01 Il Classic ILC
3 Pleomorphic ILC
10
10
0 O » (¢} b~
© & & s\e\ SR L & F > <
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Figure2. Comparison of amplifications between Classic and Pleomorphic IL.C

Discussion

The aim of this study was to study copy number changes of a set of established breast
cancer genes associated with classic and pleomorphic ILC by MLPA analysis. Aberrant
regulation of gene function through copy number changes may play a crucial role in
oncogene activation and tumor suppressor gene inactivation and act as the driving force
of carcinogenesis.

In our analysis, all patients showed at least one copy number change (loss or gain)
representing the high genomic instability of these patients, and the suitability of this
breast cancer MLPA kit. These alterations were observed in all of the analyzed genes
with varying frequencies and the alterations were mostly low or high level amplifications.
Losses were also observed and the most frequently lost gene was CDHI1, the locus for
E-cadherin [23]. Indeed, loss of E-cadherin expression by allelic loss, mutations or
promoter hypermethylation is known to be the most characteristic feature of 1LC [24,
25]. E-cadherinis involved in adhesion and previous research showed a strong correlation
between loss of E-cadherin expression and invasion [26, 27]. Interestingly, we observed
approximately two times more frequent E-cadherin loss (41%) in pleomorphic ILC
compared to the classic cases (21%) supporting the recently published study of Derksen
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et al. where the authors demonstrated that somatic loss of E-cadherin together with
p53 lead to human pleomorphic ILC-like tumors in mice [28].

Amplifications (low and high level) were 3-4 times more frequent in pleomorphic
ILC compared to classic ILC. Half of the pleomorphic cases showed amplifications
in ADAM9, MTDH and CCND1 which all locate on chromosome 8. ADAMY is a
metalloprotease involved in cell-cell, cell-matrix interactions and protein metabolism
[29]. Since ADAMD is highly expressed in cancer, including breast cancer and ADAM9
was shown to promote cancer cell migration, it is an attractive target for therapy [30].
Metadherin (MTDH) is involved in signal transduction and promotes metastases in
breast cancer [31]. Moreovet, its activation was associated with chemo resistance and
poor prognosis [31]. The biological effect and functional importance of ADAM9 and
MTDH amplifications in pleomorphic ILC cases remains to be investigated. CCND1
encodes for Cyclin D1 which plays an important role in the cell cycle, was shown to
promote ER-mediated gene transcription [32] and is frequently expressed in ILC [32,
33]. It would be worthy to investigate the involvement of Cyclin D1 in the regulation
of ER associated hormone sensitivity in ILC further. Another frequently amplified
region in pleomorphic ILC was ERBB2, encoding for HER2. HER2 amplification and
overexpression correlates with resistance to tamoxifen and conventional chemotherapy
in breast cancer [34] and poor prognosis [35]. This was much lower for classic cases
which supports previous reports demonstrating low/absent HER2 amplification and
overexpression in classic ILC, in contrast with pleomorphic ILC [36]. CDCO, also
located on chromosome 17, was shown to be frequently amplified in classic ILC. The
product of CDCG6 is involved in cell cycle regulation and signal transduction [37]. and
upregulated in breast cancer [38]. Considering its role in cell proliferation, it stands as
another interesting candidate for future investigation.

Interestingly, we observed amplifications of all the genes on the same chromosome (8
and 11) for several cases; 4 out of 12 (33%) pleomorphic ILCs showed amplifications
for the six genes located on ‘chromosome 8. One pleomorphic case (8%) and two
patients (7%) in the classic group showed amplifications for the two genes located
on ‘chromosome 11 genes. Altogether these amplifications might be indicators of
polysomy. Previously, chromosome 8 polysomy was associated with high grade [39-41]
and poor prognosis of breast cancer [42]. Unsupervised hierarchical clustering analysis
of 21 genes in classic and pleomorphic cases showed a separate gene cluster consisting
of CCND7 and FGFRT. It was also interesting to see that 50% of the pleomorphic
cases formed a separate cluster, suggesting that some pleomorphic ILC might have
a molecular evolution path different from classic ILC. The second cluster analysis
performed including the IDC cases supported this idea since these pleomorphic ILC
cases mainly clustered with high grade IDC cases. Here, ERBB2 clustered with CCND7
and FGFRT, and the frequent amplification of ERBBZ in pleomorphic ILC cases was
also similar to IDC rather than classic ILC.

In conclusion, our MLPA study has revealed interesting potential therapeutic targets
in classic and pleomorphic ILC. Further, our data indicate that the more aggressive
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pleomorphicIL.C subtype contains multiple copy number changes in different important
oncogenes and tumor suppressors that differ from classical ILC. Moreover, cluster
analysis demonstrated that classic and pleomorphic ILC represent separate entities
which suggest that caution should be taken when defining diagnostic criteria, treatment
strategies and response to therapy of patients with classic and pleomorphic ILC.

Acknowledgements
We gratefully acknowledge Petra van der Groep for excellent technical assistance.
References

[1] E. Gudlaugsson, I. Skaland, E. A. Janssen, P. ]. van Diest, F. ]. Voorhorst, K. Kjellevold, A. zur Hausen
and J. P. Baak, Prospective multicenter comparison of proliferation and other prognostic factors in lymph
node negative lobular invasive breast cancer. Breast Cancer Res Treat 121:35-40 (2010).

[2] C. M. Perou, T. Sotlie, M. B. Eisen, M. van de Rijn, S. S. Jeffrey, C. A. Rees, J. R. Pollack, D. T. Ross,
H. Johnsen, L. A. Akslen, O. Fluge, A. Pergamenschikov, C. Williams, S. X. Zhu, P. E. Lonning, A. L.
Borresen-Dale, P. O. Brown and D. Botstein, Molecular portraits of human breast tumours. Nature
406:747-52 (2000).

[3] C. Sotitiou, S. Y. Neo, L. M. McShane, E. L. Korn, P. M. Long, A. Jazaeri, P. Martiat, S. B. Fox, A. L.
Harris and E. T. Liu, Breast cancer classification and prognosis based on gene expression profiles from a
population-based study. Proc Natl Acad Sci U S A 100:10393-8 (2003).

[4] A. M. Gonzalez-Angulo, F. Morales-Vasquez and G. N. Hortobagyi, Overview of resistance to systemic
therapy in patients with breast cancer. Adv Exp Med Biol 608:1-22 (2007).

[5] N. J. Bundted, K. Chan and N. G. Anderson, Studies of epidermal growth factor receptor inhibition in
breast cancer. Endocr Relat Cancer 8:183-9 (2001).

[6] E. A. Rakha, M. E. El-Sayed, D. G. Powe, A. R. Green, H. Habashy, M. ]. Grainge, J. F. Robertson, R.
Blamey, J. Gee, R. I. Nicholson, A. H. Lee and I. O. Ellis, Invasive lobular catrcinoma of the breast: response
to hormonal therapy and outcomes. Eur ] Cancer 44:73-83 (2008).

[7] N. Perry, M. Broeders, C. de Wolf, S. Tornberg, R. Holland and L. von Karsa, European guidelines for
quality assurance in breast cancer screening and diagnosis. Fourth edition--summary document. Ann Oncol
19:614-22 (2008).

[8] P. R. Kini H, Rau AR, Lobo FD, Augustine AJ, Ramesh BS, Pleomorphic Lobular Carcinoma of the
Breast - A diagnostic Dilemma. Journal of Cytology 24:193-195 (2007).

[9] E. Otvieto, E. Maiorano, L. Bottiglieri, P. Maisonneuve, N. Rotmensz, V. Galimberti, A. Luini, F. Brenelli,
G. Gatti and G. Viale, Clinicopathologic characteristics of invasive lobular carcinoma of the breast: results
of an analysis of 530 cases from a single institution. Cancer 113:1511-20 (2008).

[10] V. Eusebi, F. Magalhaes and J. G. Azzopardi, Pleomorphic lobular carcinoma of the breast: an
aggressive tumor showing apocrine differentiation. Hum Pathol 23:655-62 (1992).

[11] L. P. Middleton, D. M. Palacios, B. R. Bryant, P. Krebs, C. N. Otis and M. J. Merino, Pleomorphic
lobular carcinoma: morphology, immunohistochemistry, and molecular analysis. Am ] Surg Pathol 24:1650-
6 (2000).

[12] J. Palacios, D. Sarrio, M. C. Garcia-Macias, B. Bryant, M. E. Sobel and M. J. Merino, Frequent E-cadherin
gene inactivation by loss of heterozygosity in pleomorphic lobular carcinoma of the breast. Mod Pathol
16:674-8 (2003).

[13] C. B. Moelans, R. A. de Weger, C. Ezendam and P. J. van Diest, HER-2/neu amplification testing
in breast cancer by Multiplex Ligation-dependent Probe Amplification: influence of manual- and laser
microdissection. BMC Cancer 9:4 (2009).

[14] C. B. Moelans, R. A. de Weger, M. T. van Blokland, C. Ezendam, S. Elshof, M. G. Tilanus and P.
J. van Diest, HER-2/neu amplification testing in breast cancer by multiplex ligation-dependent probe
amplification in comparison with immunohistochemistry and in situ hybridization. Cell Oncol 31:1-10



(2009).

[15] C. B. Moelans, R. A. de Weger, H. N. Monsuur, R. Vijzelaar and P. J. van Diest, Molecular profiling of
invasive breast cancer by multiplex ligation-dependent probe amplification-based copy number analysis of
tumor suppressor and oncogenes. Mod Pathol 23:1029-39 (2010).

[16] C. Excan, P. J. van Diest, B. van der Ende, J. Hinrichs, P. Bult, H. Buerger, E. van der Wall and P. W.
Derksen, p53 mutations in classic and pleomorphic invasive lobular carcinoma of the breast. Cell Oncol
(Dordr) 35:111-8 (2012).

[17] P. J. van Diest, No consent should be needed for using leftover body material for scientific purposes.
For. Bmj 325:648-51 (2002).

[18] D. J. Bunyan, D. M. Eccles, ]. Sillibourne, E. Wilkins, N. S. Thomas, J. Shea-Simonds, P. ]. Duncan, C.
E. Curtis, D. O. Robinson, . F Harvey and N. C. Cross, Dosage analysis of cancer predisposition genes by
multiplex ligation-dependent probe amplification. Br | Cancer 91:1155-9 (2004).

[19] ]. Coffa, M. A. van de Wiel, B. Diosdado, B. Carvalho, J. Schouten and G. A. Meijer, MLPAnalyzer: data
analysis tool for reliable automated normalization of MLPA fragment data. Cell Oncol 30:323-35 (2008).
[20] R. Kornegoor, C. B. Moelans, A. H. Verschuur-Maes, M. C. Hogenes, P. C. de Bruin, J. J. Oudejans,
L. Marchionni and P. J. van Diest, Oncogene amplification in male breast cancer: analysis by multiplex
ligation-dependent probe amplification. Breast Cancer Res Treat (2012).

[21] L. M. Seeber, R. P. Zweemer, L. Marchionni, L. F. Massuger, V. T. Smit, W. M. van Baal, R. H. Verheijen
and P. J. van Diest, Methylation profiles of endometrioid and serous endometrial cancers. Endocr Relat
Cancer 17:663-73 (2010).

[22] C. B. Moelans, R. A. de Wegers, H. N. Monsuurs, A. H. Maess and P. ]. van Diest, Molecular differences
between ductal carcinoma in situ and adjacent invasive breast carcinoma: a multiplex ligation-dependent
probe amplification study. Cell Oncol (Dordr) 34:475-82 (2010).

[23] S. Cingoz, O. Altungoz, T. Canda, S. Saydam, G. Aksakoglu and M. Sakizli, DNA copy number changes
detected by comparative genomic hybridization and their association with clinicopathologic parameters in
breast tumors. Cancer Genet Cytogenet 145:108-14 (2003).

[24] C. Huiping, ]. R. Sigurgeirsdottir, J. G. Jonasson, G. Eiriksdottir, J. T. Johannsdottir, V. Egilsson and S.
Ingvarsson, Chromosome alterations and E-cadherin gene mutations in human lobular breast cancer. Br |
Cancer 81:1103-10 (1999).

[25] R. L. Loveday, J. Greenman, D. L. Simcox, V. Speirs, P. J. Drew, J. R. Monson and M. J. Kerin, Genetic
changes in breast cancer detected by comparative genomic hybridisation. Int ] Cancer 86:494-500 (2000).
[26] M. Perez-Moreno, C. Jamora and E. Fuchs, Sticky business: orchestrating cellular signals at adherens
junctions. Cell 112:535-48 (2003).

[27] R. C. Schackmann, M. van Amersfoort, J. H. Haarhuis, E. ]. Vlug, V. A. Halim, J. M. Roodhart, J. S.
Vermaat, E. E. Voest, P. van der Groep, P. ]. van Diest, J. Jonkers and P. W. Derksen, Cytosolic p120-catenin
regulates growth of metastatic lobular carcinoma through Rock1-mediated anoikis resistance. ] Clin Invest
121:3176-88 (2011).

[28] P. W. Derksen, T. M. Braumuller, E. van der Burg, M. Hornsveld, E. Mesman, ]. Wesseling, P.
Krimpenfort and J. Jonkers, Mammary-specific inactivation of E-cadherin and p53 impairs functional
gland development and leads to pleomorphic invasive lobular carcinoma in mice. Dis Model Mech (2011).
[29] K. Chin, S. DeVries, ]. Fridlyand, P. T. Spellman, R. Roydasgupta, W. L. Kuo, A. Lapuk, R. M. Neve, Z.
Qian, T. Ryder, F. Chen, H. Feiler, T. Tokuyasu, C. Kingsley, S. Dairkee, Z. Meng, K. Chew, D. Pinkel, A. Jain,
B. M. Ljung, L. Esserman, D. G. Albertson, F. M. Waldman and J. W. Gray, Genomic and transcriptional
aberrations linked to breast cancer pathophysiologies. Cancer Cell 10:529-41 (2006).

[30] J. L. Fry and A. Toker, Secreted and membrane-bound isoforms of protease ADAM9 have opposing
effects on breast cancer cell migration. Cancer Res 70:8187-98 (2009).

[31] G. Hu, R. A. Chong, Q. Yang, Y. Wei, M. A. Blanco, F. Li, M. Reiss, ]. L. Au, B. G. Haffty and Y. Kang,
MTDH activation by 8q22 genomic gain promotes chemoresistance and metastasis of poor-prognosis
breast cancer. Cancer Cell 15:9-20 (2009).

[32] S. S. Kwek, R. Roy, H. Zhou, J. Climent, ]. A. Martinez-Climent, . Fridlyand and D. G. Albertson, Co-
amplified genes at 8p12 and 11q13 in breast tumors cooperate with two major pathways in oncogenesis.

Chapter 7



122

Oncogene 28:1892-903 (2009).

[33] P. J. van Diest, R. J. Michalides, L. Jannink, P. van der Valk, H. L. Peterse, J. S. de Jong, C. ]. Meijer and
J. P. Baak, Cyclin D1 expression in invasive breast cancer. Correlations and prognostic value. Am ] Pathol
150:705-11 (1997).

[34] M. Tanner, J. Isola, T. Wiklund, B. Erikstein, P. Kellokumpu-Lehtinen, P. Malmstrom, N. Wilking, J.
Nilsson and J. Bergh, Topoisomerase Ilalpha gene amplification predicts favorable treatment response to
tailored and dose-escalated anthracycline-based adjuvant chemotherapy in HER-2/neu-amplified breast
cancer: Scandinavian Breast Group Trial 9401. J Clin Oncol 24:2428-36 (2000).

[35] J. P. Baak, D. Chin, P. J. van Diest, R. Ortiz, P. Matze-Cok and S. S. Bacus, Comparative long-term
prognostic value of quantitative HER-2/neu protein exptession, DNA ploidy, and morphometric and
clinical features in paraffin-embedded invasive breast cancer. Lab Invest 64:215-23 (1991).

[36] G. Arpino, V. J. Bardou, G. M. Clark and R. M. Elledge, Infiltrating lobular carcinoma of the breast:
tumor characteristics and clinical outcome. Breast Cancer Res 6:R149-56 (2004).

[37] E. Arriola, C. Marchio, D. S. Tan, S. C. Drury, M. B. Lambros, R. Natrajan, S. M. Rodriguez-Pinilla, A.
Mackay, N. Tamber, K. Fenwick, C. Jones, M. Dowsett, A. Ashworth and J. S. Reis-Filho, Genomic analysis
of the HER2/TOP2A amplicon in breast cancer and breast cancer cell lines. Lab Invest 88:491-503 (2008).
[38] S. Ueda, N. Kondoh, H. Tsuda, S. Yamamoto, H. Asakawa, K. Fukatsu, T. Kobayashi, J. Yamamoto, K.
Tamura, J. Ishida, Y. Abe, M. Yamamoto and H. Mochizuki, Expression of centromere protein F (CENP-F)
associated with higher FDG uptake on PET/CT, detected by cDNA microarray, predicts high-risk patients
with primary breast cancer. BMC Cancer 8:384 (2008).

[39] A. M. Bofin, B. Ytterhus, H. E. Fjosne and B. M. Hagmar, Abnormal chromosome 8 copy number in
cytological smears from breast carcinomas detected by means of fluorescence in situ hybridization (FISH).
Cytopathology 14:5-11 (2003).

[40] J. Bullerdiek, E. Leuschner, E. Taquia, U. Bonk and S. Bartnitzke, Trisomy 8 as a recurrent clonal
abnormality in breast cancer? Cancer Genet Cytogenet 65:64-7 (1993).

[41] S. Roka, M. Fiegl, N. Zojer, M. Filipits, R. Schuster, B. Steiner, R. Jakesz, H. Huber and J. Drach,
Aneuploidy of chromosome 8 as detected by interphase fluorescence in situ hybridization is a recurrent
finding in primary and metastatic breast cancer. Breast Cancer Res Treat 48:125-33 (1998).

[42] M. Takehisa, M. Sasa, Y. Bando, T. Hirose, T. Morimoto, T. Nagao and A. Tangoku, Chromosomal
aneusomy (chr 1, 11, 17) detected by fluorescence in situ hybridization may be a prognostic factor in breast
cancer. Anticancer Res 27:1073-8 (2007).

[43] E. Holst, P. R. Stahl, C. Ruiz, O. Hellwinkel, Z. Jehan, M. Wendland, A. Lebeau, L. Terracciano, K. Al-
Kuraya, F Janicke, G. Sauter and R. Simon, Estrogen receptor alpha (ESR1) gene amplification is frequent
in breast cancer. Nat Genet 39:655-60 (2007).

[44] K. Park, S. Han, E. Shin, H. ]. Kim and J. Y. Kim, EGFR gene and protein expression in breast cancers.
Eur J Surg Oncol 33:956-60 (2007).

[45] N. Nishikawa, M. Toyota, H. Suzuki, T. Honma, T. Fujikane, T. Ohmura, T. Nishidate, M. Ohe-Toyota,
R. Maruyama, T. Sonoda, Y. Sasaki, T. Urano, K. Imai, K. Hirata and T. Tokino, Gene amplification and
overexpression of PRDM14 in breast cancers. Cancer Res 67:9649-57 (2007).

[46] X. Li, X. Kong, Q. Huo, H. Guo, S. Yan, C. Yuan, M. S. Moran, C. Shao and Q. Yang, Metadherin
enhances the invasiveness of breast cancer cells by inducing epithelial to mesenchymal transition. Cancer
Sci 102:1151-7 (2011).

[47] S. M. Rodriguez-Pinilla, R. L. Jones, M. B. Lambros, E. Arriola, K. Savage, M. James, S. E. Pinder and
J. S. Reis-Filho, MYC amplification in breast cancer: a chromogenic in situ hybridisation study. ] Clin Pathol
60:1017-23 (2007).

[48] T. Kirkegaard, K. V. Nielsen, L. B. Jensen, . M. Campbell, S. Muller, S. M. Tovey, S. Brown, T. G.
Cooke and J. M. Bartlett, Genetic alterations of CCND1 and EMSY in breast cancers. Histopathology
52:698-705 (2008).

[49] L. Hughes-Davies, D. Huntsman, M. Ruas, F. Fuks, J. Bye, S. F. Chin, J. Milner, L. A. Brown, F. Hsu, B.
Gilks, T. Nielsen, M. Schulzer, S. Chia, J. Ragaz, A. Cahn, L. Linger, H. Ozdag, E. Cattaneo, E. S. Jordanova,
E. Schuuring, D. S. Yu, A. Venkitaraman, B. Ponder, A. Doherty, S. Aparicio, D. Bentley, C. Theillet, C.



P. Ponting, C. Caldas and T. Kouzarides, EMSY links the BRCA2 pathway to sporadic breast and ovarian
cancer. Cell 115:523-35 (2003).

[50] S. Camilleri-Broet, I. Cremer, B. Marmey, E. Comperat, F. Viguie, ]. Audouin, M. C. Rio, W. H.
Fridman, C. Sautes-Fridman and C. H. Regnier, TRAF4 overexpression is a common characteristic of
human carcinomas. Oncogene 26:142-7 (2007).

[51] S. A. Abdelmagid and C. K. Too, Prolactin and estrogen up-regulate carboxypeptidase-d to promote
nitric oxide production and survival of mcf-7 breast cancer cells. Endocrinology 149:4821-8 (2008).

[52] Y. Zhu, C. Qi, S. Jain, M. M. Le Beau, R. Espinosa, 3rd, G. B. Atkins, M. A. Lazar, A. V. Yeldandi, M.
S. Rao and J. K. Reddy, Amplification and overexpression of peroxisome proliferator-activated receptor
binding protein (PBP/PPARBP) gene in breast cancer. Proc Natl Acad Sci U S A 96:10848-53 (1999).

[53] A. Di Leo, C. Desmedt, J. M. Bartlett, E Piette, B. Ejlertsen, K. I. Pritchard, D. Larsimont, C. Poole, J.
Isola, H. Earl, H. Mouridsen, E. P. O’Malley, E. Cardoso, M. Tanner, A. Munro, C. J. Twelves, C. Sotitiou,
L. Shepherd, D. Cameron, M. J. Piccart and M. Buyse, HER2 and TOP2A as predictive markers for
anthracycline-containing chemotherapy regimens as adjuvant treatment of breast cancer: a meta-analysis
of individual patient data. Lancet Oncol 12:1134-42 (2011).

[54] E. P. O’Malley, S. Chia, D. Tu, L. E. Shepherd, M. N. Levine, V. H. Bramwell, I. L. Andrulis and K. 1.
Pritchard, Topoisomerase II alpha and responsiveness of breast cancer to adjuvant chemotherapy. ] Natl
Cancer Inst 101:644-50 (2009).

[55] L. Pusztai, ]. H. Jeong, Y. Gong, J. S. Ross, C. Kim, S. Paik, R. Rouzier, F. Andre, G. N. Hortobagyi, N.
Wolmark and W. F. Symmans, Evaluation of microtubule-associated protein-Tau expression as a prognostic
and predictive marker in the NSABP-B 28 randomized clinical trial. ] Clin Oncol 27:4287-92 (2009).

[56] P. Wagner, B. Wang, E. Clark, H. Lee, R. Rouzier and L. Pusztai, Microtubule Associated Protein
(MAP)-Tau: a novel mediator of paclitaxel sensitivity in vitro and in vivo. Cell Cycle 4:1149-52 (2005).

[57] B. M. Ryan, G. E. Konecny, S. Kahlert, H. J. Wang, M. Untch, G. Meng, M. D. Pegram, K. C. Podratz,
J. Crown, D. J. Slamon and M. J. Duffy, Survivin expression in breast cancer predicts clinical outcome and is
associated with HER2, VEGE, urokinase plasminogen activator and PAI-1. Ann Oncol 17:597-604 (2006).
[58] L. B. Jensen, ]. M. Bartlett, C. J. Witton, T. Kirkegaard, S. Brown, S. Muller, F. Campbell, T. G. Cooke
and K. V. Nielsen, Frequent amplifications and deletions of G1/S-phase transition genes, CCND1 and
MYC in eatly breast cancers: a potential role in G1/S escape. Cancer Biomark 5:41-9 (2009).

[59] C. Ginestier, N. Cervera, P. Finetti, S. Esteyries, B. Esterni, J. Adelaide, L. Xerri, P. Viens, J. Jacquemier,
E. Charafe-Jauffret, M. Chaffanet, D. Birnbaum and F. Bertucci, Prognosis and gene expression profiling
of 20q13-amplified breast cancers. Clin Cancer Res 12:4533-44 (20006).

Chapter 7



124



Chapter 8

Summarizing Discussion and
Future Perspectives



126

Breast cancer is a major concern for females as being the most frequently observed
carcinoma and the most common cause of cancer related death among women (World
Cancer Report, 2008). It is a histologically heterogeneous disease [1]. The second most
common histologic subtype of breast cancer is lobular carcinoma of the breast [2].
Although it differs from the other subtypes in terms of molecular characteristics, a very
distinguishing feature is the typical growth pattern of tumor cells in a loosely cohesive
way which makes the diagnosis of this subtype of breast cancer very difficult. Certain
molecular associations such as loss of adhesion molecule E-cadherin are usually linked
with lobular subtype [3, 4] however a complete understanding of the contribution
of different molecular pathways in initiation and progression of ILC is lacking. With
the aim to unreveal some of the missing parts of this puzzle, we focused on several
molecular pathways (NOTCH, p53, HIF-1a) crucial in cancer biology, in this thesis.

Lobular breast cancer

The evident simplicity of normal breast histology hides a more complex cellular
composition, which becomes clear during carcinogenesis. So far, several subtypes of
breast cancer have been defined, based on histology and molecular signatures. Lobular
breast cancer is one of the defined histological subtypes of breast cancer and the
aim of Chapter 2 is to summarize the facts about this rate form of breast cancer by
focusing on molecular and pathological features of the disease. After we introduce
morphological characteristics and different subtypes of lobular breast cancer, we focus
on the pathological characteristics such as diagnostic and prognostic factors.

The part dedicated on molecular characteristics is crucial since we discuss the current
knowledge on the molecular pathways which are suggested to be involved in molecular
evolution and progression of lobular breast cancer. This part reveals the limited
knowledge on this aspect and feeds our motivation to do further research on signaling
pathways involved in lobular breast cancer progression.

Manmary development and breast cancer; crucial signaling pathways

Chapter 3 provides an overview of the current literature on the role of stem cells
in normal mammary gland and breast cancer development with a touch on signaling
pathways involved in both processes.

A significant feature of mammary gland is the fact that the majority of its developmental
changes occur after birth and this significant characteristic has allowed many researchers
to address numerous fundamental questions. In this review, the evidences for the
existence of mammary stem cells and tumor initiating cells are presented. Moreover,
the human and mouse situation are discussed separately since there are morphological
and functional differences between human and mouse mammary gland.

In the last part of the review, we comment on TGF-8, WNT, FGF Hedgehog, EGE,
Estrogen and NOTCH signaling pathways (with a focus on NOTCH signaling) which
are involved in mammary gland development and breast cancer formation. A better
understanding of the biological roles of these pathways in normal cell behavior and



carcinogenesis may lead to discovery of novel therapies. NOTCH pathway stands out as
a crucial pathway in normal breast development and differentiation. Aberrant NOTCH
signaling seems to unbalance differentiation and causes excessive proliferation of cells
resulting in mammary tumorigenesis. To add to this, we present novel data showing
high NOTCHI1 activity, a member of NOTCH family, and high expression of HES1, a
common downstream target of NOTCH receptors, in normal human breast epithelium
representing its importance in normal breast development.

Effect of NOTCH pathway inbibition on lobular breast cancer

Chapter 3 reveals that NOTCH signaling has not been considered before among the
pathways which might play a role in lobular breast cancer development and progression.
In Chapter 4, we investigated the outcome of NOTCH pathway inhibition on the
growth of lobular breast cancer. Initially, we reported higher NOTCH activation in
human invasive ILC specimen compared to the ductal cases by immunohistochemistry
and this was a novel observation since so far NOTCH activation has been reported and
investigated mostly in ductal breast cancer. Based on this observation, we investigated
the effect of a y-secretase inhibitor (GSI) on the proliferation of mouse and human
ILC like cell lines 7z vitro and demonstrated a decrease in proliferation of these cells
due to cell cycle arrest. Furthermore, we used a mouse model where orthotropic
transplantation of a mouse ILC cells into mammary fat pads led to the growth of ILC
like tumors. Treatment of these mice with GSI by using osmotic pumps led to NOTCH
inhibition and tumor retardation 7 vivo.

HIF-1a and NOTCH signaling in ductal and lobular breast cancer

NOTCH signaling has been shown to interplay with many different pathways (Chapter3
and Chapter 4) and recently, several different studies indicated a link between hypoxia
inducible factors (HIFs) and NOTCH activation in different contexts and tissues
resulting in tumorigenesis. In Chapter 5, we investigated if such an association exists
in primary and metastatic human breast cancer specimen and if it has any prognostic
effect. For this purpose, firstly, we checked the expression of HIF-1a and NOTCH1
intracellular domain (N1ICD; active NOTCHT1) and their known downstream targets
in a group of patient material. Even though expressions of both proteins correlated
with their downstream targets, there was no association between HIF-1oa and NOTCH1
signaling. Moreover, co-expression of N1ICD and HIF-1a was significantly associated
with high tumor grade and high mitotic index but had by itself no prognostic value.
During this study, we have also made some independent but appealing observations.
For example, pleomorphic lobular cancers had more often HIF-1a expression in tumor
cells and stroma compared to classic lobular cancers.

Interestingly, primary breast cancers expressed higher levels of N1ICD than their
corresponding metastases, especially in the cases which metastasized to brain and to
skin and NOTCH pathway activation reflected worse prognosis. However, in short
NOTCH and HIF signaling do not seem to be functionally associated in breast cancer.
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Frequency of p53 mutations in classic and pleomorphic lobular breast cancer

Invasive lobular breast cancer does also have variants such as the most commonly seen
classic and pleomorphic variants. Although these two variants exhibit the same growth
pattern, the pleomorphic variant is described with more aggressive clinical behavior.
Recently, our group reported the development of pleomophic ILC (PILC) like
mammary tumors in conditional mouse models where p53 and E-cadherin is inactived.
This interesting observation led to Chapter 6 which reports our investigation of p53
mutations and p53 accumulation in a group of human classic and PILC cases by direct
DNA sequencing and immunohistochemistry. Athough we did not observe a significant
difference in p53 protein accumulation between the pleomorphic and classic variant,
a higher number of potentially pathogenic mutations in PILC cases were detected
compared to the classic variant. Together with the observation of p53 and E-cadherin
inactivation leading to PILC like phenotype in mice, p53 mutations might play a crucial
role in PILC carcinogenesis.

Copy number changes in tumor suppressor and oncogenes in classic and pleomorphic 11.C

A variety of oncogenes and tumor suppressors have been demonstrated to be involved
in carcinogenesis, progression and therapy response of invasive breast cancers. Analysis
of copy number changes of these genes might be valuable for molecular profiling of
different subtypes, and thus individual patients suffering from them. In Chapter 7, we
used Multiplex ligation dependent probe amplification (MLPA) with the aim to gain a
better idea on the genetic profile of classic and pleomorphic ILC subtypes which could
ultimately lead to novel diagnostic and therapeutic targets for these ILC subtypes. We
reported that copy number changes for a set of established breast cancer genes are more
frequent in pleomorphic ILC than in classic ILC, compatible with their more aggressive
clinical behavior. Moreover, cluster analysis demonstrated classic and pleomorphic ILC
to be rather separate entities and pleomorphic ILC as an entity molecularly in between
classic ILC and infiltrating ductal cancer.

Future Perspectives

Over the last decades, investigations on molecular features which are characteristic
to certain subtypes of breast cancer has led to increased understanding to molecular
evolution and progression of different subtypes while increasing future targets for
prevention and treatment. Invasive lobular breast cancer is the second most prevalent
type of breast cancer and there is a strong need for a better understanding of 1LC to
improve treatment. The rationale behind our investigations in this thesis is to gain new
insight into ILC and different variants of it. This is necessary since the diagnosis of ILC
is difficult and overall ILC has a worse prognosis compared to invasive ductal cancer
(IDC) reflecting the low success rate of current treatment strategies against ILC.

The rapidly emerging mammary stem cell (MaSC) field allows us to have awareness on
the existence of these cells and the signaling pathways regulating them. Evidently, there
is a delicate balance between homeostasis and deregulation of these pathways leading



to breast cancer. There are still crucial unanswered questions left in this field such as
the differences between mouse and human mammary gland. Considering the amount
of research performed by using mouse mammary gland as model, we believe that the
differences between human and mouse mammary gland should be investigated further
to shed light on the conclusions driven based on these studies. Besides, focusing on
the nature of interactions between MaSCs and the niche within the mammary gland
will provide further knowledge on signaling pathways involved in normal stem cells
homeostasis and transformation into cancer stem cells. NOTCH signaling is believed
to be one of these pathways as NOTCH proteins are involved in various aspects of cell
fate determination in mammary gland [5]. This pathway has been demonstrated to be
involved carcinogenesis in different contexts and also in (ductal) breast cancer.

Our findings show that NOTCH signaling is likely to be crucial for invasive lobular breast
cancer (ILC) etiology and that NOTCH inhibition using GSI may provide additional
treatment options in the management of ILC. The most relevant two questions for
further investigation would be; 1) what is the cause behind high NOTCH activation
in ILC; 2) can we confirm the anti-tumor effect of GSI with a genetic approach? The
reasons behind our observation of high NOTCH activation in ILC still need to be
determined. To be able to answer this first question, one would need to look into
multiple processes controlling NOTCH activation, such as, proteolysis, glycosylation,
ubiquitylation and phosphorylation. Overexpression of ligands or loss of negative
regulators and/or mutations in the regulatory units of pathway members should
be investigated. Moreover, NOTCH activation can be triggered by other oncogenic
pathways [5]. Moreover, to confirm our demonstration of the anti-tumor effects of
GSI treatment on in vivo ILC model, following a genetic approach such as making use
of lobular breast cancer cell lines where NOTCH signaling is genetically blocked could
be an option.

The HIF signaling pathway is another highly conserved pathway through evolution,
and plays a role in different cellular processes [6, 7]. HIFs and NOTCH signaling
have various overlapping effects in normal development and various cancers [8-10].
Interestingly, hypoxia is suggested to stimulate NOTCH signaling via HIF transcription
factors. Although we did not observe a significant association of HIF-1a and N1ICD
expression in our group of human breast cancer cases, we did have several independent
interesting observations with a potential for future research. Firstly, our observation of
the prognostic value of HES1 is encouraging and the prognostic value of other NOTCH
targets should be investigated further since they may have the potential as prognostic
marker in breast cancer. Moreover, high HIF-1a expression is in pleomorphic lobular
cancers, which also frequently show stromal HIF-1a expression, might have value to
clarify the more aggressive clinical behavior of this specific subtype. Because it has been
speculated that HIF-1a might have a tumor promoting role in breast cancer associated
fibroblasts. Novel therapies targeting HIF-1o may add to the current treatment strategies
of pleomorphic cases.

Gaining understanding on the molecular changes in major signaling pathways in different
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subtypes of ILC holds potential to reveal targets as a tool for differential diagnosis and
treatment of classic ILC versus pleomorphic variant. The TP53 tumor suppressor gene
has been an interesting target to investigate in ILC since it is very frequently altered in
other human cancers including breast cancer [11]. According to our finding PILC bears
higher frequency of p53 mutations. Although some of these mutations were reported
before in other cancer types, predictions on function of the protein are not available. It
would be very interesting to investigate the functional effect of these mutations, since
mutant p53 protein can also have very distinct functions in cancer such as promoting
invasion and metastases. This would give more insight on carcinogenesis of PILC.
The copy number analysis by using breast cancer dedicated MLPA kit has revealed
interesting and differential carcinogenetic and therapeutic targetsfor future investigations
in classic and pleomorphic ILC. Several genes as FGFR1, ADAM9, PRDM14, MTDH,
TRAF4 and MED1 showed significantly higher levels of amplifications in pleomorphic
cases. Hspecially ADAMY and MTDH amplifications were observed in 50% of all
pleomorphic ILC patients, which is in line with the more aggressive phenotype of this
subtype since both ADAM9 and MTDH were suggested to play role in invasion and
metastases [12, 13]. Moreover, CDC6 was shown to be frequently amplified in classic
ILC. Considering reports suggesting CDC6 enhances cell proliferation in breast cancer,
it stands as another interesting candidate for future investigation [14, 15]. The fact
that all patients showed at least one copy number change (loss or gain) representing
the high genomic instability of these patients, and the suitability of this breast cancer
MLPA kit. It was also interesting to observe that cluster analysis demonstrated classic
and pleomorphic 1LC to be rather separate entities and pleomorphic ILC as an entity
molecularly in between classic ILC and infiltrating ductal cancer. This observation reveals
that caution should be taken when defining diagnostic criteria, treatment strategies and
response to therapy of patients with classic and pleomorphic ILC.
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IA) Nederlandse Samenvatting

Borstkanker is onder vrouwen in zowel de westerse als niet-westerse wereld de
meest voorkomende kankergerelateerde doodsoorzaak (World Cancer Report, 2008).
Ongeveer 1 op de 8 vrouwen in de westerse wereld krijgt borstkanker, en er komen
wereldwijd per jaar meer dan 1 miljoen nieuwe gevallen bij, waarvan 35% uiteindelijk
aan kanker zal overlijden. Borstkanker is een heterogene en complexe ziekte met
verschillende histologische en moleculaire karakteristicken. Invasief ductaal carcinoom
(IDC) is veruit de meest voorkomende vorm van borstkanker (~80%). De overige
gevallen van borstkanker bestaan uit invasief lobulair carcinoom (ILC; 10-15%) en
zeldzame subtypes. Lobulaire en ductale carcinomen hebben verschillende moleculaire
en histologische eigenschappen en therapierespons. Een typische ecigenschap van
lobulaire borstkanker is het karakteristicke groeipatroon van de tumorcellen: ze groeien
heel diffuus als strengen en losse cellen, hetgeen de diagnose van dit subtype bemoeilijkt.
Bepaalde moleculaire fenotypen, zoals verlies van het adhesiemolecuul E-cadherine,
worden vaak geassociecerd met het lobulaire subtype, maar het is nog niet volledig
duidelijk hoe verschillende moleculaire processen bijdragen aan de initiatie en progressie
van ILC. Om hier verder inzicht in te krijgen, bestuderen we in dit proefschrift een
aantal moleculaire processen (NOTCH, p53, HIF-1«) die een belangrijke rol spelen in
de kankerbiologie.

Lobulaire borstkanker

Hoewel de histologie van de normale borst simpel lijkt, gaat er een complexe cellulaire
compositie achter verscholen, die pas bij carcinogenese duidelijk wordt. Tot nu toe
zijn er op basis van histologische en moleculaire kenmerken verschillende subtypes
van borstkanker gedefinieerd. Lobulaire borstkanker is een van de gedefinieerde
histologische subtypes van borstkanker, en het doel van Hoofdstuk 2 is om de
feiten van deze zeldzame vorm van borstkanker samen te vatten met de focus op de
moleculaire en pathologische eigenschappen van deze ziekte. Nadat we de morfologische
eigenschappen en verschillende subtypes van lobulaire borstkanker geintroduceerd
hebben, concentreren we ons op de pathologische karakteristieken van lobulaire
borstkanker, zoals diagnostische en prognostische factoren.

Deze analyse van de moleculaire karakteristieken is cruciaal, omdat we de bestaande
kennis van de moleculaire processen bespreken die een rol kunnen spelen in de
moleculaire evolutie en progressie van lobulaire borstkanker. Dit gedeelte toont de
beperkte kennis op dit gebied en heeft ons er toe gedreven verder onderzoek te doen
naar de signaleringsroutes betrokken bij de progressie van lobulaire borstkanker.

Borstontwikkeling en borstkanker; cruciale signaleringsroutes

Hoofdstuk 3 geeft een overzicht van de bestaande literatuur over de rol van stamcellen
in de normale ontwikkeling van de borstklier en borstkanker, en gaat kort in op de
signaleringsroutes betrokken bij beide processen.

Een belangtrijke eigenschap van de borstklier is dat de ontwikkeling voornamelijk plaats
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vindt na de geboorte. Dit heeft veel onderzoekers de mogelijkheid gegeven om een
aantal fundamentele vraagstukken te beantwoorden. In dit overzicht wordt het bewijs
voor het bestaan van borst- en tumorstamcellen uiteengezet. Verder wordt de situatie
in mensen en muizen apart besproken, aangezien er morfologische en functionele
verschillen zijn in de borstklier van mens en muis.

In het laatste deel van dit overzicht bespreken we de TGF-3, WNT, FGE, Hedgehog,
EGE, oestrogeen, en NOTCH signaleringsroutes (met een focus op NOTCH
signalering) die betrokken zijn bij borstklierontwikkeling en borstkanker vorming.
Een beter begrip van de biologische rollen van deze routes in normaal celgedrag en
carcinogenese kan leiden tot de ontdekking van nieuwe therapieén. De NOTCH route
is een uitzonderlijk belangrijke route in de normale ontwikkeling en differentiatie van
de borst. Afwijkende NOTCH signalering lijkt de balans van differentiatie te verstoren,
met als gevolg excessieve proliferatie resulterend in het ontstaan van borstkanker. Ook
presenteren we nieuwe data die duiden op een hoge activiteit van NOTCH1, een lid
van de NOTCH familie, en op een hoge expressie van HES1, een effector eiwit van
NOTCH receptoren, in normaal humaan borstepitheel. Dit onderstreept het belang
van NOTCH in de normale ontwikkeling van de borst.

Het effect van de remming van NOTCH signalering op lobulaire borstkanker

Hoofdstuk 3 laat zien dat de rol van NOTCH signalering in de ontwikkeling en
progressie van lobulaire borstkanker nog niet eerder bestudeerd is.

In Hoofdstuk 4 hebben we onderzocht wat het effect is van de remming van de
NOTCH route op de groei van lobulaire borstkanker. Eerder hebben we al met
immunohistochemie laten zien dat er hogere NOTCH activatie is in gevallen van
humaan IL.C in vergelijking met ductale gevallen van borstkanker. Dit was een nieuwe
observatie, aangezien NOTCH activatie tot nu toe vooral beschreven en bestudeerd
was in ductale borstkanker. Gebaseerd op deze observatie hebben we gekeken wat
het effect was van een y-secretase remmer (GSI) op de proliferatie van muizen en
humane ILC-achtige cellijnen 7z vitro. Deze bleek geremd te worden als gevolg van
een blokkering in de celcyclus. Tevens hebben we een muismodel gebruikt waarin de
orthotope transplantatie van muizen ILC cellen in de borstklier leidde tot de groei van
ILC-achtige tumoren. Behandeling van deze muizen met GSI via osmotische pompjes
leidde tot NOTCH remming en inhibitie van tumotgroei iz vivo.

HIF-1x en NOTCH signalering in ductale en lobulaire borstkanker

Het is bekend dat NOTCH signalering een rol speelt in veel verschillende routes
(Hoofdstuk 3 en Hoofdstuk 4). Recentelijk hebben verschillende studies een link
gesuggereerd tussen hypoxia-geinduceerde factoren (HIFs) en NOTCH activatie
in verschillende contexten en weefsels, resulterend in tumorgenese. In Hoofdstuk
5 bestuderen we of een dergelijke link bestaat in weefsels van primaire humane
borstkanker en metastases, en of deze link enige prognostische waarde heeft. Hiervoor
controleerden we eerst wat de expressie niveaus waren van HIF-1o en het NOTCH1



intracellulaire domein (N1ICD; actief NOTCHT1) en hun bekende effector eiwitten.
Hoewel de expressie niveaus van beide eiwitten correleerden met hun effector eiwitten,
was er geen associatie tussen HIF-la en NOTCHI1 signalering. Verder was er een
significante associatie tussen de co-expressie van N1ICD en HIF-la en een hoge
tumorgraad en mitotische index. Er was echter geen prognostische waarde van de co-
expressie van N1ICD en HIF-1a op zich. Tijdens deze studie hebben we ook een aantal
onafthankelijke maar interessante observaties gedaan. Zo hadden pleomorfe lobulaire
carcinomen vaker HIF-1o expressie in tumorcellen en stroma dan klassieke lobulaire
kankers.

Primaire borstkankers brachten hogere niveaus van N1ICD tot expressie dan hun
bijbehorende metastasen, vooral in gevallen van hersen- en huidmetastasen, en NOTCH
activatie duidde op een slechtere prognose. Samenvattend lijkt het er echter op dat
NOTCH en HIF signalering niet functioneel met elkaar verbonden zijn in borstkanker.

Frequentie van p53 mutaties in klassieke en pleomorfe lobulaire borstkanker

De meest voorkomende varianten van invasieve lobulaire borstkanker zijn de klassicke
en pleomotfe subtypes. Hoewel deze twee varianten hetzelfde groeipatroon vertonen,
gedraagt de pleomorfe variant zich in klinisch opzicht vaak agressiever. Recentelijk heeft
onze groep aangetoond dat pleomorfe ILC (PILC)-actige borsttumoren ontwikkelen in
muismodellen waarin p53 en E-cadherine conditioneel afwezig zijn. Deze interessante
observatie heeft geleid tot Hoofdstuk 6, waarin we p53 mutaties en p53 accumulatie
bestuderen in een groep van humane klassicke en pleomorfe ILC gevallen via het direct
sequencen van het DNA en immunohistochemie. We vonden geen significant verschil
in p53 eiwit accumulatie tussen de pleomorfe en klassieke variant van ILC, maar vonden
wel een hoger aantal van potentieel pathogene mutaties in PILC gevallen ten opzichte
van de klassicke variant. Samen met onze observatie dat het ontbreken van p53 en
E-cadherine leidt tot een PILC-achtige fenotype in muizen, suggereert dit dat p53
mutaties een belangrijke rol kunnen spelen in PILC carcinogenese.

Genkopie aantallen van tumorsuppressor en oncogenen in klassieke en
pleomorfe ILC

Verschillende oncogenen en tumorsuppressor genen spelen een rol in carcinogenese,
progressie en therapierespons in invasieve borstkanker. Het bepalen van genkopie
aantallen van deze genen kan helpen om verschillende subtypes moleculair te
classificeren en daarmee van waarde zijn voor de individuele patiént. In Hoofdstuk
7 gebruiken we de techniek multiplex ligation dependent probe amplification (MLPA)
om meer inzicht te krijgen in het genetische profiel van klassiecke en pleomorfe ILC.
Een beter begrip hiervan zou uiteindelijk kunnen leiden tot nieuwe diagnostische
en therapeutische aanknopingspunten. We laten zien dat de genkopie aantallen van
een bepaalde set borstkankergenen vaker afwijkend zijn in de pleomorfe vorm van
borstkanker vergeleken met de klassieke vorm. Dit komt overeen met het feit dat de
pleomorfe vorm klinisch ook agressiever is. Bovendien liet cluster analyse zien dat de
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pleomorfe en de klassicke vorm aparte entiteiten zijn. Pleomorfe ILC blijkt moleculair
een aparte entiteit te zijn tussen klassieke ILC en invasief ductaal carcinoom.

Perspectieven

Deafgelopen decenniais er steeds meer bekend geworden over de moleculaire kenmerken
van de verschillende subtypes van borstkanker. Dit heeft geleid tot een beter begtrip
van hoe de verschillende subtypes moleculair gezien zijn ontstaan en zich ontwikkelen,
maar ook tot nieuwe aanknopingspunten voor preventie en therapie. Invasief lobulair
carcinoom is de op een na meest voorkomende vorm van borstkanker. Het is belangrijk
het ontstaansmechanisme van ILC te begrijpen, zodat betere behandeling mogelijk is.
De beweegreden van het beschreven onderzoek in dit proefschrift is dan ook om ILC
en de verschillende subtypes beter te begrijpen. De diagnose van ILC is namelijk lastig
en deze vorm van borstkanker heeft, door het lage succes van de huidige behandelingen,
een slechtere prognose dan de invasief ductale vorm.

De kennis over stamcellen en de bijbehorende signaleringsroutes in de borst ontwikkelt
zich snel. Er is een dunne lijn tussen de normale homeostase van deze signaleringsroutes
en deregulatie hiervan, die kan leiden tot het ontstaan van borstkanker. Het antwoord
op belangtijke vragen in dit veld blijven echter nog onbeantwoord, zoals de verschillen
tussen de borstklier van de muis en de mens. Het merendeel van het onderzoek wordt
uitgevoerd in muizen. Daarom vinden wij het van belang deze verschillen verder te
bepalen, voordat definitieve conclusies worden getrokken uit het onderzoek bij muizen.
Daarnaast zal het onderzoek naar de interacties tussen de stamcellen in de borst en
de niche waarin de stamcellen zich bevinden meer kennis geven over de betrokken
signaleringsroutes bij de transformatie van normale stamcellen naar kankerstamcellen.
NOTCH signalering wordt gezien als een van deze signaleringsroutes, omdat NOTCH
eiwitten betrokken zijn bij de differentiatie van de cellen in de borstklier. NOTCH
signalering is betrokken bij verschillende vormen van kanker, waaronder ook (ductale)
borstkanker.

Onze bevindingen laten zien dat NOTCH signalering waarschijnlijk cruciaal is voor
het ontstaan van ILC. Bovendien kan het remmen van NOTCH met GSI een nieuwe
therapeutische optie zijn in de behandeling van ILC. De twee belangtijkste vragen om
te beantwoorden in verder onderzoek zijn; 1) wat is de oorzaak van de hoge mate van
activering van NOTCH in ILC; 2) kunnen we het effect van GSI op tumorgroei bevestigen
met een genetische benadering? De oorzaak van de hoge NOTCH activering die wij in
ILC zien, moet nog nader onderzocht worden. Om deze eerste vraag te beantwoorden
zal gekeken moeten worden naar de verschillende manieren waarop NOTCH activering
gereguleerd wordt, zoals proteolyse, glycosylering, ubiquitylering and fosforylering,
Overexpressie van interactiepartners of negatieve regulatoren en/of mutaties in de
regulerende onderdelen van deze signaleringsroutes moeten onderzocht worden.
Daarnaast kan NOTCH geactiveerd worden door andere oncogene signaleringsroutes.
Om onze bevinding dat GSI een negatief effect heeft op tumorgroei in een 7z vivo ILC
model te verifiéren, kan gebruik gemaakt worden van bijvoorbeeld lobulaire borstkanker



cellijnen waar de signalering van NOTCH genetisch is geblokkeerd.

Een andere belangrijke route is de signalering via HIE De HIF signaleringsroute speelt
een rol in verschillende processen in de cel en is sterk geconserveerd tijdens evolutie.
HIF en NOTCH hebben een overlappende rol in de normale ontwikkeling en ook bij
de vorming van kanker. Een interessant concept is dat hypoxie zou kunnen leiden tot
de stimulering van NOTCH via HIF transcriptiefactoren. Hoewel wij geen significante
associatie vonden tussen HIF-la en N1ICD expressie in onze groep van humane
borstkankergevallen, waren er andere observaties die verder onderzocht kunnen
worden. Ten eerste is de prognostische waarde van HES1 bemoedigend en ook de
prognostische waarde van andere NOTCH effector eiwitten zou onderzocht moeten
worden. Bovendien kan de hoge expressie van HIF-1a in pleomorfe ILC gevallen, die
ook vaak HIF-la expressie in het stroma laten zien, het meer agressieve gedrag van
dit subtype verklaren. HIF-1a speelt namelijk mogelijk een rol in het stimuleren van
tumorgroei door borstkanker geassocieerde fibroblasten. Het beinvloeden van HIF-1a
kan een extra toevoeging zijn aan de huidige behandeling van pleomorfe ILC.
Hetbeter begrijpen van de moleculaire veranderingen in de belangtijke signaleringsroutes
in de verschillende subtypes van ILC kan leiden tot nieuwe aanknopingspunten
in de diagnose en behandeling van de klassieke versus de pleomorfe vorm. Het
tumorsuppressorgen TP53 is interessant om nader te onderzoeken in ILC, aangezien
dit gen vaak is veranderd in kanker, waaronder borstkanker. Wij tonen aan dat p53 in
PILC vaker is gemuteerd. Enkele van deze mutaties waren al bekend in de literatuur
bij andere vormen van kanker, maar het effect op de functie van het eiwit niet. Het is
belangrijk de functionele effecten van deze mutaties te bepalen, omdat een gemuteerd
p53 eiwit verschillende effecten kan hebben in kanker zoals het stimuleren van invasie
en metastasering. Meer kennis hierover zal inzicht geven in de carcinogenese van PILC.
Het bepalen van genkopie aantallen met behulp van een speciale MLPA kit voor
borstkanker toont interessante aanknopingspunten voor toekomstige studies naar
carcinogenese and therapeutische mogelijkheden. In pleomorfe gevallen waren genen
zoals FGFR1, ADAMY, PRDM14, MTDG, TRAF4 en MEDT vaker geamplificeerd.
ADAMYI en MTDH waren in 50% van de pleomorfe gevallen geamplificeerd wat
overeenkomt met het meer agressieve fenotype van dit subtype. Zowel ADAMY als
MTDH zouden namelijk een rol spelen in invasie en metastasering. CDC6 was vaak
geamplificeerd in het klassieke subtype. Literatuur laat zien dat CDC6 mogelijk een
rol speelt in celproliferatie in borstkanker en hiermee is CDC6 een andere kandidaat
voor verder onderzoek. Alle onderzochte patiénten toonden ten minste één verandering
in genkopie aantallen (amplificatie of verlies), overeenkomstig met de genetische
instabiliteit in deze patiénten, en aangevend dat deze borstkanker MPLA kit goed werkt.
Het is interessant dat bij cluster analyse klassicke en pleomorfe ILC aparte entiteiten
blijken. Het pleomotfe subtype is moleculair een aparte entiteit en bevindt zich tussen
klassieke IL.C en invasief ductaal carcinoom.
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IB) Tiirkce Ozet

Meme kanseri, hem gelismis hem de gelismekte olan ilkelerde, kadinlarda kansere
bagli 6limlerin en stk nedenidir (Diinya Kanser Raporu, 2008). Ortalama olarak her 8
kadindan biri meme kanserine yakalanma riski ile karst karstyadir. Bu rakam her yil diinya
¢apinda bir milyondan fazla yeni vaka demektir. Meme kanserine yakalanan kadinlarin
%351 hayatint kaybeder. Histolojik ve molekiiler acidan ¢ok farklt timor ¢esitlerini
iginde barindiran bu kanser tiirii, heterojen ve komplike bir hastaliktir. En sik gortlen
meme kanseri ¢esidi olan invaziv duktal (IDC) meme kanserine, hastalarin %80 ininde
rastlanir. Invaziv lobiiler meme kanseri (ILC) ise %10-15’lik bir kesimde gorilur, geriye
kalan hastalarda daha nadir meme kanseri cesitlerine rastlanir. Lobtiler ve duktal meme
kanseri, molekiler 6zellikleri, histolojileri ve tedaviye yanitlari acisindan birbirinden
farklhidir. Lobiiler meme kanserinin ayirt edici 6zelligi olan tiimor hiicrelerinin birbirinden
bagimsiz bicimde biiyiimesi, bu tipin tanisint gli¢ hale getirir. Lobiiler meme kanseri,
adezyon molekiilu E-kaderinin kaybi gibi bazi tipik molekiiler 6zellikler géstersede, bu
tipin inisiyasyonu ve ilerlemesine hangi molekiler yollarin katki sagladigi kesin degildir.
Bu tezde, bu bulmacanin bazi eksik parcalarint ¢6zme amact ile, kanser biyolojisinde
onemli yeri olan, birkag¢ farkli molektler sinyal yolu INOTCH, p53, HIF-1a) tizerinde
durulmustur.

Lobiiler meme kanseri

Normal meme histolojisinin ilk bakista gérillen sadeligi daha karmasik bir hiicresel
kompozisyonu gizlemektedir. Bu karmasik kompozisyon daha cok karsinogenez
sirasinda ac¢iga c¢ikar. Giniimizde, meme kanserinin histolojik ve molekiler acidan
bircok farkli ¢esidi oldugu bilinmektedir. Lobiiler meme kanseri de tanimlanan bu
histolojik ¢esitlerden biridir. Bu tezin 2. béliimtnde, meme kanserinin bu nadir formunun
bilinen molekiler ve patolojik 6zellikleri 6zetlenmektir. Bu béliimde ayrica, hastaligin
morfolojik 6zellikleri ve farkls alt gesitlerinin yani sira tanisal ve prognostik faktorler gibi
patolojik 6zelliklerine de yer verilmistir. Lobtler meme kanserinin molekiler evrim ve
gelisme stirecine dahil oldugu varsayilan molekdler sinyal yollart hakkinda elde ettigimiz
sinirlt bilgi, bu konuda daha fazla arastirma yapmak icin bizi motive etmektedir.

Meme gelisimi ve meme kanseri; 6nemli sinyal yollar

Bolim 3’de; kék hiicrelerinin normal meme gelisimi ve kanser inisiasyonundaki roli
ve bunda rol oynayan sinyal yollari ile ilgili glincel literatlire dayanan genel bir 6zet yer
almaktadir.

Meme bezinin 6nemli bir 6zelligi, gelisimsel degisikliklerin cogunun dogumdan sonra
meydana gelmesidir ve bu 6nemli 6zellik bircok arastirmactnin meme bezi ile ilgili temel
sorulari cevaplamasint saglamistir.

Bolim 3 deyeralan derlemede, meme kék hiicrelerinin varligina dair kanitlar sunulmustur.
Insan ve fare meme bezi arasinda morfolojik ve fonksiyonel farklidiklar bulunmas:
nedeniyle, bu iki model ay11 ay11 ele alinmugtir. Detlemenin son boliimiinde, meme bezi
gelisimi ve meme kanseri olusumunda roli olan TGF-B, WNT, FGE, Hedgehog, EGE,
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Ostrojen ve NOTCH sinyal yollart hakkinda bilgi verilmistir. Bu sinyal yollarinin normal
hticre davranisi ve karsinogenezdeki rollerinin daha iyi anlasilmasi, yeni tedavi yollarinin
gelistirilmesine yardimei olabilir. Ozellikle NOTCH sinyal yolu, normal meme gelisimi
ve hiicre farklilasmasinda biyik rol oynamaktadir. Bu sinyal yolunda meydana gelen
bozukluklar, dengesiz hiicre farklilasmasi ve timér olusumuna sebebiyet verir.

Bu béliimde, normal meme epitelinde NOTCH ailesinin bir tyesi olan NOTCH1’in
yiksek aktivitesini gsteren yeni verilere yer verilmistir.

NOTCH sinyal yolu inhibisyonunun lobiiler meme kanseri tizerindeki etkisi

4. bolimde NOTCH sinyal yolu inhibisyonunun, lobtler meme kanseri buyimesi
uzerindeki sonuglart arastirilmistir. Immunohistokimyasal deney sonuglarimizda, ILC
orneklerinde yliksek NOTCH aktivasyonuna rastlanmistir. Literatiirde yitksek NOTCH
aktivasyonu genelde IDC 6rneklerinde rapor edildigi icin, ILC deki bu durum yeni bir
gbzlemdir. Bu gézleme dayanarak, NOTCH sinyal yolunu bloke eden bir kimyasal olan
y-sekretaz inhibitéri (GSI) kullanilmustir. Fare ve insan ILC hiicreleri kullanilarak yapilan
in vitro ve in vivo deneylerde bu inhibitor hiicre déngisiinin durmasina sebebiyet
vermis ve timor hicrelerinin bélinmesinde bir azalma gbzlemlenmistir.

HIF-1« ve NOTCH sinyal yollarinin duktal ve lobiiler meme kanserindeki yeri

Birbirinden ayri yapilmis birkac calismada, farkli dokularin normal gelisiminde ve
timorogenezinde hipoksi ile indiklenebilir faktotler (HIFs) ve NOTCH sinyal yolunun
birbiriyle etkilesimi rapor edilmistir. Bu tezin 5. bélumiinde, bizde bu etkilesimi bir grup
primer ve metastatic hasta 6rneginde inceledik. HIF-1a ve NOTCHT1 aktif formunun
birlikte ekspresyonu timérlerde yiiksek grade ve yiksek proliferasyonla iligkili
bulunmustur. Yiksek HIF-1o ekspresyonu pleomorfik lobiiler meme kanserinde 6ne
ctkmistir. NOTCH ve HIF sinyali yollari fonksiyonel olarak iliskili gériinmuyorsa da,
NOTCH sinyal yolu aktivasyonu kéti prognozla baglantili bulunmustur.

Klasik ve pleomotfik lobiiler meme kanseri TP53 mutasyonlarinin siklig1

Invaziv lobiller meme kanserinin stk gorilen iki tirevi bulunmaktadir; klasik ve
pleomorfik. Bu iki varyant ayni biiylime paterni ortaya koymasina ragmen, pleomorfik
varyant klinik acidan daha agresif davranis sergiler. Yakin zamanda, fare modellerinde
p53 ve E-cadherin inaktivasyonunun pleomorfik ILC ine benzer meme timétlerine yol
actigt rapor edilmistir. Bu ilging gézlemle birlikte, b6lim 6 da bahsedilen DNA analizi ve
imminohistokimyasal yontemlere dayanarak, klasik ve pleomorfik ILC 6rneklerinde, bir
timor baskilayict olan p53 genindeki mutasyonlart ve p53 protein birikimini inceledik. Bu
inceleme sonunda daha agresif olan pleomorfik varyantlarda, daha fazla p53 mutasyonu
gbzlemlendi. Bu sonuglar, PILC modeli olugturulan farelerde elde edilen bu sonuglarla
beraber, p53’tin PILC karsinogenezinde 6nemli bir rol oynadigt gésterilmistir.

Klasik ve pleomorfik ILCde tiimér baskilayici genler ve onkogenler, DNA kopya
sayis1 degisiklikleri

Bircok timoér baskiayict gen ve onkogenin invaziv meme kanserlerinin gelisimi,



iletleme ve tedaviye yanit seklinde etkisi oldugu gésterilmistir. Bu genlerin DNA
kopya sayilarindaki degisiklikleri farkli kanser tiplerinde incelemek, bu kanser tiplerinin
gbrildigl hastalara bireysel agidan daha iyi teshis konmast ve tedavi uygulanmasi
demektir. B6lim 7’de, klasik ve pleomorfik ILC alt tiplerinin genetik profili Gizerine
daha iyi bir fikir elde etmek amact ile Multiplex ligasyonu bagimli prob amplifikasyonu
(MPLA) teknigini kullanarak, bilinen bazi timor baskilayict ve onkogenlerin DNA
kopya sayisindaki degisiklikleri rapor ettik. Genel olarak pleomorfik ILC 6rneklerinde
daha fazla kopya sayist degisiklikleri gézlemlenmistit.

Sonug olarak, bu arastirma invaziv lobuler meme kanserinin hem olusma hem de iletleme
asamasina dair anlayist gelistirmis ve bu kanserin gortldiigi hastalarda hipoksi ve
NOTCH sinyal yollarint kullanarak bireysellestirilmis tedavi rejimlerini olusturabilecek

cazip adaylar sunmustur.
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