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2.1. ABSTRACT

Background: Cyclin D1 (CCND1) gene amplification is a molecular key alteration in
breast cancer and was suggested to predict resistance to anti-hormonal therapy. As tissue

heterogeneity may affect diagnostic accuracy of predictive biomarkers, CCND1 genetic

heterogeneity was assessed in this study. A novel tissue microarray (TMA) platform was
manufactured for this purpose. Methods: Primary breast carcinomas from 147 patients
were sampled in a “heterogeneity TMA” by taking 8 different tissue cores from 4 to 8 tumor
containing blocks per case. Additional tissue samples were taken from 1 to 4

corresponding nodal metastases in 35 of these patients. CCND1 amplification was

assessed by fluorescence in situ hybridization (FISH). Results: CCND1 amplification was
seen in 28 of 133 (21.05%) informative patients. Amplification was significantly associated
with high tumor grade (p=0.042) but unrelated to tumor type (p=0.307), stage (p=0.540)
and ER (p=0.061) or PR (p=0.871) expression. A discordant Cyclin D1 amplification status
was detected in 6 out of 28 (21.43%) amplified tumors by heterogeneity TMA analysis. Re-
testing on large sections revealed 3 patients with true heterogeneity of high level CCND1
amplification and another 3 patients with variable interpretation of borderline FISH ratios
ranging between 1.7 and 2.3. No discrepancies were detected between 22 primary tumors
and their matched lymph node metastases. Conclusions: The high degree of
homogeneity seen for CCND1 amplification suggests that this alteration is an early event

in the development of a small subset of breast cancers.



2.2. INTRODUCTION

It is assumed that about 40% of breast cancer patients treated with endocrine therapy are
resistant to this therapy [1]. Suggested predictors for tamoxifen resistance include altered
expression of ESR [1], PAX2 and AIB-1/SRC-3 [2], Pak1 [3], ERR-gamma, Ap1 [4] and
XBP1 [5], PKA [6], and activation of the PI3K/AKT survival pathways [7].

Several studies have also discussed Cyclin D1 (CCND1) amplification as a possible
mechanism for tamoxifen resistance [8-11]. CCND1, located on chromosome 11913 is
amplified in about 10-20% of breast cancers [12-14]. Cyclin D1 protein plays an important
role in the regulation of the G1 phase in the cell cycle. It binds to cyclin dependent kinase 4
(CDK4) or CDK®6 to promote phosphorylation of the retinoblastoma protein (Rb) and other
substrates. The inhibition of cell cycle progression by unphosphorylated Rb is hereby
repealed and cells are able to enter S phase [15].

The expression and function of Cyclin D1 is regulated by estrogens through the estrogen
receptor and can be indirectly affected by antiestrogen drugs [16]. On the other hand it is
suggested that ectopic expression of Cyclin D1 can stimulate the transcriptional activity of
the estrogen receptor in the absence of estradiol [17]. Cyclin D1 seems to play also a role
in the steroid-induced proliferation of mammary epithelium during pregnancy [18].

CCND1 amplification preferentially occurs in ER positive breast cancers [12,14]. Eight
different studies have shown data suggesting that CCND1 amplification is linked to poor
response of tamoxifen therapy [8-11,19,20-22]. However, other authors could not confirm
these findings. At least six studies failed to find such an association [15,23,24-27]. There
are also controversial data regarding the prognostic value of CCND1 amplification and
Cyclin D1 overexpression. Some studies found an association between CCND1

amplification and bad outcome [28,29], other studies failed to see a connection [13] or



found an improved prognosis for CCND1 positive patients [30].

One potential weakness of all molecular tumor testing is that a molecular tumor status is
mostly determined from one tissue sample of the primary tumor that was removed during
initial surgery. But systemic therapies target disseminated tumor cells that give rise to
tumor metastases. A heterogeneous molecular status of the primary tumor and potentially
also of the metastases could either prevent response to therapy or lead to a situation
where a potential target is not detected by standard diagnostic procedures in the primary

tumor.

While previous studies on breast cancer have suggested a high homogeneity of HER2
amplification and overexpression in these tumors, such analyses are lacking for CCND1.
In an attempt, to quantify the level of heterogeneity of CCND1 amplification in breast
cancer, we analyzed CCND1 amplification in a newly designed “heterogeneity tissue
microarray (TMA)” comprising 8 different tumor areas taken from 147 breast cancer
patients. Additionally lymph node metastases from 35 of these patients were included in
the TMA. Our results show a very low frequency of CCND1 genetic heterogeneity in breast

cancer.



2.3. MATERIALS AND METHODS

Tissue microarray. By reviewing the paraffin sections of 530 consecutive breast
carcinomas stored at the archives of the Institute of Pathology of the University Medical
Center Hamburg-Eppendorf, 147 tumors with extensive tumor sampling (at least 4 paraffin
blocks per tumor) were identified to analyze genetic heterogeneity in breast cancer. Eight
different tissue cores were taken per tumor for TMA construction. If less than 8 paraffin
blocks were available, two tissue cores had to be taken from at least one block. Emphasis
was placed on taking these samples from areas that were as distant from each other as
possible. In 47 patients 8 different tumor blocks were available for punching, while 7 blocks
were available in 17 patients, 6 blocks in 16 patients, 5 blocks in 24 patients and 4 blocks
in 43 patients. Additionally, paraffin blocks of lymph node metastases were available in 35
of the patients. One tissue core was analyzed per metastasis. The number of punched

metastases was 4 in 11 patients, 3 in 4 patients, 2 in 10 patients, and 1 in 10 patients.

Fluorescence in-situ hybridization (FISH). For FISH analysis 4 um sections of the
resulting TMA blocks were cut and transferred to an adhesive coated slide system
(Instrumedics Inc., Hackensack, New Jersey). A commercial kit was used for proteolytic
slide pretreatment (paraffin pretreatment reagent kit, Vysis, Downers Grove, IL, USA).
FISH analysis was performed with a commercial FISH probe kit containing both the
CCND1 gene specific and the corresponding CEP 11 centromere probe (cat.# 5J4101,
Abbott, USA). Hybridization and posthybridization washes were done according to the ‘LSl
procedure’ (Abbott). Slides were then counterstained with 125 ng/ml 4’,6-diamino-2-
phenylindole in an antifade solution. Copy numbers of gene specific and the corresponding

centromere sequences were estimated for each tissue spot as previously described
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[12,31-33]. Each tissue spot was completely screened for amplified cells in order to
potentially detect focal amplification. A tumor was considered amplified if predominant
tumor cell population had at least twice as many gene signals than centromere signals of
the respective chromosome (ratio 22.0). A detailed scoring of 20 cells per sample was
executed in case of equivocal results (i.e. relative increase of CCND1 signals but absence
of clear cut amplification). All other tumors were considered non-amplified. If different spots
of one tumor showed discordant results, the tumor was considered putative
heterogeneous. For validation of CCND1 heterogeneity, FISH analysis was performed on
large sections of all tumor blocks sampled for the TMA. Additionally, the presence of
cancer cells in each TMA spot was reconfirmed by a second observer. Figures 1 and 2

give examples of amplified and non-amplified tumors.

Statistics. Contingency table analysis and chi square tests were used to study the

relationship between FISH results and other parameters. SAS software (SAS Institute Inc,

JMP 5.1 software; Cary, North Carolina, USA) was used for data analysis.
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2.4. RESULTS

Technical aspects. In 14 of 147 (9.52%) patients no TMA spots were informative due to
insufficient hybridization (equivocal signals, high background) or absence of tissue or
cancer cells in arrayed tissue. In the remaining 133 patients, the number of interpretable

tissue spots was 1 in 15 patients, 2 in 10 patients, 3 in 12 patients and 4 in 96 patients.

CCND1 amplification. CCND1 amplification was detected in 28 of 133 informative tumors
(21.05%). In all these cases, amplification involved the entire tumor cell population of a
TMA spot. These cases included 14 patients with high-level gene amplification (>10 gene
copies per tumor cell nucleus) and 14 patients with low-level amplification (2 — 10 CCND1
copies per tumor cell nucleus). The detailed scoring results per tissue spot for CCND1 are
described for all 28 amplified tumors in Figure 3. These data also demonstrate that the
higher the CCND1 copy numbers were, the higher the likelihood of amplification
homogeneity. All associations between CCND1 gene amplification and tumor phenotype
are shown in Table 1. Amplification was significantly associated with high histological grade
(p=0.042). It tended to be correlated with nodal status (pN) (p=0.057) and ER status

(p=0.061).

Heterogeneity of CCND1 amplification in primary tumors. Discordances in the CCND1
amplification status were detected between the arrayed samples of 6 amplified tumors.
Heterogeneity was confirmed on large sections in 3 cases with high-level amplification, i. e.
10.7% of the amplified tumors and 2.3% of all informative cases, respectively. The
discordant results in the remaining cases were due to the variable determination of the

CCND1 to CEP 11 ratio in the borderline range between 1.7 and 2.3. (data are
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summarized in Table 2). Representative cases are pictured in Figure 1 and 2.

CCND1 amplification in metastases and concordance to primary tumors.
Interpretable CCND1 FISH data were available for 1-3 lymph node metastases from 23
patients. FISH was informative in the primary tumor spots in 22 of these cases. 6 patients
of these showed homogeneously positive and 15 homogeneously negative primary tumors
and metastases with a complete concordance of the CCND1 amplification status between
primary tumors and metastases. There was only one patient with heterogeneous CCND1
status in the primary tumor and absence of amplification in all 3 metastases. Therefore, the

concordance rate between primary tumor and metastases added up to 100%.
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2.5. DISCUSSION

In this study, FISH was used to identify breast cancers with CCND1 amplification. CCND1
amplification was found in 28 of our 133 tumors (21.05%). This frequency is in the range of
previous studies, which found CCND1 amplification in about 10-20%. In 5 studies
amplification-status was determined by FISH [9,11,12,23,34], in 6 studies
immunohistochemistry for Cyclin D1 was performed [9-11,13,14,23] and 3 other studies

[10,13,14] also used other methods (real time PCR, CISH).

Tumor heterogeneity is a critical issue and a major limitation for molecular diagnostics and
targeted cancer therapy. Diagnostic accuracy of a molecular assay may be limited if the
analyzed biomarker is only present in a fraction of a tumor. Absence of a drug target
structure in a cancer subpopulation of a patient tested “positive” for a specific drug target
may cause drug resistance after outgrowth of the target-negative population under therapy.
Considering its importance, the number of studies analyzing target heterogeneity is
relatively small. If tumor heterogeneity is analyzed and quantified, this is usually based on
the analysis of one slide/block per tumor/patient. However, one tissue section may not
completely represent the biology of a large cancer. For example, one tissue section
containing a tumor area of 2 x 1 cm represents 1/88 of a cancer measuring 0.07 cm? (the
minimal volume among the breast cancers included in this study) or 1/275000 of a cancer

measuring 220 cm?® (the maximal volume among the breast cancers included in this study).

In order to better understand and quantify molecular heterogeneity in breast cancer, a new
analysis platform was generated for this study. The TMA constructed in this study contains

tissue samples measuring 0.6 mm in diameter from 4-8 different tumor blocks per primary
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tumor as well as samples from 1-4 different nodal metastases. Based on the assumption
that biologically relevant subpopulations are coherent and will expand within one region of
a tumor, this approach is likely to enable an unprecedented representation of the molecular
diversity of a breast cancer. For each arrayed tumor, great effort was taken to assure
maximal possible distances between the individual punches. The average number of tumor
blocks per breast cancer specimen was 6.0 in this study (specification without metastatic
blocks). The heterogeneity TMA concept introduced in this project, which is shown in
Figure 4, differs markedly from previous attempts to increase the representativity of TMAs
by sampling multiple cores from one tumor block. It is conceivable, that arraying 3 and
more cores from one tumor block may not substantially improve the sampling
representativity on a tumor level, although it will improve the concordance of TMA results

with corresponding large section analyses [35].

The low frequency (2.26%) of heterogeneous CCND1 amplification argues for an early
occurrence of CCND1 amplification in breast cancer development. This notion also fits well
with our previous observation of a very high concordance between CCND1 ampilification in
DCIS and neighbouring invasive ductal carcinomas. In 73 analyzed cases, we earlier
observed a concordance rate of 97.3% between invasive carcinoma and DCIS [36]. The
100% concordance rate between the findings in 22 invasive carcinomas and their nodal
metastasis regarding their CCND1 amplification status further supports the notion of early
occurrence of CCND1 amplification in a subset of breast cancer. Similar observations were
made with respect to the absolute CCND1 copy numbers, which showed only little
variability across the same cancer. Tumors with high-level amplification typically had more
than 10 CCND1 gene copy in all analysable tissue spots of the same tumor specimen,

again arguing for CCND1 amplification as an early event in a fraction of breast cancers.
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From these and other data, breast cancer appears to represent an unusually
homogeneous tumor, at least on the level of gene amplifications. For example, several
studies have demonstrated a high level of homogeneity of HER2 amplification [36-39].
Others and we have also failed to find massive differences in the amplification frequency of
MYC and ESR1 between DCIS and adjacent invasive cancers [36,40-42], another
argument for a generally early occurrence of the major gene amplifications in breast
cancer. The marked intratumoral heterogeneity of MYC and Cyclin D1 amplification
described in one early breast cancer study might be caused by PCR based DNA
quantitation with the inherent risk of a variable admixture of non-neoplasic cells [43]. Here,
the fraction of tumor cells in the tissue sample may become an important factor largely
influencing the outcome of the analysis. In case of a low-level CCND1 amplified sample
with 5 gene copies, the ratio CCND1 to the reference gene will be 5 : 2 = 2.5 provided the
tumor cell content is 100%. However, a tumor cell content of 70% is generally accepted as
being sufficient for molecular analysis. In this case, the ratio drops to 4.1 : 2 = 2.05
(because the average CCND1 copy number is 5 gene copies x 70% + 2 gene copies X
30% = 4.1 gene copies), which comes already very close to “non-amplified”. In low-level
amplified cases with less than 70% tumor cells, aneuploidy of chromosome 11, or CCND1
copy number heterogeneity, the ratio may easily drop below the 2.0 threshold, and PCR
analysis will reveal a false-negative result. In contrast, FISH analysis is not affected by
concomitant non-neoplastic cells since these can by easily identified and excluded from
the analysis. FISH analysis of tissue spots measuring 0.6 mm in diameter typically
includes about 200-500 individual cancer cells. In our study, we have not counted a
particular number of cell nuclei per tissue spot, but rather estimated the predominant copy

numbers for CCND1 and centromere 11 in each tissue spot. This procedure massively
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accelerates the analysis of high density TMA. Data from our laboratory have previously
shown that diagnosis of amplification based on signal number estimation is highly reliable

[44].

It is noteworthy, that other cancers show dramatically higher rates of genomic
heterogeneity. In prostate cancer, for example, we recently showed that ERG
overexpression caused by TMPRSS2-ERG rearrangements are heterogeneous in about
2/3 of ERG positive cases using a similar heterogeneity TMA approach as used in this
study [45]. Both lung and colorectal cancer show intratumoral heterogeneities regarding
the EGFR status [31,46]. Also, there are many studies, which found amplification
differences of EGFR between primary tumor and metastases in those two tumor entities
[47-49]. We had also found considerable heterogeneity of the important therapeutic target
HERZ2 in studies on bladder [50] and colon cancer [51], while the same target is apparently
homogeneously amplified in breast [36-39] and gastric cancer [52]. The significant
homogeneity of HER2 in breast cancer constitutes an optimal therapeutic target, which
already finds clinical usage. If further studies should confirm CCND1 induced tamoxifen

resistance, CCND1 analysis could be reliably performed on small biopsies.

Technical issues represent a significant problem in studies analyzing heterogeneity,
because every false positive or false negative result will lead to a falsely heterogeneous
case. Every effort was thus taken in this study to avoid false interpretations including
morphologic confirmation of presence of cancer for each arrayed tissue sample and a
large section confirmation in all heterogeneous cancers. We thus believe, that our data are
not affected by technical insufficiencies. It cannot be excluded, however, that very small

areas of CCND1 amplification (or missing amplification) have still been missed by our
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approach.

In summary, the results of this study show that CCND1 amplification is rarely
heterogeneous in breast cancer. The high degree of homogeneity seen for CCND1
amplification suggests that this alteration represents an early event in breast cancer
development in a small subset of breast cancers and that the CCND1 amplification status
determined in a core biopsy will be highly representative of the entire tumor and

appropriate for predicting treatment outcome if applicable.
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2.7. Legends

Figure 1:

Figure 2:

Examples of FISH-analyses for the CCND1 gene. A) HE staining, showing an
invasive lobular breast carcinoma. B) Corresponding FISH analysis
demonstrating CCND1 amplification. There are cluster of red signals (up to
30 per blue stained nucleus) indicating the CCND1 gene. The green signals
(2 - 4 per nucleus) represent the centromeric region of chromosome 11. C)
HE staining, showing an invasive ductal breast carcinoma. D) Corresponding
FISH analysis without CCND1 amplification. The tumor cells exhibit 2 - 3 red
signals (CCND1 gene) and 2 - 3 green signals (centromeric region of

chromosome 11) per nucleus.

Heterogeneity of CCND1 amplification. Comparison of a non-amplified and
an amplified spot of the same tumor. A) HE staining, showing an invasive
ductal breast carcinoma (there are only small but distinctive tumor cells). B)
Corresponding FISH analysis without CCND1 amplification. The tumor cells
exhibit 1 - 3 red signals (CCND1 gene) and 1 - 2 green signals (centromeric
region of chromosome 11) per nucleus (stained in blue). C) HE staining,
showing the same breast carcinoma, representing another tumor block. D)
Corresponding FISH analysis demonstrating CCND1 amplification. There are
cluster of red signals (up to 15 per blue stained nucleus) indicating the
CCND1 gene. The green signals (1 - 3 per nucleus) represent the

centromeric region of chromosome 11.
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Figure 3:

Figure 4:

Table 1:

Table 2:

Box-plot of CCND1 copy numbers in 28 CCND1-amplied breast cancers.
Boxes show the median and 25-75% quartiles, whiskers indicate the lowest
and highest copy numbers. The horizontal line corresponds to the threshold

of 10 CCND1 copies defining high-level amplification.

Concept of Heterogeneity-TMAs (H-TMA). Patient #1, an example for a case
with 8 tumor containing paraffin blocks available. Patient #2, an example for a
case with 4 tumor containing paraffin blocks available. In such a case, two
cores each were taken per tumor block, with as much space between the two

cores per block as possible.

Association of CCND1 amplification with breast cancer phenotype, hormone
receptor - estrogen receptor (ER), progesteron receptor (PR), and HER2
receptor status. The total number of amplified cases and the fraction (in
brackets) are given. P-value refers to the chi’test. BRE score = histological
grade according to Bloom, Richardsen and Ellis [Elston CW, Ellis 10 (1991);

Histopathology 19 (5):403-410].

lllustration of the heterogeneity data. These are the six cases with a
discordant amplification status. A large section validation revealed true
heterogeneity of CCND1 amplification in the first 3 cases listed. In the last 3
cases discordant results were due to variable interpretation of borderline
results. T1-T8 = the different TMA spots of one tumor. The first number
represents the copy number of CCND1, the second of centromere 11 and the

ratio is given in brackets.
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2.8. Figures and Tables

Figure 1:
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Figure 2:
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Table 1:

CCND1 vs Phenotype

analyzable (n) CCND1 amplification (%) p-value
all cancers 133 28 (21.05)
Tumor type ductal 87 21 (24.14) 0.3065"
lobular 32 5(15.63)
other types 14 2 (14.29)
Tumor stage pT1 38 6 (15.79) 0.5395
pT2 70 18 (25.71)
pT3 9 1(11.11)
pT4 14 3(21.43)
BRE grade G1 18 1 (5.56) 0.0417
G2 72 14 (19.44)
G3 40 13 (32.50)
Nodal stage pNO 59 13 (22.03) 0.0565
pN1 33 8 (24.24)
pN2 13 6 (46.15)
pN3 8 0 (0.00)
Receptor status ER+ 110 26 (23.64) 0.0614
ER- 17 1(5.88)
PR+ 83 18 (21.69) 0.8714
PR- 44 9 (20.45)
HER2+ 23 7 (30.43) 0.2877
HER2- 105 21(20.00)

*Numbers do not add up to total n, because of missing information
**Ductal vs lobular
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3. Zusammenfassende Darstellung

3.1. Hintergrund der Arbeit

Die Heterogenitat von Tumoren stellt ein groRes Problem der Krebstherapie dar. Sie
begrenzt die Moglichkeiten der molekularen Diagnostik und gezielten Tumorbehandlung in
hohem Male, indem sie die diagnostische Aussagefahigkeit pradiktiver Biomarker
erheblich einschrankt und oft ursachlich fur den Misserfolg gezielter Therapien ist. So kann
die Abwesenheit von medikamentosen Zielstrukturen in Teilen eines Karzinoms, das
,positiv’ fur eine spezifische Zielstruktur getestet wurde, zum Erscheinungsbild der
Medikamentenresistenz fuhren, da die zielstrukturnegative Zellpopulation trotz Therapie an
Grole zunehmen kann. Derzeitige molekulare  Tumoruntersuchungen beim
Mammakarzinom sind somit unvollkommen, da der molekulare Tumorbefund haufig nur
anhand einer einzigen Gewebeprobe des Primartumors ermittelt wird, die aus der ersten
Tumoroperation stammt. Der molekulare Status der disseminierten Tumorzellen, welche
im Korper verbleiben und ursachlich flr die Entstehung von Tumormetastasen sind, der
Zellen also, die das eigentliche Therapieziel darstellen sollten, bleibt dabei unbekannt. Auf
diese Weise kann ein heterogener molekularer Primartumorstatus, verbunden mit einem
moglicherweise ebenfalls heterogenen Metastasenstatus, entweder ein Nichtansprechen
der Therapie bewirken oder dazu flhren, dass ein mdgliches Therapieziel durch das
derzeitige diagnostische Standardvorgehen nicht erkannt wird. Dieser Sachverhalt verlangt
nach einem alternativen diagnostischen Vorgehen.

In dieser Arbeit soll ein neuartiges Untersuchungsverfahren flr Tumorheterogenitat am

Beispiel der Heterogenitatsanalyse von Cyclin D1 vorgestellt werden.

3.2. Die Rolle von CCND1 bei Brustkrebs

Es wird angenommen, dass ungefahr 40% aller Brustkrebspatienten, die eine endokrine
Therapie erhalten, resistent gegen die Behandlung sind [1]. AuRerdem gibt es Hinweise
darauf, dass eine veranderte Expression bestimmter, auf den Zellzyklus einwirkender
Proteine die Vorhersage einer Tamoxifenresistenz zulasst [1-7]. In diesem Zusammenhang
wird auch die Cyclin D1 (CCND1) Amplifikation von verschiedenen Studien als ein
moglicher Mechanismus flr die Entstehung einer Tamoxifenresistenz diskutiert [8-11]. Das
CCND1 Gen liegt in ungefahr 10-20% der Brustkrebsfalle amplifiziert vor [12-14]. Sein
Produkt, das Cyclin D1 Protein, spielt eine entscheidende regulierende Rolle im Zellzyklus,

beim Ubergang der G1 Phase in die S Phase. Es bindet an die zyklinabhangige Kinase 4
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(CDK4) oder CDK6, um die Phosphorylisation des Retinoblastom-Proteins (Rb) und
anderer Substrate voranzutreiben. Die Inhibition der Zellzyklusprogression durch
unphosphoryliertes Rb ist dadurch aufgehoben, und die Zellen sind in der Lage, in die S
Phase einzutreten [15].

Die Expression und Funktion des Cyclin D1 wird durch Ostrogene mittels des
Ostrogenrezeptors reguliert und kann indirekt durch antiéstrogene Medikamente
beeinflusst werden [16]. Andererseits gibt es Hinweise darauf, dass eine veranderte
Expression von Cyclin D1 die transkriptionelle Aktivitdit des Ostrogenrezeptors in
Abwesenheit von Ostradiol stimulieren kann [17]. Cyclin D1 scheint auch eine Rolle bei der
steroidinduzierten Proliferation des Brustdrisenepithels wahrend der Schwangerschaft zu
spielen [18].

Die CCND1 Amplifikation tritt bevorzugt in dstrogenrezeptor-positivem Brustkrebs auf [12,
14]. Acht verschiedene Studien lieferten Ergebnisse, die eine Verbindung zwischen
CCND1 Amplifikation und schlechtem Ansprechen auf eine durchgefihrte
Tamoxifentherapie nahelegen [8-11, 19-22]. Jedoch konnten andere Autoren diese
Ergebnisse nicht bestatigen. Mindestens sechs Studien fanden diese Verbindung nicht [15,
23-27]. Es gibt auch widerspruchliche Forschungsergebnisse bezuglich des
prognostischen Wertes einer CCND1 Amplifikation und Cyclin D1 Uberexpression. Einige
Studien fanden eine solche Korrelation [28, 29], andere Studien konnten wiederum keine
solche Verbindung nachweisen [13] oder fanden eine verbesserte Prognose fur CCND1
positive Patienten [30].

Eine mogliche Erklarung der unterschiedlichen Forschungsergebnisse konnte der
Heterogenitatsaspekt von CCND1 liefern. Dieser wurde bisher methodisch nur
unzureichend analysiert, da bei fruheren Studien zu wenige und 2zu nah
beieinanderliegende Tumorbereiche fiur die Heterogenitatsbestimmung miteinander

verglichen wurden.

3.3. Eigene Untersuchung

Um das Mal der Heterogenitat der CCND1 Amplifikation in Brustkrebs zu quantifizieren,
wurde in dieser Studie Brustkrebsgewebe von 147 Patienten in einen neu entwickelten
,heterogenitats tissue microarray (TMA)“ eingebracht und untersucht. Dabei wurden 8
unterschiedliche Gewebszylinder von 4 bis 8 tumorhaltigen Gewebebldcken pro Fall fur die
Herstellung verwendet. Zusatzlich wurden Lymphknotenmetastasen von 35 dieser

Patienten in diesem TMA untersucht. Eine Amplifikation des CCND1 Gens wurde mit Hilfe
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einer dual labeling Fluoreszenz in Situ Hybridisierung (FISH) festgestellt. Abschliel3end
wurden die gewonnenen Daten statistisch ausgewertet, um Zusammenhange zwischen
den FISH Ergebnissen und den vorgegebenen Parametern zu untersuchen.

Die Untersuchung ergab eine Amplifikation des Gens in 28 von 133 (21.05%) der mittels
FISH auswertbaren Falle. Diese Haufigkeit ist vereinbar mit der anderer Studien, welche,
wie schon eingangs erwahnt, CCND1 Amplifikationsraten von 10-20% beobachteten [12-
14]. Es zeigte sich ein signifikanter Zusammenhang zwischen der CCND1
Genamplifikation und dem Differenzierungsgrad des Tumors (BRE-Grad) (p=0.042). Es
konnte keine Verbindung zwischen der CCND1 Amplifikation und einem bestimmten
Tumortyp (p=0.307), Tumorstadium (p=0.540) und PR Expression (p=0.871) gefunden
werden.

Eine inhomogene Cyclin D1 Amplifikation konnte zunachst in 6 der 28 (21.43%)
amplifizierten Tumore durch TMA Analyse gefunden werden. Die nachtraglich
durchgefihrte Uberpriifung der GroRflachenschnitte bestatigte die CCND1 Heterogenitat
in nur 3 dieser Falle. Die initiale Inhomogenitat der restlichen Falle wurde durch die
unterschiedliche Kategorisierung der Gewebeproben im Amplifikationsgrenzbereich
verursacht (CCND1/Zentromer 11 Ratios zwischen 1.7 und 2.3). Eine eindeutige
Heterogenitat der CCND1 Amplifikation wurde damit in 3 von 133 auswertbaren
Karzinomen festgestellt (2.3%). Es wurden keine Amplifikationsunterschiede zwischen den

22 Primartumoren und ihren zugehdrigen Lymphknotenmetastasen festgestellt.

3.4. Bedeutung der eigenen Befunde

Bedenkt man die grol3e therapeutische Bedeutung des Heterogenitatsaspektes, so ist die
Anzahl der Studien, die sich mit der Heterogenitat der medikamentdsen Zielstrukturen
befassen, verhaltnismaRig klein. Wird Tumorheterogenitat analysiert und quantifiziert, so
wird dies gewodhnlich nur auf Grundlage der Untersuchung eines Tumorschnittes pro
Patient gemacht. Jedoch kann ein Gewebeschnitt nicht die Biologie eines ausgedehnten
Karzinoms in toto widerspiegeln. So reprasentiert ein Gewebeschnitt mit einer
angeschnittenen Tumorflache von 2 x 1 cm nur 1/88 eines 0.07 cm® messenden
Karzinoms (entsprechend dem in der Studie verwendeten kleinsten Karzinomsvolumen)
oder nur 1/275000 eines Karzinoms, das 220 cm?® misst (groRtes analysiertes Karzinom).
Der eigens fur dieses Projekt entwickelte Untersuchungsaufbau hilft dabei, die molekulare
Heterogenitat des Brustkrebses besser verstehen und quantifizieren zu kénnen. Der

angefertigte TMA enthalt Gewebsstanzen, deren Durchmesser 0,6 mm betragen und von
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4-8 verschiedenen Tumorblocken, sowie von 1-4 verschiedenen Lymphknoten-
metastasenblocken pro Patient stammen. Basierend auf der Annahme, dass
molekularbiologisch ahnliche Tumoranteile zusammenhangend an einer Stelle des Tumors
vorliegen, stellt unsere Herangehensweise hdchstwahrscheinlich eine Moglichkeit dar, ein
in seiner molekularen Vielfalt noch nie dagewesenes Bild des Brustkrebses zu ermitteln.
Bei jedem untersuchten Tumor wurden grof’e Anstrengungen darauf verwendet, maximal
mogliche Abstadnde zwischen einzelnen Gewebsstanzen sicherzustellen. Die
durchschnittliche Anzahl der verwendeten Tumorblocke pro Brustkrebsfall betrug in dieser
Studie 6 (Angabe ohne Metastasenblocke). Das Konzept des Heterogenitats-TMAs, das
durch diese Arbeit eingefihrt werden soll, unterscheidet sich deutlich von den bisherigen
Versuchen, die Reprasentativitdt von TMAs zu verbessern. Frihere Studien versuchten
durch Entnahme mehrerer Gewebsstanzen aus nur einem einzigen Tumorblock die
Probenreprasentativitat hinsichtlich des Gesamttumors zu erhdéhen. Diese wird jedoch
nicht heraufgesetzt, es wird lediglich eine Verbesserung der Ubereinstimmung des TMA
Ergebnisses mit der Einzelschnittuntersuchung erreicht, nicht jedoch mit der
Gesamttumormasse [35].

Der geringe Anteil (2.26%) der heterogen amplifizierten CCND1 Tumoren in dieser Studie
spricht fur ein frihes Auftreten der CCND1 Amplifikation in der Brustkrebsentwicklung.
Diese Vorstellung deckt sich auch mit den Ergebnissen einer anderen Studie, bei der eine
hohe Ubereinstimmung der CCND1 Amplifikation zwischen DCIS (duktales carcinoma in
situ) und angrenzenden invasiven duktalen Karzinomen beobachtet werden konnte. In den
73 untersuchten Fallen konnte eine Ubereinstimmungsrate von 97.3% zwischen invasivem
Karzinom und DCIS gefunden werden [36]. Die 100%ige Ubereinstimmungsrate zwischen
den Ergebnissen in den 22 invasiven Karzinomen und deren Lymphknotenmetastasen
bezlglich des CCND1 Amplifikationsstatus™ gibt einen weiteren Anhalt dafir, dass die
Annahme des friihen Auftretens der CCND1 Amplifikation in einem Teil des Brustkrebses
richtig ist.

Ausgehend von diesen und anderen Forschungsergebnissen scheint das
Mammakarzinom, vom Level der Genamplifikationen aus betrachtet, eine ungewohnlich
homogene Tumorentitat darzustellen. So zeigten mehrere Studien ein hohes Mal} an
Homogenitat hinsichtlich der HER2 Amplifikation [36-39]. Auch konnten keine massiven
Unterschiede der Amplifikationshaufigkeiten von MYC und ESR1 zwischen DCIS und den
zugehdrigen invasiven Karzinomen festgestellt werden [36, 40-42]. Diese Beobachtung ist

ein weiteres Argument flr das eher friihzeitige Entstehen der Hauptgenamplifikationen bei
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Brustkrebs. Die in einer friheren Brustkrebsstudie beschriebene Tumorheterogenitat von
MYC- und Cyclin D1-Amplifikationen, kann durch das Risiko der variablen Beimischung
von Nicht-Tumorgewebs-Zellen, das dem Verfahren der PCR basierten DNA
Quantifizierung innewohnt, erklart werden [43].

Bemerkenswerterweise besitzen andere Karzinomentitaten viel hohere Anteile an
genomischer Heterogenitat. Erst kurzlich konnte gezeigt werden, dass die durch die
TMPRSS2-ERG Mutation verursachte ERG Uberexpression beim Prostatakarzinom in
etwa 2/3 der ERG-positiven Falle heterogen vorkommt. Fur die Untersuchung wurde ein
ahnliches Heterogenitats-TMA Verfahren wie in dieser Studie verwendet (S. Minner,
personliche Mitteilung). Auch Lungenkrebs und kolorektale Karzinome zeigen
intratumorale Heterogenitat bezuglich ihres EGFR Status™ [31, 46]. Des Weiteren gibt es
viele Studien, die EGFR-Amplifikationsunterschiede zwischen Primartumor und
Metastasen bei den beiden zuletzt genannten Tumorentitaten gefunden haben [47-49].
Auch konnte eine beachtliche Heterogenitat des wichtigen therapeutischen Ziels HER2 in
Studien zur Harnblase [50] und zum Kolonkarzinom [51] festgestellt werden, wahrend
dieses Therapieziel anscheinend homogen amplifiziert in Brust- [36-39] und Magenkrebs
[52] vorliegt. Die signifikante Homogenitat von HER2 bei Brustkrebs stellt ein optimales
therapeutisches Ziel dar, welches schon jetzt klinische Anwendung findet. In dieser Studie
wurde festgestellt, dass die CCND1 Genamplifikation bei Brustkrebs typischerweise
homogen vorliegt. Sollten weitere Studien die Vermutung bestatigen, dass die
Amplifikation des CCND1-Gens eine Tamoxifenresistenz induziert, kdnnte in Zukunft das
Resistenzverhalten des Gesamttumors lediglich anhand der Analyse des CCND1 Status’
einer kleinen Biopsie verlasslich bestimmt werden.

Ein signifikantes Problem bei Heterogenitatsstudien stellen technische Schwierigkeiten
dar, da jeder falsch positive oder falsch negative Befund zu einem falsch heterogenen
Ergebnis fuhrt. In dieser Studie wurde daher grol3e Anstrengung darauf verwendet, eine
solche falsche Interpretation zu vermeiden. Dies geschah durch lichtmikroskopische
Nachkontrolle der Karzinomprasens bei jeder gestanzten Gewebeprobe und eine
Grol¥flachenkontrolluntersuchung bei jedem heterogenen Fall. Daher ist davon
auszugehen, dass die aufgezeigten Forschungsergebnisse nicht von technischen Mangeln
beeinflusst wurden. Dennoch kann nicht ganzlich ausgeschlossen werden, dass sehr
kleine Gebiete mit CCND1 Amplifikation (oder fehlender Amplifikation) auch durch unser

Untersuchungsverfahren Gbersehen wurden.
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Zusammenfassend zeigt diese Studie, dass die CCND1 Amplifikation typischerweise
homogen bei Brustkrebs vorkommt. Die Ergebnisse lassen ein friihes Auftreten der
CCND1 Amplifikation in der Brustkrebsentwicklung vermuten. Daher ist der bei einer
Probebiopsie ermittelte CCND1 Status hoch reprasentativ fur die restliche
Gesamttumormasse und kann dazu herangezogen werden einen Therapieerfolg
vorherzusagen, sofern eine Therapiemoglichkeit zur Verfiigung steht. Durch den
beschriebenen neuartigen Versuchsaufbau des Heterogenitits-TMAs kann in
Zukunft die Heterogenitat molekularer Marker genauer verstanden und quantifiziert

werden.

Hinweis: Die angegebenen Zitathinweise beziehen sich auf die Quellen der Originalarbeit
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