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1 Zusammenfassung

Cholinmetabolismus und Genexpression der Cholinkinasen in Humanem Brustkrebs

Sebastian Herberger

Brustkrebs ist die am haufigsten diagnostizierte Tumorerkrankung und die haufigste tumor-
bedingte Todesursache in der weiblichen Bevdlkerung der westlichen Welt. Die diagnostische
Aufarbeitung verdachtiger Lédsionen der Brust erfordert die invasive Entnahme von Gewebe-
biopsien. Der Grofiteil der Biopsien liefert negative Ergebnisse und verursacht gleichzeitig
signifikante Nebenwirkungen und groes Unbehagen. Neue Methoden sind n6tig um die Qua-

litdt von Diagnostik und Therapie fiir Brustkrebspatienten zu verbessern.

Die in-vivo '"H-MR Spektroskopie (‘H-MRS) ermdglicht einen direkten Einblick in zelluldre
Aktivitidt durch die Messung von Gewebemetabolitenkonzentrationen. In Brustkrebsgewebe
finden sich regelmdBig erhohte Konzentrationen der Metaboliten Cholin (Cho) und
Phosphocholin (PCho). Studien an Zelllinien deuten an, dass diese Verdnderungen durch ver-
anderte Genexpression der Cholinkinasen Alpha (CHKA) und Beta (CHKB) bedingt sind.
Diese Studie hatte das Ziel, die zugrunde liegenden Mechanismen, welche zu Verdnderungen

der Gewebemetabolitenkonzentrationen in Tumoren fithren, im Detail zu erforschen.

In 18 humanen Brusttumorgewebeproben und 11 gepaarten normalen gesunden Brustproben
wurden die Konzentrationen von Cho und PCho mittels Ex-Vivo High-Resolution 'H-Magic-
Angle-Spinning-MRS quantifiziert. Benigne und karzinomatodse Epithelzellen wurden mittels
Laser-Capture Mikrodissektion exzidiert und die Expressionsniveaus der CHKA und CHKB
mittels real-time quantitativer PCR gemessen. Die Metabolitenkonzentrationen wurden mit

den Genexpressionsniveaus in den verschiedenen Gruppen verglichen.

Tumoren zeigten signifikant hohere Konzentrationen von PCho in benignem Gewebe, wobei
die hochsten Konzentrationen in niedrig gradigen, invasiv-duktalen Tumoren zu finden waren.
Konzentrationen von Cho und PCho korrelierten stark. CHKA war in niedrig gradigen Tu-
morproben iiberexprimiert und korrelierte mit PCho. Die Ergebnisse zeigen dass
Gewebemetabolitenkonzentrationen zwischen benignem und malignem Tumorgewebe der
Brust unterscheiden koénnen und dass Anderungen im Metabolismus mit denen der Genex-
pression einher gehen. Hieraus ergeben sich mogliche Ansétze fiir zukiinftige Forschung und
Entwicklung. Zukiinftig werden weitreichende Untersuchungen der Tumorbiologie im Brust-
krebs erforderlich sein, bis eine mdgliche klinische Anwendung realisiert werden kann.
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1.1 Abstract

Choline Metabolism and Choline Kinase Gene Expression in Human Breast Cancer

Sebastian Herberger

Breast cancer (BrCa) is the most frequently diagnosed malignancy and the most frequent
cause of cancer death in the western female population. The diagnostic workup of suspicious
breast lesions requires invasive tissue biopsies, most of which produce negative results, along
with discomfort and side-effects for patients. Novel methods are needed to raise the quality of

diagnostics and clinical care for BrCa patients.

In-vivo 'H-MR Spectroscopy ('H-MRS) allows a direct view into cellular activity by measur-
ing tissue metabolite concentrations. 'H-MRS commonly detects increased concentrations of
the metabolites Choline (Cho) and Phosphocholine (PCho) in BrCa tissue. Cell-line studies
suggest that these changes are caused by altered gene expression of Choline Kinases Alpha
(CHKA) and Beta (CHKB). This study was undertaken to investigate in detail the underlying

basic mechanisms leading to changes in tissue metabolite concentrations in BrCa.

Ex-vivo High-Resolution 'H-Magic-Angle-Spinning-MRS was used to quantify Cho and
PCho metabolites in 18 invasive human BrCa samples and in 11 matching normal benign
breast tissue samples at high resolution. Laser-Capture Microdissection was used to micro-
scopically isolate benign and cancerous epithelial cells, from which CHKA and CHKB ex-
pression levels were quantified by real-time quantitative PCR. Lastly, changes in metabolism

were compared to changes in gene expression.

Malignant BrCa tissue contained significantly higher PCho metabolite concentrations than
benign tissue. The highest concentrations of PCho were found in low-grade, invasive ductal
type BrCa. Concentrations of metabolites Cho and PCho were strongly correlated. CHKA was
over expressed in low-grade BrCa of all types, and CHKA expression and PCho metabolite
levels were correlated. The results demonstrate the potential of metabolite measurements to
distinguish benign breast tissue from BrCa, as well as between different types of BrCa. Fur-
thermore, they indicate that changes in metabolism and in expression of underlying CHK
genes are associated. While these results point to potential pathways for future research and
development, more in-depth studies of BrCa tumor biology will be necessary to investigate a

possible future role for metabolite quantifications in the clinical care of BrCa patients.



1.2 Abbreviations

'H-MRS Proton Magnetic Resonance Spectroscopy
BrCa Breast Cancer

CHK Choline Kinase

CHKA / CHKa Choline Kinase Alpha

CHKA1 CHKA, Transcript Variant 1
CHKA2 CHKA, Transcript Variant 2
CHKB / CHK Choline Kinase Beta

Cho Choline

DCE-MRI Dynamic Contrast Enhanced MRI
DCIS Ductal carcinoma in situ

GPCho Glycerophosphocholine

H&E Hematoxylin & Eosin

HRMAS 'H-MRS

High-Resolution Magic-Angle-Spinning Proton-Magnetic
Resonance Spectroscopy

IDC Invasive ductal carcinoma

ILC Invasive lobular carcinoma

LCIS Lobular carcinoma in situ

MR Magnetic Resonance

MRI Magnetic Resonance Imaging

MRS Magnetic Resonance Spectroscopy

NMR Nuclear magnetic resonance

PCho Phosphocholine

PSA Prostate Specific Antigen

PTDCho Phosphatidylcholine

RF Radio frequency

Rt-q-PCR Reverse-transcriptase quantitative real-time PCR
SNR Signal-to-noise ratio

tCho Composite Choline resonance (total Choline)




2 Introduction

The introduction commences with a short summary, followed by an overview of the hypothe-
ses that this work is based on. Subsequently, more in-depth background knowledge about the
diagnostics of breast cancer, magnetic resonance imaging, and the anatomy and function of

the breast and breast cancer is provided.
2.1 Summary

Breast Cancer (BrCa) is the most frequently diagnosed type of cancer and the second most
frequent cause of cancer death among women in the US.' In Germany, both incidence and
mortality of BrCa are the highest among all types of cancer.” While the incidence of BrCa has
been rising for the past decades and will likely continue to rise in the future, technical advanc-
es in diagnostics are changing the face of the disease.” The introduction of nationwide mam-
mography screening programs for BrCa for the female population of ages 50-69 in recent
decades has led to an ongoing debate and substantial controversy about the question whether
the costs justify the benefits of screening. Estimates state that screening has led to a reduction
of BrCa mortality of at least 15%." This achievement must be seen in the context of the relat-
ed adverse effects, which are often overlooked. Until today, X-ray mammography remains the
gold standard for diagnosing BrCa. Suspicious mammograms are usually followed up by in-
vasive tissue biopsies. Yet, mammograms often yield ambiguous results, and false positive
findings frequently lead to unnecessary invasive diagnostic procedures and possible over-

treatment.5’ 67,8

The effort needed to diagnose one case of BrCa is large: Over 200 patients
undergo mammograms, of which at least 2-3 will lead to suspicious findings; the patients will
usually be further investigated, or biopsied.” Patients with negative diagnoses will still have
been exposed to possibly harmful radiation in mammography, as well as to emotional stress-

without a therapeutic benefit.* & 1

Estimates state that over the course of 10 years, 1 out of 3
women undergoing screening will receive a false positive result, usually followed by an inva-
sive diagnostic biopsy.'' In view of the large incidence and high relevance of the disease,

more efficient and accurate diagnostic tools are needed.

Magnetic Resonance Imaging (MRI) can diagnose malignant lesions of the breast with high
sensitivity and specificity, without exposing patients to radiation. Various studies have shown

that the sensitivity and specificity of MRI in diagnosing BrCa is high and surpasses most oth-

12-20

er diagnostic imaging tools. MRI is therefore a very accurate and reliable tool to diagnose



BrCa; its current role in the diagnostic process of BrCa is that of a second line examination
tool, subsequent to mammography. In the USA, MRI is officially recommended for women
with a number of infrequent conditions of the breast, such as pregnant women with suspected

BrCa or young women with an inherited predisposition for BrCa under the age of 40.2'*

MRI mammography is usually performed as dynamic contrast enhanced MRI (DCE-MRI), in
which an intravenous contrast agent is injected prior to imaging. While the diagnostic capabil-
ities and limitations of conventional DCE-MRI in BrCa have been evaluated in detail, new
technical possibilities to image BrCa are emerging from the continuous advancements in

: 21,22
magnetic resonance technology.””

Among the ongoing technological innovations in the field
of MR imaging is Proton Magnetic Resonance Spectroscopy ('H-MRS). 'H-MRS non-
invasively measures metabolite concentrations within a defined tissue region of interest; the
measurement can be performed on a standard MR scanner, and within the same scanning ses-
sion as a regular breast exam. 'H-MRS permits a direct view into the current cellular activity
of a defined tissue region of interest and provides substantial additional information about

regional tissue metabolite contents.

A commonly observed change in tissue metabolism of neoplastic lesions is an elevated con-
centration of choline (Cho) metabolites. In in-vivo "H-MRS, these changes are reflected in an
increase of the characteristic resonance signal at 3.2 ppm, commonly referred to as the com-
posite Cho resonance, or total Choline (tCho).?® The tCho signal is the sum of the resonance
signals of several individual metabolites, such as Cho, phosphocholine (PCho), and
glycerophosphocholine (GPCho), which are superimposed in in-vivo 'H-MRS due to low
spectral resolution. TCho can be used as a diagnostic marker for BrCa itself, and has been
employed to differentiate malignant lesions from normal breast tissue with both high sensi-

23-29 1

tivity and specificity. H-MRS can potentially increase the accuracy of DCE-MRI, thereby

helping to characterize suspicious lesions and to prevent unnecessary invasive procedures.’*>°

Even though changes of tCho in BrCa tissue have been investigated previously, their exact
cause and provenience remain unknown. It is generally hypothesized that elevated Cho me-
tabolite levels in BrCa tissue are a result of accelerated metabolism of Cho, which in turn is
associated with faster turnover of cell membranes in invasively growing BrCa tissue.’’ Physi-
ologically, intracellular Cho is metabolized in the Kennedy pathway in several steps that lead
up to phosphatidylcholine (PTDCho), a major building block of the cell membrane.*® The first
step in the pathway is the phosphorylation of Cho to PCho, catalyzed by the enzyme Choline

Kinase (CHK); two isoforms of the enzyme exist, encoded by two separate genes: Choline
8



Kinase a (CHKA) and Choline Kinase p (CHKB).”®*’ Investigations in BrCa models have
demonstrated that the elevation of tCho, as often found in in-vivo clinical '"H-MRS, is due to a
shift in concentrations of the metabolites of the Kennedy pathway: Higher concentrations of
PCho were the main contributing factor to the elevation of tCho in BrCa cells. Independently,
expression levels of the genes CHKA and CHKB were found elevated in different BrCa mod-
els, and a functional association between elevated CHK gene expression and corresponding

. . . 42,4
increases in Cho metabolite levels has been shown.***

To fully understand the potential of Cho metabolite levels for diagnostic and therapeutic pur-
poses in BrCa, the underlying molecular mechanisms must be understood in more detail. Cur-
rent scientific evidence from experiments on BrCa models points to a role for aberrant gene
expression levels of CHK in the elevation of tCho, possibly due to an accumulation of PCho.
At the same time, it is not clear whether and how these mechanisms can be translated into the
human BrCa tumor environment. The goal of this study was to explore in depth how Cho and
PCho metabolite concentrations and CHKA and CHKB expression levels are altered and in-

terconnected in different types and grades of human BrCa and healthy normal breast tissue.

The limitations of in-vivo 'H-MRS, which cannot quantify individual metabolite concentra-
tions of tCho because of its limited spectral resolution, can partly be overcome by the use of
ex-vivo '"H-MRS. A tissue sample is first extracted, e.g. surgically removed from within the
organism and then subject to ex-vivo 'H-MRS metabolite quantification. A certain type of 'H-
MRS, High-Resolution Magic Angle Spinning 'H-Magnetic Resonance Spectroscopy
(HRMAS '"H-MRS), can achieve particularly high spectral resolutions in metabolite quantifi-

cation, as described in further detail below.*

The methods and design of this study used an experimental approach to investigate in detail
the basic phenomena occurring in different types of BrCa. Ex-vivo HRMAS 'H-MRS was
used to characterize changes in Cho metabolism in different types of BrCa ex-vivo. In a se-
cond step, tissue histopathology was quantified and expression of genes involved in metabo-
lism of Cho was quantified using real-time quantitative polymerase chain reaction (Rt-q-
PCR). This experimental approach allowed us to experimentally investigate the proposed rela-
tionship between metabolite shifts and changes in gene expression in normal healthy human

breast tissue and in BrCa tissue.



The following hypotheses were explored in this study.

Hypothesis 1: Choline and Phosphocholine Metabolite Concentrations

H1: BrCa tissue, benign breast tissue, and different subtypes of BrCa contain different Cho or
PCho tissue metabolite concentrations.

HO: BrCa, benign breast tissue, or different types of BrCa do not differ in Cho or PCho me-
tabolite concentration

Methods: HRMAS '"H-MRS metabolite measurements of human BrCa and adjacent benign
breast tissue, followed by histopathological quantification of sample pathology.

Hypothesis 2: Histopathology and Metabolite Concentrations

H1: Cho and PCho metabolite concentrations are associated with the histopathological com-
position of the tissue sample, i.e. the Volume% of tumor tissue within the sample.

HO: Metabolite concentrations are not associated to the sample’s histopathological tissue
composition.

Method: Correlation analysis of HRMAS "H-MRS metabolite measurements and specimen

histopathological Volume% composition.

Hypothesis 3: Choline Kinase Gene Expression

H1: BrCa cells and benign mammary epithelial cells show different CHKA or CHKB gene
expression levels.

HO: BrCa cells and benign mammary epithelial cells do not differ in CHKA or CHKB gene
expression levels.

Method: LCM of cancerous and benign mammary epithelia, followed by RNA extraction and
reverse-transcriptase quantitative real-time PCR of CHKA and CHKB.

Hyvpothesis 4: Gene Expression and Metabolite Concentrations

HI1: Cho and PCho concentrations are associated with CHKA or CHKB gene expression in
human BrCa and normal benign tissues.

HO: Cho and PCho concentrations are independent of CHKA or CHKB gene expression in
human BrCa and normal benign tissue.

Method: Correlation analyses of metabolite concentrations (HRMAS 'H-MRS) and CHKA
and CHKB gene expression (rt-q-PCR) were performed.
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2.2 Background

This chapter provides background information for this study. Initially, the epidemiology of
BrCa is discussed in brief, followed by an overview over the current state of BrCa diagnostic
practice, with an emphasis on MRI and MRS. The third part of this chapter covers the history
and physical basics of NMR and MRS, followed by the fourth part, which sums up different
related aspects of BrCa.

2.2.1 Epidemiology

Internationally, the reported incidence rates of BrCa vary widely.** The annual incidence rate
in Germany has risen over the past 3 decades and is expected to continue to rise until 2020.°
Estimates from the German Cancer Registers show that in 2010, 59500 patients will have
been newly diagnosed with breast cancer in Germany, making up over 29% of all cancer di-
agnoses in females. At present, the age-adjusted incidence rate of BrCa is 108.8 per 100000
women in Germany. Currently, the average individual accumulated risk to be diagnosed with
BrCa within a lifetime is 10.9% for the German female population. The age-adjusted risk of
developing BrCa reaches its peak in the age group of 65-69 years. Concordantly, over 80% of
new diagnoses can be found in patients aged 50 or higher.” At present, 3.5% of deaths in the
female population can be attributed to BrCa. The age-adjusted mortality rate of breast cancer
has slightly decreased since 1980, and is estimated at 26.8 annual deaths per 100000 women
in Germany in 2004. Five-year survival rates for breast cancer patients are currently between
83% and 87%.” Incidence of BrCa in men is about 100 times lower than in women, and will

thus not be discussed in this study.*
2.2.2 Clinical Presentation

BrCa may present with a range of clinical symptoms, such as visible asymmetries and palpa-
ble alterations of the breast, however many cases never become clinically manifest before
diagnosis. Breast lesions become palpable only at certain sizes; the precursor lesions of BrCa,
DCIS and LCIS, as well as invasive BrCa at its early stages are hardly detectable in clinical
examination. Up to 30% of breast tumors invade the nipple, the areola, or both, which then
becomes visible on the skin surface; in these cases, the diagnosis overlaps with Paget’s dis-
ease of the breast.*® ¥’ Breast self-examination, a cost-efficient means against breast cancer,
has produced contradicting results in terms of benefits and harms; nevertheless, a recent meta-
47,48

analysis described an overall moderately positive effect in lowering mortality.

11



Numbers about how much clinical breast examination ultimately contributes to the diagnostic
process vary widely. The sensitivity of clinical breast examination by a specialist for the diag-
nosis of BrCa has been reported to lie in a range between 40 to 69%.% *° The specificity of
clinical breast examination ranges from 88 to 99%, and varies with age. At the same time, its
positive predictive value is lower than 5%.”" 2 Ultimately, clinical examination is unable to
detect small BrCa lesions at early stages, which requires the use of further diagnostic technol-

ogies.

Estimated New Cases”

Males Females

Prostate 217,730 28% Breast 207,090 28%
Lung & bronchus 116,750 15% Lung & bronchus 105,770 14%
Colon & rectum 72,090 9% Colon & rectum 70,480 10%
Urinary bladder 52,760 7% Uterine corpus 43,470 6%
Melanoma of the skin 38,870 5% Thyroid 33,930 5%
Non-Hodgkin lymphoma 35,380 4% Non-Hodgkin lymphoma 30,160 4%
Kidney & renal pelvis 35,370 4% Melanoma of the skin 29,260 4%
Oral cavity & pharynx 25,420 3% Kidney & renal pelvis 22,870 3%
Leukemia 24,690 3% Ovary 21,880 3%
Pancreas 21,370 3% Pancreas 21,770 3%
All Sites 789,620 100% All Sites 739,940 100%
Estimated Deaths

Males Females
Lung & bronchus 86,220 29% Lung & bronchus 71,080 26%
Prostate 32,050 1% Breast 39,840 15%
Colon & rectum 26,580 9% Colon & rectum 24,790 9%
Pancreas 18,770 6% Pancreas 18,030 7%
Liver & intrahepatic bile duct 12,720 4% Ovary 13,850 5%
Leukemia 12,660 4% Non-Hodgkin lymphoma 9,500 4%
Esophagus 11,650 4% Leukemia 9,180 3%
Non-Hodgkin lymphoma 10,710 4% Uterine Corpus 7,950 3%
Urinary bladder 10,410 3% Liver & intrahepatic bile duct 6,190 2%
Kidney & renal pelvis 8,210 3% Brain & other nervous system 5,720 2%
All Sites 299,200 100% All Sites 270,290 100%

Figure 2.1: Leading Cancer Types for the Estimated New Cancer Cases and Deaths, by Sex,
United States, 2008, excluding basal and squamous cell skin cancers and in situ carcinoma
except urinary bladder. Estimates are rounded to the nearest 10. (adapted from Jemal et al.,

2010).
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2.2.3 Preventative X-ray Mammography Screening as the Gold Standard of

Diagnosis

Imaging technology for BrCa has advanced significantly during the recent decades. Today, X-
ray mammography is the gold standard in diagnostic imaging for BrCa and is used for preven-
tative diagnostic screening in many countries. Most current guidelines for BrCa screening
recommend X-ray mammography for women of the age group of 50— 69 at biannual intervals.
The goal of screening is to detect BrCa at the earliest possible stage, at which tumors are still
small in size and have not yet metastasized to regional or distant sites, both important factors
for a favorable prognosis of the individual course of disease.” Although widely spread and
accepted in various countries, X-ray mammography is associated with a number of limitations
that have caused substantial debate about benefits of screening.”* Large efforts have been de-
voted to quantify its diagnostic accuracy. The results of these investigations vary and are often
ambiguous, due the many different influencing factors in the diagnostic process. With regard
to regional differences in mammography practices and differences in trial design, the overall
sensitivity lies in the range of 77% - 95%.>* Diagnostic specificity is influenced by several
factors, such as the screening setting, technical details of the mammography unit and the skill
of the individual radiologist: For example, in a larger study in a US community, X-ray mam-
mography had an overall specificity of 93.5%. At the same time, the inter-operator perfor-
mance varied strongly in specificity from 75.6% to 97.4%.” The positive predictive value var-
ies accordingly: In general, the positive predictive value is higher in groups with higher
prevalence of the disease, i.e. it increases with the age of the patient sample.”> Reports range

between 12% and 78%.548

While other countries have successfully implemented X-ray mammography screening decades
ago, the German Bundestag decided only in 2002 to establish a nationwide screening pro-

gram, the implementation of which was started in 2005.°%%!

Whether mammography screen-
ing has really led to a 35% reduction in BrCa mortality in Germany, as suggested by some
authors, remains uncertain when comparing the numbers to international, large-scale random-
ized controlled trials.®” 11 of these trials, carried out between 1963 and 1990, investigated the
effects of preventative mammography screening in reducing BrCa mortality. The results di-
verged and contradicted each other heavily; as a result, an even larger number of reviews and

meta-analyses of the data followed. A comprehensive overview of the original trials and the

ensuing meta-analyses is provided in a Cochrane review by Goetsche et al.* The authors

13



acknowledge an overall positive effect of X-ray mammography screening in a relative risk-
reduction of BrCa mortality of at least 15%. At the same time, the negative aspects of the
screening practice are put into perspective: Possible harmful effects of X-ray radiation, effects
of false positive mammograms and over-treatment of carcinomata that would otherwise have
not become clinically manifest, among others. The conclusion “(...) it is thus not clear wheth-
er screening does more good than harm.” summarizes the critics’ doubts about preventative
mammography screening for BrCa. When evaluating the cost and benefits of mammographic
screening, it is essential to reflect on the ongoing advancement of screening practices and
technology as a whole. Presently and in the future, radiologists will likely be better trained
and use more advanced technology in X-ray mammography practice than before, which will
lead to better diagnostic results and a higher accuracy of screening exams in comparison to

past decades.

X-ray Mammography has several clear limitations: Primarily, dense breast tissue, as is often
found in the breasts of young women, is often difficult to evaluate in mammograms. Further-
more, young women at elevated individual risk for BrCa cannot undergo frequent mammo-
graphic exams, because of the accumulative mutagenic effect of repeated exposure to X-ray
radiation on the mammary gland. Moreover, BrCa lesions of smaller sizes, which lack charac-
teristic diagnostic features like microcalcifications often time remain occult to mammography.
In these cases, additional imaging tools like MRI mammography represent a useful and often

necessary addition.”’

X-ray mammography remains the current gold standard in BrCa screening. What follows in
the course toward a diagnosis of BrCa is usually a tissue biopsy of the suspicious lesion de-
tected in a mammogram. Different biopsy systems exist, and generally core biopsies have
gained increasing popularity over the common practice of fine-needle aspiration. Biopsy ma-
terial is subsequently evaluated by a pathologist; the result determines the further course of
diagnostic procedures or treatment. If a biopsy of a suspicious lesion is inconclusive, the le-
sion is often surgically removed under on-site rapid-section evaluation or subsequent evalua-

tion by a pathologist.®’
2.2.4 Magnetic Resonance Mammography

The potential of MRI for diagnosing BrCa has been demonstrated repeatedly; DCE-MRI has
been reported to reach an overall sensitivity of up to 100% for diagnosing BrCa. At the same

time, reported specificity varies from 37% to 100%."*"° These values reflect the large number
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of influencing factors such as differences in sample characteristics, MR protocols, hardware
and individual operator characteristics. At the same time, they emphasize the high level of

diagnostic performance that MRI can deliver in evaluating potential cases of BrCa.

MRI is used as first-line examination tool in screening and examination of women with a he-
reditary susceptibility to BrCa, as well as in certain patient groups where X-ray mammograms
can be difficult to evaluate.”> ®* > The European society of breast imaging has put forward
clear guidelines for the use of MR mammography.®® In the USA, DCE-MRI is officially rec-
ommended for screening of women at elevated risk of developing BrCa; it is furthermore use-
ful in the examination of dense breast tissue, in pre-operative staging of already diagnosed
BrCa lesions, and as an auxiliary imaging tool for the evaluation of inconclusive suspicious

lesions of the breast.?® ¢’

MR mammography can detect BrCa lesions that remain occult in
conventional X-ray mammography and can help to modify surgical strategy towards less radi-
cal forms in patients in need of surgery.®® It allows for the diagnosis of both ILC and IDC, as
well as for the distinction between the two types of BrCa with high accuracy.” Studies have
shown that ductal and lobular carcinoma in situ (DCIS and LCIS), the precursor lesions of
breast cancer, often only visible as microcalcifications in X-ray mammography, which usually
require surgical excision, are difficult to diagnose with DCE-MRI. Meanwhile, other findings
show that even small breast lesions of sizes of Smm or less have been well diagnosable with

MR mammograms.’’ Taken together, DCE-MRI is a powerful imaging tool for the diagnosis

of BrCa, whose clinical evidence base and adoption rate are growing steadily.

Besides the diagnostic performance, other aspects of MR mammography need to be consid-
ered when evaluating the diagnostic use for BrCa: One factor opposing the adoption of the
diagnostic routine of MR mammograms is the associated cost: MRI is a relatively expensive
diagnostic exam, and thus cannot compete with the other examination tools from an economic
point of view. In conclusion, MR mammography is a very powerful diagnostic examination
tool, whose high cost is the current limiting factor to a more widespread adoption in the diag-

nostic routine.
2.2.5 Magnetic Resonance Spectroscopy

'H-MRS, which was one of the first applications of magnetic resonance technology, is now
evolving into a promising diagnostic tool for BrCa. It measures tissue metabolite concentra-
tions in-vivo, and thus provides a direct view into the cellular activity, allowing for the track-

ing of metabolic changes during the progression of the disease. In-vivo 'H-MRS regularly
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detects elevations of the composite Cho resonance signal (tCho) in BrCa lesions, which can
be considered a diagnostic biomarker in 'H-MRS.** °® Several groups have evaluated the ac-
curacy of these changes in BrCa tumors: The sole quantification of tCho in suspicious lesions
has been reported to be able to distinguish malignant from benign breast tissue with a sensi-
tivity of 70% - 100% and a specificity of 82% - 100%.% When combined with DCE-MRI, 'H
-MRS measurements of tCho can reportedly improve the specificity for the diagnosis of BrCa
to close to 100%.”>" These studies, which only included small sample sizes, have to be seen
in the light of their highly variable results; at the same time, they indicate the added value that
'H-MRS can offer in the diagnostic workup of BrCa. Furthermore, in-vivo '"H-MRS has also
been useful in a number of other cases, such as monitoring neoadjuvant chemotherapy, or

predicting treatment response after chemotherapy induction.”" 77

The quality of spectroscopic measurement and the resulting diagnostic accuracy strongly de-
pend on a number of technical variables, which have been summarized by Stanwell and
Mountford.”” For example, intravenous contrast agent used in DCE-MRI, which is injected
before 'H-MRS, can lead to significant alterations of measured metabolite concentrations.”’
In-vivo 'H-MRS performed on MRI scanners at common clinical field strengths is limited to
relatively low spectral resolutions. Therefore, the subsequent metabolites of Cho in the Ken-
nedy pathway cannot be quantified separately in in-vivo 'H -MRS measurements, but only as
their sum in the tCho signal.*"** 7 The reason for this limitation is the broadening and over-
lapping of individual resonances at low magnetic field strengths. The separate quantification
of the single metabolites of Cho requires a higher spectral resolution to achieve separate indi-
vidual MR resonance signals. Currently, this is only possible in ex-vivo 'H-MRS. In this

study, tissue samples were measured ex-vivo at high magnetic field strengths, leading to in-

creased spectral resolutions with distinguishable resonances of the single metabolites of Cho.
2.2.6 Choline Metabolism in Breast Cancer

Cho is a quaternary amine that is metabolized to become PTDCho, a major component the
lipid double-layer cell membrane in the Kennedy pathway. The majority of human Cho uptake
stems from the diet, making Cho an essential nutrient.” * Several membrane-bound organic
cation transporters for the uptake of Cho into the cell have been identified.*" ¥ Intracellular
Cho is first phosphorylated to PCho, a reaction catalyzed by the enzyme CHK. PCho, besides
being a central metabolite within the Kennedy pathway, has been ascribed a role of a second

messenger for growth promotion in BrCa.” PTDCho in turn can be broken down again and
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metabolized in catabolic salvage pathways leading back to Cho and PCho.*® Two genes en-
code for the two isoforms of CHK, which have likely resulted from genomic duplication:
CHKA on Chromosome 11, and CHKB on Chromosome 22.*** Furthermore, two splice var-
jants of CHKA exist, resulting in two transcript variants, CHKA1 and CHKA2.* Research
indicates that these enzymes play a central role in the development of a variety of cancers,

such as BrCa.*” (Compare Figure 1.2)

Although several factors influencing the elevations of tCho in BrCa have been identified, the
underlying molecular mechanisms are still not completely understood. Physiologically,
mammary epithelial cells are able to take up large amounts of Cho, which are then concen-
trated and secreted as Cho-containing metabolites into milk during lactation. In-vivo 'H-
MRS measurements of lactating mammary glands have found significant increases in tCho,
resembling the changes observed in malignancies.®® Various techniques have been used to
study Cho metabolism in BrCa: Spectroscopic analyses from BrCa tissue extracts demonstrat-
ed a relative increase of PCho over the other metabolites in the Kennedy pathway.*” *'™? Ex-
vivo '"H-MRS measurements of the tCho resonance signal in breast biopsy samples found that
malignancies could be distinguished with a specificity of 92% and sensitivity of 96%.”° De
Molina et al. reported in a study of CHK in 53 ex-vivo BrCa samples that CHK activity was
elevated in 38.5% and that CHK was over-expressed in 17% of tumors; these changes in ac-
tivity and expression showed a correlation with tumor grade and estrogen-receptor status.”*

Taken together, while metabolite concentrations were regularly significantly elevated in BrCa,

the underlying enzymatic activity and gene expression did not show regular alterations.

Cheng et al. showed that HRMAS "H-MRS, an ex-vivo high-field MRS technique, is able to
measure metabolites at spectral resolutions sufficient to differentiate between the individual
metabolites that make up tCho resonance. A HRMAS 'H-MRS study of 19 IDC tissue speci-
mens showed that increases in PCho occurred primarily in grades II and III carcinomata, and
that the metabolite concentrations were sufficient to differentiate between histopathological
tumor grades.g5 Sitter et al. published 3 studies in which HRMAS 'H-MRS was used to ana-
lyze BrCa specimens ex-vivo. The results showed that high-resolution metabolite spectra can
distinguish cancer from normal benign tissue specimens with high accuracy, and that PCho is

the predominantly elevated metabolite in BrCa cells.”®*®

BrCa cell line and animal xenograft models have provided insights into the mechanisms re-
sponsible for the elevation of tCho. MRS measurements of different BrCa cell lines repeated-

ly found significantly increased tissue concentrations of tCho, including PCho, GPCho and a
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substantial acceleration of metabolic kinetics when compared to human mammary epithelial
cells.*" ** A cell-line model of the step-wise progression of BrCa malignancy showed that
higher concentrations of tCho and PCho are associated with higher malignancy; moreover, a
switch in the ratios of metabolite concentrations towards increases in PCho was observed.”
BrCa cell lines, in which key regulatory genes had been activated by artificial induction, di-
rectly showed changes in PCho concentrations: Modifications of the ras oncogene led to
changes in CHK activity and increased PCho concentrations, while the metastasis-suppressor
gene nm23 led to decreased PCho concentrations.'®” '°! Increased cellular uptake and acceler-
ated metabolism of Cho was repeatedly found in BrCa cells evaluated with different types of

MRS measurements.”® %

Two studies by Glunde et al. and Eliyahu et al. compared BrCa and benign mammary epithe-
lial cells: The results show that increases of Cho metabolite concentrations and accelerated
Cho transport were accompanied by an increase in CHK gene expression (Eliyahu et al. spe-
cifically reported an elevation of CHKA over CHKB, while Glunde et al. did not distinguish
between CHKA and CHKB).*** CHK activation was found to be a prerequisite for the pro-
liferation of BrCa cells, while its depletion suppressed tumor growth and induced cellular

differentiation. ' !

Due to their presumed central role in Cho metabolism and in BrCa car-
cinogenesis, CHKA and CHKB have also been proposed as potential pharmaceutical targets.
Different approaches for use in treatment have been investigated, including several pharmaco-

logical compounds, as well as RNA-interference.”* '**!!!

Together, these studies strongly suggest a role for CHK as causal agent for the observed
changes in Cho metabolism in BrCa. Yet, as described above, most of these data resulted from
experiments on cell culture models, from which only limited conclusions can be drawn about
carcinomata inside the human organism, as reflected by the large differences in metabolism
between BrCa cell lines. Moreover, only few studies of human BrCa take into account the
diffuse invasive growth patterns of BrCa, which lead to mixed areas of carcinoma and benign
cells; hence the question, where within the BrCa lesion alterations in Cho metabolism occur
remains unanswered. Additionally, previous studies did not differentiate between the histolog-
ical types of BrCa, which by definition have very different genetic and histologic properties.
Subtypes of BrCa might exhibit significant differences in metabolism. In order to better un-
derstand the changes of Cho metabolism occurring in BrCa, more research about the mecha-
nisms in human BrCa tissue is needed. These indications were the basis for this study, in

which concentrations of Cho and PCho, as well as gene expression levels of CHKA and
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CHKB were investigated in detail within the microenvironment of different types of human
BrCa and of adjacent normal benign tissue, using HRMAS 'H-MRS, followed by LCM, RNA
extraction and rt-q-PCR.

Extracellular
choline

ey ocr

Intracellular

PCho CDP- choline
choline

Figure 2.2: [llustration of the uptake and intracellular metabolism of Choline phospholipids in
the Kennedy pathway (adapted from Eliyahu et al. 2007).
CHT1: Choline high-affinity transporter 1; CTL1: Choline transport-like protein 1; OCT1 and
OCT2: Organic cation transporters 1 and 2; ChoKa and ChoKf: Choline Kinase alpha and
beta; CCT: CTP-PCho Cytidylyltransferase; CDP: Cytidylylphosphocholine; CPT:
Cholinephosphotransferase; PLA: Phospholipase A; PLC: Phospholipase C; PLD: Phospho-
lipase D; GPD: Glycerophosphocholine phosphodiesterase; PtdCho: Phosphatidylcholine;
GPCho: Glycerophosphocholine.
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2.3 Basis of Nuclear Magnetic Resonance

The wide range of today’s applications of NMR technology is the result of several key scien-
tific discoveries made in the last century. In the following, a brief historical overview will be

given, followed by technical aspects of MR.
2.3.1 Historical Development

The basic idea and principle of nuclear magnetic resonance (NMR) was first postulated by
Paul Dirac in 1928; the phenomenon of the nuclear spin was subsequently discovered by Otto
Stern; both were awarded a Nobel Prize in Physics for their work, in 1933 and 1943, respec-
tively. Isidor Isaak Rabi, who was awarded the Nobel Prize in Physics in 1944, first described
the measurement of magnetic properties of atomic nuclei with nuclear magnetic resonance.
Edward Purcell and Felix Bloch built upon this foundation and expanded the field of NMR by
performing measurements in solid and liquid matter, for which they shared the Nobel Prize in
Physics in 1952. Paul Lauterbur, an American chemist, further expanded the field and built
the foundation of many of today’s applications of MRI in the following years. His concept of
applying magnetic fields at different gradients to determine the spatial origin of the NMR
signals enabled the reconstruction of two-dimensional MR images from 1973 on. Peter Mans-
field of the University of Nottingham, UK expanded upon Lauterbur’s discoveries and further
developed the mathematical principles of image analysis. Mansfield and Lauterbur shared the
2003 Nobel Prize in Physiology and Medicine for their contributions in the development of
MRI.'"? Today, NMR technology is used in a variety of applications and different scientific
fields, ranging from imaging and metabolite measurements in medicine to physics, chemistry

and computer science.
2.3.2 Physical Background

NMR technology is based on the atomic property called the nuclear spin, a type of angular
momentum of elementary particles, composite particles and, most important in this case, of
atomic nuclei. The inhomogeneous distribution of electrical charges surrounding atomic nu-
clei leads to a precessing spinning motion of the electrical charge of the atom, called nuclear
spin. Different nuclei exhibit characteristic magnetic dipole moments, whose intensity de-

pends on the isotope’s gyromagnetic ratio, as described in the equation p=1vy - I

(1 = magnetic moment; [ = angular momentum = “nuclear spin”; y = gyromagnetic ratio)
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The spatial orientation of the dipole moments can be manipulated by applying a surrounding
magnetic field By. Spins orientate with or against the magnetic field, two possible states
which are separated by the energy difference AE. The intensity of the spin is accelerated mul-
tiple-fold, depending on the strength of By. The relationship between AE, which is different
for isotopes such as 'H, *'P or '°C, and the surrounding magnetic field By is described in the

(modified) Larmor equation:
AE=h-vi=y -By/2n
(h =Planck’s constant; v = Larmor frequency)

In NMR, the region of interest is located in a homogenous magnetic field By. A radio-
frequency (RF) pulse is applied that induces B, a second magnetic field that usually stands at
a 90° angle to By. Nuclear spins within By absorb energy and change their orientation to align
with B;. When nuclear spins precess at 90° or lesser angles to By, spins radiate energy back in
an electromagnetic signal: The NMR signal. The resonance frequency of the signal depends
on the strength of the applied B; magnetic field, and is characteristic for specific quantum
mechanical magnetic properties of atomic nuclei. Depending on the NMR application, the
signal is then detected in the receiving antenna, usually a coil, amplified and subsequently
processed. When the RF-signal stops, the nuclei gradually begin to realign with the magnetic
field By, a process called relaxation. Each isotope is characterized by two different relaxation
time constants: T1, the longitudinal or spin lattice relaxation time, and T2, the transverse or

spin-spin relaxation time.'"

In MRI, an image is reconstructed based on the differences in
tissue concentrations of hydrogen atoms, which give a strong resonance signal, because of the
abundant tissue water content. In 'H-MRS, the water resonance signal is suppressed in order

to measure concentrations of the other chemical compounds contained within the tissue.''*
2.3.3 1H—Magnetic Resonance Spectroscopy

Different types of magnetic resonance spectroscopy (MRS) are commonly used in a wide
range of scientific disciplines, most notably chemistry, biochemistry and physics. In the study
of organic biological tissue, 'H-MRS can provide a direct snapshot of the molecular composi-
tion of a tissue sample by quantification of metabolite concentrations within tissue in the
magnetic By field. Measurements are based on certain physical properties that go beyond con-
ventional MRI, and that will be explained in the following. The precessing movement of nu-
clear spins in complex carbon molecules not only depends on the magnetic fields By and B,

but also on the valence electrodes surrounding the nucleus. Valence electrons “shield” the
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nucleus from the externally applied magnetic field by forming a small magnetic field them-
selves. Additionally, magnetic spins are influenced by the surrounding spins. Thus, all nuclei
of the same isotope behave differently in different locations, e.g. 'H nuclei exhibit slightly
different physical properties when covalently bound in different organic molecules; as a re-

sult, each 'H nucleus within a tissue specimen is surrounded by its own magnetic field Beg:
Beff: (1-0) : Bo

(o = shielding constant of the electron hull)

The Larmor equation can be modified accordingly:
AE=h-vi=y By (l-0)/2n

The Larmor frequency for Protons is 63.87MHz in a magnetic field of 1.5T. According to the
equation Begr = (1-0) - By, the same nuclei, depending on their location show slightly different
resonance frequencies; based on these differences, which reflect in the MRS spectra, the re-
construction of complex molecules from their spectroscopic signatures is possible. During
MRS measurements, spectral intensities are acquired continuously throughout a certain relax-
ation time. The intensity of the resonance signal at a given time during the acquisition period
is put into relation to a known standard reference resonance frequency, and can thus be as-
signed to a known compound. The frequency difference between the resonance of a nucleus
and the standard, relative to the standard, is defined as the chemical shift, 3, whose unit is

parts per million (ppm):
0= (VL — VREF / VREF) . 106

MRS resonances can be assigned to nuclei in different molecular bonds, independent of the
magnetic field strength in use. A commonly used reference standard substance in MRS is
Tetramethylsilane (6 = 0 ppm). Dependent on the experimental setup, the echo time, i.e. the
time between the RF pulse and the signal acquisition, and the repetition time, i.e. the time
between two successive RF pulses, are chosen. The 'H-MRS signal is recorded in the time
domain, i.e. as a function of time elapsed since the RF pulse. Water and lipids are the most
abundant molecules in the human body, whose MRS resonance signal is 4-5 magnitudes
stronger than that of other molecules of interest. Consequently, different pulse sequences are
used before the actual MRS measurement to stimulate and to subsequently dephase the proton
resonance. The result is a suppression of the water signal, which enables the detection of the

metabolites of interest, usually present in much smaller amounts.''> Measurements are repeat-
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ed multiple times and the resulting MRS spectrum is usually an average of over 100 meas-

urements.

Several “pre-scan” procedures have to be performed prior to measurements: For example, an
essential prerequisite is the adjustment of the magnetic field, called shimming, to avoid
inhomogeneities that would broaden the spectra. After completion of measurements, post-
acquisition processing of the data again involves a number of steps that can also have a large
impact on the quality of the data. The process includes water referencing, apodization, and
zero-filling, which are usually followed by Fourier transformation, a method to transform a
time-series signal of various frequency components into a frequency spectrum. Phase and
baseline correction are performed on the raw spectrum before spectral resonance analysis and
interpretation. A comprehensive overview of the most relevant aspects of the process at the
current state of in-vivo 'H-MRS in BrCa is given in a review by Stanwell and Mountford.?” In
the final MRS spectrum, resonances of the different compounds are displayed as peaks over
the X-axis and can be identified according to their ppm-values. The area under the curve of a
peak is directly proportional to the number of atomic nuclei within the sample. The relative
concentration of a metabolite can thus be quantified by calculating the integral of the peak at
the respective chemical shift (ppm). Over the past three decades, substantial knowledge about
spectral resonance frequencies of many different compounds in NMR measurements has been

gained, which is available in reference databases for MRS metabolite quantification.''®

The spectral resolution and quality of 'H-MRS measurements depends on various factors,
such as the strength and homogeneity of the magnetic field By, the number of measurements,
and the design of the receiving coil. The sum of these technical details results in a key proper-
ty, commonly referred to as the signal-to-noise ratio (SNR). In in-vivo MRS, the spectral
quality is often limited by a variety of factors, such as low magnetic field strength or field
inhomogeneities. Moreover, the resonance signals are broadened by chemical shift anisotropy
and susceptibility-induced magnetic field distortions, altogether resulting in a low SNR.*’ In
contrast, ex-vivo 'H-MRS performed at higher magnetic field strengths can quantify metabo-
lites in tissue samples at higher SNRs, allowing for higher spectral resolutions, and thus the

differentiation between larger numbers of single metabolites than in-vivo MRS.

Early ex-vivo studies of BrCa metabolites using 'H-MRS were based on different ways of
extraction of metabolite solutions from the tissue samples and subsequent metabolite quantifi-
cation. Although these spectra were high in resolution, the approach required large amounts of

tissue and a time-intensive extraction process. Moreover, the processing of intact tissue sam-
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ples to liquid extracts changed the molecular composition and probably led to alterations of

metabolite concentrations.®” %> 112

Following these early approaches, other techniques, such as
High-Resolution Magic Angle Spinning 1H-Magnetic Resonance Spectroscopy (HRMAS 'H-

MRS) were adopted for the ex-vivo measurement of intact tissue specimens.

2.3.4 High-Resolution Magic Angle Spinning 'H-Magnetic Resonance Spec-

troscopy

HRMAS '"H-MRS was originally developed as an analytical tool in solid state chemistry by
Professor Raymond Andrew at Nottingham University. Its application to biological tissue for
the first time allowed the ex-vivo quantification of metabolites from intact human tissue spec-
imens at high resolutions without destroying the specimen. (Compare Figures 2.3 and 2.4)
During measurement, a rotor is used to spin the sample about its own axis at an angle of -
54.74° to the By magnetic field, known as the magic angle. The spinning movement results in
a reduction of the resonance broadening effects of chemical shift anisotropy and dipolar cou-
pling. The spectral resolution achieved by HRMAS 'H-MRS is higher than in in-vivo 'H-
MRS, with narrower spectral resonances, and without artifacts resulting from previous tissue
processing, such as homogenization. ''> Upon completion of the measurement, the intact spec-

imen can be recollected from the rotor head to be used for further histopathological analyses.

Cheng et. al. have previously demonstrated the potential of HRMAS 'H-MRS metabolite
measurements to classify a variety of neoplasia in ex-vivo measurements, such as BrCa, ac-

. . . 117-122
cording to their metabolism.” '

The use of the technique for high-resolution metabolite
measurements and for the analysis of BrCa metabolism was adopted by other research groups,
among them Sitter et al., who provided a detailed analysis of the metabolites occurring in the
HRMAS 'H-MRS spectrum.” Taken together, HRMAS 'H-MRS allows for the separate
quantification of the concentrations of Cho and PCho in intact tissue specimens ex-vivo,

which are not distinguishable in in-vivo 'H-MRS.

A matter of concern in HRMAS 'H-MRS ex-vivo tissue metabolite quantification is the pro-
gress of tissue degradation and metabolite turnover after the tissue samples are taken from the
body. Mammalian cells in tissue specimens continue with their cellular functions, and start
decaying soon after resection from their natural environment. Cellular metabolite contents
will therefore be significantly altered within hours after sample recollection. These effects
must be prevented by proper handling and storage of tissue, which is a prerequisite for scien-

tific investigation using this method, as described below.
24



CHy

—N—CH,
CH,

Phosphochelins
o
.-j.l."'.'_-

Giycarclphosphocholing

D o

chafing ragion

-
V -
6 4 ppm 2 0
d)
[FSF 1
lmwms
e
i !”1"' v
B/ ANTECT/ A
¢ c:emi;EShi;: :'p-p;;J ’ | I
|
|
| L
e i U
*J“{UU‘!JLJ! !U‘FLA_{ \.p{’\..._
4.5 4 3.5 3 2.5 2 1.5 1

Figure 2.3: Examples of MRI and MRS of Cho metabolism in breast tissue:

a) MRI of IDC. The square represents the area in which MRS is measured. b) In-vivo MR

spectrum of BrCa tissue. The tCho peak is visible in the region labeled “Choline region” c)

Chemical structure formulas of Cho, PCho, GPC-Cho and Creatine. Ex-vivo HRMAS "H-

MR spectrum of the same BrCa tissue. d) The grey inlay shows the Cho and PCho metabo-

lite peaks.
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Figure 2.4: Comparison of ex-vivo 'H-MRS spectra of grade II IDC breast cancer and nor-
mal benign breast tissue obtained with HRMAS 'H-MRS (a,c), and normal benign breast tis-
sue in regular 'H-MRS (b). (Adapted from Cheng et al. 1998): a) T2-weighted HRMAS spec-
trum of BrCa tissue acquired at 2.5kHz at 20°C. Selected metabolite resonances are labeled:
Val, valine; Lac, lactate; Ala, alanine; Lys, lysine; Glu, glutamate; Asp, aspartate; Cre, crea-
tine; Chol, choline; PCh, phosphorylcholine; Tau, taurine; Gly, glycine. b) Spectrum of intact
BrCa tissue, acquired under similar experimental conditions, except without HRMAS, after
spinning at 2.5 kHz for more than 10 minutes. c) Spectrum of non-tumor breast tissue excised
from the margin of resection. The insert shows the spectral region of 3.0 to 4.2 ppm in 64-fold

expansion. Acquired under same experimental conditions of a)
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2.4 Anatomy and Function of the Breast and Breast Cancer

The primary mammary ducts develop from the ventral basal cells of the epidermis of the fe-
male fetus during the second trimenon of pregnancy and form the foundation of the mammary
gland. During puberty, the influence of various hormones leads to the secondary development
of the breasts. The glandular body then consists of between 15 and 40 branched glands, which
are embedded in fatty tissue and surrounded by fibrous stroma. Beginning from the nipple, the
whole breast is categorized into lobes, which contain the branched glandular ducts; each duct
ends in several lobuli, which are in turn made up of several acini, connected by smaller ducts
and embedded in loose stroma. The complete glandular tree is lined by glandular epithelium
on the inside, followed by a myoepithelial layer and a basal membrane on the outside. The
epithelium is subject to the hormonal changes of the female menstrual cycle, with the strong-
est proliferation during the luteal phase, often accompanied by swelling of the breasts and
followed by apoptosis of the epithelium during the days of menstruation. The final step in the
functional development of the breast occurs during pregnancy and before lactation: Hormonal
changes lead to proliferation of parenchyma and epithelium. Milk is produced and secreted by
the epithelia of the acini, triggered by the hormonal influence of prolactin. Lactation ends
after the loss of hormonal stimulation, when the epithelium is replaced by glandular progeni-
tor cells. The breast’s most sensitive part is the nipple, innervated by the fourth thoracic

nerve.m
2.4.1 The Origin of Breast Cancer: Carcinoma in Situ

Invasive neoplasia of the breast originate from precursor lesions, carcinomata in situ, defined
as neoplastic proliferations of malignant epithelial cells within the ductal and lobular parts of
the mammary glands. 95% of the precursor lesions are of ductal origin, DCIS, while 5% are
of lobular origin, defined as LCIS. Both are confined within the boundaries of the basal mem-
brane of the gland. DCIS, histologically characterized by a ductal differentiation pattern of
neoplastic cells, spreads within the ductal tree of the breast. LCIS tends to occur multifocally
in different lobuli, and often in both breasts, i.e. bilaterally and does not spread within the
ductal system. Several molecular differences are known between the two types of carcinoma
in situ. LCIS exhibits a characteristic loss of functionality of the E-Cadherin-gene on Chro-
mosome 16q, which leads to a loss of the E-Cadherin protein and resulting lack of cellular
connectivity. Histological staining of E-Cadherin is hence used in pathology to differentiate

between the ductal and lobular origin of breast neoplasia. Carcinomata in situ often contain
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microcalcifications, which can be detected in mammography. Their final diagnosis is based on
the histological evaluation of tissue biopsy material. Because DCIS and LCIS are precursor

. . . . .. 124
lesions for the development of invasive breast cancer, both are treated by surgical excision. ™
125

2.4.2 Risk Factors for Breast Cancer

The exact cause of BrCa remains unclear; a multi-factorial, sequential process of cellular al-
terations, resulting from genetic disposition, as well as behavioral and environmental risk
seems likely. Age can be considered the most important risk factor for BrCa. The relative risk
in the age group of 65-69 year old females is almost 17 times higher than in 30-34 year olds.
A family history of BrCa puts first-degree relatives of BrCa patients at a risk several times
higher than that of the average population. Menarche before the age of 12, first pregnancy
after age 35, menopause after the age of 55 or nulliparous patient history additionally increase
the risk of developing BrCa several fold. Further risk factors for BrCa are alcohol consump-
tion, smoking, hormonal imbalances, such as increased estrogen levels due to post-
menopausal hormone replacement therapy, previous benign and malignant diseases of the

breast, as well as obesity, body height or exposure to ionizing radiation.'*

The 1dentification of the “breast cancer genes” BRCA1 and BRCA2 in the 1990s has attracted
major public attention. The abbreviation “BRCA” was in this context used as an acronym for
Berkeley, California, where the discovery was made, at the same time forming a double en-
tendre with the disease itself. Both genes encode for proteins that play a role in DNA repair
mechanisms; their mutated alleles, which highly increase the risk for BrCa, occur as inherited
or as somatic mutations. Nevertheless, mutations of BRCA genes are only found in 5-10% of
all BrCa cases. Carriers of BRCA1, which is localized on 17q21, are at an accumulated rela-
tive risk of 80% for developing BrCa until the age of 70 and the majority of the cancers al-
ready develop before the age of 50. BRCA2 is located on Chromosome 13q12-13 and puts

people at a 70% risk of developing BrCa until age 70.'*"'*®

2.4.3 Molecular Carcinogenesis

Genetic and molecular biological analyses of the different stages and types of BrCa have
shown that neoplastic development follows a series of genetic changes, often corresponding to
the histological features and different grades of malignancy. Repeated mutations and resulting

dysfunction of tumor-suppressor-genes, amplification of oncogenes or higher expression and
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activity levels of other regulatory genes are among the complex mechanisms involved in the
development of the disease.'*’ The following genes, whose function is in cellular growth and
homeostasis regulation and DNA repair, are among the most thoroughly investigated. Muta-
tions of their sequence and changes in expression levels influence the prognosis; the proteins

encoded by these genes are already, or could be future therapeutic targets:

ERB-B2 (Her-2/neu) is a gene located on chromosome 17q12, which is amplified to up to 100
times in BrCa, thereby becoming an oncogene. It encodes for a growth receptor of the tyro-
sine kinase type that stimulates cell growth and is overexpressed in around 20% of BrCa. It
has an influence on the prognosis of the disease, and is used as a therapeutic target.'*”"*!
EGFR (7p13), another member of the same ErbB receptor family, also encodes for an epider-
mal growth factor; it is amplified in about 3% of BrCa tumors, which is also associated with a
poor prognosis. Like Her-2/Neu, it is a tyrosine kinase growth receptor and is also a target in

132 A different central oncogene is MYC (8q24), which encodes for c-

tumor chemotherapy.
myc a central transcription factor in the regulation of the expression of hundreds of genes. It
influences the progression of BrCa, and an amplification of MYC is associated with a poor
plrognosis.133 The majority of BrCa tissue shows alterations of CDH-1 (16g22), a tumor-
suppressor gene that encodes for the adhesion molecule E-cadherin, and is altered and inacti-
vated by point mutations, deletions and hypermethylation. The resulting loss of adhesive
function enables infiltrative growth of tumor cells.”*"*> As in many other types of cancer, the
tumor suppressor gene p53 (17p13) is inactivated by mutation or deletion in around 20% of
BrCa. Its central and complex function in cellular proliferation and growth has been thor-
oughly investigated.'*® Moreover, several hormone receptors occur in altered fashion in BrCa:
Estrogen receptors, along with progesterone receptors, regulate cell growth after hormonal
stimulation. Over expression of either, or of both can be found in the majority of BrCa and
seem to play a central role in BrCa carcinogenesis. Their expression levels directly influence

the prognosis of the disease.'*’
2.4.4 Pathology of Breast Cancer

More than half of the cases of BrCa develop in the lateral, upper quadrant of the breast.
Roughly another 15% occur in the upper medial quadrant, 15% in the area of the nipple and
the areola, 5% in the lower median and 10% in the lower lateral quadrants. BrCa is catego-
rized into various histological subspecies, which can be classified according to three systems-

138, 139

the WHO classification is the most common and widely used of these three. The prima-
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ry pathological distinction between ILC and IDC is based on the histological presentation of
the tumor. Therefore, BrCa tissue is evaluated by microscopy of stained tissue sections: Histo-
logical grading is made according to pathological grading schemes, a good overview of which
is given by Singletary et al.'"** Factors like the formation of tubuli, the degree of nuclear aber-
rations and the mitotic frequency of the tumors are summed up and the result is a classifica-
tion as low, intermediate or high grade tumors. In addition, different subtypes of IDC can be
distinguished. In this study, the focus was on the general forms of IDC and ILC, which make
up 85% and 5-15% of the cases, respectively. IDC is characterized by mostly coherent inva-
sive growth of cancer cell populations in tubular, trabecular or solid patterns. The malignancy
originates from the ductal part of the mammary gland and usually coincides with intra-ductal
spread of carcinoma. By contrast, ILC spreads in a dissociated fashion, with groups of tumor
cells occurring separately throughout benign tissue; common characteristic growth patterns

. 141
are rows or circles around the lobules.

The clinical stage of the disease is categorized according to the TNM system, which takes into
account the size of the primary tumor, the presence, number and size of lymph node metasta-
ses and the presence of distant metastases. Advances in research are bringing forth more and
more prognostic factors in BrCa, which allow for an increasingly accurate prognosis of the
future course of the disease. Nevertheless, the prognosis is still often highly unpredictable and
10-year survival rates deviate greatly among different types of BrCa. Despite the development
of several molecular prognostic marker systems, the TNM system and the histological tumor

grade remain the most important prognostic factors.'*>1%?

The prognosis for the individual
patient is a result of a combination of these and other factors. An example of one of the lead-
ing systems for prognosis of life expectancy is the Nottingham Prognostic Index, which in-
corporates several prognostic factors and aims to provide a broad orientation about the statis-

tically most probable course of disease.'*
2.4.5 Metastases and Tumor Markers in Breast Cancer

BrCa can metastasize early in the course of disease through the vascular and lymphatic sys-
tems. Lymphatic metastases occur primarily along the lymphatic drainage vessels of the
ipsilateral axilla, while hematogenous metastases occur throughout the body. Metastasized
tumor cells can remain dormant for up to 5-10 years before becoming manifest as carcinoma;
then, metastases occur most frequently in the skeletal system, lung and pleura, liver and

144

brain.” Unlike in prostate cancer, where the serological marker Prostate Specific Antigen
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(PSA) is used for diagnostic purposes and screening in high-risk population groups, no sero-
logical tumor markers for the screening of breast cancer exist. The currently established sero-
logical tumor markers CEA, CA 15-3, CA 27.29 and Ki-67 are thus used only in follow-up

and monitoring of the course of disease after the initial diagnosis, or throughout and beyond
145

the completion of treatment.
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Figure 2.5: H&E stained serial section of an IDC tissue specimen after metabolite measure-

ment in HRMAS MRS. a) x5 magnification, b) x20 magnification.

2.4.6 Treatment

Therapeutic protocols for BrCa can include any combination of surgery, adjuvant radiation or
adjuvant systemic chemotherapy. Several studies have compared radical mastectomy, breast-
conserving modified mastectomy and lumpectomy, in combination with adjuvant radiation or

chemotherapy. The results showed very similar survival rates for the radical and less radical
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therapeutic approaches. Therefore, modern surgical strategies favor modified, less radical
surgical therapy in combination with radiation and/or chemotherapy over radical mastecto-
my."**"*" During surgical treatment of BrCa, the first lymph node in the lymphatic drainage
pathway, the sentinel lymph node, is usually identified and checked for the presence of cancer
cells. Depending on the findings of BrCa cells in the sentinel lymph node, axillary lymph
node dissection is performed subsequently.'**'** Systemic chemotherapy with commonly
used chemotherapeutics, as well as novel therapeutics against cell receptors are used as neo-

adjuvant and adjuvant therapies in addition to surgery."'
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3 Materials and Methods

3.1 Study Design and Protocol

This study was conducted with the approval of the institutional review board at Massachusetts
General Hospital, USA. Benign and cancerous human breast tissue samples were collected
from patients undergoing breast surgery who had given informed consent about the use for
research purposes. Tissue specimens were snap-frozen in liquid nitrogen within less than 10
minutes after surgical resection and stored in the BrCa tumor bank at -80°C for a maximum

duration of 18 months until further processing in the radio-pathology tissue bank.

Previous studies by Cheng et al. have shown that storage at -80°C for up to several years is
adequate to ensure metabolite and RNA integrity of human tissue. ' It has been suggested
that freezing and thawing of samples are more likely to alter tissue metabolite levels than the
duration of frozen storage. As previously demonstrated, breast tissue specimens were frozen
without addition of any storage buffer, in order to avoid metabolite leakage to buffer solu-

. 153,154
tion,>> 13

Each specimen was initially bisected using sterile surgical equipment over dry ice. One half
was used for HRMAS 'H-MRS metabolite measurements, followed by evaluation of the
histopathological tissue composition of the specimen. The other half was used for the quanti-
fication of CHKA and CHKB gene expression in the tumor microenvironment: It was serial
sectioned on a cryostat microtome as preparation for the ensuing LCM, in which tumor and
benign cell populations were excised individually. RNA was extracted from excised cells,
transcribed to cDNA, and rt-q-PCR was performed to quantify gene expression of CHKA and
CHKB.

The accuracy of metabolite and gene expression measurements in human tissue is highly de-
pendent on the specimen integrity and susceptible to contaminations. At room temperature,
metabolites and RNA degrade rapidly after tissue is removed from the organism. Tissue sam-
ples and extracts must therefore be frozen immediately, kept in sterile containers, transported
on dry ice and stored at -80°C without interruption. All materials, surfaces and staining solu-
tions must be free of contaminants and RNases. Regular cleaning of surfaces and all tools
with RNase-AWAY and 70% Ethanol before experimental procedures is essential. Additional-

ly, when working with tissue, the use of disposable gloves is necessary at all times.

33



Breast Tissue

y/

Metabolite
Measurement

1. HRMAS-H!-MRS

| !.\‘ H‘r ' 1\
I,f—‘:.'lf.l,‘\, LA A ) e
45 4 35 3 25 2 15 1 05

Chemical Shift (ppm)

2. Histological Analysis

A .

Experimental setup

N\

Gene Expression
Measurement

I.LCM

Figure 3.1: Schematic illustration of experimental study design.
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3.2 Patient Sample Overview

Inclusion criteria for the study were a complete clinical case record and continuous documen-
tation of the specimen’s provenience and storage. 18 BrCa samples from 18 patients of an
approximate average diameter of 5 mm were randomly selected from over 250 specimens in
the radio-pathology tumor tissue bank without knowledge of patient clinical records. 11
matching adjacent normal glandular tissue samples from the same cases were selected as be-
nign comparisons. Patient clinical and pathology data were later obtained through the clinical

application suite patient record system at Massachusetts General Hospital.

Patient | Diagnosis | Tumor Size (cm)| Stage |Nodes |Grade Higz/ E;gr?_ Pr(r)gzzte—
1 ILC 9x5x2.5 T3N3MI1 | 22/22 | 2 - + +
2 ILC 2.2x1.5x1.0 | T2NOMO | 0/3 2 ++ + +
3 IDC 4.2x2.6x2.4 | T2NOMO | 0/2 3 +++ + +
4 ILC 3.2x2.4x1.7 | T2N1IMX| 1/30 3 - + +
5 ILC 3.7x2.5x2 T3N2MO | 9/21 2 - - +
6 IDC 7x5.5x2.2 T3NIMO | 1/17 1 ++ + +
7 IDC 2.5x2x1.3 T2NIMO | 1/4 2 - + -
8 IDC 0.4x0.2x0.5 | TINIMO | 2/2 3 - - -
9 ILC 3.4x2.3x1.5 | T3N3MO | 23/23 | 2 - + -
10 IDC 2.5x2.5x2.5 | T2NIMX| 1/8 3 - + +
11 IDC 6x3.2x2 T3NOMO | 1/10 3 - + +
12 ILC 5x4.7x2.5 T2NIMX | 2/4 2 - + +
13 IDC 2.1x2.0x1.4 | T2NIMO | 1/2 2 - + +
14 ILC 3.0x2.0x2.0 | T2NOMO | 0/2 2 - + +
15 ILC 3.6x1.0x1.0 | TINIMO | 3/13 2 - + +
16 IDC 2.5x2.1x1.7 | T2NIMO | 2/13 3 + - -
17 ILC 3.8x2.5x2 T2NIMO | 2/4 2 - + +
18 ILC 1.8x1.6x1.5 | TINIMO| 1/3 2 - + +

Tab. 3.1: Patients included in this study. Nodes = Lymphatic node involvement;
HER-2/neu = HER-2/neu receptor over expression; Estrogen = Estrogen receptor overex-

pression; Progesterone = Progesterone receptor over expression
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3.3 Metabolite Measurements

3.3.1 High-Resolution Magic Angle Spinning 'H-Magnetic Resonance Spec-

troscopy

Tissue concentrations of Cho and PCho were quantified by High-Resolution Magic Angle
Spinning 'H Magnetic Resonance Spectroscopy (HRMAS 'H-MRS) on a Bruker AVANCE
spectrometer operating at 600MHz (14.1 Tesla). A 4mm MRS rotor with plastic inserts form-
ing a spherical sample space of ~10 ul was used as probe head. A silicone rubber sample of
~0.1mg inside one of the rubber spacers without contact to the sample itself was used as ex-
ternal control. Immediately before scanning, previously frozen samples were thawed for less
than 10 minutes and scanned at an operating temperature of 4°C. The B, magnetic field was
shimmed before each scan to avoid field inhomogeneities. During spectral acquisition, the
rotor-spinning rate was kept at 2.5 (£0.001) kHz, regulated by a Bruker MAS controller. A
rotor-synchronized Carr-Purcell-Meibom-Gill (CPMG) pulse sequence [90-(t-180-1),-
acquisition] was used as a T2-Filter to minimize spectral broadening due to lipids. 155 The
inter-pulse delay of 400 us was synchronized to the rotor rotation. The value of n was 500
(2nt = 500 ms). The 90° pulse length was adjusted for each sample individually and varied
between 9.6 to 10.6 ps. The number of transients was 512 with a repetition time of 3s. The
acquisition time of 1016 ms (16K complex points) resulted in a spectral width of 8 kHz (20
ppm). After completion of data acquisition, tissue was recovered from the rotor head and

stored at -80°C until subsequent processing.
3.3.2 Data Processing

Spectroscopic data were processed and analyzed manually using NUTS software after previ-
ous blinding of information about specimen quality or case history. Free induction decays
were subject to 1 Hz apodization. Fourier transformation was carried out, followed by base-
line correction and phase adjustment of zero and first order according to common reference
peaks. The resonance from the rubber inserts within the HRMAS rotor was used as reference
for the assignment of spectral peaks to known metabolites within the spectrum. Metabolite
concentrations were quantified by curve fitting of Lorentian-Gaussian-line-shapes to the cor-
responding peaks of the resonance spectrum and integration of the areas under the curve. The
Creatin peak was used to set the baseline reference ppm for each sample individually, with a

resulting Cho frequency at roughly 3.204 ppm, and PCho at roughly 3.225 ppm.*
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3.3.3 Histopathological Tissue Analysis

Samples were recovered from the HRMAS probe and fixed in 10% formalin solution for 8-12
hours, dehydrated in increasing concentrations of alcohol (80%, 90%, 95%, 100%) for a min-
imum of 30 minutes each, cleared with Xylene and embedded in paraffin wax blocks. Em-
bedded tissue samples were serial sectioned at 5 pm. Consecutive serial-sections of 100 um
distance were collected from each sample and mounted onto charged glass slides. Serial sec-
tions were stained with hematoxilin and eosin according to the H&E protocol shown in table
3.1. An Olympus BX41 Microscope Imaging System was used to quantify the
histopathological composition of the serial sections of scant samples. The relative amount of
cancer cells, normal epithelial cells, stroma and fat in each cross section was estimated to the
nearest 5% using the image analyzer software MicroSuite without any knowledge of the spec-
troscopy results. The amount of the different tissue entities within each specimen was calcu-
lated as the average of the amounts contained in the serial sections at intervals of 100 um

throughout each sample.
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3.3.4 Hematoxylin and Eosin Staining Protocols

The following staining protocols were used to stain benign and malignant breast tissue serial

sections with H&E.

Standard H&E staining protocol for | H&E quick-staining protocol for
formalin-fixed, paraffin embedded OCT-embedded tissue sections,

tissue sections RNA-preserving, adapted for LCM
Xylene 10 min 70% Ethanol I min
Xylene 10 min RNase free H20 10 dips
100% Ethanol 4 min Hematoxylin 3 dips
95% Ethanol 2 min RNase H20 10 dips
dH20 Rinse Bluing Reagent 3 dips
Hematoxylin 5 min 70% Ethanol 10 dips
dH20 Rinse 95% Ethanol 10 dips
Bluing Reagent 10 dips Eosin 5 dips
dH20 Rinse 95% Ethanol 10 dips
95% Ethanol 10 dips 95% Ethanol 10 dips
Eosin 10 min 100% Ethanol 1 min
95% Ethanol 10 dips Xylene 1 min
95% Ethanol 10 dips

100% Ethanol 10 dips

100% Ethanol 10 dips

Xylene > min (500:1 ProtectRNA RNase Inhibitor was added
Xylene 5 min to all staining solutions except Xylene)

Tab. 3.2: Staining protocols used for Hematoxylin and Eosin staining of tissue serial sections
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3.4 Gene Expression Measurements

The remaining second halves of the tissue specimens were used to measure gene expression

levels according to the procedures described in the following.
3.4.1 Laser-Capture Microdissection

Tissue specimens were embedded in Tissue-Tek O.C.T. compound, cooled down to the opti-
mum cryostat operating temperature (-24°C) for 30 minutes before cutting, and serial sec-
tioned at 10um intervals at -20° C under RNase-free conditions on a Leica CM3050 cryostat
microtome. Sections were dry mounted onto uncharged glass slides, which were placed in air-
tight sealed slide boxes on dry ice and subsequently stored at -80°C for up to 3 days. Every
tenth section was stained using a regular H&E staining protocol and evaluated in blinded
reading with an experienced breast pathologist to assess presence, histopathological grade and
extent of BrCa or benign breast glandular tissue, or both within the section. H&E stained sec-
tions later served as reference for orientation during the microdissection. Directly before
LCM, each serial section was H&E quick-stained under RNA preserving conditions (cp. Tab.
2.1). LCM was performed on an Arcturus PixCell II LCM System. The glass slide holding the
specimen was placed on the LCM microscope table and the Laser beam was tested before the
actual capturing was started. The laser operating settings were set to duration of 2 ms, spot
size of 7.5um, and a laser power of initially 50mV, which was increased up to 70 mV, if nec-
essary."”® Tumor and benign breast epithelial cells were collected separately. Microdissection
was limited to a maximum time-frame of 30 minutes per serial section in order to guarantee
RNA integrity. Microdissected cells were transferred into a microcentrifuge tube containing
100 pl of Stratagene Absolutely RNA Microprep Lysis Buffer and 0.7ul of -
Mercaptoethanol. A minimum of 5000 cells were collected per case and tissue entity (benign
or cancer), which required the subsequent use of between 2 to 10 subsequent serial sections. A

new LCM cap was used for each serial section and entity (Compare figures 3.1 and 3.2)
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Laser Capture Microdissection

Figure 3.2: Illustration of Laser-Capture Microdissection: a) intact serial section of benign
hyperplastic epithelia; b) remaining surrounding tissue after excision of epithelia; c) epithelial

cells attached to LCM cap after microdissection.

3.4.2 RNA Extraction and Reverse Transcription

RNA was extracted from LCM samples with the Stratagene Absolutely RNA Microprep Kit
according to the manufacturer’s manual, including the DNAse step. DNAse was subsequently
cleared in purification steps on spin columns according to the manual; purified RNA from

captured and lysed cells was eluted in 30 pl of buffer solution and stored at -80°C.

The quality of extracted RNA was assessed by measuring the photometric absorption of 1 pl
of RNA on a Nanodrop NDI000 spectrophotometer. The ratio of 260/280 nm
photospectrometric absorption was used to assess RNA integrity, 1.8 being the minimum
threshold for RNA integrity. Before each measurement, the Spectrophotometer was calibrated
with the Stratagene Elution buffer, containing the same amount of added B-Mercaptoethanol
as the buffer in which the RNA was dissolved. RNA was reversely transcribed into comple-
mentary DNA (cDNA) by combining 15ul of extracted RNA, 0.5 ul DTT, 0.5 ul RNase inhib-
itor, 1.5 pl random hexamers, 1.5 pl of deoxynucleotide triphosphates, 5 pl of reverse tran-

scriptase buffer and 1.5 pl of reverse transcriptase in a 1.5 ml microcentrifuge tube. The
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reaction was incubated at 37°C for one hour, interrupted by cooling to -4°C for 15 minutes
and finally heated up to 95°C for 5 minutes to denaturate the newly formed cDNA strands.
The newly synthesized cDNA was stored at -80°C until further processing.

3.4.3 Reverse-Transcriptase Quantitative Real-Time PCR

Primer design according to standard criteria is necessary in order to achieve optimal molecu-
lar properties for successful rt-q-PCR measurements. Custom oligonucleotide primers for 12
of the known enzymes involved in Cho metabolism were designed in accordance with the
NCBI reference database using the Primer3Plus freeware primer design tool (compare Tab.
2.5 and 2.6).°" '® As expected, the amount of extracted RNA from laser-capture
microdissected cells was relatively small. The number of genes, whose expression could be
quantified in rt-q-PCR, was therefore limited. In this study, the focus was put on the meas-
urement of the expression levels of the two isoforms of CHK, CHKA and CHKB in the RNA
extracts. Primer pairs for the target genes CHKA and CHKB were designed according to the
NCBI reference database transcript sequences.” * Design was according to standard primer
design criteria and included an exon-exon-boundary within the amplicon to ensure mRNA
specificity. Primer pairs were dissolved in RNase free water to a 20uM solution, and were
tested in rt-q-PCR on c¢cDNA, which had previously been transcribed from commercially

available breast RNA with the identical settings used in later measurements.

Prior to processing of specimens, PCR standard curves were established on cDNA from tran-
scribed commercial human breast cancer RNA to localize the limits of the linear range of rt-q-
PCR amplification. The linear range represents the minimal and maximal initial concentration
of DNA that can be reliably quantified using the rt-q-PCR assay."”’ It is demarcated by quanti-
fication of 10-fold dilutions of an initial amount of DNA, which appear at intervals of V10
(=3.1622) amplification cycles in the rt-q-PCR fluorescence results plot, indicating that meas-
urements can be reliably performed within this range (compare figure 3.4). Amplification
products were sequenced to ensure correct selectivity of amplification. Contaminations were
ruled out by running positive and negative controls in the 96-well plate, as well as by control

of the dissociation curves after completion of measurements.

Results were additionally controlled according to the dissociation curves of the measure-
ments. The curves are acquired after the last cycle of rt-q-PCR amplification, in which the
amplified PCR product is heated to a temperature maximum. DNA double strands of the same

length and sequence dissociate at a specific temperature, resulting in a burst of fluorescence of
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the SYBR green dye. The result is a characteristic peak in fluorescence, known as dissociation
curve, which reoccurs in identical shape and at the same temperature if the amplification was

successful and uncontaminated (compare figure 3.5).

Amplification products were confirmed by agarose gel electrophoresis. Agarose gel was pre-
pared by combining 1,5g of agarose and 100ml of 0.5xTAE buffer in a 21 Erlenmeyer flask
and heating for 1 minute at 90W in a microwave oven, followed by cooling, adding 50 pg of
ethidium bromide and pouring into the electrophoresis mold. After solidification, the gel was
submerged in 0.5x TAE buffer. 5 ul of loading dye was added to 25ul of PCR product, of
which 15 pl was loaded into the gel pockets. Sul of a 100 basepair DNA reference ladder was
added as a reference next to the PCR products and run on the same gel. Electrophoresis was
carried out at 60V for 2 hours. Additionally, quality of amplification products was assured by
sequencing according to the Sanger Method, carried out by the MGH sequencing core facility,

where an Applied Biosystems Taq Dye Deoxy Terminator Cycle Sequencing Kit was used.

Rt-q-PCR reactions were performed using the fluorescent dye SYBR Green, whose fluores-
cent activity is activated in the presence of DNA double strands.'® The ribosomal gene 18s
was used as housekeeping (reference) gene to normalize the amount of loaded DNA in every
PCR reaction.'®' Reactions were prepared in 96 well-plates and run on an ABI PRISM 7000
Fast Lightcycler. Each well contained 2 pl of ¢cDNA, 12,5 ul of RT* SYBR Green/ ROX
Mastermix, 9,5l of RNase free water and 1 pl of 20 uM target gene primer solution or 1pl of
10uM 18s primer solution, respectively. An optical adhesive cover foil was used to seal the
plate. The housekeeping gene 18s was measured in duplicates and the target genes CHKA and
CHKSB in triplicates. Negative and positive template controls were included on each plate to

rule out sample and reagent contamination.

The following temperature cycling protocol was used in all rt-q-PCR reactions: 15 initial
minutes of incubation at 95°C to denaturate DNA double strands and to activate the TAQ
polymerase, followed by 40 cycles of 1 minute at 60°C for annealing and DNA translation,
and 15 seconds at 95°C for denaturation of DNA and primers. In a last step, the PCR reaction
was heated in order to obtain the melting curve, representing the last quality control gate in

the rt-q-PCR experiment. (Compare Fig. 3.5)
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Figure 3.4: Example of amplification of 1-, 10-, 100- and 1000-fold dilutions of cDNA,
transcribed from commercial breast tissue total RNA. The Ct-values are within the linear

range of amplification.
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Figure 3.5: Example of a rt-q-PCR dissociation curves of a triplicate measurement of gene
expression levels of CHKA in a benign breast tissue specimen. Overlapping, symmetrical

peaks indicate successful amplification.

3.4.4 PCR Amplification Efficiency Correction and Relative Quantification

In theory, the amount of DNA in a PCR reaction doubles after every reaction cycle until fluo-
rescence reaches a plateau phase. Thus, the ideal reaction, in which the amount of DNA grows
exponentially by the factor of 2, would by definition exhibit 100% amplification efficiency. In
practice, the amplification efficiency of a PCR reaction is influenced by numerous factors
within the reaction and usually varies slightly between reactions; it is rarely 100%. When us-

ing the 2744

method in rt-q-PCR, differences in gene expression are quantified by normaliz-
ing levels of target genes to a reference (“housekeeping”) gene.'”’ Relatively small differ-
ences in amplification efficiency can, thanks to the nature of exponential growth in PCR
amplification, ultimately lead to substantial deviations of the results. Thus, equal amplifica-
tion efficiencies for all rt-q-PCR measurements are essential for obtaining valid results."* '
One way to ensure an amplification efficiency of 100% is to post-process the rt-q-PCR  fluo-
rescence data according to the principle of sigmoidal curve fitting, initially described by Liu
and Saint, and further developed by Rutledge.'®® ' A custom software tool was developed
for this purpose, which enables processing of rt-q-PCR data to 100% efficiency. The program
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was written in MATLAB R2009b (Version 7.9). All acquired rt-q-PCR data were corrected for
100% amplification efficiency. After correction of amplification efficiency, results were calcu-

lated according to the 27"

method. Means of duplicate and triplicate measurements were
used as final Ct-values. ACt was calculated for each sample as the difference between the Ct

of the target gene and that of the housekeeping gene 18s.
3.4.5 Statistical Analysis

Statistical analysis was performed using JMP statistical software (Version 8.0.2.2). Descrip-
tive statistical data, such as means, standard deviations, standard error of the means, 95% con-
fidence intervals, as well as medians, quantiles and maximum-minimum spans were calculat-

ed and are reported in the following figures.

Student t-tests were used to compare significant differences in metabolite concentrations
among groups. An alpha-level of p<0.05 was applied as threshold for statistical significance

in the comparison of two groups.

Linear regression analyses were used to investigate correlations between two variables.

3.5 Materials

3.5.1 Instruments and Software

Bruker AVANCE spectrometer

Bruker BioSpin Corporation, Billerica, MA, USA

HRMAS probe

Bruker BioSpin Corporation, Billerica, MA, USA

HRMAS rotor

Bruker BioSpin Corporation, Billerica, MA, USA

NUTS software

Acorn NMR Inc. Livermore, CA, USA

Olympus BX41 Microscope Imaging System

Olympus American, Inc., Melville, NY, USA

MicroSuite image analysis software

Soft Imaging System Corp., Lakewood, CO, USA

Leica CM3050 cryostat microtome

Leica Microsystems, Bannockburn, IL, USA

PixCell Ilc Laser-Capture Microdissection Sys-
tem

Arcturus Engineering, Mountain View, CA, USA

Nanodrop ND 1000 Spectrophotometer

Thermo Fisher Scientific, Waltham, MA, USA

ABI Prism 7000 Sequence Detection System
Rt-q-PCR cycler

Applied Biosystems, Foster City, CA, USA

ABI Prism 7000 SDS software, Version 1.2.3

Applied Biosystems, Foster City, CA, USA

MATLAB R2009b (Version 7.9)

The Mathworks, Natick, MA, USA

Horizontal gel electrophoresis system

No name brand manufacturer

Gel Doc 2000 Gel Documentation System

BioRad, Hercules, CA, USA

JMP, Version 8.0.2.2

SAS Institute, NC, USA

Microsoft Excel 2007

MS Office 2007, Microsoft Corp., USA
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‘ Origin, Version 8.1

‘ OriginLab Corporation, Northampton, MA, USA

Tab. 3.3: Instruments and Software used in this study

3.5.2 Disposable Materials and Laboratory Equipment

MicroAmp Optical 96-Well Reaction Plates

Applied Biosystems, Carlsbad, CA, USA

Positively charged and uncharged microscope
glass slides, cover glasses

No name brand manufacturer

Accu-Edge Disposable Microtome Blades

Sakura Finetek USA, Torrance, CA, USA

Capsure HS LCM Caps

Arcturus Engineering, Mountain View, CA, USA

Standard Laboratory equipment: Latex and nitrile gloves, pipettes and pipette tips from 0,5ul to 20ml,
1,5ml and 5ml microcentrifuge tubes, falcon tubes, glassware, tabletop vortex, incubation block and
centrifuges, refrigerators of 4°-, -8°, -80°, fumehood, dry ice, etc.

Tab. 3.4: Disposable Materials and Laboratory Equipment used in this study

3.5.3 Reagents, Buffers and Kits

RNase AWAY

Sigma-Aldrich., St. Louis, MO, USA

95% Ethanol (190 proof)

Sigma-Aldrich., St. Louis, MO, USA

99,5% Ethanol (199 proof)

Sigma-Aldrich., St. Louis, MO, USA

RNase-free water

Qiagen, Valencia, CA, USA

Distilled H,0

Sigma-Aldrich., St. Louis, MO, USA

Mayer’s Hematoxylin

Sigma-Aldrich., St. Louis, MO, USA

Aqueous Eosin Y

Sigma-Aldrich., St. Louis, MO, USA

Bluing Reagent

Thermo Fisher Scientific, Waltham, MA, USA

10% Formalin solution, neutral buffered

Sigma-Aldrich., St. Louis, MO, USA

Paraffin wax

Sigma-Aldrich., St. Louis, MO, USA

Xylene

Sigma-Aldrich., St. Louis, MO, USA

Tissue-Tek O.C.T. Compound

Sakura Finetek, Torrance, CA, USA

ProtectRNA RNase-Inhibitor 500x

Sigma-Aldrich., St. Louis, MO, USA

M-MLV (Moloney-Murine Leukemia Virus) Re-
verse Transcriptase

Promega, Madison, WI, USA

RNase-Inhibitor

Promega, Madison, WI, USA

Deoxynucleotide-Triphosphates

New England Biolabs, Ipswich, MA, USA

Random Oligo-deoxyribonucleotide Hexamers

Roche Diagnostics, Indianapolis, IN, USA

DTT, molecular grade

Promega, Madison, WI, USA

SYBR Green PCR Master-Mix

Applied Biosystems, Carlsbad, CA, USA

Agarose

Sigma-Aldrich., St. Louis, MO, USA

DirectLoad DNA 100 basepair Step Ladder

Sigma-Aldrich., St. Louis, MO, USA

Ethidiumbromide 10mg/ml

Sigma-Aldrich., St. Louis, MO, USA

Electrophoresis Gel loading buffer II

Applied Biosystems, Carlsbad, CA, USA

Total Human Breast Tumor DNA

Clontech Laboratories, Mountainview, CA, USA
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Stratagene Absolutely RNA Microprep Kit

Stratagene, La Jolla, CA, USA

0,5x TAE buffer prepared with 40x TRIS-

Acetate-EDTA Buffer Mix

Promega, Madison, WI, USA

Deuterated H,0 (D20) used for deuterated phos-
phate buffered saline (D20/PBS) solution

USA

Cambridge Isotope Laboratories, Andover, MA,

Custom oligonucleotides (Primers)

SABiosciences, Frederick, MD, USA

Ribosomal 18s RNA Primer Assay

SABiosciences, Frederick, MD, USA

Tab. 3.5: Reagents, Buffers and Kits used in this study

Gene name/ fxfle{-N A Amplicon
Gene/ Primer sequence length length
* )
NCBI RefSeq (NM_*) (basepair) (basepair)
Choline Kinase Alpha, | Forr TGCTCAGTTACAATCTGCCCTTGG |3720 134
transcript variant [ )
CHKA: 0012772 Rev: AGAATTCTCTCGGCCTTCCAGCAA
Choline Kinase Beta |For: AAGCGTGATGTTCGCCATACTTGC |298 104
CHKB; 005198.3 Rev: TCAATGGCCGACTTGGGATGTACT
Tab. 3.6: PCR primers for Choline Kinases
pre- Ampli
Var . . mRNA | con
Gene ant Oligonucleotide sequence length |length
(basep) | (bp)
Phosphate 1 For: GCAACCAGCTCCTTTTTCTG 9567 |105
cytidylyltransferase 1, Rev: ACAGGTCGCTCACAAGGAGT
Cho-specific, alpha
PCYTIA 2 |For: ACTCCTTGTGAGCGACCTGT 10280 [129
005017.2 Rev: GCAAACTCCCACAATGAGGT
Phosphate 1 For: ACATTCCGTATTCCTCTGCTGGCT |7876 |95
cytidylyltransferase 1, Rev: TGAGATGCCTTCTGTTCTCTGCGT
Cho-specific, beta
PCYTIB 2 For: CCTCAGAAACCATGGAGGAA 28022 | 118
004845.3 Rev: AGTTTTTCATGGGGTGCTTG
fh"lme phosphotransferase | || g A CCGAAGAGGCACCATACT 16048 |92
CHPTI Rev: CTGGCTTGTTTCCCATCAAT
020244.2 2 |For: GCGCTCATTGGCAGACTTAT 2200 |118
Rev: ATTGTTGCTCCTCCAAATGC
Phospholipase A2, group
IVA (cytosolic, calcium-|1 For: ACTGCACAATGCCCTTTACC 6656 |115
dependent)
PLA2G4A Rev: ATTTAGCCATGCCAATTTCG
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024420.2 For: TGCAGCTGTAGCAGATCCTGATGA |9159 |96
Rev: AATGTGAGCCCACTGTCCACTACA

Phospholipase D1, For: CAGTGGTTGAGGGAAATCGT 7405|105

PTDCho-specific

PLDI Rev: GAGCGAGTTCCACCTCTTTG

002662.2 For: GAGGACTTCGGCTACAGTGC 6970 | 109
Rev: GAAACCCACACCTCCTTGAA

Phospholipase D2 For: GCTCGATTTGCCGTTGCCTATTCT 887 | 113

PLD2 Rev: TTCTGTTTGCTGGCTGCATGTCTG

002663.3 For: CAGACATGCAGCCAGCAAACAGAA (313 |93
Rev: TCTGTCATGGCATGGTAGTTGCGA

;Oelr‘;tser‘iamer family - 44, For: ACCGTAGCTGCACAGACATACCAT | 10513 | 100

SLC44A1 (CTLI) Rev: GCTGCTGCACCTGTTGCTATTGAA

080546.3 For: TCTTGCATTTGTTGCCTTTG 8264 |96
Rev: GCAGAAGTTGGTGCTGTTGA

Solute carrier family 22,)| | g cCCTTCATTTGCAGACCTGT 3099 |98

member 1

SLC22A1 (OCTI) Rev: GCCCCTGATAGAGCACAGAG

003057.2 For: TCGTCACTGAGTTCAACCTGGTGT |7865 | 110
Rev:
TGCAAAGTAGCCAACACCGAGAGA

Solute carrier  family 22, For: TCGAGGAAGCCGAAAATATG 7318|114

member 2

SLC22A2 (OCT2) Rev: ACAGCAGCAACGGTCTCTCT

003058.2 For: TGAGCTGTACCCCACATTCA 800 |93
Rev: TAGACCAGGAATGGCGTGAT

Solute carrier  family 3, For: CCTGCACTGATGGGAGAAAT 4830 | 120

member 7

SLC5A7 (CHTI) Rev: GGCAATGAGTGCAGAGATGA

021815.2 For: GCTCAAGTGCTGTCCTTCCT 2376|120

Rev: ATCTGGAAGCCCATATGCAG

Tab. 3.7: Additional rt-q-PCR primer pairs designed for genes in the Kennedy cycle of Cho-

line metabolism; Var. = Primer Design Variant
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4 Results

4.1 Metabolite Measurements

4.1.1 High-Resolution Magic-Angle-Spinning 'H-Magnetic Resonance Spec-

troscopy

HRMAS 'H-MRS metabolite measurements were performed on 18 BrCa tissue specimens
and 11 adjacent normal benign specimens. Twenty-three out of twenty-nine HRMAS "H-MRS
measurements were successful, six measurements failed due to technical difficulties with the
MAS rotor, problems in data acquisition or in tissue recollection, and were not included in the
metabolite dataset. Successfully acquired spectra were processed manually using NUTS soft-

ware. (Compare Fig. 4.1)

LINE HZ PPN HEIGHT EEL HT WIDTH AFREA REL AREL
FRACTION LORENTZIAH

71934 BAA5 T3431TI 0 27720 32T A0825512 504551200 1.000
B 192403 3204 3073218 11407 3=24211412342114122400 1.000

W 3 130 118 310 305 0 . A

Figure 4.1: Example of line-fitting of spectral peaks in MRS data analysis, magnified image
of NUTS software data report.
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4.1.2 Histopathological evaluation of MRS specimens

Histopathological analysis of scant samples revealed that tissue pathology assigned upon sur-

gical resection, i.e. tumor or benign as classified by the surgeon in the operating room, in fact

was relatively inaccurate. One of the 10 presumed benign specimens from adjacent to the tu-

mor margin in fact contained 45.9% tumor tissue, while three of the 13 presumed carcinoma

tissue samples contained no tumor cells. The results of the evaluation are summarized in Tab.

4.1.
Patient Histopathology
HRMAS 'H-
L(sjle:fr/l;SR MRS Volume % tissue composit. of HRMAS 'H-MRS sample
sample
tumor fat benign stroma | benign epithelium
1 ILC -
benign benign 0.0 14.8 85.2 0.0
2 ILC ILC 52.2 13.0 34.8 0.0
benign benign 0.0 12.5 82.5 5.0
3 IDC -
benign -
4 ILC ILC 66.6 0.0 33.4 0.0
benign benign 0.0 2.6 92.9 4.5
5 ILC benign 0.0 98.4 1.6 0.0
benign benign 0.0 31.3 63.7 5.0
6 IDC IDC 61.9 6.4 31.7 0.0
benign benign 0.0 47.3 44.2 8.5
7 IDC IDC 45.9 0.0 54.1 0.0
benign IDC 100.0 0.0 0.0 0.0
8 IDC -
benign benign 0.0 10.0 80.0 10.0
9 ILC -
benign benign 0.0 4.3 95.7 0.0
10 IDC IDC 23.4 17.3 59.3 0.0
benign benign 0.0 5.0 83.2 11.8
11 IDC IDC 55.7 0.0 44.3 0.0
benign benign 0.0 0.0 100.0 0.0
12 ILC benign 0.0 8.0 92.0 0.0
13 IDC IDC 71.3 0.7 28.0 0.0
14 ILC ILC 46.7 11.7 41.6 0.0
15 ILC benign 0.7 50.7 48.5 0.0
16 IDC benign 0.0 0.0 100.0 0.0
17 ILC -
18 ILC ILC 65.1 12.5 223 0.0

Tab. 4.1: Results of histopathological analysis og (I){RMAS samples




4.2 Gene Expression Measurements

The aim of the second part of this study was to examine differences in gene expression of
CHKA and CHKB within the tissue microenvironment of benign tissue, IDC and ILC. 29

tissue specimens were processed according to the protocol described in section 3.3.
4.2.1 Laser-Capture Microdissection

LCM serial sectioned tissue samples contained highly variable amounts of tumor and benign
epithelial cells, ranging from a few hundred to several thousand such cells per section. Initial
test runs of the PCR protocol with cDNA from different numbers of microdissected cells had
shown that a minimal number of approximately 5000 cells (5000 LCM laser pulses, assuming
that each pulse yields one cell on average) were sufficient for measurements in the desired
range. LCM was performed on sets of between 2 and 10 adjacent serial sections per sample,
depending on the amount of cells within the sections, until the necessary quantity of cells was

captured. Figure 3.2 illustrates the LCM process.
4.2.2 RNA Isolation and Quality Control

RNA from microdissected cells was isolated with the Stratagene Absolutely RNA Microprep
Kit, and transcribed to cDNA as described in section 2.3.2. Initially, 5 samples did not reach
the spectrophotometric quality control threshold, the reason for which could be protein con-
tamination or RNA degradation. In these 5 cases, the protocol was started over, beginning

with laser capturing, until a satisfactory amount of intact RNA was obtained.
4.2.3 Quantitative Real-Time PCR

Gene expression levels of CHKA and CHKB were measured in 29 tissue samples, 18 of

which contained BrCa cells, and 11 contained solely benign cells.
4.2.4 Data Analysis

Cho and PCho metabolite concentrations, as well as CHKA and CHKB gene expression levels
were compared among benign breast tissue, and BrCa specimens were grouped according to
histopathological tumor type (benign tissue, ILC, and IDC) and grade (grade 1-3); owing to
the small sample size of grade 1 tumors (n=1), tumor tissue specimens of grades 1 and 2 (n=6)

were grouped as low-grade tumors (n=7), and compared to high-grade (grade 3) tumors (n=3).
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In the following figures of metabolite analyses, means and standard deviations are graphed as
lines in blue color; medians, quantiles, and minimum-maximum spans are displayed in red

box plots.
4.3 Metabolite Concentrations

4.3.1 Benign Tissue, Low-Grade and High-Grade Invasive Carcinoma

When compared to normal benign breast tissue, PCho metabolite concentrations were signifi-
cantly increased by 279% (p<0.05) in low-grade BrCa, and by 152% in high grade BrCa
(p<0.02).

1204

*)

80

(*)
40

[PCho] relative concentration

Benign ' High Grade ' Low Grade
MRS tissue grade

Figure 4.2: Metabolite concentrations of PCho in benign breast tissue, low-grade and high-

grade BrCa.

Quantiles

Tissue type | Minimum |10% 25% Median 75% 90% Maximum
Benign 0 0.123685 |1.214061 5.022025 9.719767 3.991034 | 5.964109
High Grade |16.00376 |16.00376 |16.00376 17.66602 37.34669 37.34669 | 37.34669
Low Grade |5.20367 |5.20367 |5.536351 28.60188 67.68566 89.48103 | 89.48103
Means and Standard Deviations

Tissue type | Count Mean St Deviation | St Error of Mean | Lower 95% Kl | Upper 95% KiI
Benign 13 9.3573 15.6095 4.329 -0.576 18.790

High Grade |3 23.6722 |11.8716 6.854 -5.819 53.163

Low Grade |7 35.4203 |31.9776 12.086 5.846 64.995

Tab. 4.2: Descriptive Statistics of Figure 4.2
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Cho tissue metabolite concentrations exhibited no statistically significant changes when com-

pared to normal benign specimens.

20

[Cho] relative concentration
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Figure 4.3: Metabolite concentrations of Cho in benign breast tissue, low-grade BrCa, and

high-grade BrCa.

Quantiles

Tissue type | Minimum 0,1 0,25 Median 0,75 0,9 Maximum
Benign 0 01]0.93465 2.73704 4.128351 15.40821 | 22.37778
High Grade | 1.566872 | 1.566872 | 1.566872 3.75153 12.41474 12.41474 1 12.41474
Low Grade |0.766464 |0.766464 | 1.562058 7.960365 11.25529 14.20304 | 14.20304
Means and Standard Deviations

Tissue type| Count Mean | St Deviation | St Error of Mean | Lower 95% KI Upper 95% KI
Benign 13/4.01133 |5.76408 1.5987 0.528 7.495

High Grade 7|5.91105 |5.73731 3.3124 -8.341 20.163

Low Grade 717.19122 |5.06693 1.9151 2.505 11.877

Tab. 4.3: Descriptive statistics of data presented in figure 4.3
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4.3.2 Benign Tissue, Invasive Ductal and Invasive Lobular Carcinoma

In IDC PCho metabolite concentrations were elevated by 315% over normal benign tissue on

average (p<0.01). In ILC, the PCho concentration average showed a trend towards elevation

by 129% over normal benign tissue (p=0.0617).
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Figure 4.4: Relative metabolite concentrations of PCho in benign breast tissue, invasive duc-

tal carcinoma (IDC) and invasive lobular carcinoma (ILC).

Quantiles

Tissue type | Minimum 0,1 0,25 | Median 0,75 0,9 | Maximum
Benign 0]0.123895 | 1.214061 5.022025 9.719767 39.91034 | 59.64109
IDC 5.20367 |5.20367 |13.30374 27.48698 73.1345 89.48103 | 89.48103
ILC 5.536351 |5.536351 | 8.568768 23.13395 32.50515 33.80624 | 33.80624
Means and Standard Deviations

Tissue type | Count Mean St Deviation | St Error of Mean | Lower 95% Kl | Upper 95% KI
Benign 13(9.3573 | 15.6095 4.329 -0.075 18.790

IDC 6|38.8913 |33.1713 13.542 4.080 73.702

ILC 421.4026 |12.3503 6.268 1.457 41.349

Tab. 4.4: Descriptive statistics of data presented in figure 4.4.
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Cho concentrations in BrCa were not statistically elevated when compared to normal benign

specimens.
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Figure 4.5: Relative metabolite concentrations of Cho in benign breast tissue, invasive ductal

carcinoma (IDC) and invasive lobular carcinoma (ILC).

Quantiles

Tissue type | Minimum 0,1 0,25 | Median 0,75 0,9 | Maximum
Benign 0 00.93465 2.73704 4.128351 15.40821 | 22.37778
IDC 1.562058 | 1.562058 | 1.565669 9.60783 12.86181 14.20304 | 14.20304
ILC 0.766464 |0.766464 | 1.51273 4.164272 8.654971 10.01429|10.01429
Means and Standard Deviations

Tissue type | Count Mean St Deviation | St Error of Mean | Lower 95% Kl | Upper 95% Ki
Benign 13(4.01133 |5.76408 1.5987 0.528 7.495

IDC 6|8.16039 |5.49989 2.2453 2.389 13.932

ILC 44.77732 |3.85596 1.9280 -1.358 10.931

Tab. 4.5: Descriptive statistics of data presented in figure 4.5.
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4.4 Choline Kinase Gene Expression

Means of gene expression levels in microdissected normal benign epithelia (graphed in black)
were used as baseline, while expression levels in tumors were calculated relative to the benign

baseline according to the 2”**“' method as described by Schmittgen in 2001. '¥

4.4.1 Benign Tissue, Low-Grade and High-Grade Invasive Carcinoma

CHKA expression was elevated by 142,5% in low grade BrCa samples, and by 5,2% in high
grade BrCa when compared to baseline benign samples. CHKB was lower in BrCa than in
benign tissue: Low grade BrCa showed 41,9% lower expression levels, while high grade

BrCa contained 37,2% lower levels.
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Figure 4.6: Expression levels of CHKA and CHKB in benign breast tissue, low grade and

high grade carcinomata.
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4.4.2 Benign Tissue, Invasive Ductal and Invasive Lobular Carcinoma

Expression levels of CHKA were elevated by 92,4% in IDC and by 85,9% in ILC when com-
pared to the benign baseline. CHKB was 44,4% lower in ILC, and 14,7% lower in IDC than

the benign baseline.
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Figure 4.7: Expression levels of CHKa and CHKJ in benign breast tissue, invasive ductal

carcinoma (IDC) and invasive lobular carcinoma (ILC).

57



4.5 Correlation Analyses

4.5.1 Correlation of Choline and Phosphocholine Metabolite Concentration

A correlation was found between Cho and PCho metabolite concentrations in all specimens

(r*=0.701, p<0.001).
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Figure 4.8: Correlation analysis of Cho and PCho tissue metabolite concentrations. Sample
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Summary of Fit
3,225=3,110887 + 4,5931815 * 3,204
r_2 0.701382 | Root mean square error 12.69193
r’corrected 0.686451 | Mean value 17.31649
Analysis of Variance
Degrees of freedom |Sum of squares | Mean squares | F-value
Model 1 7567.012 7567.01|46.9752
Error 20 3221.703 161.09
K. sum 21 10788.715
Prob > F <0.0001
Parameter Estimate
Estimate Std. error T-value Prob > Itl
Intercept -3.110887 4.025542 -0.77 0.4487
[Cho] 4.5931815 0.670161 6.85 <0.0001

Tab. 4.6: Descriptive statistics of data presented in figure 4.8.
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4.5.2 Correlation of Choline Kinase Alpha Expression and Phosphocholine

Metabolite Concentration

CHKA gene expression was correlated to PCho metabolite concentration (r*= 0.532; p=0.04).
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Figure 4.9: Correlation analysis of CHKA expression and PCho concentration in BrCa.

CHKA expression is displayed as Delta CT, i.e. difference to the rt-q-PCR

“reference

housekeeping gene”; the scale is an inverse logarithmic scale of RNA concentration. BrCa

subtypes IDC and ILC are indicated by color.

Summary of Fit

3,225 =251.30866 + 12.532692 * Delta CHKA
r_2 0.531968 | Root mean square error 20.86559
r’corrected 0.453963 | Mean value 37.01595

Analysis of Variance
Source Degrees of Freedom Sum of Squares | Mean Squares |F-value
Model 1 2969.0844 2969.08 6.8196
Error 6 2612.2360 435.37
K. sum 7 5581.3204
Prob > F 0.0400

Parameter Estimate

Estimate Std. error T-value prob > Itl

Intercept 251.30866 82.39002 3.05 0.0225
Delta CHKA -12.53269 4.799143 -2.61 0.0400

Tab. 4.7: Descriptive statistics of data presented in figure 4.9
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4.5.3 Correlation of Breast Cancer Histopathological Composition and Me-
tabolite Concentrations
The histopathological composition of the tumor specimen, i.e. the amount of benign and ma-

lignant tissue within the specimen, did not show any association to either Cho or PCho me-

tabolite concentrations.
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Figure 4.10: The Volume% content of tumor cells within BrCa tissue samples is not

associated with metabolite concentrations of Cho or PCho. BrCa type is indicated by color.
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5 Discussion

This section will discuss the following aspects of this work: Initially, a brief review of what
was done, together with a synopsis of the most important results will be provided. Secondly,
previous studies on the subject will be reviewed, followed by an evaluation of the study de-
sign and the methods used in this study. After that, the results of this study will be discussed
in detail in the order of their appearance in section 3. Finally, limitations to the results will be
pointed out, and an outlook on the future of IH-MRS and the relevance of the results of this

study will be given.

5.1 What Was Done and What Was Found

This study was undertaken to explore human BrCa Cho metabolism in detail, and to compare
normal benign human breast tissue with IDC and ILC BrCa tissue. Individual metabolite con-
centrations of Cho and PCho were quantified ex-vivo at high resolutions by using HRMAS
'H-MRS.

CHKA and CHKB, the genes encoding for the enzymes that catalyze the intracellular phos-
phorylation of Cho to PCho, have repeatedly been found to be over-expressed, and seem to
play a central role in altered Cho metabolism in BrCa. CHKA and CHKB gene expression
was measured in LCM-dissected normal benign glandular epithelia and tumor cells by using

rt-q-PCR.

When compared to benign breast tissue, PCho metabolite concentrations were increased by
279% in low-grade BrCa (p<0.05), and by 152% in high grade BrCa (p<0.02). When compar-
ing benign breast tissue to BrCa grouped by histological type, PCho metabolite concentrations
were elevated by 315% (p<0.01) in IDC, and concentrations in ILC showed a trend towards
elevation (129%; p=0.0617). Changes in Cho metabolite concentrations were not statistically

significant.

Compared to normal benign samples, expression levels of CHKA were pronouncedly in-
creased in BrCa samples of IDC (92.4%) and ILC (85.9%) types. Grouped by histological
grade, expression was elevated in low grade tumors (142.5%). CHKB expression was not

elevated in any tumor group.
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Correlation analysis between the measured variables showed a strong correlation between
Cho and PCho metabolite concentrations (p<0.0001; r*= 0.701). Furthermore, CHKA expres-

sion and PCho concentration levels were correlated (p<0,0079 = 0.316.).
5.1 Previous Studies

Previous studies of Cho metabolism in BrCa can mostly be grouped into two categories: The
first group of studies quantified Cho concentrations in BrCa lesions using in-vivo 1H-MRS,
and some of the studies evaluated tissue histopathology after removal of biopsies or of larger
tissue sections. In so doing, changes in Cho metabolism were correlated to tissue pathology
and assessed as diagnostic markers. While these studies fulfilled the purpose of relating
changes of Cho metabolite concentrations to the underlying tissue pathologies, they could not
address the question of the microscopic origin of the changes, or more specifically, which
cells within the tumor contained altered concentrations of metabolites. Furthermore, most of
the in-vivo metabolite measurements were limited in spectral resolution, and could not quanti-

fy Cho and PCho separately, but only tCho as a wholg 27-2%:164.165

The second group of studies aimed at evaluating changes of Cho metabolism on the molecular
level; to the author’s knowledge, all except one study were based on BrCa cell-cultures. They
succeeded in demonstrating several mechanisms involved in the alterations of Cho metabo-
lism in BrCa. Higher expression levels of CHKA were repeatedly found to strongly influence
metabolism of Cho, and had a direct influence of BrCa proliferation. Yet, the conclusions that
can be drawn from cell cultures are only limited, as they are only a reductionist representation

of the complex tumor environment of human BrCa,*®#-100-101.103.107.166

Sitter et al. published a study in 2006, resembling the first part of this study. Ex-vivo high
resolution "H-MRS was used to quantify Cho and PCho metabolite levels in BrCa and in ad-
jacent normal benign specimens, and tissue was subsequently analyzed microscopically. The
study showed that histopathological tissue type and sample composition are directly correlat-
ed to metabolite concentrations. The results showed that metabolite concentration is directly

correlated to the presence or absence of cancer cells.”’

5.2 Study Design

This study was designed to overcome the limitations identified in cited previous works: Hu-

man tissue specimens of BrCa and adjacent normal benign tissue were used; one half of each
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specimen was used for metabolite measurement, the other half for measurements of gene ex-
pression. Both parts of the study accounted for the complex and often diffuse invasive growth
patterns of BrCa, which lead to largely mixed areas of benign and cancer cells within the tu-

mor.

Firstly, Cho and PCho metabolite concentrations were quantified and compared to the
histopathological specimen composition; in doing so, the question of whether metabolite con-
centrations were associated with increased amounts of tumor in the area of interest, i.e.
whether changes in metabolite concentrations indicated invasive tumor growth, or whether

they occurred similarly in adjacent normal benign tissue, was addressed.

Analogous to this, gene expression levels were measured in BrCa and normal benign epitheli-
al cells: Because of the diffusely invasive BrCa growth, and the common mixed areas of be-
nign and cancer cells, BrCa and normal benign epithelia were separated using LCM.
Microdissected cells were subsequently processed and prepared for further analysis using rt-q-
PCR; the use of LCM allowed for posing the question if the changes in gene expression of

CHK occurred in cancer epithelia only, or if this was the case in normal benign cells as well.

Various forms and subtypes of BrCa exist, each of them with distinct features, such as charac-
teristic macroscopic and microscopic growth patterns, genetic aberrations and varying prog-
noses. So far, these subtypes have not been investigated for differences in their Cho metabo-
lism. Therefore, this study included and differentiated between the most frequently occurring
types of BrCa, according to their histopathological entity (IDC and ILC) and histological tu-
mor grade (grades 1-3).

During surgery, the distinction between tumor margins and adjacent normal benign tissue can
be difficult. In this study, surgical sample characteristics were controlled by histological eval-
uation. Moreover, diffuse invasive growth of BrCa can often lead to invasive tumor tissue
intermixed with benign cells and stroma. This was taken into account by careful evaluation of
the sample tissue composition. The tissue entity in several samples turned out to be errone-

ously classified, and had to be reclassified according to the histopathological results.
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5.3 Methods

5.3.1 HRMAS 'H-MRS Metabolite measurements

HRMAS '"H-MRS is an ex-vivo technique that allows for the measurement of high resolution
metabolite spectra in tissue samples. It allows for the differentiation of individual metabolites
that would not be possible in-vivo 'H-MRS, where spectral resolution is lower. In-vivo 'H-
MRS cannot resolve the metabolites that make up the composite resonance signal tCho.
HRMAS '"H-MRS on the other hand, can individually quantify Cho and PCho in tissue sam-
ples ex-vivo. Owing to the nature of the experiment, HRMAS 'H-MRS metabolite measure-
ments can only be performed once per biological sample. Repeated or extended measurements
on the same sample lead to tissue degradation and alterations of metabolite concentrations.
Several previous studies have employed the method for high resolution metabolite measure-
ments in intact BrCa and other human tissue specimens.””***!®® Cheng et al. have previously
shown that the storage of human prostate tissue samples at -80°C for up to 3 years only had a

small effect on metabolite concentrations. >

Furthermore, Cheng et al. have previously
demonstrated the feasibility of a combination of HRMAS 1H-MRS metabolite measurements
with subsequent recovery of the specimens for histopathological evaluation of the composi-

tion on a number of different human tissue types.*!''*121-122

5.3.2 Reverse-Transcriptase Quantitative Real-Time PCR

In the second part of the study, LCM was used to dissect, and to separately collect BrCa cells
and normal benign epithelia. In the last decade, LCM has been developed as a tool to separate
cells from other surrounding tissue at microscopic resolution and at the scale of a single cell.
It enables the excision of one or more cells or cellular structures from within a tissue serial
section; excised cells can be subject to further analyses to determine where within a tumor

. . 1
which molecular processes are taking place.'®’

Rt-g-PCR is a widely established method for the quantification of gene expression levels.
Previous investigations have analyzed CHK gene expression in BrCa cell cultures using rt-q-

PCR, and have shown that either CHK expression levels or enzymatic activity, or both, were

42, 88, 103

elevated in numerous different types of BrCa cells. In this study, the fluorescent dye

SYBR green was used to visualize and measure the amplification process.'® The evaluation
of the resulting fluorescence data is an area of ongoing development. Traditional methods

-AACt
2

used quantitative or semi-quantitative approaches; among them, the -method, originally
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developed by Schmittgen et al. is among the most widely used to date.'™ In this study, a cus-
tom software tool based on the model originally proposed by Liu et al. was used to account

for 100% amplification efficiency of rt-q-PCR reactions and measurements.'¢*'*!7

5.4 Results

5.4.1 Hypothesis 1: Metabolite Concentration

PCho levels were significantly elevated in low-grade and high-grade BrCa, as well as in IDC
and ILC, when compared to adjacent normal benign breast tissue, confirming our first hy-
pothesis. Elevations of PCho were more pronounced in IDC, and in low-grade tumors, when
compared to normal benign tissue. Meanwhile, changes in Cho metabolite concentrations,
which were generally increased in tumor specimens, did not reach statistical significance

when comparing cancerous and normal specimens.

Metabolite concentrations in BrCa specimens exhibited a relatively large variance (compare
figures 4.2 — 4.5), as has been reported in previous studies of Cho and PCho metabolite con-
centrations in different cell culture-, and human tissue-based comparisons of BrCa and normal

88,90.91 pCho concentrations fluctuated between different BrCa cases. In

benign breast tissue.
theory, only ceratin BrCa lesions, or even only areas within a BrCa lesion, might exhibit ele-
vated PCho concentrations when compared to adjacent normal benign tissue. At the same
time, other malignant lesions of the breast, or parts of them, might not show any elevation of
PCho concentrations. The factors influencing these metabolic distributions remain to be de-

fined.

In-vivo 1H-MRS has been reported to be able to diagnose BrCa at a specificity and sensitivity
of up to 100%."*** The results of this study raise doubt about this notion: Although mean me-
tabolite concentrations of BrCa specimens were elevated in comparison to normal benign
breast tissue, some BrCa specimens exhibited metabolite concentrations in the range of be-

nign tissue; for these cases metabolic information would not have helped in the diagnosis.

A major difference between in-vivo and ex-vivo MRS is resolution, both spectral and spatial.
In-vivo MRS at currently common clinical magnetic field strengths of 1.5T is limited to the
measurement of metabolites in tissue voxels of a minimal volume of 1 cm3; in this study, me-
tabolites were quantified in ex-vivo specimens smaller than 50 mm’. Relatively large voxel
sizes in in-vivo 1H-MRS, along with lower SNR, might be the reason that fluctuations of in-
dividual Cho metabolites within a voxel, or within a tumor, are averaged out. The question
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arises, whether higher spectral and spatial resolution can lead to better results in the diagnostic
procedure, or whether there is an optimal voxel size and SNR at which to perform metabolite

measurements.

Metabolite concentrations of Cho and PCho in both BrCa and normal benign specimens
showed a strong correlation: On average, increases of Cho were accompanied by almost 4.6-
fold increases of PCho (1> = 0.701) (compare figure 4.8 and table 4.6). This result is in line
with previous research, showing that while PCho is the main accumulating metabolite in

. 42,4
BrCa, Cho also increases. 399

5.4.2 Hypothesis 2: Histopathology and Metabolite Concentration

As to the second hypothesis, which states that histopathological composition of the tissue
sample (Volume% of tumor cells in BrCa) is associated with elevated metabolite concentra-
tions of Cho and PCho, no such association was found (compare figure 4.10). This implies
that PCho and Cho concentrations are not only highly variable, but also independent of tissue
histopathology. It has previously been proposed that metabolite concentrations in different
tissues frequently undergo changes, even before a change in tissue differentiation becomes

visible, a notion which requires more in-depth research of tissue metabolism.”

In 2010, Sitter et al. published a study, of which the authors had no knowledge at the time of
investigation, using a similar design as the first part of this study. Ex-vivo metabolite meas-
urements showed that PCho and tCho metabolite concentrations were strongly and directly
correlated to the Volume% of tumor within the tissue specimen.”® These findings would very
well support our second hypothesis. In comparing the two studies, it seems noteworthy to
compare one methodic difference: In the present study, the whole specimen was serial sec-
tioned at 100 um intervals, in order to reconstruct its complete composition. For the same
step, Sitter et al. analyzed only a single serial section from the middle of the tissue specimen
and took it as representative of the rest of the specimen. Despite this possible confounder,
Sitter et al. have shown what we had hypothesized, but did not find. Further research will be

necessary to substantiate these results.

Analysis of the histological tissue composition revealed that not all specimens contained what
was expected according to labels made in surgical resection: 1 of the 10 presumed normal
benign specimens collected from the surgical margin adjacent to the tumor in fact contained
45.9% tumor tissue, while 3 of the 13 samples which had been labeled as carcinoma tissue

contained no tumor cells whatsoever. The rest of the BrCa specimens contained mixed
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amounts of tumor, normal benign epithelia and stroma. As invasive BrCa tends to grow dif-
fusely, nests of tumor cells can often be found intertwined with areas of benign breast tissue.
Specimens taken from close to the margins of resection are especially prone to contain mix-
tures of different tissue types, as has been reported previously.”” These apparent inaccuracies
in macroscopic tissue evaluation demonstrate that it is essential to perform a thorough

histopathological analysis of tissue specimens.
5.4.3 Hypothesis 3: Choline Kinase Gene Expression

CHKA expression levels were significantly higher in IDC and ILC of low histological tumor
grade (grade 1 and grade 2) when compared to normal breast tissue, while high grade tumors
showed no increase of CHKA over normal tissue specimens. At the same time, CHKB expres-
sion was lower in all tumors in comparison to normal samples. These results confirm our hy-
pothesis, stating that gene expression differs between normal benign breast tissue and differ-

ent types of BrCa tumors. (Compare figures 4.6 and 4.7)

CHKA and CHKB gene expression was quantified in microdissected human BrCa cells and
adjacent normal breast tissue glandular epithelia, while distinguishing between the histologi-
cal grades and subtypes of BrCa. The results show differences in CHKA expression in com-
parison of benign normal breast tissue to IDC and ILC BrCa tissue, as well as between benign
and low grade BrCa tissue. At the same time, CHKA expression levels did not differ signifi-
cantly between IDC and ILC subtypes. CHKB, which had previously also been described as
less relevant in metabolic alterations in BrCa, was under expressed when compared to normal

benign tissue, representing another novel finding.

Ramirez de Molina et al. measured expression and activity levels of CHK in 53 BrCa speci-
mens without further differentiation of CHKA and CHKB: CHK was over expressed in 17.5%
of the specimens, and CHK activity was increased in 38.5% of BrCa specimens. In the study,
expression levels of CHK activity increased stepwise with increasing malignancy, and corre-
lated highly with histological tumor grade.”* This finding is contrasted by our results, in
which CHKA was over expressed in low-grade tumors, whereas high grade tumors exhibited
equal expression levels to the benign baseline. In 2004, Glunde et al. found significantly ele-
vated concentrations of PCho and tCho in combination with a 4,27-fold increase in CHK ex-
pression in cultured BrCa cells. These findings are congruent with the results of this study,
which also found increased concentrations of CHKA and PCho in BrCa specimens. In 2007,

Eliyahu et al. published a comparison of Cho metabolism and CHK activity in 5 BrCa cell
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lines with a normal benign human mammary epithelial cell line. BrCa cells exhibited between
8 - 13 fold higher expression levels of CHKA, while CHKB was only moderately elevated in
2 out of 5 cell lines. These results underline the central role of an elevated expression of
CHKA, associated with altered metabolism in the Kennedy cycle, which is mostly in line with

the results of this study.*>**

Cell culture models and results based on these models are not only a limited representation of
the tumor environment within the human organism, but also do not allow for any correlation
of clinical information. Overall, the changes in gene expression measured by Glunde et al. and
Eliyahu et al. in cultured BrCa cells are several fold higher than the changes found in real
human BrCa and in normal benign breast tissue in the present study. This relatively large vari-
ation of gene expression levels between cell lines can occur in a similarly large range in dif-

ferent human BrCa tumors, or possibly even within a single tumor itself.
5.4.4 Hypothesis 4: Gene Expression and Metabolite Concentration

Tumor specimens exhibited a strong positive correlation between PCho and CHKA (r* =0.32,
compare figure 4.9). This association was herein demonstrated for the first time in human
BrCa tissue and supports what had previously been shown in cell culture models of BrCa:
Increased expression levels of CHKA are associated with increased tissue metabolite concen-

104 .
% Meanwhile, no correla-

trations of PCho, consistent with the fourth hypothesis of this study.
tion was found between CHKB and metabolite concentrations, or between gene expression
levels and concentrations of Cho. In addition to the lack of other previous supporting evi-

dence, this further points to a role for CHKA as regulatory agent in Cho metabolism in BrCa.
5.5 Limitations

When interpreting the results of this study, several limitations should be considered: Firstly,
because of the large amount of time required to process each sample, this study was limited to
29 samples in total. Of those, only 3 cases were high-grade BrCa, and 4 were ILC BrCa.
Because of the small sample size, these results can only be seen as an indication of how a
larger sample might be distributed. Larger studies of CHKA gene expression and Cho metabo-

lism in BrCa will be necessary to verify the results.

Several authors have suggested a direct causal relationship between the cellular metabolism

and homeostasis of Cho and PCho and expression levels of CHKA, which are in turn known

to be regulated by other proteins, such as the Ras family of GTPases.'”' Efforts to develop
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CHKA as a molecular target for the treatment of BrCa in various research groups are under
way; these studies are based on the premise that a causal connection exists between CHKA
gene expression and metabolite concentrations in the real tumor environment.'®’ The results
of this study, in which human BrCa and normal benign breast tissue was used match with this
hypothesis, and could be seen as indicative of such a relationship. Yet, considering the high
variance of the results in this and in previous studies, significant uncertainty remains regard-
ing the degree to which CHK expression and metabolism are altered in BrCa. Larger studies
of human tumor samples are needed to reach a deeper understanding of the distribution across

the population, and to identify factors influencing the changes.

5.6 'H-MRS Metabolite Measurements in the Current Diagnostic

Evaluation of Breast Cancer

In recent years, in-vivo 'H-MRS has been thoroughly investigated and has become a diagnos-
tic tool that is used in combination with DCE-MRI in the diagnosis of BrCa. Previous studies
have described different variants of in-vivo '"H-MRS of the breast. Technical variables with
direct influence on the quality of metabolite measurements have been summarized in an over-
view article by Stanwell and Mountford. *” As the technical aspects of in-vivo MRS are evolv-
ing, standard practice protocols will be necessary to facilitate the adoption of "H-MRS into

. s . 27,173,174
clinical routine.?” 717

Metabolite concentrations are objective measures, and are thus not susceptible to errors in
interpretation, unlike an MR image. If established as a routine diagnostic marker, they could
potentially aid less experienced radiologists in the evaluation of MRIs of suspicious breast
lesions. When DCE-MRI is performed on a patient, simultaneous metabolite quantification
using in-vivo "H-MRS can have a decisive impact on the result of the diagnosis, without caus-
ing further distress to the patient. The prolongation of scan time by a few minutes that is re-
quired for an in-vivo 'H-MRS exam will certainly be compensated by the possible benefit of

avoiding unnecessary invasive procedures or wrong diagnoses.

While holding the potential to improve the quality of BrCa diagnostics, metabolite measure-
ments have also contributed to the ongoing efforts to unravel the molecular alterations respon-
sible for the development of BrCa. The Kennedy pathway was initially discovered as altered
in in-vivo 1H-MRS in BrCa, and proved to be a molecular route for novel diagnostic and pos-

sibly even therapeutic potential. Thus, metabolite measurements not only offer valuable in-
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formation for the individual patient, they can also open up new routes for research and clinical

development.
5.7 Future Outlook

Advances during the past two decades indicate that 'H-MRS could be of increasing im-
portance as an adjunct tool to MRI in the future clinical care of BrCa. At the same time, the
results of this study point to some of the inherent challenges within tumor biology associated
with technological developments. If deeper insights into tumor metabolism can be achieved,
advances in in-vivo tissue metabolite quantification might be able to substantially improve

1
BrCa care.!”

This experimental study used HRMAS 'H-MRS, an ex-vivo high-resolution 'H-MRS tech-
nique, to quantify metabolites in BrCa and normal benign breast tissue in order to get a deeper
understanding of basic metabolic characteristics of tumors. Metabolite measurements were
able to differentiate between different types of tumors, and between tumor and benign tissue.
Meanwhile, tissue metabolite concentrations were highly variable, which could pose a chal-
lenge for the interpretation of high-resolution in-vivo metabolite data. Furthermore, one of the
main hypotheses in this study, a correlation between tumor tissue Volume% and elevated tis-
sue metabolite concentrations did not hold true. The answer to the question, of whether this
result is irregular, or how strong this association might be, remains a prerequisite for the fu-
ture clinical adoption of in-vivo 'H-MRS. In conclusion, a better understanding of the basic
mechanisms at work in tumor metabolism is needed to make sense of the information provid-

ed by technological advances.

As MRI technology advances, new possibilities in diagnostics and care are expected to
evolve.'” With increases in magnetic field strengths in clinical MR scanners, the availability
of standardized and optimized receiving coils for breast MRI, improved pulse sequences and
optimized shimming techniques, the SNR of in-vivo 'H-MRS will likely increase in the fu-
ture. Consequently, spectral and spatial resolutions of 'H-MRS will grow, allowing for more
detailed information.””'"® Smaller lesions, such as lymph nodes and foci of a volume of
<5cm’ will be a possible subject of metabolite measurement in "H-MRS.!”” Metabolite meas-
urements are also being discussed as the basis of individualized treatments for BrCa patients
in the era of personalized medicine.'”®'” Further advances in metabolite measurements will
consecutively require larger studies to evaluate the associated increases in diagnostic perfor-

mance.
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The hypotheses formulated in this study are a starting point in the development of a deeper
understanding of tumor biology that could lead to potential improvements in the clinical care
of BrCa. The question of whether and how these technological advances, which are yielding
ever more detailed information about changes in tumor cells, will lead to improved patient

care is the subject of ongoing research and remains to be answered in the future.
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